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Abstract

Tissue-resident memory (Trm) lymphocytes are attracting increasing attention. Identification of Trm cells
in various tissues, such as skin, lung, intestine, brain or liver, suggest that they play a role in local
pathogen detection and that they mediate a first line defense within the tissue. So far, no detailed
investigation of the specificity and function of Trwm cells within the human kidney exists, as well as data
related to their role in kidney transplantation and kidney cancer.

In this study, isolated lymphocytes out of blood, human peri-tumor and tumor kidney tissue were
analyzed using flow cytometry and MELC histology. Using these technologies, the existence of the major
T cell Trm subsets characterized by CD8* CD69*CD103* and CD8* CD69*CD103- expression was
demonstrated within the human kidney. These CD8* Trm T cells displayed an activated phenotype and
a pro-inflammatory effector profile, exhibiting increased IL-17 production. Interestingly, increased
frequencies of CD8* Trm T cells were associated with increased age and, moreover, a correlation of
CD4* and CD8" Trm cell frequency with eGFR could be detected. Beside the presence of Trm T cells,
renal CD56%m and CD56%9"t NK cells and mucosa-associated invariant T (MAIT) cells expressing the
Trm markers CD69 and CD103 were identified. Furthermore, tumor-derived CD8* Trm cells were
identified to upregulate the exhaustion markers PD-1 and TOX and were functionally impaired in
metastasized patients. Finally, CD8* T cells specific for BKV, CMV, EBV and influenza could be detected
within renal peri-tumor and tumor tissue. Interestingly, these cells did not display a Trm phenotype. In
summary, these data present a detailed overview of the phenotype and function of human renal Trwm
cells for the very first time, giving indications for their potential relevance in kidney transplantation and

cancer.

Gewebsstandige Lymphozyten (engl.: tissue resident memory (Trm) lymphocytes) stehen derzeit im
Fokus der Forschung. Bislang wurden diese in verschiedenen Geweben identifiziert, darunter
beispielsweise in Haut, Lunge, Darm, Gehirn und Leber. Ihre Haupteigenschaft besteht in der schnellen
und lokalen Abwehr von Pathogenen und dem Schutz vor Reinfektion des jeweiligen Organs. Bislang
wurden gewebsstandige Lymphozyten in der humanen Niere zwar identifiziert, diese jedoch nicht
hinsichtlich ihrer Spezifitdtt und Funktion, sowie ihrer Rolle fur die Nierentransplantation und
Nierentumore analysiert.

Ziel dieser Studie war es, Lymphozyten, welche aus Blut, peri-Tumor und Tumorgewebe der humanen
Niere isoliert wurden, mittels Durchflusszytometrie und MELC Histologie zu analysieren. Dabei konnten
Trm T Zell Hauptpopulationen in der humanen Niere identifiziert werden, welche durch die Expression
der Marker CD8* CD69*CD103* und CD8* CD69*CD103- gekennzeichnet waren. Diese CD8* Tru T
Zellen zeigten einen aktivierten Phanotyp und ein pro-inflammatorisches Effektorprofil mit gesteigerter
Produktion von IL-17. Interessanterweise konnte eine erhdhte Frequenz von CD8* Trm T Zellen mit
ansteigendem Alter assoziiert werden. AuRerdem konnte gezeigt werden, dass die Frequenz von CD8*
und CD4* Trm T Zellen mit der glomeruléren Filtrationsrate (eGFR) korrelierte. Neben T Zellen konnten
auBerdem auch CD569™ und CD56"9"NK Zellen, sowie, Mukosa-assoziierte invariante T (MAIT) Zellen

identifiziert werden, welche die Trm Marker CD69 und CD103 exprimierten. CD8* Trm T Zellen aus dem
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Tumor waren zudem durch eine gesteigerte Expression der Marker PD-1 und TOX gekennzeichnet und
zeigten in metastasierten Patienten eine geschwéchte Funktionalitat. Schlie3lich wurden CD8* T Zellen,
welche spezifisch fur BKV, CMV, EBV sowie das Influenza Virus waren, im renalen peri-Tumor und
Tumorgewebe identifiziert, welche jedoch keinen Trm Ph&notyp zeigten. Somit gibt diese Studie einen
detaillierten Uberblick Gber den Phénotyp und die Funktion von Trm Zellen in der humanen Niere, sowie
einen Hinweis darauf, welchen Einfluss sie auf die Nierentransplantation und Nierentumore haben
konnten.



1. Introduction

1.1 Solid Organ Transplantation (SOT)

Solid organ transplantation (SOT) is the method of choice for end-stage organ failure. From all solid
organ transplantations, kidney transplantation is the most performed one. However, the limited access
to donor organs remains still an important issue. In Germany, a total number of 3270 organs of deceased
donors were transplanted in 2020. Only in December 2020, 9192 patients were registered on an active
waiting list, highlighting the shortage of available organs (https://statistics.eurotransplant.org/).
Comparing different types of SOT and their graft survival, kidney transplantation is the most effective
with a graft survival of 12-16 years (Lamb et al., 2011). Other organs exhibit lower survival half-lives,
such as liver with 8.5 years, lungs with 5.2 years or intestine with 3.6 years (Lodhi et al., 2011).
Despite its effectiveness in overcoming end-stage orang failure, acute and chronic rejection of the graft
remain a problem of SOT. A continuous immune defense against the graft can cause chronic rejection
(Selvaggi et al., 2009). Therefore, reaching long-term survival of the graft is one of the most important
aspects. An important factor is the function of T cells and other immune cells and how effective these
cells are targeted by immunosuppressive reagents (Kirk et al., 2011). The aim of a successful
immunosuppressive treatment is both to regulate T cell immune responses in a way that rejection
processes are suppressed but protection to pathogens is still maintained, with the result that patients
do not suffer from infections and gain a long-term survival of the graft (Kawai et al., 2008). Main
mediators of graft rejection are effector memory (EM) T cells, which become easily activated and have
access to graft tissue due to the expression of adhesion molecules such as integrins or selectins
(Krummey and Ford, 2012). Interestingly, it could be demonstrated that organs used for kidney and lung
recipients displaying high levels of peripheral memory T cells pre-transplantation and producing specific
cytokines, are associated with a high rate of rejection and short graft survival (Heeger et al., 1999, San
Segundo et al., 2013). A major goal in transplantation medicine is the improvement of the treatment of
transplanted patients, which in turn assumes a better understanding of the mechanisms of rejection and
associated immune reactions. Among others, an important factor for the graft survival and
transplantation outcome is the function of so-called passenger leukocytes (Taylor et al., 2006, Srinivas
and Meier-Kriesche, 2008).

1.2 The concept of passenger leukocytes

The concept of passenger leukocytes was first described by George Davis Snell in 1957 and further
explained by Elkins and Guttmann in 1968 (Snell, 1957 and Elkins and Guttmann, 1968). It describes
a theory of graft rejection after organ transplantation, indicating the ability of donor-specific leukocytes
within the allograft stimulating alloreactive T cells from the recipient and thereby causing rejection of the
graft (Thaunat and Morelon, 2007). It could be demonstrated that all organs contain leukocytes which
reside in the interstitium of the particular organ, either temporarily or permanently. Is the organ used as
an allograft, these leukocytes are carried together with the organ into the recipients’ body and are called
“passenger leukocytes”. These cells either remain in the allograft or migrate into the recipients’ body, in

both cases contributing to allograft rejection (Demetris et al., 1995, Thaunat and Morelon, 2007). In the



past years, the existence and features of leukocytes residing within various organs was studied and so-

called tissue-resident memory (Trwm) cells obtained increasing attention.

1.3 Tissue-resident memory (Trwm) cells

1.3.1 Formation of tissue-resident memory (Trm) T cells

Passenger leukocytes include T cells, which are known to be one of the main drivers in graft rejection.
To gain a better insight into the formation and function of T cells and tissue-resident memory (Trm) T
cells as well as into general SOT immunology, it is important to understand T cell development. Naive
T cells arise in the thymus and are characterized by CD45RA* and CD62L/CCR7* expression (Turner
et al., 2014b). A naive T cell is activated and acquires effector function due to interaction with a cognate
antigen in the lymph nodes (Chang et al., 2014, Wherry et al., 2003). Interaction with an antigen is based
on the interaction between the T cell receptor (TCR) and the MHC molecule expressed by an antigen
presenting cell (APC) (Chang et al., 2011), whereby the specificity of the response is provided (Guerder
et al., 1995, Turka et al., 1990). In addition, to avoid autoimmunity or unnecessary immune activation,
the process of co-stimulation is required for activation as well. This co-stimulation is based on an
interaction of B7, a protein expressed on APCs, and CD28, which is expressed on T cells. This
interaction is necessary for the confirmation of the correct context of the response (Guerder et al., 1995,
Turka et al.,, 1990). CD28 expression is downregulated, when T cells become activated and
differentiated, therefore CD28 is used as a marker for antigen-experienced and differentiated cells in
humans (Mou et al., 2014). This co-stimulatory pathway is also used as a target for various therapeutic
agents, such as the immunosuppressive drug belatacept (Espinosa et al., 2016). Once a naive T cell
has interacted with an antigen, clonal expansion starts and an effector phenotype (CD45RA*
CD62L/CCRT") is generated. Effector cells are able to migrate to peripheral sites following infection and
can differentiate into memory cells (Turner et al., 2014b, Chang et al., 2014, Wherry et al., 2003, Sallusto
et al., 2000). The two memory phenotypes of a T cell include the central memory (CM) (CD45RA"
CD62L/CCR7*) and the effector memory (EM) (CD45RA-CD62L/CCR7") cells, which vary in several
aspects. While CM T cells have the ability to move to secondary lymphoid organs and show longevity,
EM T cells circulate between the periphery and non-lymphoid tissues and have a shorter lifetime.
Additionally, CM T cells have a higher proliferation capacity compared to EM (Turner et al., 2014b,
Weninger et al., 2001, Baron et al., 2003, Butcher and Picker, 1996, Mackay et al., 1990). The main
characteristic of memory T cells is their improved efficiency in antigen response (Curtsinger et al., 1998),
since they are able to respond rapidly and potently to antigen encounters (Espinosa et al., 2016).
Persisting memory T cells can be grouped into two subsets: circulating cells, which migrate to tissue
sites through the periphery, and non-circulating cells, which reside and remain within tissues (Mueller et
al., 2013, Schenkel and Masopust, 2014). Non-circulating memory T cells are called Trm T cells and can
be found in various lymphoid tissues as well as in non-lymphoid tissues, such as the intestine, skin, lung
or liver. Itis assumed that these cells may be involved in local immune responses and regulation (Mueller
et al., 2013, Masopust and Picker, 2012).



1.3.2 Features of tissue-resident memory (Trm) T cells

Only 2-3% of the total amount of T cells in the human body can be detected in the blood, whereas the
majority of T cells reside in lymphoid and non-lymphoid tissue sites (Ganusov and De Boer, 2007, Clark,
2010, Purwar et al., 2011). A fraction of these cells does not circulate and remain within the tissue.
These so-called tissue-resident memory (Trm) T cells exhibit a specific phenotype (Mueller et al., 2013,
Masopust and Picker, 2012). Trm cells are basically characterized by the expression of the surface
markers CD69, CD49a and CD103, whereas the latter is mainly expressed on CD8* T cells. CD69 is a
marker for early T cell activation and retention in tissues (Mueller et al., 2013, Gebhardt et al., 2011,
Turner et al., 2014a, Shinoda et al., 2012, Strauch et al., 2001). The integrin a1 or CD49a is an adhesion
molecule binding extracellular matrix components such as collagen (Cheuk et al., 2017), whereas
CD103 is an integrin (integrin ag), which recognizes E-cadherin on epithelial cells and is relevant for
adhesion, controlling localization and motility (Strauch et al., 2001, Fan and Rudensky, 2016). Another
important characteristic of Trm cells is their memory-like phenotype, since they are able to respond at
early time points of infection due to fast production of effector cytokines, cytolytic molecules or growth
factors (Fan and Rudensky, 2016). Trwm cells have specific features, including the ability to self-renewal
within the tissue as well as the ability to recognize microbial products and respond by producing
antimicrobial or tissue-protective factors (Fan and Rudensky, 2016). Altogether, Tru cells are important
for direct and fast responses against infections and clearance of pathogens within the tissue and play
an important role in immune response and regulation. (Schenkel and Masopust, 2014, Turner et al.,
2014b, Teijaro et al., 2011). Interestingly, it was demonstrated, that Trwm cells within the lung are highly
protective against influenza virus compared to their circulating counterparts within the spleen (Turner et
al., 2014b, Teijaro et al., 2011). Another relevant feature of Trm cells is the maintenance of immune
homeostasis, by mediating immune response against infiltrating autoimmune reactive T cells and
preventing tissue destruction (Turner et al., 2014b). Moreover, it is assumed that tissue-residency is
especially a feature of T cells that are specific for pathogens, which are known to infect the particular
tissue. Interestingly, it was demonstrated that a high frequency of influenza-specific memory T cells
exhibit a Trm-phenotype in the lung, compared to the spleen in mice (Turner et al., 2014a, de Bree et
al., 2005). This indicates that Trm cells could be generated and differentiated due to pathogen-specific
infection of the tissue: Pathogen-specific memory T cells migrate to the infected tissue, differentiate and
remain as Trm cells (Turner et al., 2014b). Another assumption is that T cells, which infiltrate the graft
after transplantation and mediate rejection, differentiate into Trm cells and remain within the tissue.
Evidence for that is the upregulation of CD103 by alloreactive graft-infiltrating T cells in mouse, rat and
human organs, including pancreas or kidney (Turner et al., 2014b, Feng et al., 2002, Wang et al., 2004,
Yuan et al., 2005). Beside the protecting features, it is assumed that Trm cells might have adverse
effects and are involved in diseases such as autoimmunity, allergy, inflammation or immunopathology
(Schenkel and Masopust, 2014, Masopust and Soerens, 2019). If they do not recognize a pathogenic
but a self- or harmless antigen instead, activation can lead to severe and long-lasting damage.
Interestingly, first experiments could already demonstrate a triggering of allergic airway disease caused
by Trm CD4* cells (Masopust and Soerens, 2019, Hondowicz et al., 2016). Moreover, there is evidence

that they are involved in various autoimmune diseases such as inflammatory bowel diseases or multiple



sclerosis due to their triggering features such as local proliferation or production of pro-inflammatory
cytokines (Masopust and Soerens, 2019, Kleinschek et al., 2009, Sasaki et al., 2014).

In summary, based on their characteristics, Trm cells are important players for protection against
pathogens, infections and cancer as well as for mediation of immune response within the tissue on the
one hand. While they also could be drivers for several diseases or potential mediators of graft destruction
and rejection in a transplantation setting on the other hand (Schenkel and Masopust, 2014, Turner et
al., 2014b, Masopust and Soerens, 2019). Therefore, targeting and elimination of Trm cells could be a
novel and innovative approach in transplantation or disease, however further detailed studies are

needed (Masopust and Soerens, 2019).

1.3.3 Tissue-residency of other lymphocytes

The feature of tissue-residency is not exclusively a characteristic of T cells. Most other lymphocyte
populations reside within tissue sites as well (Masopust and Soerens, 2019). Mucosal-associated
invariant T (MAIT) cells are a subpopulation of T cells expressing a semi-invariant Va7.2 TCR and the
C-type lectin receptor CD161. In addition, MAIT cells express various cytokine receptors, such as IL-
12R, IL-15R and IL-18R. Activation of these cells is either triggered in a TCR-dependent manner by
bacterial riboflavin biosynthesis products which are presented to the TCR by the MCH-I molecule MR1,
or in a TCR-independent manner by responding to innate interleukins (Corbett et al., 2014, Kjer-Nielsen
et al., 2012, Treiner et al., 2003). Key features of MAIT cells are the production of IFN-y and IL-17, their
antibacterial protection due to the ability of sensing microbial products which are bound to MR1, as well
as their dominant presence in liver and intestine (Kjer-Nielsen et al., 2012, Dusseaux et al., 2011, Chua
et al., 2012, Georgel et al., 2011, Le Bourhis et al., 2010, Meierovics et al., 2013). Furthermore, non-
classical T cells, including TCRyd* or CD8aa TCRap* T cells which control homeostasis, show tissue-
residency (McDonald et al., 2018). Other populations for which residency within tissue sites could be
demonstrated are memory B and plasma cells (Onodera et al., 2012, Landsverk et al., 2017) as well as
Natural Killer (NK) cells (Peng and Tian, 2017). Human NK cells are characterized by the expression of
the surface markers CD56 and CD16 and have the ability to kill infected or cancer cells. It was
demonstrated that tissue-resident NK cells, which are distinct from conventional NK cells, reside in
various tissues, such as liver or uterus (Peng and Tian, 2017). Altogether, all of these tissue-resident
lymphocytes share the function of tissue site protection in various diseases and maintenance of integrity,

as well as their protective role in cancer is discussed (Medzhitov, 2008, Schenkel and Masopust, 2014).

1.4 Renal Cell Carcinoma (RCC)

As already mentioned, Tru cells are evaluated to be important players for the protection against
pathogens, infections and various cancers (Schenkel and Masopust, 2014). However, their role in renal
cell carcinoma was not investigated yet. Kidney cancer is one of the most common cancers, where renal
cell carcinoma (RCC) is the most frequent form. Patients diagnosed with RCC are mostly older patients
with an average age of 65 years and men are more affected than women (Siegel et al., 2017, Klatte et
al., 2007, Choueiri and Motzer, 2017). The survival prognosis for patients with RCC is poor, especially
for high-stage disease patients (Siegel et al., 2017, Siegel et al., 2016). Although the majority of low

stage tumors can be removed due to surgical treatments and therefore have a good prognosis, a
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percentage of 20 to 30 % will either develop metastatic disease after surgery or already present
metastases (Patard et al., 2002, Tsui et al., 2000, Zisman et al., 2002). Due to that, RCC is incurable
for most of the patients (Klatte et al., 2007). Medical treatment of RCC has improved over the past years.
Several first-line and second-line therapies exist and can be chosen depending on the patient. These
are for instance various drugs against the vascular endothelial growth factor (VEGF) or mTOR inhibitors

with distinct effects and side effects (Choueiri and Motzer, 2017).

1.5 The role of Trm cells in kidney transplantation and cancer

1.5.1 Impact of Trwm cells for transplantation

As previously described, solid organs, which are used for transplantation, contain a number of Trw cells.
Interestingly, organs which show a high number of Trwm cells, including lung and intestine, are associated
with high rates of complications and restricted long-term survival after they have been transplanted
(Lodhi et al., 2011). The role of Trm cells in transplantation is diversely discussed and worth to consider
for transplantation outcome and graft survival. Trm cells can have both positive and negative impact on
solid organ transplants. On the one hand, Trm cells mediate immune responses in the tissue site. They
provide protection against local acute infections and reactivation of chronic infections as well as
prevention of circulating T cell infiltration and associated tissue destruction (Turner et al., 2014b). On
the other hand, alloreactive recipient T cells can migrate into the graft, develop a Trm phenotype and
contribute to allograft rejection (Feng et al., 2002, Wang et al., 2004, Yuan et al., 2005, Hadley et al.,
1999, Smyth et al., 2007). Furthermore, donor Trm cells can mediate GvHD through migration into the

recipient’s organism (Turner et al., 2014b).

1.5.2 Impact of Trwm cells for kidney cancer

So far, various studies described the existence of CD8* Trm T cells in different tumor entities, including
urothelial, colorectal or lung cancer (Djenidi et al., 2015, Wang et al., 2015, Quinn et al., 2003). It is
thought that Trm cells have the function to control cancer cells (Gebhardt et al., 2018) and according to
that, their accumulation is associated with a prolonged survival in plenty tumor patients and serves as a
prognostic marker (Webb et al., 2014, Djenidi et al., 2015, Wang et al., 2015).

Yet, no detailed analysis of the existence and function of Trm cells within kidney cancer was performed.
Solely a previous study from Van den Hove et al (1997) could demonstrate that RCC tissue is infiltrated
by mainly CD3* T cells, with a large amount of CD8* T cells, as well as NK cells. All detected infiltrating
lymphocyte subsets expressed the surface marker CD69 significantly higher than their counterparts in

the peri-tumor tissue (Van den Hove et al., 1997).



2. Aim of the study

Although organs are perfused before transplantation, it is assumed that kidney-resident cells are
transplanted along with the graft and can trigger immune reactions. So far very little is known about the
general immune cell composition and especially about Trm cells within the human kidney and their
impact for transplantation as well as kidney cancer. A recent published study from Park et al (2020)
described the immune cell composition in normal human kidneys, however included a limited number of
patients (Park et al., 2020). De Leur et al (2019) could first demonstrate the presence of Trm T cells
within human kidney allografts (de Leur et al., 2019). Furthermore, the existence of renal MAIT and Trm
MAIT cells was demonstrated by Law et al (2019) and Terpstra et al (2020) recently (Law et al., 2019,
Terpstra et al., 2020). Nevertheless, a detailed investigation of the human renal immune cell composition
and especially of Trm lymphocytes within renal tissue out of a large patient cohort is still not
demonstrated, as well as their presence and potential relevance in transplantation and renal cancer.

Therefore, the main objectives of the study were as follows:

1. Based on the above-mentioned information, it was aimed to comprehensively characterize the
various lymphocyte subsets in the human kidney tissue in a large patient cohort.

2. Further, it should be addressed how these renal derived lymphocyte subsets differ from the cells in
the paired peripheral blood and if Trm cells can be identified in the human kidney, which are absent
in the peripheral blood.

3. Especially Trm cell characteristics should be identified by analyzing their surface marker expression
and cytokine profile.

4. By means of MELC histology it should be detected where the identified kidney-resident cells are
located and if they interact with other cells.

5. In order to investigate if renal Trm cell frequencies correlate with age or kidney function, clinical
parameters of the patients should be studied and associated with obtained experimental data.

6. A further objective of the study was to investigate if renal leukocytes derived from peri-tumor and
tumor tissue of RCC patients differ in their frequencies and characteristics.

7. To better understand the function of renal Trwm cells, it was aimed to identify antigen-specific cells
within the human kidney and to address if these cells have a tissue-resident memory phenotype.

8. Finally, it should be tried to figure out the potential role of kidney-resident cells for kidney

transplantation and renal cancer.
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3. Material and Methods

The following description of “Material and Methods” is based on the paper Dornieden et al. Signatures

and Specificity of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue.

2021. JASN.

3.1 Material
3.1.1 Reagents

Following reagents were used for experiments (see table 1):

Table 1: Used reagents with particular manufacturer and location. Source: Dornieden et al. Signatures and Specificity of
Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

Reagent
AB serum human
Bovine serum albumin (BSA)
Brefeldin A
CASY Clean
CASY Ton
Collagenase ||
Dimethylsulfoxid (DMSO)
DNAse |
FACS Clean
FACS Flow
FACS Rinse
Fetal calf serum (FCS)
Fix/Perm kit
Fix/Perm kit
lonomycin
Isopentane
Leukohuman Separating Solution
Optimal cutting temperature compound (OCT)
Paraformaldehyde 2% (methanol- and RNAse-free)
Penicillin/Streptomycin (P/S)
Phorbol myristat acetat (PMA)
Phosphate buffered saline (PBS)
RPMI-1640 medium

Sodium chloride (NaCl) 0.9 % injection solution

Manufacturer
Pan Biotech, Aidenbach, Germany
Carl Roth, Karlsruhe, Germany
Cayman, Michigan, USA
OLS, Bremen, Germany
OLS, Bremen, Germany
Gibco, Thermo Fisher, Darmstadt, Germany
Honeywell, Seelze, Germany
Sigma Aldrich, Merck, Darmstadt, Germany
Thermo Fisher, Darmstadt, Germany
Thermo Fisher, Darmstadt, Germany
Thermo Fisher, Darmstadt, Germany
Gibco, Thermo Fisher, Darmstadt, Germany
Thermo Fisher, Darmstadt, Germany
BD, Heidelberg, Germany
Sigma Aldrich, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Genaxxon, Ulm, Germany
Sakura, Alphen aan den Rijn, Netherlands
Electron Microscopy Sciences, Hatfield, PA, USA
Sigma Aldrich, Merck, Darmstadt, Germany
Sigma Aldrich, Darmstadt, Germany
Biochrom, Berlin, Germany
Corning, Falcon, Kaiserslautern, Germany

B. Braun Melsungen AG, Melsungen, Germany
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3.1.2 Equipment

Following equipment was used for experiments (see table 2):

Table 2: Used equipment with corresponding manufacturer and location. Source: Dornieden et al. Signatures and
Specificity of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

Equipment
2 ml plastic pipet
5 ml plastic pipet
10 ml plastic pipet
25 ml plastic pipet
1.5 ml reaction tube
5 ml reaction tube
15 ml reaction tube
50 ml reaction tube
Bench EnvairEco Safe basic Plus
Bench HeraSafe
CASY Cell counter & analyser
CASY Cups
Centrifuge 5415 R
Centrifuge Multifuge 3 S-R
Centrifuge Universal 320 R
Cover slides (APES-coated)
Cryomold
Cryotubes
Cryotome NX80
FACS tubes
FlowJo Version 10
Fortessa X-20 flow cytometer
Freezer -80 °C
Fridge Freezer Combination
GraphPad Prism 7
Incubator
Liquid nitrogen tank Cyrosystem 2000
Lithium Heparin blood selection tubes
Petri dishes
Pipetboy
Pipette/Diluter CAVRO XL3000
Pipets
Silicone sheets
Strainer 100 pl
Syringes 2 ml
Tips 10 pl
Tips 200 pl
Tips 1000 pl
Toponome Image Cycler® MM3
Vacuum pump
Vortex Shaker
Waterbath SW22

Manufacturer
VWR, Darmstadt, Germany
Sarstedt, Nurnbrecht, Germany
Fisher Scientific, Schwerte, Germany
Fisher Scientific, Schwerte, Germany
Brand, Wertheim, Germany
Sarstedt, Nurnbrecht, Germany
Corning, Falcon, Kaiserslautern, Germany
Corning, Falcon, Kaiserslautern, Germany
Envair, Emmendingen, Germany
Kendro, Langenselbold, Germany
OLS, Bremen, Germany
OLS, Bremen, Germany

Eppendorf, Hamburg, Germany

Thermo Fisher Scientific, Schwerte, Germany

Hettich, Tuttlingen, Germany
Menzel-Glaser, Braunschweig, Germany
Sakura, Alphen aan den Rijn, Netherlands
Sarstedt, Nurnbrecht, Germany
ThermoFisher, Waltham, MA, USA
Corning, Falcon, Kaiserslautern, Germany
BD, Heidelberg, Germany

BD, Heidelberg, Germany

Heraeus, Hanau, Germany

Liebherr Medline, Bulle, Switzerland
GraphPad Software, Inc., San Diego, USA
Eppendorf, Hamburg, Germany

MVE, Jiichen, Germany

Greiner Bio-One, Frickenhausen, Germany
Corning, Falcon, Kaiserslautern, Germany
Neolab, Heidelberg, Germany

Tecan GmbH, Crailsheim, Germany
Eppendorf, Hamburg, Germany

Life Technologies, Carlsbad, CA, USA

Corning, Falcon, Kaiserslautern, Germany

B. Braun Melsungen AG, Melsungen, Germany

VWR, Darmstadt, Germany
Sarstedt, Nurnbrecht, Germany

Brand, Wertheim, Germany

MelTec GmbH & Co.KG, Magdeburg, Germany

Neolab, Heidelberg, Germany
Neolab, Heidelberg, Germany

Julabo, Seelbach, Germany



3.2 Methods
3.2.1 Patients

All samples were obtained from the Clinic for Urology of Charité-Universitatsmedizin Berlin, Germany.
Blood, peri-tumor and tumor samples (from renal cell carcinoma (RCC) patients) were collected from
patients undergoing nephrectomy. Patient demographics are shown in table 3. Altogether, 62 patients
were included in this study, however not all patients could be included in all experiments due to limited
access to tissue and resulting cell numbers, especially tumor tissue was extremely restricted. The study
was approved by the Ethics Committee of Charité-Universitdtsmedizin Berlin (EA1/353/16, EA4/066/19)
and all experiments described in this study were conducted in compliance with the Declarations of
Helsinki and Istanbul (Dornieden et al., 2021).
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Table 3: Patient Demographics. In total, 62 patients were included in this study, not all patients were included in all experiments
due to limited tissue access, tissue size and cell numbers, ns = not specified. Source: Dornieden et al. Signatures and Specificity
of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

Variable n (%) min/max = mean = SD

Total number of included patients 62 (100)

Age (in years)
Gender (female/male)
Clinical Parameters:

Cause of Nephrectomy:

Renal cell carcinoma (RCC)
Ureter tumor

Oncocytoma
Nephrolithiasis

Impaired function

Cystic kidney

Pre-operative kidney function

(eGFR CKD-EPD):
Stage 1 (=90 ml/min)

Stage 2 (60-90 ml/min)
Stage 3 (30-60 ml/min)
Stage 4 (15-30 ml/min)
Stage 5 (<15 ml/min)

ns
Further diagnoses:
Hypertension
Chronic kidney disease

Diabetes

Cardiac disease
Staging by size of tumor (T):
T1 (thereof 1a, 1b)

T2 (all 2a)
T3 (all 3a)
T4

Relapse or tumor patients:

Renal cell carcinoma (RCC)
remained kidney
Lung + Lymph nodes

Urinary Bladder
Liver

Larynx

Prostate

no

Metastases diagnosed before nephrectomy:

Pulmonary metastases
Osseous metastases
Adrenal gland metastases

Lymph node metastases

Lymph node + pulmonary metastases

no

22 (35.48) / 40 (64.52)

46 (74.19)
7 (11.29)
1(1.61)
1(1.61)

4 (6.45)

3 (4.84)

8 (12.90)
24 (38.71)
17 (27.42)
2(3.23)

5 (8.06)

6 (9.68)

37 (59.98)
17 (27.42)

DM1: 1 (1.61)
DM2: 12 (19.35)
11 (17.74)

*% of n=46 (tumor patients)

23 (50.00%)
(11 (23.91%), 13 (28.26%))
8 (17.39%)

13 (28.26%)
2 (4.35%)

1(2.17%

1(2.17%
1(2.17%
1(2.17%
1(2.17%
1(2.17%
40 (86.96%)

3 (6.52%)
2 (4.35%
1(2.17%)
2 (4.35%
1(2.17%)
37 (80.43%)

26/85

63.92

13.58
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3.2.2 Cell isolation from peripheral blood

Blood peripheral mononuclear cells (PBMCs) were isolated from 10 ml heparinized peripheral blood with
Leukohuman Separating Solution and density gradient centrifugation. Isolated PBMCs were
resuspended in PBS containing 0.25 % BSA and stored at 4 °C for further use (Dornieden et al., 2021).

3.2.3 Cell isolation from human kidney tissue

After nephrectomy, kidneys were perfused with 0.9 % NaCl to remove peripheral blood. Tissue samples
were separated and stored at RT in fresh 0.9 % NaCl. Peri-tumor and tumor (RCC) kidney tissues were
dissected into small pieces, added to digestion medium containing RPMI 1640 medium supplemented
with 0.3 mg/ml glutamine and 10 % FCS, 1 % P/S, 1 mg/ml Collagenase Il and 10 U/ml DNAse | and
incubated for 45 min at 37 °C, while shaking. Reaction was stopped with 10 ml cold RPMI 1640 medium
containing 0.3 mg/ml glutamine, 10 % FCS and 1 % P/S. Tissue suspension was filtered through a
100um strainer and washed at 504 xg for 15 min at 4 °C. The pellet was resuspended in 20 ml RPMI
1640 medium containing 0.3 mg/ml glutamine, 10 % FCS and 1 % P/S and mononuclear cells (MNCs)
were isolated with Leukohuman Separating Solution and density gradient centrifugation. Isolated MNCs
were washed with PBS containing 0.25 % BSA at 504 xg for 12 min at 4 °C. Supernatant was discarded
and the pellet was resuspend in PBS containing 0.25 % BSA and stored at 4 °C for further use
(Dornieden et al., 2021).

3.2.4 Cell counting

Isolated cells were counted using CASY cell counter and analyzer. For this purpose, 10 pl of cell
suspension was added to 10 ml CASY ton and measured in CASY. The given amount of living cells was
used for further analysis (Dornieden et al., 2021).

3.2.5 Freezing of isolated cells

Dependent on further analysis, some freshly isolated and counted cells were frozen for usage at a later
time point. Therefore, cell pellets were resuspended in freezing medium containing FCS and 10 %
DMSO and transferred into cryotubes. After storage for 24 h at - 80 °C, cells were transferred to liquid

nitrogen tank for long term storage (Dornieden et al., 2021).

3.2.6 Thawing of frozen cells

Frozen cells, stored in cryotubes, were thawed in 37 °C waterbath. Cells were transferred into 10 ml
pre-heated RPMI 1640 medium containing 0.3 mg/ml glutamine, 20 % FCS and 1 % P/S and washed
at 504 xg for 10 min at RT. Afterwards, cells were resuspended in 5 ml warm medium and washed again
for 6 min. Cell pellet was resuspended in required amount of PBS containing 0.25 % BSA and stored at
4 °C for further use (Dornieden et al., 2021).
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3.2.7 Cell staining and phenotypic analysis

For phenotyping of PBMCs and isolated MNCs from peri-tumor and tumor kidney tissue, 1 x 108 freshly

isolated cells were stained with a mixture of various antibodies (see table 4) for 20 min at RT in the dark.

Afterwards, cells were washed at 504 xg for 6 min at 4 °C.

For the usage of intracellular antibodies, cells were fixated and permeabilized using a Fix/Perm kit

(Thermo Fisher). After washing at 504 xg for 6 min at 4 °C, cells were stained with a mixture of

intracellular antibodies (see table 4) for 30 min at RT in the dark. Stained cells were washed at 504 xg

for 6 min at 4 °C and measured with a BD Fortessa X-20 flow cytometer (Dornieden et al., 2021).

Table 4: Antibodies used for phenotyping with corresponding manufacturer and location. Source: Dornieden et al.
Signatures and Specificity of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021.

JASN.
Antibody
CD3
CD4
CD8
CD14
CD19
CD25
CD28
CD38
CD45RA
CD45RO
CD49%a
CD56
CD62L
CD69
CD69
CD69
CD103
CD103
CD161
CTLA4
FoxP3
HLA-DR
HLA-DR
Ki67
L/D
NKG2D
PD1
Tox
Va7.2
Va7.2

Clone
SK7

SK3

SK1
63D3
SJ25C1
BC96
CD28.2
HIT2
HI100
UCHL1
TS2/7
5.1H11
DREG-56
FN50
FN50
FN50
Ber-ACT8
Ber-ACT8
HP-3G10
BNI3
150D
L243
L243

B56
1D11
EH12.1
REA473
3C10
3C10

Fluorochrome
PerCP/Cy5.5
BUV395
APCeFluor780
BV510

BV510
PE/Cy7
BV711

BV605

BV650

BV650
PE/Cy7
BV785

BV605
Alexa700
BV711

FITC

BV785

PE
PE/Dazzle594
BV421
Alexa647
FITC

PE/Cy7
Alexa700
Agqua (BV510)
BV421

BV711

APC

APC

BV711

Manufacturer
Biolegend, San Diego, USA
BD, Heidelberg, Germany

ThermoFisher,Darmstadt, Germany

Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
BD, Heidelberg, Germany

Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA
BD, Heidelberg, Germany

Biolegend, San Diego, USA
Biolegend, San Diego, USA
BD, Heidelberg, Germany

Miltenyi, Bergisch Gladbach, Germany

Biolegend, San Diego, USA
Biolegend, San Diego, USA

3.2.8 Cell stimulation and functional analysis

For functional analysis, 4 x 108 freshly isolated cells were stained with CD69 antibody (see table 5) for

20 min at RT in the dark. CD69 staining was performed before culture to prevent a stimulus-dependent
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increase by PMA/lonomycin. After washing at 504 xg for 6 min at 4 °C, cells were resuspended in 500pl
RPMI 1640 medium containing 0.3 mg/ml glutamine, 10 % AB and 1 % P/S and stimulated with
1:100,000 phorbol myristat acetat (PMA) and 1:1000 ionomycin. Unstimulated controls remained without
PMA and ionomycin. In all samples Brefeldin A was used in a concentration of 1:500 and served for
accumulation of intracellular cytokines. Cells were stimulated for 6 h at 37 °C and 5 % CO..

After stimulation, cells were washed at 504 xg for 6 min at 4 °C and stained with a mixture of various
surface antibodies (see table 5) for 20 min at RT in the dark. After washing at 504 xg for 6 min at 4°C,
cells were fixated and permeabilized using a Fix/Perm kit (BD). After washing at 504 xg for 6 min at 4°C,
cells were stained with a mixture of intracellular antibodies (see table 5) for 30 min at RT in the dark.
Stained cells were washed at 504 xg for 6 min at 4 °C and measured with a BD Fortessa X-20 flow
cytometer (Dornieden et al., 2021).

Table 5: Antibodies used for functional analysis with corresponding manufacturer and location. Source: Dornieden et al.

Signatures and Specificity of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021.
JASN.

Antibody Clone Fluorochrome = Manufacturer

CD3 SK7 PerCP/Cy5.5 Biolegend, San Diego, USA

CDh4 SK3 BUV395 BD, Heidelberg, Germany

CD8 SK1 APCeFluor780 = Thermo Fisher, Darmstadt, Germany
CD14 63D3 BV510 Biolegend, San Diego, USA

CD19 SJ25C1 BV510 Biolegend, San Diego, USA
CD45RO UCHL1 BV650 Biolegend, San Diego, USA

CD49a TS2/7 PE/Cy7 Biolegend, San Diego, USA

CD69 FN50 BV711 Biolegend, San Diego, USA

CD103 Ber-ACT8 PE Biolegend, San Diego, USA

CD161 HP-3G10 PE/Dazzle594 @ Biolegend, San Diego, USA
Granzyme B GB11 FITC Biolegend, San Diego, USA

IFN-y 4S.B3 eFluor450 Thermo Fisher, Darmstadt, Germany
IL-2 MQ1-17H12 BV605 Biolegend, San Diego, USA

IL-17 BL168 BV785 Biolegend, San Diego, USA

L/D - Aqua (BV510) Biolegend, San Diego, USA

TNFa MAb11 Alexa700 Biolegend, San Diego, USA

Va7.2 3C10 APC Biolegend, San Diego, USA

3.2.9 Detection and phenotypic analysis of antigen-specific CD8* T cells

For detection of CD8* antigen-specific T cells in peripheral blood and human kidney tissue, PE labelled
HLA-A*0201 MHC | Dextramers containing epitopes of BK-virus (BKV), Influenza, Epstein-Barr virus
(EBV) and cytomegalovirus (CMV) were used (see table 6).

For the assessment of HLA-A2 positivity, 100 pl whole blood was stained with CD3 and HLA-A2
antibodies (see table 7) for 10 min at RT. Cells were lysed with 900 pl lysing solution (BD) for 10 min at
RT and afterwards measured with a BD Fortessa X-20 flow cytometer. Samples of HLA-A2* patients
were used for this experiment. For each antigen and negative control, 1-3 x 10° thawed cells were
washed with 2 ml PBS containing 5 % FCS at 504 xg for 6 min at 4 °C. Pellet was resuspended in 50 pl
PBS containing 5 % FCS and stained with MHC | Dextramer for 10 min at RT in the dark. A mixture of

additional antibodies (see table 7) was added and cells were incubated for further 20 min at 4 °C in the
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dark. After two washing steps, cells were measured with a BD Fortessa X-20 flow cytometer (Dornieden
et al., 2021).

Table 6: Used MHC | Dextramers for detection of antigen-specific CD8" T cells. Source: Dornieden et al. Signatures and
Specificity of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

Virus Allele Peptide Antigen = Manufacturer

CMV HLA-A*0201 = NLVPMVATV  pp65 Immudex, Copenhagen, Denmark
Influenza = HLA-A*0201 = GILGFVFFL MP Immudex, Copenhagen, Denmark
BKV HLA-A*0201 LLMWEAVTV @ VP1 Immudex, Copenhagen, Denmark
EBV HLA-A*0201 GLCTLVAML @ BMLF1 Immudex, Copenhagen, Denmark

Table 7: Antibodies used for detection of antigen-specific CD8" T cells and their phenotypic analysis. Corresponding
manufacturers and location are listed. Source: Dornieden et al. Signatures and Specificity of Tissue-resident
Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

Antibody = Clone Fluorochrome = Manufacturer

CD3 SK7 PerCP/Cy5.5 Biolegend, San Diego, USA
CD4 SK3 BUV395 BD, Heidelberg, Germany
CD8 SK1 APCeFluor780 @ ThermoFisher,Darmstadt, Germany
CD14 63D3 BV510 Biolegend, San Diego, USA
CD19 SJ25C1 BV510 Biolegend, San Diego, USA
CD45RA  HI100 BV650 Biolegend, San Diego, USA
CD62L DREG-56 BV605 BD, Heidelberg, Germany
CD69 FN50 Alexa700 Biolegend, San Diego, USA
CD103 Ber-ACT8 BV785 Biolegend, San Diego, USA
CTLA4 BNI3 BV421 Biolegend, San Diego, USA
HLA-A2 BB7.2 APC/Cy7 Biolegend, San Diego, USA
HLA-DR L243 PE/Cy7 Biolegend, San Diego, USA
L/D - Aqua (BV510) Biolegend, San Diego, USA
PD1 EH12.1 BV711 BD, Heidelberg, Germany

3.2.10 Flow cytometry

The usage of flow-cytometry enables the analysis of single cells. In this study, cells were stained with
various surface and intracellular markers, binding to receptors on the surface of or within the cell. These
used markers were labelled with different fluorescent molecules, which in turn can be detected by flow
cytometer measurement. Single cells pass a ray of light in a high speed and according to their structure,
size and staining, the cells show a certain signal and can be analyzed (Cossarizza et al., 2017). All

analyses were performed according to the same gating strategy (Fig 1) (Dornieden et al., 2021).
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Figure 1. Used gating strategy for flow cytometer analysis. Cell subsets were detected by using flow cytometry. Lymphocytes
were gated, followed by single cells and living CD14'CD19" (DUMP") CD3"* or CD3" cells. Within the CD3"* subset, conventional
CD8" and CD4* T cells were identified, as well as double-positive (DP,CD8*CD4"), double-negative (DN,CD8CD4") and MAIT
(CD8DN Va7.2*CD161") cells. NK cells were detected within CD3" population. Tissue-resident cells were identified according to
CD69 and CD103 single- or co-expression. Source: Dornieden et al. Signatures and Specificity of Tissue-resident Lymphocytes

Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

3.2.11 Multi-epitope ligand cartography (MELC)

MELC sample preparation until freezing and storage of samples at -80 °C was performed by the author,
all other steps of MELC histology were performed in close collaboration with Dr. rer. nat. Anna Pascual-
Reguant (DRFZ, Berlin).

Sample preparation

For MELC histology, fresh peri-tumor and tumor tissue samples in a size of about 1x1x1.5 cm were
frozen using tissue snap-freezing method. Therefore, fresh tissue samples were covered with OCT for
a few minutes. After samples were transferred into fresh OCT in a cryomold, tissues were frozen using
isopentane in a metal beaker, which was cooled down while placed in a liquid nitrogen dewar container.
Samples were placed into cold isopentane till OCT was frozen and were afterwards stored at -80 °C.
The fresh frozen tissue was cut in 5-um sections on cover slides coated with APES (24 x 60 mm),
wherefore a NX80 cryotome was used. Next, fixation of the samples was performed for 10 min at RT
with 2 % paraformaldehyde, which was methanol- and RNAse-free. After a washing step,
permeabilization with 0.2 % Triton X-100 in PBS for 10 min at RT was performed and followed by
blocking with 10 % goat serum and 1 % BSA in PBS for at least 20 min. Afterwards, the samples were
placed in a fluid chamber with 100 pl of PBS and “press-to-seal” silicone sheets, which were attached

to the cover slip (Dornieden et al., 2021, Pascual-Reguant et al., 2021).

MELC Image Acquisition
For generating multiplexed histology data, a modified Toponome Image Cycler® MM3 (TIC) was used.
The components of the used robotic microscopic system were the following: 1. an inverted wide field

(epi)fluorescence microscope Leica DM IRE2 with a CMOS camera and a motor-controlled XY stage;
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2. CAVRO XL3000 Pipette/Diluter; 3. a MelTec TIC-Control software used for microscope control and
pipetting system as well as for synchronized image acquisition. The MELC run consisted of different
cycles, each with the following four steps: 1. incubation of the antibody, which was fluorescence-coupled
and washing; 2. cross-correlation-based auto-focusing; 3. photo-bleaching of the fluorophore; 4. a
second autofocusing step and followed acquisition of a 3D stack post-bleaching fluorescence image. In
each four-step cycle, another fluorescence-labeled antibody of interest was used. After the sample was
labeled with all antibodies of interest, the experiment was completed. Used antibodies for MELC
histology are listed in table 8. The antibodies were stained in the indicated order (Dornieden et al., 2021,

Pascual-Reguant et al., 2021).

Table 8: Used antibodies for MELC histology. Source: Dornieden et al. Signatures and Specificity of Tissue-resident
Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

Molecule Clone Fluorochrome Manufacturer
AQP2 (E-2) PE Santa Cruz Biotechnology, Dallas, USA
CD3 REA613 PE Miltenyi, Bergisch Gladbach, Germany
CD4 VIT4 PE Miltenyi, Bergisch Gladbach, Germany
CD8 BW135/80 PE Miltenyi, Bergisch Gladbach, Germany
CD11c MJ4-27G12 PE Miltenyi, Bergisch Gladbach, Germany
CD14 Tuk4 PE Miltenyi, Bergisch Gladbach, Germany
CD16 REA423 PE Miltenyi, Bergisch Gladbach, Germany
CD31 9G11 PE R&D Systems, Minneapolis, USA
CD45RA REA562 PE Miltenyi, Bergisch Gladbach, Germany
CD45RO UCHL1 PE DRFZ, Berlin, Germany
CD49a TS2/7 PE Biolegend, San Diego, USA
CD56 AF12-7H3 PE Miltenyi, Bergisch Gladbach, Germany
CD69 REA824 PE Miltenyi, Bergisch Gladbach, Germany
CD103 Ber-ACT8 PE Miltenyi, Bergisch Gladbach, Germany
CD161 191B8 PE Miltenyi, Bergisch Gladbach, Germany
CD163 RM3/1 PE Biolegend, San Diego, USA
DAPI Miltenyi, Bergisch Gladbach, Germany
HLA-DR REA332 PE Miltenyi, Bergisch Gladbach, Germany
Ki67 MIB1 FITC Miltenyi, Bergisch Gladbach, Germany
TCRVa7.2 3C10 PE Biolegend, San Diego, USA

Image pre-processing

At the beginning of the measurement, a phase contrast image was taken used for alignment of all
images. After alignment, processing of each fluorescence MELC image by background subtraction and
illumination correction, based on the bleaching images, was performed. To capture slice thickness, an
“‘Extended Depth of Field” algorithm was applied to the 3D fluorescence stack in each cycle.
Normalization of images was performed in ImageJ, using a rolling ball algorithm for background

estimation, as well as removing of edges and stretching of fluorescence intensities to the full intensity
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range (16 bit). In this way, 2D fluorescence images were generated and subsequently segmented and

analyzed (Dornieden et al., 2021, Pascual-Reguant et al., 2021).

Cell segmentation and single-cell feature extraction

Cell segmentation was divided into two steps, containing a signal-classification step using llastik 1.3.2
followed by an object-recognition step using CellProfiler 3.1.8. llastik was used for classification of pixels
in the three classes nuclei, membrane, and extracellular matrix (ECM), as well as for generation of maps
for each class. Combined images were summed up and used to classify membranes and ECM, for
classification of nuclei only the DAPI images were used. In a small region of a data-set (approx. 6 % of
the image), the random forest algorithm (machine-learning, llastik) was trained by manual pixel
classification, while the rest of the data-set was classified in an unsupervised manner using the random
forest algorithm. Afterwards, CellProfiler was used for segmentation of the nuclei and membrane
probability maps and for generating nuclei and cellular binary masks. While these masks were
superimposed on the individual fluorescence images acquired for each marker, single-cell information
such as mean fluorescent intensity (MFI) of each marker per segmented cell was extracted (Dornieden
et al., 2021, Pascual-Reguant et al., 2021).

Unsupervised clustering and data-driven analysis

With the help of Orange, segmented cells analysis was performed, using several algorithms for
dimensionality reduction, which use the list of MFI values as single-cell features. By analyzing all
segmented cells, unsupervised clustering of the kidney single-cell data was performed. T-SNE plots
were created with 18 principal components, a perplexity of 30 and 1000 iterations (Dornieden et al.,
2021, Pascual-Reguant et al., 2021).

Data transformation and normalization

For the presented data, raw measurements were used. Normalization of the presented data was
performed at various steps. Fluorescence intensities per pixel were normalized to the full 16-bit range
in ImageJ and brought to a 0 to 1 scale in CellProfiler. Fluorescence intensities per cell were normalized

for individual columns on a 0 to 1 scale in Orange (Dornieden et al., 2021, Pascual-Reguant et al., 2021).

3.2.12 Analysis and statistics

Data derived from flow cytometry measurements were analyzed using FlowJo Version 10. For all
statistical analyses, GraphPad Prism 8 was used. Data were tested for normal distribution with
Kolmogorov-Smirnov test. Following statistical tests were used for calculating statistical significance:
For the comparison of two groups: two-tailed paired t-test or two-tailed Wilcoxon Signed Ranks test for
paired samples and two-tailed Mann-Whitney U test or two-tailed unpaired t test for unpaired groups.
For comparison of three or four groups: Friedman test or one-way ANOVA for paired groups and
Ordinary one-way ANOVA or Kruskal-Wallis test for unpaired groups. P-values below 0.05 were
considered as significant. All present bar graphs show means + SD. Cytobank software was used for
further analyses, including vViSNE, heatmaps or FlowSOM (data not shown here) (Dornieden et al.,
2021).
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4. Results

4.1 Enrichment of effector memory T cells with an activated and pro-inflammatory phenotype in
human kidney tissue

So far, little is known about the immune cell composition of the human kidney. To gain a deeper insight
into this field, bulk CD3* CD8* and CD4* T cells from peri-tumor tissue of nephrectomized kidneys and
paired peripheral blood samples were analyzed. Regarding their differentiation subsets, it could be
demonstrated that effector memory (CD45RACD62L") CD8* and CD4* T cells were significantly
enriched in the renal tissue compared to their counterparts in the peripheral blood. In contrast, the blood
was characterized by increased frequencies of CD8* and CD4* central memory (CD45RA-CD62L*) and
naive (CD45RA*CD62L*) T cells (Fig. 2A). Furthermore, CD8* and CD4* renal T cells expressed
significantly higher HLA-DR, being indicative for an activated phenotype. In addition, elevated
expression of the co-stimulatory molecules PD-1 and CTLA4 was detected on CD8* and CD4* T cells
within kidney derived cells compared to their counterparts in peripheral blood, as well as an increase of
CD4* renal T cells negative for CD28, displaying a differentiated phenotype (Fig. 2B). Interestingly,
functional analysis showed a significant enrichment of IL-17 production for both CD8* and CD4* kidney
T cells compared to blood-derived cells, indicating a pro-inflammatory status of these renal cells. In
addition, a down-regulation of granzyme B producing CD8* renal T cells could be demonstrated,
whereas an increase of IFNy and TNFa producing CD4* renal T cells could be indicated (data not

shown).
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Figure 2. Increase of effector memory T cells within the human kidney displaying an activated and pro-inflammatory
phenotype. Freshly isolated mononuclear cells derived from kidney peri-tumor tissue and peripheral blood were stained with
surface markers. (A) Frequencies of CD8" and CD4"* T cells expressing CD45RA and CD62L were quantified by flow cytometry
(n=29), presenting the differentiation subsets of CD8" and CD4* T cells: central memory cells (CD45RA CD62L"), terminally
differentiated effector cells (CD45RA*CD62L"), effector memory cells (CD45RA'CD62L°) and naive (CD45RATCD62L") cells. (B)
Frequencies of CD8" and CD4* T cells expressing HLA-DR (n=19), PD-1 (n=19), CLTA4 (n=8) and CD28 (n=19) were detected
by flow cytometry. All statistically significant differences were presented as means + SD. A value of p<0.05 was considered
significant. Source: Dornieden et al. Signatures and Specificity of Tissue-resident Lymphocytes Identified in Human Renal
Peritumor and Tumor Tissue. 2021. JASN.

4.2 Tissue-resident memory (Trm) T cells reside within the human kidney

So far, Trm cells could be detected in various human tissues (Ganusov and De Boer, 2007, Clark, 2010,
Purwar et al., 2011) as well as in renal nephrectomies (de Leur et al., 2019) but their presence in
“healthy” kidney tissue was not proven yet. Therefore, the classical markers of tissue-residency CD69,
CD103 and CD49a were analyzed in CD8* and CD4* T cells derived from kidney tissue compared with
their counterparts in peripheral blood. As presumed, CD8* and CD4+* CD69*CD103* and CD69*CD103-
T cells were significantly enriched in kidney, while these cells were nearly absent in blood, demonstrating
their Trm phenotype. Whereas, CD69-CD103* single-positive cells were only elevated in the renal CD8*
T cell subset, not for CD4* T cells (Fig. 3A). Furthermore, a significant upregulation of CD8* and CD4*
CD49a* T cells could be detected within the kidney compared to paired blood (Fig. 3B). The presence
of CD8* and CD4* Trwm cells was confirmed by multi-epitope ligand cartography (MELC), a novel
automatized multiplex microscopy technology for high-throughput histological studies. Therefore, a
sequential co-staining of CD3, CD69, CD103, CD49a and CD45R0O with CD8 or CD4 in the same peri-
tumor tissue section was performed (Fig. 3C). Altogether, these data give evidence for the presence of
Trm CD8* and CD4* T cells within “healthy” human kidney tissue for the first time by using various
markers and methods. Characterized by distinctly higher frequencies, CD8* Trm T cells seem to

represent the majority of renal Trm subsets.
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Figure 3: Detection of Try CD8" and CD4"* T cells within the human kidney. (A,B) Mononuclear cells isolated from peripheral
blood and kidney peri-tumor tissue were stained with surface markers CD69 and CD103 (n=28) (A), as well as CD49a (n=17) (B)
and quantified by flow cytometry. Statistically significant differences were presented as means + SD. A value of p<0.05 was

considered significant. (C) Fresh frozen peri-tumor kidney tissue was used for MELC histology. Markers for the identification of
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Tru cells were stained and an overlay of the fluorescent images was performed. CD3 (blue), CD8 (red, top) or CD4 (red, bottom)
and DAPI (green) stainings are shown for the whole field of view (FOV), the scale bar is 100 um. DAPI (green) is exchanged for
CD69, CD103, CD45R0 or CD49a in the selected region (scale bar 20um). White arrows hint at Try cells. Four independent
experiments were performed, one out of these is shown here. Source: Dornieden et al. Signatures and Specificity of Tissue-
resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

4.3 CD8" Trm T cells within the human kidney are activated

To further investigate the function of CD8* Trm T cells within the human kidney, a comparative analysis
of the two present Trm subsets CD69*CD103* and CD69*CD103- compared to CD69-CD103- cells was
performed. Indicating a higher expression of HLA-DR and PD-1 of Trm CD8* T cells compared to their
CD69-CD103- counterpart, as well as a reduction of CD28, presenting their antigen-experience and
differentiation. Contrarily significantly higher CTLA4 expression could be detected solely for
CD69*CD103- cells compared to the double-negative subset (Fig. 4A). Regarding their effector cytokine
profile, Trm CD8* T cells displayed a significant reduced production of the cytotoxic mediator granzyme
B, compared the CD69-CD103- counterpart, whereas production of IL-2 and IL-17 was significant
enriched for both Trm CD8* T cell subsets. CD69*CD103* cells showed a higher production of TNFa
compared to the CD69*CD103- cell subset, while no difference could be demonstrated for IFNy (Fig 4B).
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Figure 4: Renal CD8* Tru T cells exhibit an activated phenotype. (A) Mononuclear cells isolated from peri-tumor kidney tissue
were stained with surface markers HLA-DR (n=19), PD-1 (n=19), CTLA4 (n=8) and CD28 (n=19) and CD8* Trm T cell subsets

were analyzed regarding this marker expression by FACS. (B) Mononuclear cells derived from peri-tumor tissue were stimulated
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with PMA and ionomycin and afterwards the effector cytokine profile of CD8* Try T cell subsets was quantified by FACS (n=21).
Statistically significant differences were presented as mean values + SD. A value of p<0.05 was considered significant. Source:
Dornieden et al. Signatures and Specificity of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor
Tissue. 2021. JASN.

4.4 Renal CD8" Trm T cells accumulate with increasing age

As it is already known that the pool of memory T cells increases with age, we assumed that also Trm T
cells in the kidney accumulate with rising age. Therefore, a cohort of n=35 patients was divided into two
age groups regarding to the calculated mean age of 63 years: Group | (n=13) being <63 years and
Group Il (n=22) being > 63 years. As presumed, CD8* CD69*CD103* and CD69*CD103" Trm T cells
were significantly enriched in the advanced age group (group 1) compared to the lower age group (group
1) (Fig 5A). Furthermore, it could be demonstrated that the increase of both Trm cell subsets significantly

correlated with age (Fig 5B).
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Figure 5: CD8* Tru T cells within the human kidney accumulate with increasing age. (A) Mononuclear cells isolated from
peri-tumor kidney tissue were stained with tissue-resident markers CD69 and CD103. Two age groups were defined according to
the calculated mean age of 63 years: Group | being < 63 years (n=13) and Group Il being > 63 years (n=22) and frequencies of
CD8* Tru T cell subsets were compared between the groups. Statistically significant differences were presented as mean values
+ SD. A value of p<0.05 was considered significant. (B) Correlation analysis of both CD69*CD103* and CD69*CD103" CD8" Trwm
T cell frequencies with patient age (n=35). From patients with same age, mean values of Tru cell frequencies were calculated.
Source: Dornieden et al. Signatures and Specificity of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and
Tumor Tissue. 2021. JASN.
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4.5 Increase of Trm T cell frequency with elevated kidney function

Patients were grouped concerning their stage of estimated glomerular filtration rate (eGFR) into five
stages and corresponding frequencies of CD8* and CD4* CD69*CD103* Trm T cells were displayed.
Interestingly, both CD8* and CD4* Trm cell frequencies were significantly increased in patients with an
elevated kidney function (here eGFR stage 2) compared to patients with a restricted kidney function
(here eGFR stages 3 and 5). Moreover, the frequencies of CD8* and CD4* CD69*CD103* Trm cells

significantly correlated with eGFR. However, a result which was only significant for CD4* T cells (Fig 6).

(6)
CcD8* CD69*CD103* CD4* CD69*CD103*

60 p=0.0336 61 p=0.0068
N _—
& ';" L] *3 ';" =0.0068
(8] = A0 ™ Q = 4 n
» 0 w0 .
oo H T a¢
(3] 2 A O &
5 820- it % 5 821 .
R xR0 0

|
Ly T T TREE
1 2 3 4 5 1 2 3 4 5

60~ p=0.3087 R2=0.0414 5+ p=0.0009 R2?=0.03607
& . + °
¥ : 35
;q [a] . + E 3'
Qo . . 80
Oo . L O & 2]
5 & 207 . 53
®© . ‘-“ «* =V "

0 T T T 1 0 T T T T T
0 20 40 60 8|0 100 0 20 40 60 80 100
ml/min (eGFR) ml/min (eGFR)

Figure 6: Increase of Tru T cell frequency with elevated kidney function. Mononuclear cells isolated from peri-tumor kidney
tissue were stained with tissue-resident markers CD69 and CD103. Patients were divided according to the five stages of kidney
function (eGFR CKD-EPI, stage 1 n=4, stage 2 n=18, stage 3 n=13, stage 4 n=0, stage 5 n=3) and frequencies of CD69*CD103*
CD8* and CD4* Truw T cells were compared between the five groups. Statistically significant differences were presented as mean
values + SD. A value of p<0.05 was considered significant. Moreover, correlation analyses of the same cell population frequencies
with eGFR (ml/min) (n=42) were displayed. Source: Dornieden et al. Signatures and Specificity of Tissue-resident Lymphocytes

Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

4.6 Identification of further renal Trulymphocyte subsets

Interestingly, tissue-residency could be identified in human renal lymphocyte subsets apart from
conventional CD8* and CD4* T cells for the first time. The classical NK cell subsets, CD5619" and
CD564m, expressing tissue-resident markers CD69 and CD103 were detected within kidney tissue, while
these Trm cells were absent in peripheral blood. The same holds true for mucosal-associated invariant
T (MAIT) cells within kidney tissue, an observation which confirms the published data from Law et al
(2019) regarding the existence of renal-resident MAIT cells (Fig. 7). With the help of MELC histology,
the presence of Tru NK and MAIT cells within kidney peri-tumor tissue could be approved (data not

shown here).
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Figure 7: Identification of renal Try NK and MAIT cells. Mononuclear cells isolated from peripheral blood and peri-tumor kidney
tissue were stained with tissue-resident markers CD69 and CD103. Frequencies of Try CD56"9" and CD56%™ NK cells (n=19)
and MAIT cells (CD3*CD8'DN TCRVa7.2*CD161*) (n=29) were measured in FACS. Statistically significant differences were
presented as mean values * SD. A value of p<0.05 was considered significant. Source: Dornieden et al. Signatures and Specificity

of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

4.7 CD8" Trm lymphocytes in renal cell carcinoma (RCC) are exhausted

So far, the general function of Trwm cells in the kidney as well their impact in cancer, especially in RCC
is unknown. Previous studies could demonstrate an enrichment of Trm cells within tumor tissues (Djenidi
et al.,, 2015, Wang et al., 2015, Webb et al., 2014). Therefore, Tru lymphocyte frequencies and
properties within renal cell carcinoma tissue were compared with adjacent peri-tumor tissue.

By means of MELC histology a significant enrichment of whole CD69*CD103* Trm lymphocytes and
CD69*CD103- CD8* Trm T cells as well as a non-significant increase of CD69*CD103- CD4* Trm T cells
within tumor tissue compared to peri-tumor tissue could be demonstrated (data not shown). Interestingly,
it could be demonstrated that groups of 10 or more CD69*CD103- CD4* and CD8* Trm T cells clustered
along endothelial cells (vessels) within the tumor tissue, however not in peri-tumor tissue (data not
shown). A further feature of tumor-derived CD8* Trm T cells was their exhausted phenotype and
function, demonstrated by a significant upregulation of PD-1 and TOX co-expression (Fig. 8A), a feature
not documented for RCC cells so far, as well as by downregulation of IL-2, TNFa and IL-17 production,
even so the latter one was not significant. However, an upregulation of granzyme B production was
detected (Fig. 8B).
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Figure 8: CD8* Tru T cells in RCC are exhausted. (A) Mononuclear cells isolated from peripheral peri-tumor and tumor kidney
tissue were stained with exhaustion markers PD-1 and TOX. Frequencies of CD8* Tru T cell subsets co-expressing both markers
were measured in FACS (n=8). (B) Mononuclear cells derived from peri-tumor and tumor tissue were stimulated with PMA and
ionomycin and the effector cytokine profile of CD8* Trm T cell subsets was quantified by FACS (n=10). Statistically significant
differences were presented as mean values + SD. A value of p<0.05 was considered significant. Source: Dornieden et al.

Signatures and Specificity of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

4.8 Tumor-derived CD8" Tru T cells are functionally impaired in metastasized patients

Patients were divided into two groups regarding their metastasis’s status before nephrectomy.
Interestingly, tumor-derived CD8* CD69*CD103* and CD69*CD103- Trm T cells in metastasized patients
displayed an impaired function compared to patients without metastases, represented by a significant
downregulation of IL-2, TNFa and IFNy production, even so the latter one was only significantly
decreased for CD8* CD69*CD103* Trm T cells (Fig. 9).
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Figure 9: Tumor-derived CD8" Tru T cells are functionally impaired in patients with metastases. Patients were divided into
two groups according to their diagnosis of metastases before nephrectomy: one group without metastases (n=8) and one group
with metastases (n=4). Mononuclear cells derived from tumor tissue were stimulated with PMA and ionomycin and the effector
cytokine profile of CD8" CD69*CD103* and CD69"CD103" T cells was quantified by FACS. Statistically significant differences were
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presented as mean values + SD. A value of p<0.05 was considered significant. Source: Dornieden et al. Signatures and Specificity

of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.

4.9 Antigen-specific T cells reside within the human kidney, but do not exhibit a Trm phenotype
To further investigate the function of Trm T cells within the human kidney, their antigen-specificity was
examined. Therefore, isolated cells out of peripheral blood, peri-tumor and tumor tissue were stained
with MHCIlI multimers for cytomegalovirus (CMV), Epstein-Barr virus (EBV), BK virus (BKV) and
influenza A, the latter representing a non-persisting virus, compared to the other persisting viruses.
Interestingly, CD8* T cells specific for all four tested antigens could be identified in renal peri-tumor and
tumor tissue, whereby frequencies between 0.6 % (BKV) and 2.5 % (CMV, EBV) of total CD8* T cells
were measured (data not shown here). The mainly amount of these cells showed a CD45RA-CD62L"
effector memory phenotype (Fig. 10A) and were negative for the tissue-resident markers CD69 and
CD103. Frequencies of antigen-specific CD8* CD69-CD103- T cells were significantly elevated
compared to CD8* CD69*CD103* T cells for EBV and CMV (Fig. 10B).
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Figure 10: Presence of antigen-specific CD8* T cells within the human kidney. (A) CD8* antigen-specific T cells derived from
peri-tumor tissue were stained for differentiation subsets: central memory cells (CD45RA'CD62L"), terminally differentiated
effector cells (CD45RA*CD62L"), effector memory cells (CD45RA'CD62L") and naive (CD45RA*CD62L") cells (CMV n=9, EBV
n=9, BKV n=5, Influenza n=7) and measured in FACS. (B) Peri-tumor CD8" antigen-specific T cells were investigated for tissue-
resident marker expression (CMV n=9, EBV n=9, BKV n=5, Influenza n=7) by FACS. Statistically significant differences were
presented as mean values + SD. A value of p<0.05 was considered significant. Source: Dornieden et al. Signatures and Specificity

of Tissue-resident Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue. 2021. JASN.
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5. Discussion

So far, little is known about the immune cell composition of the human kidney in comparison with other
human organs. A recent study from Park et al (2020) demonstrated the immune cell composition in
normal human kidneys, however the patient cohort with n=15 patients was quite limited (Park et al.,
2020). Therefore, an increased number of 62 patients were analyzed in this study. To address the first
objective of the study, an analysis of renal-derived bulk CD8* and CD4* T cells was performed.
Interestingly, an enrichment of effector memory T cells and an activated and pro-inflammatory
phenotype of the kidney-derived T cells was demonstrated, providing an insight into kidney cell
composition. However, the enrichment of effector memory cells could be explained by the increased
age of the included patients, as with increasing age also the frequency of effector memory cells

accumulates in the kidney (Weninger et al., 2001, Baron et al., 2003).

Another main objective of the study was the investigation of human renal tissue-resident cells in order
to acquire more insight into their characteristics and their potential role in kidney transplantation and
tumor pathology. So far, the existence of Trm T cells in human kidney allografts and in a limited number
of “healthy” kidneys was demonstrated by de Leur et al in 2019 (de Leur et al., 2019). However, a
verification of their presence in a larger cohort of “healthy” human kidneys was still lacking, as well as a
detailed analysis of their phenotype and function. Although the kidney is not a barrier tissue, it is known
that it can be infected with pathogens by passing the urinary tract. Therefore, on the one hand kidney
tissue needs to be protected by Trm cells to prevent these renal infections. On the other hand, formation
of Trm cells within kidney tissue could be enabled due to these infections, since recruited cells can enter

the infected tissue, develop Trm features and reside.

In this study, renal Trm lymphocytes were identified through the expression of the tissue-resident
markers CD69, CD103 and CD49a. Especially for CD4* and CD8* T cells, the two main Trm subsets
expressing CD69*CD103* and CD69*CD103- were detected. Frequencies of CD8* Trm T cells were
distinctly higher compared to their CD4* counterparts, suggesting that these cells represent the major
Trm cell subset within the human kidney. The existence of two main Trm T cell subsets is comparable
with previous studies out of the kidney and brain (de Leur et al., 2019, Smolders et al., 2018). Smolders
et al. investigated Trm T cells in the human brain, a tissue which is highly encapsulated by the blood-
cerebral-barrier. They examined various markers on bulk and Trv CD8* and CD4* T cells. Particular
results were quite close to what we detected for renal bulk and Trm T cells, including increased PD-1
and CTLA-4 expression of Trwm cells (Smolders et al., 2018). In addition to flow cytometry analysis, the
existence of Trm CD4* and CD8* T cells was verified using MELC histology, a new complex histology
method creating overlays of various measured markers allowing verification and localization. Therefore,

this study gives proof of renal Trm T cell existence applying two independent methods.

CD8* Trm T cell subsets were characterized by an activated phenotype, reflected by increased HLA-DR
expression, as well as by an upregulation of the co-stimulatory molecule PD-1. In addition, they
displayed an activated and pro-inflammatory effector profile, producing significantly more IL-17, and a

decreased cytotoxicity, indicated by a decrease of granzyme B production. Especially the latter feature
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could already be observed for CD69* T cells in the human liver (Stelma et al., 2017). With regard to
kidney transplantation, these features would be worth to consider for transplantation outcome and graft
survival. Despite kidney perfusion peri-operatively, donor-derived renal-resident activated and pro-
inflammatory Trm T cells are transplanted along with the graft and could contribute to inflammatory
processes through stimulation of recipient’s alloreactive T cells resulting in graft rejection (Thaunat and
Morelon, 2007).

Interestingly, an enrichment of CD8* Trm T cell subsets was correlated with increasing age. CD8* Trm
T cells display an effector memory phenotype (data not shown here), a cell subset which is already
known to accumulate with increasing age and associated increased antigen experience (Weninger et
al., 2001, Baron et al., 2003). Therefore, an accumulation of Tru T cells with increased age seems
predictable, however it was not demonstrated for the human kidney before. Furthermore, several studies
indicated that CD8* Trm T cells in the lung lose their protecting features with increasing age (Goplen et
al 2021, Goplen et al 2020), a fact which could not be investigated in this study, however, which would

be interesting to consider in further studies.

Moreover, an increase of CD4* and CD8* Trm T cell frequencies in kidneys with elevated kidney function
(eGFR) could be observed, indicating that Trm T cells could be involved in processes of kidney protection
or function. Obviously, further analyses would be necessary to confirm this hypothesis and to identify
their exact functions and pathway involvements. However, considering these findings, it would be
possible to target Trm T cells in order to increase kidney function in patients with impaired renal function

in the future.

Beside kidney-derived Trm T cells, NK and MAIT cells displaying a tissue-resident phenotype could be
detected by flow cytometry and MELC histology, indicating that expression of CD69 and CD103 is not
unique for Trm T cells. Renal MAIT cells displaying a Trm phenotype were already investigated in the
context of renal fibrosis and chronic kidney disease (Law et al., 2019). However, our results could verify
the existence of intra-renal MAIT cells in “healthy” human kidneys for a larger number of patients. The
presence of NK cells displaying a Trm phenotype was already investigated for the murine kidney, as well
as for the human liver and gut (Peng and Tian, 2017), here we could demonstrate the existence of intra-
renal NK cells in the human kidney for the first time. However, both subsets did not accumulate with
increasing age (data not shown here). These results demonstrate that not exclusively cells from the
adaptive but also cells from the innate immune system exhibit the feature of tissue-residency in the
kidney, suggesting that rapid response after pathogen infiltration is ensured directly within the tissue,

preventing infections and tissue damage immediately.

CD8* Trm T cells were already detected in various cancers and serve as prognostic markers (Djenidi et
al., 2015, Wang et al., 2015, Quinn et al., 2003), while their presence in kidney tumors was not examined
yet. Using flow cytometry and MELC histology, an enrichment of bulk CD69*CD103* lymphocytes, as
well as CD4* and CD8* CD69*CD103- T cells in kidney tumor tissue could be detected. The investigated
accumulation of Trwm cells within RCC tissue leads to the assumption that Trm cell formation could be a
result of recruiting processes, in which immune cells are recruited to the site of inflammation, such as

cancer, and develop tissue-resident features afterwards in order to keep local control (Turner et al.,
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2014b). Furthermore, tumor-derived CD8" Trm T cells were characterized by an exhausted phenotype,
upregulating the exhaustion markers PD-1 and TOX, as well as downregulating IL-2 and TNFa
production. However, cytotoxicity was increased, measured by upregulated release of granzyme B.
Exhaustion of tumor-derived lymphocytes is already known from various studies (McLane et al., 2019)
and the recently identified transcription factor TOX was already investigated in hepatocellular carcinoma
(Wang et al., 2019), however its upregulation in Trm kidney cancer cells could be demonstrated for the
very first time in this study. In summary, renal tumor-derived Trwm cells are both: accumulated within the
tumor and impaired in function, nevertheless displaying elevated cytotoxicity; features which do not differ
from other cancer entities (McLane et al., 2019). By use of MELC histology, it could be demonstrated
that especially CD4+ and CD8* Trm T cells were clustered along the vessels, suggesting their recruitment
via the vessels and their fast development of tissue-resident features and residency directly after
entrance. These investigated exhaustion features would be worth to consider for the treatment of RCC
patients since Trwm cells could serve as a potential therapeutical target. Boosting their activity could
improve their anti-tumor response and initiate defense mechanisms directly within the tumor tissue in

order to enhance patient’s outcome.

Interestingly, a functional impairment of tumor-derived CD8* Trm T cells in patients suffering from
metastases compared to metastases-free patients could be demonstrated, pointing out their potential
relevance for RCC patient’s outcome. Hence, renal CD8" Trm T cells seem to be protective and control
tumor-spreading by producing cytokines involved in anti-tumor responses (IFNy) and cell growth (IL-2,
TNFa). Recombinant IL-2 is already used for treatment of metastatic RCC and leads to activation of
defense mechanisms (Klapper et al., 2008), pointing out that functional activation of tumor-derived Trm
T cells could be a promising therapeutic option for treating RCC patients, especially in metastasized
patients. However, further investigation would be necessary.

Finally, to figure out the specific role of Trm cells within the kidney, antigen-specificity was proven.
Interestingly, CD8* T cells specific for BKV, CMV, EBV and influenza were detected in both kidney peri-
tumor and tumor tissue. In contrast to a study of tissue-resident antigen-specific cells in the human lung
(Pizzolla et al., 2018), identified renal antigen-specific CD8* T cells did not display a tissue-resident
phenotype, but were CD69-CD103-. Therefore, it was not possible to associate the role of renal Trm cells
with antigen-specificity and specialized pathogen control within the tissue, instead their function seems

to be more general, including controlling various types of inflammation.

While most Trm cell data are derived from infectious mouse models and human data are limited, this
study presents a comprehensive analysis of renal-derived Trw cells out of the human kidney. However,
also this study has certain limitations: The included and investigated kidneys cannot be considered as
“healthy”. All kidneys were removed due to different diseases, most commonly renal cell carcinoma.
However, as it is absolutely impossible to investigate completely healthy kidneys, exclusively tissue
portions which were examined by a pathologist and were pronounced as “healthy” were used in this
study. It needs to be considered that this could result in differences between the immune cell
composition within kidney tissue and peripheral blood, particularly in respect of their activation and
effector molecule status. Additionally, the majority of included patients had an increased age since

nephrectomy is performed mostly in older patients. Moreover, correlation analysis of cell frequencies
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with various patient parameters was limited, including correlation of Trm cell frequencies with patient’s
outcome. The timeframe of this study was 3.5 years. During this time solely 6 out of 62 patients (9.7 %)
were diagnosed with a relapse and a total number of 9 patients (14.5 %) suffered from metastases
before nephrectomy. Furthermore, the standard therapy for kidney cancer is surgery performing
nephrectomy, therefore correlation analysis of Trm cell frequencies and various applied therapies could
not be conducted. Moreover, due to extremely limited access to peri-tumor and especially tumor tissue,
various experiments could not be performed, including measuring the cytokine profile of renal CD4* Trm
cells and CD8* antigen-specific cells as well as potential cell culture experiments using sorted renal
derived peri-tumor or tumor Trw cells.

In summary, this study presented the existence of various Trum lymphocyte subsets within the human
kidney for the very first time for a large patient cohort and by the use of two different highly complex
methods. Phenotypic and functional signatures were analyzed comprehensively in both peri-tumor and
tumor kidney tissue, demonstrating the existence of activated and pro-inflammatory Trm T cell subsets
that increase with age, but may become exhausted within kidney cancer. Considering these features in
processes of graft rejection or kidney cancer could improve the understanding of these mechanisms.
Nevertheless, further experiments are needed to figure out their exact impact, as well as their possible
prospective therapeutic potential for transplantation or cancer, by either modifying, triggering or inhibiting
them.
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6. Further work / Co-Authorships

Mucosal associated invariant T cells are differentially impaired in tolerant and
immunosuppressed liver transplant recipients

Arne Sattler, Lion G. Thiel, Annkathrin Helena Ruhm, Yasmin Bergmann, Theresa Dornieden, Mira
Choi, Fabian Halleck, Frank Friedersdorff, Dennis Eurich and Katja Kotsch

Am J Transplant. 2021; 21: 87-102

Summary

Mucosal associated invariant T (MAIT) cells are a subset of T cells which are responsible for protection
and repair of border tissues. They are characterized by the expression of a semi-invariant TCR Va7.2
and the C-type lectin CD161. MAIT cells can be found among others in blood, mucosal surfaces and
the liver and can be activated via two pathways. The TCR-dependent activation is restricted to the MHC-
| protein MR1 which presents vitamin B metabolites, whereas the TCR-independent activation proceeds
via inflammatory cytokines such as IL-12, IL-15, 1I-18 and TL1A.

So far, it is not known if immunosuppressive drugs and SOT have an impact on the MAIT cell biology.
Therefore, this study included two main investigations. First, an in vitro TCR-dependent and —
independent activation of peripheral MAIT cells in the presence of different immunosuppressive
medications in healthy individuals. Second, an ex vivo analysis of MAIT cells isolated out of the
peripheral blood from liver transplanted patients who were either immunosuppressed or tolerant.

This work could demonstrate an impairment of the in vitro cytokine activation of MAIT cells caused by
glucocorticoids, as well as of the antigen-specific activation triggered by calcineurin inhibitors in healthy
donors. Moreover, a depletion of MAIT cells in the peripheral blood of liver transplanted patients was
determined, an observation which was true for all types of measured immunosuppressive drugs and
concentrations, as well as for investigated kidney transplanted patients. In addition, MAIT cells from
these liver transplanted patients featured a functional impairment.

In summary, this study could demonstrate an interference of liver disease and immunosuppressive
treatment after liver transplantation on the MAIT cell biology, affecting their phenotypical and functional

features.
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7. Own Contributions

Detailed listing of my contributions to the work “Signatures and Specificity of Tissue-Resident

Lymphocytes Identified in Human Renal Peritumor and Tumor Tissue”:

e Research design
e Sample collection
o Patient information and sample preparation during surgery was done by Prof. Dr.
Frank Friedersdorff (Clinic for Urology, Charité, Berlin).
e Experimental performance
o Lymphocyte isolation
o Staining
o Stimulations
o Flow cytometry measurement
o MELC histology: Collection and preparation of samples (snap freezing) were done by
the author. All other procedures of MELC histology were done in a close collaboration
with Dr. rer. nat. Anna Pascual-Reguant (DRFZ, Berlin).
o Data analysis
o Evaluation
o Creation of tables, figures, statistics
o Elicitation of patient data and correlation analyses
o MELC histology: Analyses of MELC histology data was done in a close collaboration
with Dr. rer. nat. Anna Pascual-Reguant (DRFZ, Berlin).

e Paper writing and publication

Detailed listing of my contributions to the work “Mucosal associated invariant T cells are differentially

impaired in tolerant and immunosuppressed liver transplant recipients”:

e Experimental performance
o Lymphocyte isolation
o Staining

o Stimulations
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cytes Identified in Human Renal Peritumor and
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ABSTRACT

Background Tissue-resident memory T (Tgw) cells are known to be important for the first line of defense in
mucosa-associated tissues. However, the composition, localization, effector function, and specificity of Tem
cells in the human kidney and their relevance for renal pathology have not been investigated.

Methods Lymphocytes derived from blood, renal peritumor samples, and tumor samples were phenotypi-
cally and functionally assessed by applying flow cytometry and highly advanced histology (multi-epitope
ligand cartography) methods.

Results CD69*CD103"CD8" Ty cells in kidneys display an inflammatory profile reflected by enhanced IL-2, IL-
17, and TNFa production, and their frequencies correlate with increasing age and kidney function. We further iden-
tified mucosa-associated invariant T and CD56%™ and CD56°"9" natural killer cells likewise expressing CD69 and
CD103, the latter significantly enriched in renal tumor tissues. CD8* Tgy cell frequencies were not elevated in kid-
ney tumor tissue, but they coexpressed PD-1 and TOX and produced granzyme B. Tumor-derived CD8* Tgy cells
from patients with metastases were functionally impaired. Both CD69*CD103~CD4* and CD69*CD103~CD8*
Trwm cells form distinct clusters in tumor tissues in proximity to antigen-presenting cells. Finally, EBV, CMV, BKV, and
influenza antigen-specific CD8" T cells were enriched in the effector memory T cell population in the kidney.

Conclusions Our data provide an extensive overview of Tgy cells’ phenotypes and functions in the human kid-
ney for the first time, pointing toward their potential relevance in kidney transplantation and kidney disease.
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tissues such as thymus, skin, spleen, liver, pancreas, heart, and
brain.*"® In general, CD8" Tgy cells have been characterized
by expression of the integrin-aE (CD103), the activation/reten-
tion marker CD69, and the collagen-binding integrin-al
(CD49a). They are described as a distinct memory population
generated at the site of infection, where their main function relies
on their strategic localization and scanning of barrier tissues,
thus allowing early detection of reinfection by pathogens and
possibly constituting the first line of cellular defense.” "

Although the human kidney can be affected by bacterial
pathogens generally resulting from urinary tract infections, it
does not represent a typical border tissue, such as lung or intes-
tine. Ty cells have been already mentioned as being present in
resected kidneys and transplant nephrectomies, illustrating that
both donor-resident CD8™ T cells as well as graft-infiltrating
recipient-derived CD8" T cells display a Tgy phenotype.'>"?
However, no detailed investigation of CD8" Tpy cells in
human kidneys and their potential relevance with respect to
renal pathology is available so far. We, therefore, performed a
comprehensive analysis of tissue-resident T cell subsets in the
kidney and provide detailed information on their phenotype,
effector profile, and antigen specificity.

METHODS

Patients

Macroscopic portions of kidney tumor tissue and adjacent
peritumor tissue as well as paired blood samples were col-
lected from patients undergoing nephrectomy at the Clinic
for Urology, Charité-Universititsmedizin Berlin, Germany.
The study was approved by the Ethics Committee of Char-
ité-Universitatsmedizin Berlin (EA1/353/16 and EA4/066/
19), and all experiments described in this study were con-
ducted in compliance with the Declarations of Helsinki and
Istanbul. In total, 62 patients were included in this study.
GFR was calculated using the Chronic Kidney Disease Epide-
miology Collaboration creatinine equation. Patient demo-
graphics are summarized in Table 1.

Cell Isolation and Flow Cytometry

Resected peritumor and tumor tissues were perfused with 0.9%
NaCl and immediately processed. To obtain single-cell suspen-
sions, tissue was dissected into small pieces. Digestion medium
was added, consisting of RPMI 1640 medium supplemented
with 0.3 mg/ml glutamine, 10% FCS, 1% penicillin-
streptomycin, 1 mg/ml collagenase II, and 10 U/ml DNAse 1.
Samples were incubated for 45 minutes at 37°C in a shaking
water bath followed by separation through a 100-um cell
strainer. Subsequently, mononuclear cells from kidney and
blood were isolated with LEUCO Human Separating Solution
(Genaxxon Bioscience GmbH, Ulm, Germany) by means of den-
sity gradient centrifugation. For analysis of surface molecules,
1 X 10° mononuclear cells were stained with the antibodies listed

2224 JASN

Significance Statement

Tissue-resident memory T (Trwm) cells are important for localized
immune responses, but their phenotypic and functional diversity
in human kidneys is poorly understood. In this study, CD4" and
CD8" Tgw and other resident lymphocytes from tumor- and
nontumor-containing kidney tissue samples of 62 patients with
nephrectomy were extensively analyzed. It was shown that intrare-
nal CD8" Ty cells express an activated, proinflammatory pheno-
type and become more numerous with age. Within tumors,
however, CD8" Try cells more frequent express markers of
exhaustion and become functionally impaired in patients with
metastasis. Multiple viral antigen specificities were also demon-
strated for intrarenal CD8" Tgrm. These and other observations
from the study provide novel insights into the complex repertoire
of human kidney-resident lymphocytes with relevance for renal
cancers and transplants.

in Supplemental Table 1. For intracellular staining, cells were
fixed, permeabilized (Fixation Permeabilization Kit; Thermo
Fisher, Darmstadt, Germany), and stained with respective anti-
bodies (Supplemental Table 1). Cells were measured with a BD
FortessaX20 flow cytometer (BD Bioscience, Heidelberg, Ger-
many). FACS data analysis was conducted using Flow]o software
10.0 (Tree Star Inc., Ashland, OR). FlowSOM analysis, viSNE
plots, and heat maps were generated using the Cytobank plat-
form (Cytobank Inc., Santa Clara, CA). Following dimensional-
ity reduction with viSNE, eight to 11 metaclusters were generated
in FlowSOM. As per Cytobank recommendations, the number
of clusters and metaclusters was empirically honed until a
good resolution and correspondence between the FlowSOM
metaclustering and the viSNE islands was reached. Kidney-
specific metaclusters were identified and annotated according
to their marker expression. A manual gating strategy for identi-
fication of the various lymphocyte subsets is illustrated in
Supplemental Figure 1A. All FACS datasets were uploaded in
the public repository Zenodo (https://zenodo.org/record/
4434462#.YCo_c2hKiUk; DOI 10.5281/zenodo.4550735).

Analysis of Antigen-Specific T Cells

For detection of antigen-specific cells, PE-labeled HLA-
A*0201 MHC I dextramers containing immunodominant
epitopes of polyomavirus-type BK (BKV), influenza virus,
Epstein-Barr virus (EBV), and cytomegalovirus (CMV;
Immudex, Copenhagen, Denmark) were used (Supplemental
Table 2). Peripheral blood and renal mononuclear cells of
HLA-A*02-positive patients were stained with multimers
according to the manufacturer’s protocol. For phenotypic
analysis, cells were additionally stained with a mixture of sur-
face antibodies (Supplemental Table 3). PE-labeled control
multimers (Immudex) were used to determine gate limits.

Cell Stimulation and Functional Analysis
For functional analysis, 4 X 10° cells were stained with CD69
antibody for 20 minutes at room temperature (RT) before
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Table 1. Patient demographics
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Variable n (%) Minimum/ Mean SD
Maximum
Total no. of included patients 62 (100)
Age, yr 26/85 63.92 13.58
Sex, men/women 40 (64.52)/22 (35.48)
Cause of nephrectomy
Renal cell carcinoma 46 (74.19)
Ureter tumor 7 (11.29)

Oncocytoma
Nephrolithiasis
Impaired function
Cystic kidney
Preoperative kidney function (eGFR, CKD-EPI)
Stage 1, =90 ml/min
Stage 2, 60-90 ml/min
Stage 3, 30-60 ml/min
Stage 4, 15-30 ml/min
Stage 5, <15 ml/min
ns
Further diagnoses
Hypertension
CKD
Diabetes
Cardiac disease
Staging by size of tumor
T1 (thereof 1a, 1b)
T2 (all 2a)
T3 (all 3a)
T4
Relapse of patients with tumors
Renal cell carcinoma remained kidney
Lung + lymph nodes
Urinary bladder
Liver
Larynx
Prostate
No
Metastases diagnosed before nephrectomy
Pulmonary metastases
Osseous metastases
Adrenal gland metastases
Lymph node metastases
Lymph node + pulmonary metastases
No

1(1.61)

37 (59.98)
17 (27.42)

DM1: 1 (1.61); DM2: 12 (19.35)
11(17.74)

23 (50.00%);11 (23.917), 13 (28.267)

37 (80.43%)

CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; ns, not significant; DM1, diabetes mellitus 1; DM2, diabetes mellitus 2.

“Percentage of n=46 (patients with tumors).

stimulation with PMA (50 ng/ml) and ionomycin (1 ug/ml)
for 6 hours at 37°C and 5% CO, in the presence of 10 pg/ml
brefeldin A. After stimulation, cells were stained with a surface
antibody mixture for 20 minutes at RT, fixed, permeabilized
(Fixation Permeabilization Kit; BD Bioscience, Heidelberg,
Germany), and stained with antibodies against intracellular
molecules (Supplemental Figure 1B, Supplemental Table 4).

Tissue Preparation for Multiepitope Ligand
Cartography

Multi-epitope ligand cartography (MELC) analysis was per-
formed as described recently.'* Fresh frozen tissue was cut
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into 5-um sections using an NX80 cryotome (ThermoFisher,
Waltham, MA) on APES-coated cover slides (24 X 60
mm; Menzel-Gldser, Braunschweig, Germany). Samples
were then fixed for 10 minutes at RT with 2% paraformal-
dehyde (methanol and RNAse free; Electron Microscopy
Sciences, Hatfield, PA). After washing, samples were per-
meabilized with 0.2% Triton X-100 in PBS for 10 minutes
at RT and blocked with 10% goat serum and 1% BSA in
PBS for at least 20 minutes. Afterward, a fluid chamber
holding 100 ul of PBS was created using “press-to-seal” sil-
icone sheets (Life Technologies, Carlsbad, CA; 1.0-mm
thickness), which were attached to the coverslip, surround-
ing the sample.
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Figure 1. Increased frequencies of effector memory T cells reside in the human kidney. (A) viSNE plots of flow cytometric analysis of
viable CD8" and CD4™ T cells illustrate the separate clustering of kidney and blood. Individual plots for measured markers
(CD45RA, CD62L, CD28, HLA-DR, PD-1, CTLA4) are displayed for both kidney- and blood-derived CD8" and CD4™ T cells using the
viSNE algorithm. Expression is shown by color coding in relative intensity. vViSNE plots were generated from concatenated FCS files
and gated on CD8" and CD4™ T cells. Displayed markers were measured in three different panels, where three different viSNE plots
were generated (CD45RA/CD62L/CD28: n=19, considering CD103, CD28, CD45RA, CD49%a, CD62L, CD69, NKG2D, Va7.2 [Panel
1]; HLA-DR/PD-1: n=19, considering CD103, CD161, CD45RO, CD69, HLA-DR, NKG2D, PD-1, Va7.2 [Panel 2]; CTLA4: n=8, consider-
ing CD103, CD161, CD25, CD45RA, CD62L, CD69, CTLA-4, FoxP3, HLA-DR, Kié7 [Panel 3]). (B) Frequencies of CD45RA™CD62L" cen-
tral memory T, CD45RA*CD62L" terminally differentiated effector, CD45RA™CD62L™ Tey, and CD45RAYCD62L" naive CD8" and
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MELC Image Acquisition

A modified Toponome Image Cycler MM3 (MelTec GmbH &
Co. KG, Magdeburg, Germany) was used. MELC image acqui-
sition was performed as previously shown."” This robotic
microscopic system consists of (1) an inverted wide-field
(epi-)fluorescence microscope (Leica DM IRE2) equipped
with a CMOS camera and a motor-controlled XY stage, (2)
a CAVRO XL3000 Pipette/Diluter (Tecan GmbH, Crailsheim,
Germany), and (3) the MelTec TIC-Control software for con-
trolling the microscope and pipetting system and for synchro-
nized image acquisition. An MELC run consists of a sequence
of cycles, each containing the following four steps: (1) incuba-
tion of the fluorescence-coupled antibody with subsequent
washing, (2) crosscorrelation-based autofocusing followed
by acquisition of the fluorescence image three-dimensional
(3D) stack (plus or minus seven z steps), (3) photobleaching
of the fluorophore, and (4) a second autofocusing step
followed by acquisition of a 3D stack after bleaching the fluo-
rescence image. In each four-step cycle, another fluorescence-
labeled antibody is used. Steric hindrance issues that might
appear due to this specific labeling order have been ruled
out as previously shown.'> Antibodies used for multiplexed
immunofluorescence histology of kidney samples were
stained in the indicated order as listed in Supplemental
Table 5 (Supplemental Figure 2).

Image Preprocessing

All images were aligned on the basis of the reference phase
contrast image taken at the beginning of measurement. There-
after, each fluorescence MELC image was processed by back-
ground subtraction and illumination correction on the basis of
bleaching images.'® Then, an “Extended Depth of Field” algo-
rithm was applied to the 3D fluorescence stack in each cycle."”
Images were then normalized in Image],'® where a rolling ball
algorithm was used for background estimation,'® edges were
removed (accounting for the maximum allowed shift during
the autofocus procedure), and fluorescence intensities were
stretched to the full-intensity range (16 bit—2'®). The two-
dimensional fluorescence images generated in this way were
subsequently segmented and analyzed.

Cell Segmentation and Single-Cell Feature Extraction

Segmentation was performed in a two-step process—a signal
classification step using Ilastik 1.3.2%° followed by an object
recognition step using CellProfiler 3.1.8,>" as described else-
where.” Tlastik was used to classify pixels in three classes
(nuclei, membrane, and extracellular matrix) and to generate
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probability maps for each class. A combination of images was
summed up and used to classify membranes and extracellular
matrix, whereas only the DAPI image was used to classify
nuclei. The random forest algorithm (machine learning; Ilas-
tik) was trained by manual pixel classification in a small region
of a dataset (approximately 6% of the image). The rest of the
dataset as well as seven extra datasets analyzed here was clas-
sified without retraining using the random forest algorithm.
CellProfiler was subsequently used to segment the nuclei
and membrane probability maps and to generate nuclei and
cellular object masks, respectively. These masks were super-
imposed on the individual fluorescence images acquired for
each marker in order to extract single-cell information (i.e.,
mean fluorescent intensity of each marker per segmented cell).

Cluster Analysis

Segmented cells were analyzed in Orange 3.26.0° using sev-
eral algorithms for dimensionality reduction that use the list
of mean fluorescent intensity values as single-cell features.
K-means clustering of the kidney single-cell data was per-
formed for all segmented cells from eight kidney datasets
pooled together (four tumor and four patient-matched peritu-
mor samples); t-distributed stochastic neighbor embedding of
CD69*CD103™ tissue-resident cells was performed with eight
principal components and a perplexity of 30 and 1000
iterations.

Data Transformation and Normalization

Fluorescence intensities per pixel were normalized to the full
16-bit range in Image] and brought to a zero to one scale in
CellProfiler. Data were transformed using the hyperbolic arc-
sine function with a scale argument of 0.2 previous to cluster
analysis. All datasets for MELC were uploaded in the public
repository Zenodo  (https://zenodo.org/record/4434462#.
YCo_c2hKiUk; DOIs: 10.5281/zenodo.4434363, 10.5281/zen-
0do.4434454, 10.5281/zenodo.4434462, 10.5281/zenodo.
4434473, 10.5281/zenodo.4434504, 10.5281/zenod0.4434522,
10.5281/zenodo0.4434545, 10.5281/zenodo.4434560, and 10.
5281/zenodo.4434596).

Statistical Analyses

Statistical analysis was performed using GraphPad Prism
8 (GraphPad Software, La Jolla, CA). Data were tested for nor-
mal distribution using the Kolmogorov-Smirnov test. For
comparison of two groups, a paired ¢ test or a Wilcoxon signed
ranks test was performed for paired samples; for unpaired
groups, a Mann-Whitney U test or an unpaired ¢ test was

CD4™ T cellsisolated from paired blood and kidney samples (n=29). (C) Frequencies of HLA-DR™ (n=19), PD-17 (n=19), CTLA4™ (n=8),
and CD28™ (n=19) CD8" and CD4" T cells derived from paired blood and kidney samples. (D) Cytokine effector profile (granzyme B
[GrB], IFNy, IL-2, IL-17, TNFa) of CD8* (n=27) and CD4" (n=28) T cells derived from kidney tissue and paired blood samples. Statis-
tically significant differences were tested with the two-tailed paired t or the Wilcoxon signed ranks test and are presented as means +

SD. In all tests, a value of P=0.05 was considered significant.
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Figure 2. Tissue-resident (TRM) cells can be identified within the human kidney. (A) viSNE plots of flow cytometric analysis of viable
CD8" and CD4™ T cells showing separate clustering of kidney and blood. Individual plots of measured Ty markers (CD69 and
CD103, n=19) are displayed for both kidney- and blood-derived CD8" and CD4™ T cells using viSNE algorithm. Expression is shown
by color coding in relative intensity. viSNE plots were generated from concatenated FCS files and gated on CD8"* and CD4™" T cells
considering CD103, CD161, CD45RO, CDé69, HLA-DR, NKG2D, PD-1, and Va7.2 (Panel 2). tSNE, t-distributed stochastic neighbor
embedding. (B) CD8" and CD4™ kidney-derived T cells express the tissue-resident markers CD103 and CD69 as compared with their
blood-derived counterparts (n=28). Statistically significant differences were tested with the two-tailed Wilcoxon signed ranks test. (C)
Overlay of MELC fluorescent images showing marker combinations that allow the identification of Tgy cells in the peritumor tissue of
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performed. For comparison of three or four groups, a Fried-
man test or one-way ANOVA was used for paired samples,
as well as ordinary one-way ANOVA or the Kruskal-Wallis
test for unpaired groups (Supplemental Table 6). Statistical
significance was considered for P=0.05.

RESULTS

Effector Memory T Cells Are Enriched in the Kidney
Displaying a Proinflammatory Phenotype

First, we analyzed frequencies of bulk CD8" and CD4™ T cells
in resected peritumor kidney tissues and paired blood samples
by flow cytometry. Significantly more CD3"CD8™ T cells and
double-positive CD37CD4"CD8" T cell frequencies were
detected in the kidney, whereas CD3"CD4" T cells were
enriched in the blood. No differences regarding the prolifera-
tion status of CD4" and CD8™ T cells reflected by their Ki67
expression were identified (Supplemental Figure 3, A and B).
Using a viSNE algorithm approach for dimensional reduction
of selected markers analyzed, a clear differentiation between
blood and kidney was detected. Both CD4™ and CD8™ T cells
derived from blood or kidney were further highlighted for the
various surface molecules (Figure 1A). A detailed focus on T
cell subset differentiation revealed that both CD8" and
CD4"CD45RA™CD62L " effector memory T (Tgy) cells
were enriched in the kidney, whereas significantly more naive
CD8" and CD4*CD45RA"CD62L" as well as CD8" and
CD4"CD45RA™CD62L" central memory T cells were
detected in blood samples (Figure 1, A and B, Supplemental
Figure 3C). The viSNE map indicated that renal CD8" was
characterized by an elevated HLA-DR expression pointing
toward an activated phenotype as well as by higher levels of
the coinhibitory molecule PD-1 as compared with peripheral
blood (Figure 1A). A detailed analysis using manual gating
further revealed higher frequencies of the small CTLA-4"
population within kidney-derived CD8* and CD4™ T cells
and a higher percentage of CD4™ T cells negative for CD28
in the kidney (Figure 1C), being partially supported by viSNE
(Figure 1A). We further applied FlowSOM,** an unsupervised
technique for clustering and dimensionality reduction of
FACS data. Generated viSNE maps were overlayed with meta-
clusters identified in FlowSOM, allowing the identification of
multiple T cell subsets present in the kidney but not in blood
(e.g., on the basis of memory and/or tissue residency signa-
tures) (Supplemental Figure 4). With respect to their func-
tional profile, renal CD8" and CD4 ™" T cells produced signif-
icantly more IL-17, and especially, CD4" T cells produced
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significantly more IFNy and TNFea than did T cells from the
peripheral blood (Figure 1D). Kidney-derived CD8" and
CD4™ T cells displayed significantly increased expression of
the al-subunit of alfB1-integrin, CD49a, a marker originally
described on a minor fraction of kidney-resident natural killer
(NK) cells.”® Both CD49a™ subsets produced significantly
more IL-17 and less granzyme B, whereas CD49a" CD4" T
cells were additionally characterized by higher IFNvy, IL-2,
and TNF« expression than were their CD49a™ T cell counter-
parts (Supplemental Figure 5A and B).

Trm Cells Reside in the Kidney

The presence of tissue residency for CD8™ memory T cells has
been associated with local protection after antigen exposure in
multiple tissues.”” ¢ In order to clarify the presence of Try
cells in the kidney, we investigated classic tissue-resident
markers, including KLRG1, CD103, and CD69, for CD4*
and CD8" T cells. Compared with blood, significantly higher
frequencies of renal KLRG1~CD103" and double-positive
KLRG1'CD103"CD8" T cells were detected, whereas fre-
quencies of KLRG17CD1037CD8" T cells were decreased.
On the contrary, all investigated subsets for CD4" T cells
were enriched in the kidney (Supplemental Figure 6, A and
B). It has been demonstrated that KLRG1" effector CD8" T
cells lose KLRGI expression after receiving activating signals.””
Especially KLRG1 ~-activated CD8 " T cells can develop into
CD103"CD8™" Tpy cells in the skin.”® The analysis by viSNE
revealed a clear induction of CD69 and CD103 on CD4" and
CD8™ T cells, thus documenting their Tgy phenotype in the
kidney (Figure 2A). Interestingly, an enrichment for
CD697CD103™ single-positive cells was solely observed for
renal CD8" T cells (Figure 2, A and B, Supplemental Figure
6C). Applying MELC, we confirmed the presence of renal
CD8™ and CD4 ™" Ty cells in situ on the basis of the coexpres-
sion of CD45RO, CD69, CD103, and CD49a in CD3*CD4™"
and CD3"CD8™ T cell subpopulations (Figure 2C).

Renal Tgy Cells Exhibit an Activated Phenotype

Both heat map analysis and manual gating revealed that
CD697CD103" Tgy and CD69™ single-positive Ty cells
were characterized by significantly stronger expression of
HLA-DR and PD-1 than were CD69 CD103™ T cells (Figure
3A). Moreover, CD4" and CD8" Ty cells showed a loss of
CD28, indicating their antigen experience and differentiation.
Interestingly, HLA-DR expression on single-positive
CD69"CD103 CD8" Try cells discriminates this subset
from double-negative CD69 CD103 CD8" T cells, whereas
PD-1 is significantly more frequently expressed on

the kidney. (Upper panel) CD3 (blue), CD8 (red), and DAPI (green) staining is shown for the whole field of view (FOV). DAPI (green) is
exchanged for CD69, CD103, CD45RO, or CD49%a in a region of interest (ROI), where CD8" Tgy cells are marked with white arrows.
Scale bar: 100 pm in the left panel; 20 pm in the right panels. (Lower panel) CD3 (blue), CD4 (red), and DAPI (green) staining is shown
for the whole FOV. DAPI (green) is exchanged for CD69, CD103, CD45RO, or CD49a in an ROI, where CD4™ Tgy cells are marked with

white arrows. Data represent one of four independent experiments.
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Figure 3. Tissue-resident CD8" Tgy cells in the kidney demonstrate an activated phenotype and accumulate in the aged kidney. (A)
Heat map plot of flow cytometric analysis for renal peritumor CD8" and CD4™ Tgy cell populations illustrating mean relative expression
levels of measured markers (CD8, CD4, CD69, CD103, HLA-DR, and PD-1 [all n=19]; CTLA4 [n=8]; CD28 [n=19]). (B) Renal peritumor
CD69*CD103*, CD69"CD103", CD69"CD103°CD8", and CD4" T cells were analyzed for expression of HLA-DR (n=19), PD-1 (n=19),
or CTLA-4 (n=8) or loss of CD28 (n=19). (C) Their functional profile after stimulation with PMA and ionomycin (granzyme B [GrB], IFNYy,
IL-2, IL-17, and TNFa; n=21). Statistically significant differences were tested with one-way ANOVA or Friedman test and are presented
as mean values = SD. (D) Correlation analysis of both peritumor-derived CD8*CD69"CD103* and CD8"CD69*CD103" cell frequen-
cies with patient age (n=35). Linear regression analysis was performed, and Spearman rank-order coefficients were calculated. (E)
Patients were divided according to their stages of CKD by their eGFR (stage 1: n=4; stage 2: n=18; stage 3: n=13; stage 4: n=0;
and stage 5: n=3). Peritumor-derived CD8" and CD4*CDé9"CD103" Tgy cell frequencies were compared between the five groups.
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CD697CD103~CD4" Tgy versus CD69 CD103~ CD4" T
cells (Figure 3, A and B). In comparison with the other subsets
analyzed, CD69"CD103"CD8" Try cells showed a signifi-
cant reduction in frequencies expressing the cytotoxic media-
tor granzyme B but an enrichment of IL-2-, IL-17-, and
TNFa-expressing cells, whereas no difference was detected
for IFNy (Figure 3C). CD69"CD103"CD4™" Tgy cells dis-
played a higher proliferative capacity as reflected by Ki67
expression than did CD69YCD103 CD4" Tgy cells, an
observation not confirmed for CD8% Tgy cells
(Supplemental Figure 7A). Renal CD69*CD103*CD8™ Try
cells were negative for CD45RA and CD62L, being indicative
for Tgm cells, and expressed significantly higher levels of
CD49a than did CD69"CD103 CD8" cells
(Supplemental Figure 7, B and C).

Trm

Kidney-Resident CD8* Tgy Cells Accumulate in the
Aged Kidney

As it has been proposed that Try cells accumulate in tissues
mediating local immunity,” we hypothesized that advanced
age leads to an accumulation of Tgy in the kidney as with
immunosenescence the pool of memory T cells increases.
On the basis of n=35 patients in our cohort, we defined two
age groups according to the calculated mean age of the patients
(63 years): n=13 being =63 years (Group I) or n=22 being
>63 years (Group II). Interestingly, kidneys with an advanced
age (Group II) displayed significantly higher frequencies of
peritumor-derived ~ CD69"CD103* as  well as
CD697CD103"CD8™ T cells than did Group I kidneys. In
contrast, this  result ~was not detected for
CD697CD1037CD4™ T cells (Supplemental Figure 8, A and
B). An increase of intrarenal peritumor frequencies of both
CD697CD103™ and CD69"CD1037CD8™ T cells signifi-
cantly correlated with increased age (Figure 3D). Intriguingly,
patients diagnosed with CKD stage 2 display significantly
higher frequencies of both CD4" and CD8" Ty cells than
patients diagnosed with stage 3 or 5 CKD. However, only
CD4"CD69*CD103" Tgy cells significantly correlated with
eGFR (Figure 3E).

Renal Mucosal-Associated Invariant T and NK Cells
Express Trm-Associated Markers

We further identified the CD69 and CD103 signature for both
renal CD56%™ and CD56 8" NK cells, indicating their tissue
residency (tissue-resident natural killer [NKyg]). In addition,
although it has already been reported that mucosal-associated
invariant T (MAIT) cells displaying a tissue-resident pheno-
type were detected in renal tissue,”® we were able to confirm
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this observation, thus further demonstrating the presence
not only of renal MAIT cells but also, of tissue-resident
MAIT cells (Figure 4A). We confirmed the presence of these
nonconventional tissue-resident populations in the kidney
by MELC, demonstrating that CD3~CD56" NK cells and
CD3*"CD8"CD161"Va7.2" MAIT cells coexpress CD69
and CD103 (Figure 4B).

CD69*CD103* Lymphocytes Accumulate in

Renal Tumors

Tumor epithelium generally shows enrichment for
CD103*CD8" T cells, whereas CD103°CD8" T cells are
found more frequently in tumor stroma.*"** Cluster analysis
of MELC data from pooled tumor and patient-matched peri-
tumor samples (n=4) for 16 analyzed markers revealed the
identification of the following clusters: vessels, activated
monocytes/macrophages, CD69"CD103" tissue-resident
cells, CD69*CD103~CD8™ Tyy cells, CD69"CD103~CD4™"
Trm cells, and undefined cells (Figure 5A, Supplemental
Figure 9). Especially CD69"CD103 CD8" Tgy and
CD69"CD103™ tissue-resident cells were found to be signifi-
cantly enriched within tumors (Figure 5B). Compared with
peritumor, CD69"CD103~CD8" and CD69*CD103~ CD4 ™"
Trum cells were forming groups of at least more than ten cells
along the vessel structures in tumor tissues. A microanatom-
ical colocalization between T cellsand CD14*CD167CD163™
monocytes/macrophages was particularly observed for
CD69"CD103~CD4" Tgry, whereas CD697 CD103 ™ tissue-
resident cells were identified being scattered through the
tumor stroma (Figure 5C, Supplemental Figures 10 and 11).
Cluster analysis for CD69"CD103" lymphocytes identified
four different CD69"CD103" tissue-resident subclusters:
NKrg cluster, Try cluster, tissue-resident MAIT cluster, and
the cluster of proliferating cells expressing Ki67 (Figure 5, D
and E). Although all CD69*CD103™ tissue-resident subclus-
ters accumulated within tumors, the differences were only sta-
tistically significant for NKry cells (Figure 5F).

Tumor-Derived CD8* Tgy Cells Express PD-1 and TOX
Increased intratumor frequencies of CD69"CD103" NKrpg
could also be confirmed for CD56%™ and CD56"#" NKyy
cells by flow cytometry, a result that was not valid for MAIT
cells (Figure 6A, Supplemental Figure 12). Both viSNE and
FlowSOM analyses of FACS-derived data showed no clear dif-
ferences between peritumor and tumor tissue (Figure 6B,
Supplemental Figure 13). As opposed to CD697CD103™
CD4" Try cells, we were not able to demonstrate increased
frequencies of CD69 " CD103 " CD8™ Try cells in renal tumor

Statistically significant differences were tested with ordinary one-way ANOVA or the Kruskal-Wallis test and are presented as mean val-
ues = SD. Additionally, a correlation analysis of the same cell population frequencies with patient eGFR (milliliters per minute; n=42) is
illustrated. Linear regression analysis was performed, and Spearman rank-order coefficients were calculated.
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tissue compared with adjacent peritumor tissue. However, we
detected a significant accumulation of CD69*CD103~CD8™
and CD69 CD103" CD8" Tyy cells in the tumor (Figure
6B), thereby confirming MELC data (Figure 5C). Higher fre-
quencies of PD-1" cells were demonstrated within both the
CD8" and CD4" Tgy compartments (Figure 6D). No differ-
ence was observed for CD49a expression (Supplemental
Figure 14).

In chronic infections and tumor diseases, exhausted CD8™*
T cells have been identified that demonstrate limited effector
function and express inhibitory receptors such as PD-1, illus-
trating transcriptional changes as compared with effector or
memory CD8" T cells.>* Recently, the HMG box transcription
factor TOX as a central regulator of these exhausted T cells was
identified.**? Here, we illustrate for the very first time the sig-
nificantly induced coexpression of TOX and PD-1 in tumor-
derived CD69"CD103°CD8"* and CD69*CD103”CD8*
Trym cells as compared with peritumor tissue (Figure 7, A
and B). Despite significantly higher granzyme B expression,
functional assessment of tumor-derived CD8" Tgy and
CD8YCD697CD103™ Ty cells showed reduced IL-2 and
TNFa as compared with peritumor-derived Ty cells, sug-
gesting at least a functional impairment of these cells
(Figure 7C). We further compared patients diagnosed with
metastases before nephrectomy with patients without
metastases. Interestingly, tumor-derived CD8" Tgy and
CD8"CD69"CD103™ Tgy cells in patients diagnosed with
metastases were functionally impaired (IL-2, TNFq, IFNvy)
compared with metastases-free patients (Figure 7D).

Antigen-Specific T Cells Reside in the Kidney

Finally, in order to clarify the functional relevance of CD8*
Tru cells in the kidney, we aimed to address whether these
cells are characterized by a certain antigen specificity. We,
therefore, stained isolated cells with tetramers specific for
CMV, EBV, and BKV. We further included influenza A as a
representative for a nonpersisting virus. Intriguingly, we
were able to identify the presence of CD8" T cells specific

for all four investigated antigens, namely not only in the blood
of HLA-A*02-positive patients but also, in the peritumor and
tumor tissue (Figure 8, A and B). Antigen-specific T cells made
a considerable contribution to the overall memory pool with
mean frequencies between 0.6% (BKV) and 2.5% (CMV and
EBV) within peritumor tissue. T cells specific for all four anti-
gens predominantly showed a terminally differentiated effec-
tor cell (CD45RATCD62L7) or Tgy (CD45RA™CD62L7)
phenotype in the peritumor tissue. However, we detected,
especially for EBV and CMYV, significantly higher frequencies
of antigen-specific CD69~CD103~ CD8" T cells in contrast to
CD69"CD103"CD8" Ty, cells (Figure 8, C and D).

DISCUSSION

Originally inspired by interest in characterizing tissue-
resident cells in the kidney in order to acquire more insight
into potential passenger leukocytes migrating out of the graft
postkidney transplantation, we present here a detailed identi-
fication of Try cells in the kidney in a further attempt to
understand their functional aspects in the organ in relation
to tumor pathology and antigen specificity.

Renal Ty cells were able to be identified through the
expression of CD69 and the integrins CD103 and CD49a.
Especially CD69 limits the egress of Trys cells from tissues
by binding to sphingosine-1-phosphate receptor 1 as its signal-
ing regulates effector T cell residence time in nonlymphoid tis-
sues.”® Whereas CD69 has been shown to promote early
migration and retention in the lung,”” recent experimental
data demonstrated that its expression mainly contributes to
Tru cell maintenance in the kidney, suggesting CD69 expres-
sion as a consistent marker of CD8" T8 Contrarily, it has
been found that functional CD69 ™ T cells can reside in murine
kidneys, which led to the conclusion that CD69 is not a defin-
itive marker for distinguishing recirculating cells from Tgry
cells.*® However, we were able to identify single-positive
CD69 CD103"CD8" T cells in the human kidney, an

Figure 5. Tissue-resident T cells form clusters in renal tumors and colocalize in close proximity to antigen-presenting cells. (A) K-means
clustering of pooled MELC data derived from patient-matched peritumor and tumor samples (n=4 per each) reveals distinct populations
in the kidney. Heat map analysis illustrates the mean relative expression levels of the 16 markers analyzed for each cluster. (B) Bar graph
comparing cell frequencies of selected tissue-resident (TR) clusters as (A) in tumor and peritumor samples. Statistically significant differ-
ences were tested applying a two-tailed paired t test. (C) Overlays of MELC fluorescent images depicting endothelial cells (CD31 in
white; left panels) and monocyte/macrophages (CD14 in cyan, CD16 in magenta, and CD163 in yellow; right panels) together with
color-coded dots that represent the centroid spatial coordinates of the three TR clusters identified in (A). The images depict the spatial
distribution of the CD69"CD103°CD4™ T cell cluster (light blue dots), the CD69"CD103°CD8™ T cell cluster (purple dots), and the
CD69"CD103" TR cluster (red dots) in one representative tumor sample (upper panels) and the patient-matched peritumor sample (bot-
tom panels). (D) The t-distributed stochastic neighbor embedding (t-SNE) map of the CD69"CD103" TR population identified in (A). On
the basis of CD3, CD56, CD161, Va7.2, and Ki67 expression, an NKrg cell cluster (red), a Trym cell cluster (green), a tissue-resident muco-
sal-associated invariant T (MAITtg) cell cluster (blue), and a proliferating TR cluster (orange) were defined. Each symbol represents one
cell. (E) Heat map analysis of the relative expression levels of the eight markers analyzed for the TR cell clusters as in (D), where each row
represents one single cell. (F) Bar graph comparing cell frequencies of selected clusters as in (D) in tumor and peritumor samples. Sta-
tistically significant differences were tested with the two-tailed paired t test and the two-tailed Wilcoxon test.
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observation not confirmed for CD4™ T cells. Although on the
basis of experimental murine data,* it has been stated that the
majority of kidney Try cells do not express CD103, our results
and those of others show the opposite.'* However, renal
CD103™ Ty cell frequencies are clearly lower than those of
CD69 " Try cells.

Kidney-derived CD69" Tryy cells express more HLA-DR
and PD-1 and lower levels of CD28 in contrast to
CD69 CD8" T cells, indicating an activated phenotype
reflected by the stronger expression of IL-2 and IL-17. Within
this context, a CD8*CD2"CD28™ T cell population has been
described to contain high numbers of cells with polyfunctional
cytokine production and cytotoxic effector molecule expres-
sion.”! In contrast, renal CD69" Ty cells appear to be less
cytotoxic on the basis of their granzyme B expression, an
observation already made for hepatic CD69™" T cells.*” It has
been shown that CD49a™ CD8™ Try cells preferentially local-
ize to regions rich in collagen IV in the lung,'"*** whereas in
nonmucosal organs, the localization within the tissue is less
well understood. Here, we demonstrate the coexpression of
CD69, CD103, and CD49a on CD8" and CD4" T cells in
the kidney, showing their colocalization with myeloid cells
in the renal parenchyma and suggesting potential interactions
with antigen-presenting cells.

In addition to the “classical” CD8" Tgy cells, we were also
able to identify CD4 ™" Tgy; cells in the kidney, which similar to
CD8" Ty cells, are characterized by the loss of CD28.
CD4%CD28™ T cells have been reported in a number of car-
diovascular and autoimmune diseases** but also, in the setting
of renal transplant rejection.”” CD4"CD28™ T cells can be
defined as typical T helper 1 cells, which produce a large
amount of IFNy and express the cytotoxic molecules perforin
and granzyme B.*® In general, we cannot rule out the possibil-
ity that the gradual loss of CD28 on both renal CD4™ and
CD8" Ty cells can be attributed to renal senescence.”” How-
ever, as we observed a clear correlation at least between
CD69"CD8" Tgy and chronological age, but not for
CD691"CD28 CD8" Ty cells (or for CD697CD4" Trm
cells) (Supplemental Figure 8B), we propose that the loss of
CD28 is a hallmark of this resident Ty subtype in the kidney.
In this context, it appears conflicting that CD4™" Ty cells sig-
nificantly correlate with better kidney function, indicating the
necessity for further research on their functional relevance.

Intriguingly, we were also able to identify the combined
expression of CD69 and CD103 on MAIT and NK cells, fur-
ther illustrating that both markers are not unique for CD8”"
T cells. Renal-resident MAIT cells have already been described
in the kidney, where they contribute to the progression of
fibrosis.®® We here confirm the presence of intrarenal
CD697CD1037Va7.2*CD161" MAIT cells in a larger

number of individuals. However, neither their frequencies
nor the frequencies of NKpg correlated with chronological
age (Supplemental Figure 8D). Although CD56""¢" NK cells
have been identified as tissue-resident on the basis of their
varying expression of CD69, CD49a, and CD103 in combina-
tion with NKp44 and the chemokine receptor CXCR6 in
human lymphoid tissues, uterus, and liver,***’ our data doc-
ument, to the best of our knowledge, the first description of
NKry on the basis of the combined expression of CD69 and
CD103 and their significant increase in renal tumors.
Tumor-derived CD8" Tyy cells have often been described
as potential producers of IFNy, paralleled with the upregula-
tion of CD69, CD103, and CD49a most likely induced by
TGER in the tumor microenvironment.”>*! The abundance
of CD1037CD8™ T cells has been shown to correlate with lon-
ger disease-free and overall survival of patients® > as
CD103™ T cells are supposed to form more stable synapses
with target cells than do their CD103™ counterparts, thus
resulting in efficient killing of tumor cells.”® We detected sig-
nificantly  higher percentages of both intratumor
CD69"CD103~ CD8" and CD69~ CD103"CD8™ Tyy cells.
In general, CD69 " Ty cells isolated from the tumor display
a significantly strong expression of PD-1, an observation
already made for other tumor entities.®® Renal
tumor-derived CD69 ™ Try cells are characterized by a signif-
icant induction of granzyme B, whereas other cytokines are
not affected (IFNvy) or strongly downregulated (e.g., IL-2,
IL-17). In principle, the formation of Tgy cells in the kidney
is promoted by TGFf, whereas their long-term maintenance
was described to be IL-15 dependent.***> Common Ty cell
transcriptional programs are active in kidney Tgy cells as defi-
ciency in transcription factor Blimp-1, Hobit, or Runx3 leads
to impaired maintenance of kidney Ty, cells.’>>® Recently,
the transcription factor TOX has been shown to be strongly
expressed in dysfunctional tumor-derived T cells, preventing
them from overstimulation and activation-induced cell death
in settings of chronic antigen stimulation, including cancer.””
The identification of TOX *PD-1*CD69™ Ty cells in kidney
tumors suggests an activated but not exhaustive phenotype as
these cells are still producing cytokines, although to a lesser
extent. Nonetheless, compared with patients without metasta-
ses, patients diagnosed with metastases display impaired func-
tional intratumoral CD8* Try; cells, suggesting that at least a
loss of Try function is indicative of tumor spreading.
Although the presence of virus-specific CD8" T cells in
human lung and colorectal cancer has been demonstrated,*®
the relevance of antigens for Tgy; cell formation in the kidney
has not yet been determined. Only one study reports BKV-
specific CD69"CD103" Tgy cells in BKVN-affected kidney
allografts lacking signs of effector differentiation.>® Another

differences were tested with the two-tailed paired t test or the Wilcoxon signed ranks test. (D) PD-1 expression on CD69"CD103"CD4 "
and CD8™ T cells (n=16). Statistically significant differences were tested with the paired t test.
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Figure 7. Tumor-derived renal Tgy cells express the exhaustion marker TOX and are functionally impaired. (A) Exemplary flow cytom-
etry dot plots of PD-1"TOX " CD8"CD69"CD103" and CD8"CD69*CD103™ Try cells in peritumor and tumor tissue. (B) Identification
of PD-17TOX™ CD87CD69"CD103" and CD8"CD69"CD103™ Trwm cells (1=8) in renal peritumor and tumor tissue. (C) Cytokine effector
profile (granzyme B [GrB], IFNYy, IL-2, IL-17, and TNFa) of CD8*CD69"CD103" and CD8*CD69*CD103™ T cells (n=10). Statistically
significant differences were tested with the two-tailed paired t test or the Wilcoxon signed ranks test. (D) Patients were divided into
two groups according to presence of metastases (diagnosed before nephrectomy). The cytokine profile (IL-2, TNFa, and IFNy) of
tumor-derived CD8" CD69*CD103" and CD49"CD103™ Tgwm cells was compared between the groups (no metastases, n=8; metasta-
ses, n=4). Statistically significant differences were tested with the two-tailed unpaired t test or the Mann-Whitney test and are presented
as mean values = SD.
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Figure 8. Kidney-derived CD8" T cells possess a memory phenotype for recall antigens. (A) Representative FACS dot plots for HLA-A2
multimer staining specific for CMV, EBV, BKV, and influenza virus on peritumor and tumor tissue-derived T cells. Control multimer (CNT)
was used for gate settings. neg., negative. (B) Detection of antigen-specific CD3"CD8™ T cells in peripheral blood, renal peritumor tis-
sue, and tumor tissue (CMV: b: n=8, p-t: n=9, t: n=5; EBV: b: n=9, p-t: n=9, t: n=4; BKV: b: n=3, p-t: n=5, t: n=3; and influenza: b: n=4,
p-t: n=7, t: n=3). Statistically significant differences were tested with the Kruskal-Wallis test. (C) Antigen-specific CD37CD8" T cells are
mainly effector memory T cells in the peritumor tissue (CMV, n=9; EBV, n=9; BKV, n=5; and influenza, n=7). (D) CD69-CD103~ cD8* T
cells constitute the majority of antigen-specific T cells in peritumor renal tissue (CMV, n=9; EBV, n=9; BKV, n=5; and influenza, n=7).
Statistically significant differences were tested with one-way ANOVA or the Friedman test and are presented as mean values * SD.
b, blood; p-t, peritumor; t, tumor.
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Main features of resident cell subsets within the human kidney
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Figure 9. Renal CD8" TRM cells display an inflammatory phenotype reflected by enhanced IL-2, IL-17 and TNFa expression. Whereas
CD8" TRM cells correlate with increasing age, CD4* TRM cells correlate with kidney function. Both, mucosa-associated invariant T
(MAIT) and Natural Killer (NK) cells expressing CD69 and CD103 were identified in the kidney, with the latter being enriched in renal
tumors. Tumor-derived CD8* TRM cells express high levels of PD-1 and the transcription factor TOX and could be identified in close

proximity to APCs. APC, antigen-presenting cell; GrB, granzyme B.

experimental study demonstrates that kidney Try cells bind
to T cell receptors with a 20-fold higher affinity than do splenic
memory T cells, suggesting that local antigens may facilitate
kidney Try cell induction.®® Our data document the presence
of Try cells in human kidneys specific for EBV, CMV, and
BKV as well for influenza. Interestingly, the majority of
antigen-specific T cells for persistent viruses are negative for
CD69 and CD103 expression, suggesting that the lack of
both markers enables them to migrate easily as a consequence
of ubiquitous virus infection, thus not being organ specific.
Alternatively, although Ty, cells are identified as effector cells
in many tissues and in the kidney, they can maintain their dif-
ferentiation state in the absence of persistent antigens.®>** The
role of antigen-specific Try residing in tumors still remains to
be elucidated, but recent research suggests that these T cells
can be specifically reactivated via local delivery of adjuvant-
free viral peptide for reactivation and tumor targeting.®’
Although Try cells are suggested to promote favorable
immunity, it needs to be considered that the majority of aspects
of Try cell generation, maintenance, or functionality are derived
from infectious mouse models, and data on human Tyy, cells are
limited. We present here a comprehensive overview of Tgy; cells
identified in the human kidney with respect to tumor pathology
and viral infections, which is summarized in Figure 9. However,
we are aware that our study has several limitations. First, our
patient cohort was assembled following the diagnosis of a renal
tumor and thus, displayed an advanced age (mean age 63 years)

JASN 32: 2223-2241, 2021

as there was understandably no opportunity to analyze healthy
kidneys of a younger age. Second, alack of sufficient cell numbers
prevented us from analyzing the effector profile of antigen-
specific Trp and TOX" Ty Third, renal cancer is a slow-
growing cancer entity; therefore, we were not able to correlate
our findings with long-term outcomes. Despite these limitations,
our study reveals a number of novel aspects of tissue-resident
lymphocytes in the kidney, and their exact role and relevance
(e.g., for CKDs, tumor pathology, or at least transplantation)
need to be comprehensively investigated in continuing studies.
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Mucosal associated invariant T (MAIT-) cells represent a semi-invariant T cell popula-
tion responsive to microbial vitamin B metabolite and innate cytokine stimulation,
executing border tissue protection and particularly contributing to human liver im-
munity. The impact of immunosuppressants on MAIT cell biology alone and in con-
text with solid organ transplantation has not been thoroughly examined. Here, we
demonstrate that in vitro cytokine activation of peripheral MAIT cells from healthy
individuals was impaired by glucocorticoids, whereas antigen-specific stimulation
was additionally sensitive to calcineurin inhibitors. In liver transplant (LTx) recipients,
significant depletion of peripheral MAIT cells was observed that was largely inde-
pendent of the type and dosage of immunosuppression, equally applied to tolerant
patients, and was reproducible in kidney transplant recipients. However, MAIT cells
from tolerant LTx patients exhibited a markedly diminished ex vivo activation signa-
ture, associated with individual regain of functional competence toward antigenic
and cytokine stimulation. Still, MAIT cells from tolerant and treated liver recipients
exhibited high levels of PD1, accompanied by functional impairment particularly to-
ward bacterial stimulation that also affected polyfunctionality. Our data suggest in-
terlinked effects of primary liver pathology and immunosuppressive treatment on
overall MAIT cell fitness after transplantation and propose their monitoring in con-
text with tolerance induction protocols.
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1 | INTRODUCTION

Mucosal-associated invariant T (MAIT) cells constitute an innate-like
T cell subset in mammals® that is gaining increasing attention be-
cause of its unconventional antigen specificity? and an emerging role
in host protection® and tissue repair.* MAIT cells are uniquely iden-
tified based on coexpression of a semi-invariant T cell receptor (TCR
Vo7.2-)a33 in humans®) along with the C-type lectin CD161 or inter-
leukin 18 receptor alpha;® they are restricted by the HLA-Ib major
histocompatibility complex (MHC)-related protein | (MR1) present-
ing vitamin B metabolites produced by a multitude of microbes and
fungi that employ the riboflavin synthesis pathway.? Accumulating
data, including our own,”® indicate that alternative activation modes
via inflammatory cytokines exist, positioning MAIT cells in between
innate and adaptive immunity. Apart from their abundance in periph-
eral blood* and at mucosal surfaces such as in the intestine’ or lung,'°

61112 \where

MAIT cells account for up to 45% of intrahepatic T cells
they likely contribute to an intestine-downstream firewall protecting
bile ducts and sinusoids.'® Several studies have reported a disturbed
MAIT cell biology in liver diseases; as a common motif, MAIT cells
are significantly depleted from the periphery in autoimmune hep-
atitis, primary biliary cholangitis, alcoholic liver disease, or chronic
hepatitis C, a phenomenon being associated with changes in their
functional repertoire.}*” So far, it has not been addressed whether
MAIT cell homeostasis is restored in transplanted individuals and
how diverse immunosuppressive regimens affect its reconstitution.
Based on prominent expression of the multidrug resistance protein
1, MAIT cells are protected from xenotoxic stress, for example, in-
duced by common cytostatic therapy.® With respect to immunosup-
pressive agents, however, there is only limited information on how
these drugs affect MAIT cell effector functions in vitro and in vivo.

Given their emerging role in host protection, we studied peripheral
MAIT cell responses toward bacterial and innate cytokine stimuli in the
presence of common immunosuppressive medication in healthy individ-
uals in vitro. Furthermore, we comprehensively extended our analysis
to the examination of peripheral blood derived MAIT cell frequencies,
activation state, and effector functions in immunosuppressed and tol-
erant liver transplant recipients ex vivo. Although not exactly reflecting
intra-organ biology, our choice of peripheral MAIT cell analysis overcomes
experimental limitations imposed by biopsy material, enables repeated
sampling, and allows direct comparison with the aforementioned studies
on liver diseases. Our data pave the way toward understanding how im-
munosuppressive therapy and/or the postorgan transplantation state per
se affects MAIT cell biology—with possible implications for immunologi-
cal competence of patients at risk of opportunistic infections.

2 | MATERIAL AND METHODS
2.1 | Study approval

The study protocol was approved by the ethics committee of the
Charité-Universitatsmedizin Berlin (No. EA2/028/13, EA2/035/16 and

EA4/127/17) and carried out in compliance with its guidelines. All sub-
jects gave written informed consent in accordance with the Declaration
of Helsinki.

2.2 | Study participants

Details of individuals enrolled are summarized in Tables 1-3. Liver
transplant (LTx) recipients initially diagnosed with hepatitis C virus
(HCV) infection did not show viral reactivation at least within
3 years prior to the study. For some analyses, LTx patients treated
with immunosuppression (IS) drugs were grouped according to drug
levels. Group 1 included patients with serum levels of tacrolimus
(Tac) < 3 ng/mL or cyclosporine A (CyA) < 50 ng/mL + up to 500 mg
mycophenolate mofetil (MMF) (1-0-1), Group 2 with Tac 3-5 ng/mL
or CyA 50-100 ng/mL * up to 500 mg MMF (1-0-1), Group 3 with
Tac > 5 ng/mL or CyA > 100 ng/mL + up to 500 mg MMF (1-0-1).

2.3 | Cellisolation

Peripheral blood was collected from liver and kidney transplanted
individuals and from healthy controls; peripheral blood mononuclear
cells (PBMC) were isolated by Ficoll-Paque” density gradient cen-
trifugation and freshly analyzed.

2.4 | Stimulation conditions

PMBC were cultured in RPMI1640 media containing 0.3 mg/mL glu-
tamine, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 10% human
AB serum (all Biochrom, Cambridge, UK). In all functional assays, cells
were stimulated for 22 hours at 37°C. For cytokine stimulation, a com-
bination of interleukin-12 (IL-12), IL-15 (5 ng/mL each, Miltenyi Biotec,
Bergisch Gladbach, Germany), IL-18 (5 ng/mL, R&D, Minneapolis, MN),
and TL1A (10 ng/mL, R&D) was used after determining optimal con-
centrations. Brefeldin A (BrefA, Sigma-Aldrich, St. Louis, MO) was
present for the last 4 hours. Bacterial stimulation was performed with
formalin-fixed E. coli (lab strain DH5a) at a pretitrated multiplicity of
infection of 30 in the presence of anti-CD28 (1 ug/mL, 28.2, Biolegend,
San Diego, CA) for costimulation. Specificity of bacterial stimulation
was controlled by adding anti-MR1 (10 pg/mL, 26.5, Biolegend) or
isotype control prior to bacterial stimulation. BrefA and Monensin
(GoIgiStopw, BD Biosciences, San Jose, CA) were added after 4 hours,
enabling optimal CD107a and cytokine staining. In some experiments,
PBMC were preincubated with immediate posttransplant consensus
concentrations (based on Refs. 18 and 19-21 and according to local
hospital guidelines) of tacrolimus (10 ng/mL, Astellas Pharma, Tokyo,
Japan, Prograf®), cyclosporin A (120 ng/mL, Cayman Chemical, Ann
Arbor, MI), mycophenolic acid (2.7 pg/mL, Sigma-Aldrich), or predniso-
lone (Prednisolut®, 0.57 pg/mL, Mibe, Sandersdorf-Brehna, Germany)
for 2 hours and subsequently stimulated as described previously. Drug
concentrations were titrated as indicated.
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TA.B LE 1 Characteristics of LTx All patients Tolerant patients Healthy

patients and healthy donors Variable (n=58) n=8) donors (n = 19)
Age (y £ SD)* 61.78 (11.75) 63.8(10.3) 61.26 (6.51)
Gender (females)b 21/58 (36.2%) 1/8 (12.5%) 10/19 (52.6%)
Time since transplantation 12.59(7.2) 17.3 (5.5)

2.5 | Flow cytometric analysis

For surface stainings, antibodies against CD3 (SK7, Biolegend),
CD4 (SK3, Becton Dickinson), CD8 (SK1, Ebioscience, San Diego,
CA), CD8p (SIDI8BBEE, eBioscience), CD25 (BC96, Biolegend),
CD27 (M-T271, Biolegend), CD38 (HIT2, BD), CD45RA (HI100,
Biolegend), CD56 (5.1H11, Biolegend), CD69 (FN50, Biolegend),

(y+SD)?

Tolerant group (IS-free)®

Tolerant group: mean IS-free

time®
1S group 1°4
IS group 2bd
IS group 3bd

1S medication®

Tacrolimus + mycophenolate

mofetil
Tacrolimus
None
Mycophenolate mofetil

Cyclosporin

A + mycophenolate mofetil

Cyclosporin A

Primary disease®
Nutritive-toxic cirrhosis
Hepatitis C
Hepatocellular carcinoma

Hepatitis B

Primary biliary cholangitis

Cryptogenic cirrhosis

Alpha-1 antitrypsin
deficiency

Primary sclerosing
cholangitis

Budd-Chiari syndrome
Caroli syndrome

Chemotherapy-induced
cirrhosis

Secondary biliary cirrhosis

Wilson's disease

20/58 (34.5%)
19/58 (32.8%)
11/58 (19%)

19/58 (32.8%)

16/58 (27.6%)
8/58 (13.8%)
6/58 (10.3%)
5/58 (8.6%)

4/58 (6.9%)

13/58 (22.4%)

11/58 (19%)
9/58 (15.5%)
9/58 (15.5%)
4/58 (6.9%)
3/58 (5.2%)
2/58 (3.4%)

2/58 (3.4%)

1/58 (1.7%)
1/58 (1.7%)
1/58 (1.7%)

1/58 (1.7%)
1/58 (1.7%)

8/58 (13.8%)
36.8 (75.6)

5(62.5%)
1(12.5%)
1(12.5%)

1(12.5%)

Abbreviations: IS, immunosuppression; LTx, liver transplant.
#Mean + SD.
bCount (%).
“Months + SD.
9For characterization of IS groups, see materials and methods section.

CD103 (Ber-ACT8, Biolegend), CD161 (HP-3G10, Biolegend),
TCRVa7.2 (3C10, Biolegend), IL-18Ra (H44, Biolegend), CCR7
NKG2D (1D11,

(3D12, BD),

KLRG1 (SA231A2, Biolegend),
Biolegend), HLA-DR (L243, Biolegend), and PD1 (EH12.1, BD)
were used. Unwanted cells were excluded via a “dump channel”
containing CD14" (M5E2, Biolegend), CD19" (HIB19, Biolegend)
and dead cells (fixable live/dead, Biolegend). The basic gating
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TABLE 2 Characteristics of IS-free LTx patients
Patient number 01 02° 03? 04 05 06 07 08?
Age (y) 53 61 75 46 74 64 72 65
Gender (m/f) m m m f m m m m
Time since Tx (y) 19 9 14 26 12 22 22 14
I1S-free time (mo) 19 6 9 223 9 21 3 4
Primary disease HCV Crypt. HCV HBV HCV HCV HCC HCV
Biopsy Yes Yes Yes Yes No Yes No No
Rejection No No No No n.a. No n.a. n.a.
Liver function®
gGT (U/L) 211 300 52 27 20 17 14 28
AP (U/L) 158 135 56 86 75 62 48 73
Total bilirubin (mg/ 0.7 0.8 11 111 0.63 0.6 1.61 0.15
dL)
ALT/AST (U/L) 36/43 38/48 30/31 23/31 18/28 13/21 34/33 23/20
INR 1.03 0.92 1.14 1.35 0.99 1.23 112 n.d.

Abbreviations: ALT/AST, aspartate transaminase/alanine transaminase; AP, alkaline phosphatase; gGT, Gamma-glutamyltransferase; HBV, hepatitis
B virus; HCV, hepatitis C virus; INR, international normalized ratio; IS, immunosuppression; LTx, liver transplant; n.a., not applicable; n.d. not

determined.
®Weaned during the study.
PAt time of cellular analysis.

strategy to identify MAIT cells and other subsets within PBMC
is shown in Figure S1A.

After stimulation, cells were fixed in FACS™ Lysing Solution (BD),
permeabilized with FACS" Perm Il Solution (BD), and intracellularly
stained with anti-tumor necrosis factor alpha (anti-TNFa) (MAb11,
Biolegend), anti-interferon gamma (anti-IFNy) (4SB3, Ebioscience),
anti-granzymeB (GB11, BD), and anti-IL-17 (BL168, Biolegend).
Where indicated, granzymeB or activated Caspase 3 (C92-605,
BD) were intracellularly assessed ex vivo. For assessing expression
of FoxP3 (150D, Biolegend), CTLA-4 (BNI3, Biolegend), and/or
Ki67 (B56, BD), cells were fixed and permeabilized using the Foxp3
staining buffer set (Ebioscience). Cells were analyzed on a FACS™
Fortessa X20 (BD).

2.6 | Data analysis

FACS data were analyzed with FlowJo 10 (BD); polyfunction-
ality was assessed via Boolean gating. Statistical analysis and
graph creation were conducted using GraphPad Prism 7.0
(GraphPad, La Jolla, CA). The Kolmogorov-Smirnov test was
used to evaluate the distribution of each parameter. Depending
on Gaussian distribution, analysis of variance (ANOVA) or
Kruskal-Wallis test (with Dunn post hoc) was chosen for multi-
ple comparisons; for 2-group comparisons with unpaired sam-
ples, t test with Welch's correction or Mann-Whitney test was
used. For analysis of paired data (eg, titrations), paired t test
or Wilcoxon matched-pairs signed rank test was performed de-
pending on data distribution. In all tests, a value of P < .05 was

considered significant with *P < .05, **P < .01, ***P < .001, and
****p < .0001.

3 | RESULTS
3.1 | Impairment of cytokine-induced MAIT cell
functions by immunosuppressive drugs in vitro

To address the functional impact of immunosuppressive agents
used in clinical routine after solid organ transplantation on
human MAIT cells, PBMC from healthy donors were preincu-
bated with tacrolimus, cyclosporine A, mycophenolic acid, or
prednisolone. Thereafter, cells were stimulated with preti-
trated (data not shown) concentrations of IL-12, IL-15, IL-18, and
TL1A, a cytokine combination robustly inducing the effector
molecules TNFa, IFNy, and granzymeB in MAIT cellsin a T cell
receptor independent fashion.””® Whereas prednisolone signifi-
cantly inhibited TNFa and IFNy secretion but did not reduce
frequencies of MAIT cells producing the cytotoxic mediator
granzymeB, none of the other drugs affected MAIT cell func-
tionality (Figure 1A-D). Titration of immunosuppressive agents
revealed that increasing concentrations by 10-fold further di-
minished TNFa* MAIT cell frequencies significantly only in the
presence of prednisolone (Figure S1B); higher concentrations
of immunosuppressants did not show additional effects on fre-
quencies of IFNy* or granzymeB" cells (data not shown). Only
prednisolone significantly affected multipotency of MAIT cells
as mirrored by diminished portions of cells coexpressing all 3
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TABLE 3 Characteristics of KTx patients

Patients
Variable (n=23)
Age (y + SD)? 58.57 (11.7)
Gender (females)® 8/23 (34.8%)
Time since transplantation (y + SD)? 9.3(5.0)
IS medication®
Tacrolimus + mycophenolate 11/23 (47.8%)
mofetil + prednisolone
Cyclosporin A + mycophenolate 8/23 (34.8%)
mofetil + prednisolone
Tacrolimus + mycophenolate mofetil 2/23 (8.7%)
Tacrolimus + prednisolone 2/23(8.7%)

Primary disease®

Hypertensive nephropathy 5/23 (21.7%)
3/23 (13%)
3/23 (13%)
2/23(8.7%)

2/23(8.7%)

IgA nephropathy
Glomerulonephritis
Pyelonephritis

Polycystic kidney disease

Unknown 2/23(8.7%)
Cystinosis 1/23 (4.3%)
Diabetic nephropathy 1/23 (4.3%)
Diabetic + hypertensive nephropathy 1/23 (4.3%)
Focal segmental glomerulosclerosis 1/23 (4.3%)
Obstructive nephropathy 1/23 (4.3%)
Systemic lupus erythematosus 1/23 (4.3%)

Abbreviations: IS, immunosuppression; KTx, kidney transplant.
?Mean + SD.
bCount (%).

effector molecules (Figure 1E,F), accompanied by an increase
of cells expressing only one or no effector molecule (Figure 1F).
Unless otherwise stated, live CD3*TCRVa7.2°CD161" CD8" and
CD87CD4™ “DN” MAIT cells were identified within PBMC as de-
picted in the gating strategy in Figure S1A.

3.2 | Impairment of E. coli induced MAIT cell
functions by immunosuppressive drugs in vitro

To decipher whether immunosuppressants influence MAIT cell func-
tions induced by antigenic triggering, PBMC of healthy individuals were
activated with formalin-fixed E. coli. IL-17 and the degranulation marker
CD107a were included in the analysis being typically induced after TCR-
dependent MAIT cell activation. Under these conditions, Tac, CyA, and
prednisolone (Pred) significantly diminished frequencies of TNFa'* and
IL-17" MAIT cells, whereas Tac and Pred also significantly reduced por-
tions of IFNy" cells; granzymeB expression was impaired only by Pred.
Interestingly, the capacity of MAIT cells to release cytotoxic granula,
being reflected by CD107a staining, was not affected by any of the

drugs applied (Figure 2A-F). A dose dependency of immunosuppressive
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agents on frequencies of TNFa™ MAIT cells was evident for both Tac,
CyA and Pred (Figure S1C). In context with bacterial stimulation, pol-
yfunctionality of MAIT cells was significantly diminished following
preincubation with Tac and CyA and moderately affected by Pred, as
mirrored by reduced frequencies of cells expressing 4 effector mol-
ecules at a time (TNFa, IFNy, granzymeB, and CD107a) (Figure 2G,H).
As frequencies of IL-17" MAIT cells were very low, they were excluded
from polyfunctional analyses. In line with earlier reports,?? bacterial ac-
tivation of MAIT cells proved to be largely, but not completely antigen-
specific as mirrored by substantial, but not full abrogation of effector
function upon MR1 blockade (Figure S1D).

3.3 | Depletion of peripheral MAIT cells
in immunosuppressed and tolerant liver
transplant recipients

To address how different immunosuppressive regimens affect MAIT cell
biology in vivo, their frequencies were determined in treated liver trans-
plant recipients in comparison to a group of tolerant patients as well as
to age-matched healthy controls (Tables 1 and 2). Overall, frequencies
of TCRVa7.2°CD161" MAIT cells within the CD3" T cell compartment
were significantly reduced in LTx patients as compared to healthy con-
trols (Figure 3B). This observation was largely independent of the type
of IS regimen (Figure 3A,C) or the dosage of medication (Figure 3D) and
equally accounted for tolerant patients (Figure 3A,C,D). These findings
could be reproduced when only MAIT cells within the CD8* and DN
compartment were quantified (Figure 3F-H). For a limited number of
LTx patients, we assessed MAIT cells during immunosuppressive ther-
apy and 4-9 months after cessation (Table 2). After successful weaning
from medication (as reflected by stable graft function), we did not note
consistent changes in MAIT cell frequencies both within the CD3" and
the CD8/DN compartment (Figure 3E,l). Subset distribution analysis
highlighted a significant rise in CD4* MAIT cells (Figure 3J) in treated,
but not tolerant LTx patients at the expense of the CD8"* population
(Figure 3K), whereas the DN subset remained unaffected (Figure 3L).
There was no significant correlation between MAIT cell frequencies and
time since transplantation in all LTx patients (data not shown).

Contrary to MAIT cell subset distribution (Figure 3J,K), we observed
an inverted ratio of conventional T cells with increased portions of CD8*
at the expense of the CD4" population in all LTx patients regardless of
being treated or not, as compared to healthy controls (Figure S2A,B).
Whereas frequencies of CD3"CD56" natural killer (NK) cells were
similar in all groups (Figure S2C), we detected a significant drop of
CD3*CD4'CD25*FoxP3" natural regulatory T cells in patients treated
with immunosuppressive drugs (ISDs) but not in tolerant patients, as
compared to healthy controls (Figure S2D). Natural regulatory T cells
(nTregs) of both patient groups were further characterized by signifi-
cantly reduced portions of CTLA4, higher proliferation as mirrored by
Ki67 expression, but no differences in frequencies of activated HLA-DR*
cells (Figure S2E-G). nTregs from all LTx patients showed a substantial
reduction of the naive CD45RA*CCR7" subset, counterbalanced by a
rise in CD45RA™CCR7" effector/memory nTregs (Figure S2H,1).
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FIGURE 1 Impactof immunosuppressive drugs on cytokine-mediated MAIT cell activation in vitro. Peripheral blood mononuclear cells

of healthy donors were preincubated with immunosuppressive drugs as indicated, followed by stimulation with IL-12, IL-15, IL-18, and
TL1A. Frequencies of CD8" and CD8CD4™ “DN” MAIT cells expressing TNFa (A,B), IFNy (A,C), or granzymeB (D) were quantified by FACS.
Polyfunctionality was assessed by Boolean gating in MAIT cells that express 3 (E,F), 2, 1, or no functions (TNFa, IFNy, granzymeB) (F) at

a time. Results are based on 5 individual donors obtained in 3 independent experiments. For polyfunctionality analysis (F), the respective
means were used. In (B-D), values of stimulated cultures in the absence of ISDs were set to 100%, allowing normalization. All bar graphs
show means + SEM. In all statistical analyses with more than 2 groups, treatment groups were compared to the reference group (w/o

1S). CyA, cyclosporine A; FACS, fluorescence-activated cell sorting; IFNy, interferon gammay; IL, interleukin; IS, immunosuppression; ISD,
immunosuppressive drug; MAIT, mucosal associated invariant T; MPA, mycophenolic acid; Pred, prednisolone; Tac, tacrolimus; TNFa, tumor

necrosis factor alpha

3.4 | Anexvivo activation signature on MAIT
cells distinguishes tolerant LTx patients from those
receiving immunosuppressive therapy

To identify cellular signatures that are differentially regu-
lated on MAIT cells isolated from immunosuppressed or toler-
ant LTx patients, a set of activation and differentiation related
molecules was analyzed ex vivo by flow cytometry. First, fre-
quencies of cells expressing the activation markers CD69
(Figure 4A), HLA-DR (Figure 4D), CD38 (Figure 4G), the induc-
ible inhibitor PD1 (Figure 4M), the cytotoxic mediator granzymeB
(Figure 4P), or coexpressing CD38 and HLA-DR (Figure 4J) were

significantly upregulated in patients as compared to healthy con-
trols. Stratification for treatment regimen, however, revealed that
tolerant patients showed no significant differences in frequencies
of CDé69" (Figure 4B), HLA-DR" (Figure 4E), CD38" (Figure 4H), or
granzymeB™ (Figure 4Q) MAIT cells in comparison to healthy indi-
viduals, whereas these markers were significantly upregulated in
most treated LTx recipients. Comparing this activation signature in
patients during treatment and after cessation of medication, we
noted a consistent reduction of MAIT cells being CD38" (Figure 41),
CD38"HLA-DR" (Figure 4L), and granzymeB™ (Figure 4R). Apart
from diminished frequencies of IL-18R* MAIT cells in both toler-
ant and treated patients (Figure S3A) that did now show a distinct
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FIGURE 2 Impact of immunosuppressive drugs on bacterial MAIT cell activation in vitro. Peripheral blood mononuclear cells of healthy

donors were preincubated with immunosuppressive drugs as indicated, followed by stimulation with fixed E. coli. Frequencies of MAIT cells
expressing TNFa (A,B), IFNy (A,C), granzymeB (D), CD107a (E), or IL-17 (F) were quantified by FACS. Polyfunctionality was assessed by
Boolean gating in MAIT cells that express 4 (G,H), 3, 2, 1, or no functions (TNFa, IFNy, granzymeB, CD107a) (H) at a time. Results are based
on 6 individual donors obtained in 3 independent experiments. For polyfunctionality analysis (H), the respective means were used. In (B-F),
values of stimulated cultures in the absence of ISDs were set to 100%, allowing normalization. All bar graphs show means + SEM. In all
statistical analyses with more than 2 groups, treatment groups were compared to the reference group (w/o IS). CyA, cyclosporine A; FACS,
fluorescence-activated cell sorting; IFNy, interferon gammay; IL, interleukin; IS, immunosuppression; ISD, immunosuppressive drug; MAIT,
mucosal associated invariant T, MMF, mycophenolate mofetil; MPA, mycophenolic acid; Pred, prednisolone; TNFa, tumor necrosis factor
alpha

expression in subgroups (data not shown), transplant recipients did
not exhibit quantitative differences in MAIT cells expressing the

pro-apoptotic marker activated caspase 3, or the differentiation upregulated in treated patients (Figure S3B-F).

related molecules CD56, CD27, or CD8f ex vivo; however, we
found the NK-associated activating receptor NKG2D to be slightly
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FIGURE 3 Quantitative impairment of MAIT cells in LTx patients. Frequencies of peripheral MAIT cells were determined in tolerant and
treated liver transplant recipients and age-matched healthy controls (HC) by FACS within the total CD3" (B-D) or combined CD8*/DN (A and
F-H) compartment. Patients were further stratified according to their type (C + G) or dosage of treatment, or the absence thereof (see Table
1 for details) (D,H). The above mentioned analyses were further conducted in 3 liver transplant recipients during ISD treatment and 4-9 mo
after complete drug weaning (E,I). CD4*, CD8", and DN MAIT cell subsets were individually quantified in tolerant and treated patients and
compared to healthy donors (J-L). All bar graphs show means + SEM. In all statistical analyses with more than 2 groups, treatment groups
were compared to the reference group (HC). C or CyA, cyclosporine A; FACS, fluorescence-activated cell sorting; HC, healthy controls; ISD,
immunosuppressive drug; MAIT, mucosal associated invariant T; M or MPA, mycophenolic acid; Pred, prednisolone; T or Tac, tacrolimus

FIGURE 4 Tolerant and treated LTx patients are characterized by different activation patterns ex vivo. Frequencies of CD8*/DN
peripheral MAIT cells expressing CDé69 (A,B), HLA-DR (D,E), CD38 (G,H), HLA-DR*CD38 (J,K), PD1 (M,N), or granzymeB (P,Q) were
quantified ex vivo by FACS in tolerant and treated liver transplant recipients in comparison with age-matched healthy controls. The marker
set was further monitored in 3 liver transplant recipients during and after cessation of ISD treatment (C, F, I, L, O, and R). All bar graphs
show means + SEM. In all statistical analyses with more than 2 groups, treatment groups were compared to the reference group (HC). C,
cyclosporine A; FACS, fluorescence-activated cell sorting; HC, healthy controls; IS, immunosuppression; ISD, immunosuppressive drug; LTx,
liver transplant; M, mycophenolic acid; MAIT, mucosal associated invariant T; T, tacrolimus

72



AJT | 95

SATTLERET AL.

) )
,/ / \n\d \ w\ \e\é \ \ av@.e
,w\.“. ._.\\.« e\\,..
& ® © =w ~ o w © w o w o = 0 ° H o
- ™ ~ - - ~ - -
LIV 6909 % w LIVIN ,8Q-VTH % LIVW 8200 % 4
N
%, i %, £ 4,
4 k% %
§ v H < i v
* % % % %
’ .«..o : \u.xo f @xo
] o ] o H o
) ) )
‘% 2, "2,
% % %
I T . T ! | T , 1 ——
=] (=] b= =] =] Qo (=] =] o o © o - o~ o
- “ o~ - © o~ - -
LIV 6900 % w LIVIN ¥0-YTH % s LIVIN ,8E0D % 14

m.a a*& w-oll‘$ ©

_*ox\

1N

S
LIV 6909 %

T T
o o o

2 - 13
(=] LIVW ,NO-VTH %

* ® & = o

LIV . ¥0-VH,8£00 %

LIVIN , ¥0-V1H,BEAD %

T_H.
_._”.

© -+ o~ >

M...l#.
4

o w o
e

..
= 1YW, ¥CVIH,820D %

40

o,

Hekekck

20

s, s,
8 & g =° 8 8 & & =°
1IVW ,10d % o LIV guetd %
%, : %
4 3
< f v
% * %
* 4,
\..\.o by
o )
& )
% ‘e,
% %
w o w o =3 =] =] =] =] o
2 2 8 8 8 ]& ¢
LIV ,1ad % a LIV, gues9 %

LIVW ,10d % o

LIV guelD %

73



SATTLERET AL.

A B c
50 20 * " * 10
40 8
E E 15 E
+ 30 + + 6
'3 210 2
Z 20 H Z 4
[= = =
ES 10 ] LY
0 0 [}
O & O X ¥ A B ) o
& S x x N AS
& (31 < & &
D E F
100 - 50
80 “ y
. e o 40
E . [ E =
2 0| ey ol E g
. ooyt . "
£ g £
® = ®
20 10
[} - T 0
) & & &
x \} 4}\\ \o\
Ky
G H |
150 100 150
E = £
£ 100 Ed £ 100 -\.
o .l ‘o 0
] s g
G 50 s I & 50
2 . % = ES
L]
L]
0 T r 0
C + N
A - & 1©
J K
=
‘o
a
b=
B

FIGURE 5 Differential impairment of MAIT cells from LTx patients in response to cytokine stimulation. Peripheral blood mononuclear
cells from differently treated or tolerant LTx patients and healthy controls were stimulated with IL-12, IL-15, IL-18, and TL1A. Frequencies
of MAIT cells expressing TNFa (A,B), IFNy (D,E), or granzymeB (G,H) were quantified by FACS. MAIT cells from patients before and after
ISD weaning were analyzed in an identical fashion (C, F, and I). Polyfunctionality was assessed by Boolean gating in MAIT cells that express
3 (J,K), 2, 1 or no functions (TNFa, IFNy, granzymeB) (K) at a time. For polyfunctional analysis in (K), the respective means were used.

All bar graphs show means + SEM. In all statistical analyses with more than 2 groups, treatment groups were compared to the reference
group (HC). C, cyclosporine A; FACS, fluorescence-activated cell sorting; HC, healthy controls; IFNy, interferon gammay; IL, interleukin; IS,
immunosuppression; LTx, liver transplant; M, mycophenolic acid; MAIT, mucosal associated invariant T; T, tacrolimus; TNFa, tumor necrosis
factor alpha
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3.5 | Impairment of cytokine-induced MAIT cell
functions in LTx patients

To address whether MAIT cells isolated from LTx patients are func-
tionally altered in response to inflammatory cytokines, cells were
stimulated directly ex vivo with IL-12, IL-15, I1L-18, and TL1A and ana-
lyzed for cytokine and cytotoxic molecule production. Collectively,
transplanted individuals showed a significant impairment of TNFa
and IFNy production, whereas frequencies of cytokine-induced
granzymeB expressing cells were not affected (Figure 5A,D,G). With
respect to different treatment regimens, individuals receiving CyA+
MPA or Tac (tMPA with respect to TNFa production) exhibited sig-
nificantly reduced frequencies of TNFa* and IFNy* cells (Figure 5B,E),
accompanied by a drop in multipotency (Figure 5J,K). Importantly,
whereas MAIT cells of patients weaned from immunosuppression
regained their capacity to secrete higher levels of TNFa and IFNy,
they were characterized by a consistent drop in granzymeB™ cells
after cessation of medication (Figure 5C,F,l).

3.6 | Impairment of E. coli induced MAIT cell
functions in LTx patients

In analogy to previous in vitro experiments (Figure 2), we compared the
functional capacity of MAIT cells toward bacterial stimulation between
LTx patients and healthy controls ex vivo. Overall, frequencies of E. coli
reactive MAIT cells expressing TNFa (Figure 6A), IFNy (Figure 6D),
and CD107a (Figure 6J) were significantly reduced in patients as com-
pared to controls, whereas those producing granzymeB showed a pro-
nounced increase (Figure 6G). We observed a trend toward reduced
frequencies of TNFa, IFNy*, and CD107a* MAIT cells in patients re-
gardless of the type of medication (Figure 6B,E,K) that reached signifi-
cance for IFNy not only in individuals treated with mycophenolic acid
(MPA), Tac-, or Tac+ MPA but also in tolerant LTx patients (Figure 6E),
whereas a drop in CD107a" cells was confined to the 3 aforementioned
treatment groups only (Figure 6K). Assessment of polyfunctionality of
bacteria-triggered MAIT cells revealed a significant reduction in cells
coexpressing all 4 molecules in patients treated with Tac + MPA as well
as in tolerant patients (Figure 6M,N). Withdrawal from immunosup-
pression led to increased portions of cytokine and CD107a positive
cells in all 3 individuals monitored (Figure 6C,F,L) but showed no con-
sistency with respect to granzymeB expression (Figure 6l). Bacterial
induction of IL-17 was neither significantly diminished in treated nor
in tolerant LTx patients and not included into polyfunctional analyses
because of low event counts (data not shown).

3.7 | Kidney transplanted individuals share
quantitative and qualitative features of MAIT cells
with patients after liver transplantation

To investigate whether prominent features of MAIT cells identified
in LTx patients are shared with immunosuppressed individuals after
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kidney transplantation (KTx, Table 3), cells from a cohort with 23
patients were analyzed ex vivo by flow cytometry. Interestingly, KTx
patients exhibited equally diminished frequencies of MAIT cells both
within the CD3" (Figure 7A) and the CD8*/DN (Figure 7B) subsets
and we also noted a significant reduction of CD8* MAIT cells that
was counterbalanced by a rise of the CD4"* and DN subsets, although
not reaching significance (Figure 7C-E). Whereas portions of CD69*
and CD38* MAIT cells were similarly increased as observed for LTx
recipients in comparison to healthy controls (Figure 7F,G), we could
not detect significant changes in frequencies of HLA-DR- or PD1 ex-
pressing MAIT cells ex vivo (Figure 7H,1). Also in agreement with our
data from liver transplant recipients, we observed an inverted CD4
to CD8 ratio in KTx patients (Figure 7J,K).

4 | DISCUSSION

In this report, we comprehensively examined how peripheral MAIT
cell biology is affected by immunosuppressive medication in vitro
and in individuals after liver and kidney transplantation ex vivo.
Based on a comparison between tolerant or recently weaned LTx
patients and treated individuals, we were able to attribute abnor-
malities in activation state, phenotype, and effector functions par-
tially to the ISD treatment, whereas quantitative impairment is most
likely related to the overall post liver transplantation state, because
MAIT cell frequencies do not significantly recover after cessation of
treatment.

Owing to their innate receptor repertoire, MAIT cells are not
solely dependent on TCR mediated activation by bacterial ligands
but also respond to cytokines, for example, released in the course
of bacterial®® and viral infections.® As recently published by us and
others,®?* the TL1A containing cytokine combination applied herein
robustly and predominantly induces production of the key antimi-
crobial mediators TNFa, IFNy, and granzymeB in human MAIT cells.
Under these conditions, only prednisolone significantly inhibited
cytokine production and polyfunctionality in vitro, whereas cyto-
toxicity, based on granzyme expression, remained unaffected. In
contrast, E. coli induced cytokine production and polyfunctionality
were diminished both in the presence of calcineurin inhibitors and
prednisolone, whereas only the latter significantly reduced frequen-
cies of granzymeB* MAIT cells. Our data substantially extend the
earlier finding that high expression of the multidrug resistance pro-
tein 1 does not rescue MAIT cell proliferation from inhibition by IS
drugs,?® because we now provide evidence for both impaired TCR-
dependent and -independent effector functions. At the same time,
our results mirror the respective signaling pathways required for
effector molecule synthesis: whereas cytokine-mediated TNFa and
IFNy production involves phosphorylation of NFxB,%2% a component
classically targeted by glucocorticoids,?’” E. coli induced activation
involves TCR downstream calcineurin that is blocked by tacrolimus
and cyclosporin A (reviewed in Ref. 28), as well as glucocorticoid tar-
gets such as AP-1 (reviewed in Ref. 29). The observation that individ-
ual MAIT cell effector functions are differentially regulated by ISD
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FIGURE 6 Differential functional responses of MAIT cells from LTx patients toward bacterial stimulation. Peripheral blood mononuclear
cells from differently treated or tolerant LTx patients and healthy controls were stimulated with formalin-fixed E. coli. Frequencies of MAIT
cells expressing TNFa (A,B), IFNy (D,E), granzymeB (G,H), or CD107a (J,K) were quantified by FACS. MAIT cells from patients before and
after ISD treatment cessation were analyzed in an identical fashion (C, F, I, and L). Polyfunctionality was assessed by Boolean gating in MAIT
cells that express 4 (M,N), 3, 2, 1, or no functions (TNFa, IFNy, granzymeB, CD107a) (N) at a time. For the latter analysis, the respective
means were used. All bar graphs show means + SEM. In all statistical analyses with more than 2 groups, treatment groups were compared

to the reference group (HC). C, cyclosporine A; FACS, fluorescence-activated cell sorting; HC, healthy controls; IFNy, interferon gamma; IS,
immunosuppression; LTx, liver transplant; M, mycophenolic acid; MAIT, mucosal associated invariant T; T, tacrolimus; TNFa«, tumor necrosis

factor alpha

treatment is supported by data focusing on conventional T cells: sim-
ilarly to MAIT cells, TNFa production by virus-specific T cells showed
a higher sensitivity toward inhibition by immunosuppressants than
IFNy secretion. Furthermore, the cytotoxic potential was only mildly
affected by calcineurin inhibitors or prednisolone.!® At least with
respect to IFNy and granzymeB production, our findings are mech-
anistically comprehensible as E. coli induced effector molecule syn-
thesis in MAIT cells is not solely TCR-dependent, which we confirm
in MR1 blocking experiments but could be augmented by cytokines
like 1L-12 being coreleased in context with bacterial triggering.?%3°
By this means, calcineurin-mediated activation (and thereby conse-
quences of its inhibition by ISD) could be partially bypassed. To allow
for translation, drug concentrations in our in vitro assays matched
default initial plasma levels recommended for transplant recipients;
in addition, titration experiments corroborated effects on MAIT cell
functions only for those drugs that already showed potency at ther-
apeutic levels.

As a hallmark, we demonstrate that LTx patients are character-
ized by a pronounced reduction of peripheral MAIT cells as com-
pared to age-matched healthy controls. This feature comprised all
organ recipients regardless of treatment regimen or dosage; surpris-
ingly, it equally accounted for tolerant patients and was reproduc-
ible in KTx patients receiving standard IS medication. We cannot not
fully exclude that transplantation itself modifies MAIT cell biology,
which could, for example, be addressed in an autotransplant setting
with nonhuman primates harboring similar MAIT cell frequencies as
humans.®! However, since depletion of MAIT cells is characteristic of

1417 and kidney damage,? our observation supports the

severe liver
hypothesis that the primary disease likely predetermines the post-
transplant MAIT cell pool and that its quantitative replenishment is
largely independent from immunosuppression. Peripheral loss of
MAIT cells is a common motif in liver diseases of autoimmune-,**
infectious-'” and lifestyle-related origin.* It further encompasses

several nonhepatic pathologies, with HIV being most extensively
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FIGURE 7 Quantitative and phenotypic alterations in MAIT- and conventional T cells from kidney transplanted patients. Frequencies

of peripheral MAIT cells were determined in ISD treated kidney transplant recipients (Table 3) in comparison to healthy individuals (HC) by
FACS within the total CD3* (A) or CD8*/DN (B) compartment. Within total MAIT cells, portions of CD8*, CD4*, and DN subsets were further
quantified (C-E). For determining the ex vivo activation and exhaustion state, expression of CD69 (F), CD38 (G), HLA-DR (H), and PD1 (l)

was analyzed. Frequencies of conventional CD4* and CD8" T cells within the CD3 compartment are depicted in (J) and (K), respectively.

All bar graphs show means + SEM. FACS, fluorescence-activated cell sorting; HC, healthy controls; KTx, kidney transplant; MAIT, mucosal

associated invariant T
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studied.®® The aforementioned conditions are also interlinked by
the general inability to restore MAIT cell homeostasis despite suc-
cessful treatment, a phenomenon possibly related to their compar-
atively poor proliferative potential, as reflected, for example, by low
portions of peripheral Ki67* MAIT cells®* and a high pro-apoptotic
propensity. At least with respect to the latter, however, we did not
detect elevated frequencies of activated caspase 3 positive MAIT
cells, thus questioning the relevance of this mechanism at least
within the time frame (on average >10 years since transplantation)
of our analyses.

Overall, it still remains obscure what factors promote self-re-
newal of this unconventional T cell population once thymic out-
put declines and what niches are critical for their survival. Within
the transplantation field, the only comprehensive data sets avail-
able derive from stem cell transplantation trials. Whereas in an
autologous context, MAIT cells recover early,®® their frequencies
do not significantly increase within 2 years after allogeneic stem
cell transplantation,®” suggesting an impact of the inflammatory
milieu on their reconstitution. As extra-thymic MAIT cell expan-
sion is possibly depending on interactions with commensals,®® it
is tempting to speculate that in concert with (subclinical) alloin-
flammation, dysbiosis, established not only during early liver pa-

3940 contributes to

thology, but also partially maintained after LTx,
curtailment of MAIT cell regeneration. Based on data from alco-
holic hepatitis, it has already been hypothesized that gut dysbiosis
might initially lead to chronic MAIT cell hyperactivation, followed
by functional exhaustion, finally promoting their depletion.¢4!
MAIT cells traversing such developmental path are character-
ized by high expression of CD69, HLA-DR, CD38, PD1, and gran-
zymeB, a signature we observe ex vivo in the majority of treated
LTx patients and partially in kidney graft recipients. Interestingly,
we demonstrate that this activation pattern is largely downreg-
ulated in tolerant individuals, with the exception of PD1, sug-
gesting the possibility of partial normalization of allo- and/or
dysbiosis-related triggers. These changes also include the gen-
eral composition of the MAIT cell pool as the CD4" subset, being
quantitatively expanded in treated patients at the expense of the
CD8" population, was not significantly different from normal do-
nors in treatment-free individuals. For a selected set of markers
(CD38, CD38+HLA-DR, granzymeB), examined in patients before
and after weaning from IS drugs, attenuation of activation, but not
quantitative recovery, was achieved within months, accompanied
by a consistent regain of effector cytokine production and cyto-
toxic capacity. In consequence, our data, together with studies on
MAIT cells in severe liver diseases, indicate that transplantation
does not entail an environment fostering quantitative regenera-
tion of the MAIT cell pool. Clearly, future studies are needed in
order to address whether our findings are restricted to the periph-
ery or mirror local MAIT cell impairment within the liver. Among
the few data sets available, a recent report with HCV-infected in-
dividuals demonstrated that peripheral MAIT cells might serve as
surrogates reflecting the intraorgan situation: patients were char-
acterized by both peripheral and intrahepatic depletion of MAIT

cells that equally showed signs of ex vivo hyperactivation,'” as we
also report here.

With respect to patients successfully weaned from medica-
tion, it largely remains unclear what predisposes an organ recip-
ient to develop tolerance against the graft, and it is still obscure
what characterizes a tolerant immune system. In agreement with
the few systematic reports on cellular immunity in operationally
tolerant liver recipients,*? we found normal frequencies of nTregs
in tolerant, but not in ISD-treated patients. However, these differ-
ences did not extend to ex vivo proliferation, CTLA-4 expression,
or differentiation state, thereby not allowing further speculation
on their active involvement in the regulation of alloimmunity.
Still, despite fingerprints of tolerance within the MAIT- and nTreg
compartment, both treated and tolerant organ recipients share an
overall attenuated response toward ex vivo stimulation: although
not always reaching significance, both patient groups are particu-
larly characterized by impaired cytokine production and cytotoxic
capacity (as reflected by CD107a), but elevated portions of gran-
zymeB” cells after bacterial triggering in comparison to controls.
Because high PD-1 levels accompany this partially dysfunctional
state also in patients after drug weaning, it needs to be addressed
how and when functional exhaustion is imprinted and what conse-
quences arise. Based on experimental limitations in humans, and
given the complex individual contribution of alloimmunity, immu-
nosuppression, dysbiosis, and opportunistic infections in our pa-
tient cohort, experimental models are needed to decipher in depth
the impact of MAIT cells on overall health. However, livers of
BALB/c or C57BL/6 mice contain roughly 30-50 times less MAIT
cells than humans; furthermore, murine MAIT cells preferentially
secrete IL-17 rather than IFNy.*® The few experimental studies
available provide at least limited translational insights regarding
how MAIT cells might contribute to both protective immunity and
maintenance of eubiosis. With respect to the latter, MAIT cells are
instrumental for regulating gut microbiota in experimental stem
cell transplantation.** A similar link between quantitative MAIT
cell reconstitution and diversity of gut microbiota after allogeneic
stem cell transplantation was recently described for humans,* ar-
guing in favor of such correlation analyses also after LTx. Infection
models further indicated that MAIT cells contribute to decreased
bacterial burden in urinary tract infections*® and mediate pro-

tection against mycosis,*’

suggesting a role in these frequent
opportunistic infections after kidney*® or liver®® transplantation,

respectively.
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