SEMMELWEIS EGYETEM
DOKTORI ISKOLA

Ph.D. értekezések

3356.

MOLDVAI DOROTTYA

Molekularis és experimentalis onkologia

cimii program

Programvezetd: Dr. Bodor Csaba, egyetemi tanar

Témavezetok: Dr. Sebestyén Anna, kutatoprofesszor



MTOR-DRIVEN METABOLIC SHIFTS IN CANCERS
AND IN 3D BIOPRINTED TISSUE-MIMETIC
STRUCTURES

PhD thesis

Dorottya Moldvai

Semmelweis University Doctoral School

Pathological and Oncological Division

‘/, / ‘ (] D

g« DDODD
~ ODOOO

=
D |+ ]
> .
i % ]

WLH
1769
“ ELWELS \‘

I’A q%\%

Supervisor: Anna Sebestyén, D.Sc

Official reviewers: Erna Nyitrayné Pap, Ph.D

Edina Gyukity-Sebestyén, Ph.D

Head of the Complex Examination Committee: Jozsef Timar, MD, D.Sc

Members of the Complex Examination Committee: Hargita Hegyesi, Ph.D

Krisztina Takacs-Vellai, Ph.D

Budapest
2025



Table of contents

List of aDDreviations......uccueieeieenninieninnnenenninsneneesenssesssssssessesssesssessessssssssssesssessasssens 4
1. INErOAUCEION c.uucneeneenreneetintenienenteneesaeenesnssaeessessnsssnsssessnsssssssesssessssssessassans 8
1.1. Role of metabolic adaptation in malignant tUmors .........c..cceceevvereereerieneenennne. 8
1.2. The central regulator of metabolism: the PI3K/Akt/mTOR pathway ................ 9
1.3. Preclinical models play a crucial role in the success of clinical trials ............. 11
1.4. 3D bioprinting in preclinical modeling of cancer ..........c.cccoceeverieniinienieneene. 14

L4 1. BlOPIINLET tYPES .eeeuvieeieeiieiieeiieeite ettt et ete ettt e et eseaeeteesaaeesbeessaeenseas 15

1.42. Bioinks for 3D bioprinting .........ccceeeeerieeiiienieeniienieeiee e see e 15

1.4.3. 3D bioprinting Parameters ..........ccueerveerieerrienieenieeneeeteesreesseesreesseessneensees 17
L.5. Advances in 3D bioprinting for biomedical applications in cancer research... 18

1.5.1. 3D bioprinted breast cancer models ...........cccceevieriierieniiieiieieeeeeeee. 18

1.5.2. 3D bioprinted renal cell carcinoma models..........cccceecuereeneriinienenienenn. 19
1.6. Issues concerning the comprehensiveness of 3D bioprinting literature............ 19
1.7. Molecular characteristics of renal cell carcinoma subtypes...........cccceevuvennnn. 21
1.8. Targeting the PI3K/Akt/mTOR pathway in renal cell carcinoma.................... 22
1.9. Immunosuppressive therapy and cancer risk after kidney transplantation....... 22
2. ODJECTIVES cecuveriersnricssnricssnnissssnessssnesssssessssossssrssssssossssrosssssssssssssssssssssssssssssssssses 26
2.1. Establishment and characterization of 3D bioprinted cancer models .............. 26
2.2. Tumorigenic role of tacrolimus in post-transplant renal cell carcinoma.......... 27
3. MELROMS ..ueeenreeneinenneneestnnaeneestensnesaesaessnessnsssesssessasssesssessnsssessasssassaessassassssesss 28
3.1. Cell cultures and in Vitro T€aAZENTS..........cecveerieeriierieeieeeie et eie et 28
3.2. In vitro proliferation assays (Alamar Blue and Sulforhodamine B) ................ 29
3.3. Preparing hydrogels for 3D bioprinting ...........ccceeeeveerieeiiienieeiiienie e 29
3.4. 3D bioprinting of tissue-mimetic StrUCTUIES .........ecvreruierireriieeieeiieeieeieesaeans 30
3.5. Renal cell carcinoma cohort and tissue microarray construction..................... 31
3.6. Immunohistochemistry and hematoxylin-eosin staining...............cceecveevuvennnenn. 31
3.7. Western Blot and WES™ Simple analysis ...........ccocooveveviviiveieierieeeeeeeenne, 33
3.8. Renal ischemia reperfusion mouse model............cccceeviiriiiinieniiienieiiieiieeee 34
3.9. Human xenograft and syngeneic mouse model............ccccoeviiriiieniiniiinnieninn. 34
3.10.  Isolating cells from 71 Vivo tUMOT.........cceeviieiiiiiiiciieie e 35



311, Statistical ANALYSIS ....ecviereiiiiieiie et 35

4.

RESUILS....eeeerreernnreireeeeereeeeersessssecssessssssssssssssssssasssssssssssessssssssssssssssssssansssssssssoss 36

4.1. Establishment of 3D bioprinted cancer models via Gesim BioScaffolder....... 36

4.1.1.  Validation of growth and cellular dynamics in 3D bioprinted tissue-mimetic
SEIUCTUTES ..ttt et et sb e e s ae s 37
4.1.2.  Increase and redistribution of cell-cell and cell-matrix adhesion proteins
within 3D bioprinted tiSsue-mimetic StrUCtUIES.........ccccueeruieriieriierieeriie e eiee e enees 38
4.1.3. Reduced activation and increased heterogeneity of mTOR-pathway
components in 3D bioprinted tissue-mimetic StruCtUIES. ........cccvverureeiierierieeriieneeeans 40
4.1.4.  Quantitative analysis of mTOR signaling in 3D-bioprinted tissue-mimetic
SEIUCTUTES ..ttt sttt be e 42
4.1.5.  Altered response to mTOR-targeted therapies in 3D bioprinted tissue-
MIMETIC SEIUCTUTES ...ttt ettt ettt st sae e 43

4.1.6. 3D bioprinted “patient-derived” breast cancer model for drug testing ...... 45

4.2. Metabolic characterization of post-transplant renal cell carcinomas................ 47

4.2.1.  Clinicopathological features of the renal cell carcinoma cohort................ 47
4.2.2.  Elevated mTOR signaling is detected in end-stage renal disease following
immunosuppression compared to healthy kidney tissue..........cccoevvveeeiieniiiciieniennnens 48
4.2.3.  Tacrolimus enhances the mTOR activity in the ischemic kidney of mice . 49
4.2.4.  Pronounced activation of the mTORC2 signaling axis in post-transplant renal
cell carcinomas compared to non-transplant, de novo renal cell carcinomas............ 50
4.2.5. mTOR signal activating effects of tacrolimus on normal tubular epithelial
CELLIING 17 VEIFO ...t 52
4.2.6.  Invitro effects of tacrolimus on renal cell carcinoma cell lines: activation of
mTOR signaling and increasing proliferation ...........ccceceveeveereneenenieneenecieneene 54
4.2.77. 3D effects of tacrolimus on renal cell carcinoma cell lines: increasing
proliferation and tumMOr GrOWth..........ccoeiiiiiiiiiiiciieecee e e 56

4.2.8.  Tacrolimus-mediated activation of mTOR signaling in 3D bioprinted renal

cell carcinoma model and in tumors of xenograft mice............ccceecveeeiieniencieeniennnnns 58
S. DiISCUSSION c.uuveneineereinestinnenensteesnesnessessaessessnsssessnsssessssssssssessasssssssessassassssenss 60
5.1 Establishment and investigation of 3D bioprinted cancer models ................... 60
5.2. Tumorigenic role of tacrolimus in post-transplant renal cell carcinoma.......... 63



e ® A

CONCLUSIONS ..oeeeeenneeeeeeeeereeenaneeesssscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssoses 65

N1 110111 o) TN 67
REFEIENCES .uueeeuirreiinennnicsninnninstecnnecsnensssesssecsssecssnssssssssessssessssssssssssassssessasses 68
Bibliography of the candidate’s publications ...........coeevveeseniseenseeessnecsnnne 91
ACKNOWICAZEMENLS ...ccoeurriirrressnrcssnncssricssaricsssnessssessssnssssssossssssssssssssssssssses 95



List of abbreviations

2D

3D
4EBP1
AB
AM
ATCC
BC
BDB
ccRCC
Cis
CLM
CNI
CS

CS
CsA
DAB
DMEM
DNA
Doxo
ECM
EGF
EMA
EMT
ESRD
EU
FBKBP-12
FBS
FDA
FFPE
FH

Gen. mod.

two-dimensional
three-dimensional

4E-binding protein 1

Alamar Blue

antimetabolite

American Type Culture Collection
breast cancer

BD Biosciences

clear cell renal cell carcinoma
cisplatin

cross-linking method

calcineurin inhibitor
corticosteroid

Cell Signaling

cyclosporine A
3,3'-diaminobenzidine

Dulbecco's Modified Eagle Medium
deoxyribonucleic acid
doxorubicin

extracellular matrix

epidermal growth factor
European Medicines Agency
epithelial-mesenchymal transition
end-stage renal disease

European Union

FK506-binding protein

fetal bovine serum

U.S. Food and Drug Administration
formalin-fixed, paraffin-embedded
fumarate hydratase

genetic modification



GTX

HE

HG

HIF

[HC

1P

Ipa

IR

IS

JINK
KTR
LBB
LKBI
lum.

M
MAPK
MEM
MMF
mTOR
mTORC1
mTORC2
mTORI
neg.reg.
NFAT
non-tx

ns
OXPHOS
p-HEMA
PBS

PCL
PDGF

GeneTex

human

hematoxylin-eosin

high glucose

hypoxia-inducible factor
immunohistochemistry
intraperitoneal

ipatasertib
ischemia-reperfusion
immunosuppressive

c-Jun N-terminal kinase

kidney transplant recipient
laser-based bioprinting

liver kinase B1

luminal

mouse

mitogen-activated protein kinase
Minimum Essential Medium
mycophenolate mofetil
mammalian target of rapamycin
mTOR complex 1

mTOR complex 2

mTOR inhibitor

negative regulator

nuclear factor of activated T-cells
non-transplant

not significant

oxidative phosphorylation
poly-(2-hydroxyethyl methacrylate)
phosphate-buffered saline
polycaprolactone

platelet-derived growth factor



PI3K
PKCa
post-tx
PPP
pRCC
prot.
PTC
PVDF
Rapa
RCC
Rheb
Rictor
RPMI
RT
S6K1
SA

SB
SDH
SGK1
SHAM
SRB
TAC
TCA
TF
TGFpB
TMA
TME
TMS
T™Z
TNBC

transcr.

TSC

phosphoinositide 3-kinase
protein kinase C alpha
post-transplant

pentose phosphate pathway
papillary renal cell carcinoma
protein

proximal tubular cell
polyvinylidene fluoride
rapamycin

renal cell carcinoma

Ras homolog enriched in brain
rapamycin-insensitive companion of mTOR
Roswell Park Memorial Institute (origin)
room temperature

S6 kinase 1

Sigma-Aldrich

SinoBiological

succinate dehydrogenase
serum and glucocorticoid-regulated kinase 1
placebo surgery
Sulforhodamine B

tacrolimus

tricarboxylic acid

Thermo Fischer Scientific
transforming growth factor-f3
tissue microarray
tumor-microenvironment
tissue-mimetic structure
temozolomide

triple negative breast cancer
transcription

tuberous sclerosis protein complex



uv ultra-violet light

VEGF vascular endothelial growth factor
VHL von Hippel-Lindau
WB western blot



1. Introduction

1.1. Role of metabolic adaptation in malignant tumors

Changes in metabolism and energy use are important parts of how cancer cells
survive and grow. Warburg and Minami were the first to describe these changes in 1923
(1). The role of tumor metabolism was overshadowed by advances in molecular genetics,

but it is now gaining renewed interest.
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Figure 1. Metabolic reprogramming in cancer cells. Key metabolic pathways support
rapid growth, survival, and adaptation. Through glycolysis, glutaminolysis, and

biosynthetic pathways, tumors convert nutrients into energy and biomass and alter TME.



Cancer cells accumulate metabolic changes that help them utilize different
nutrient sources to build new cellular components for uncontrolled growth. Moreover,
tumors produce certain metabolites to influence their own behavior and that of nearby
cells in the tumor microenvironment (TME) (2). Cancer metabolism is complex and
flexible, enabling growth under diverse and often unfavorable conditions. Tumors use
multiple metabolic routes to fulfill their needs (3, 4). Glucose is rapidly metabolized
through glycolysis, not only to produce ATP but also to generate intermediates for
biosynthetic pathways. Unlike normal cells that primarily rely on oxidative
phosphorylation (OXPHOS) for efficient energy production, cancer cells often favor
aerobic glycolysis even in the presence of oxygen (5, 6). This leads to lactate
accumulation and acidification of the TME, which promotes invasion and supports
angiogenesis (7, 8). Glutaminolysis supports energy production, redox balance, and the
synthesis of macromolecules (9, 10). Metabolites from the tricarboxylic acid (TCA) cycle
are used to produce lipids, amino acids, and nucleotides (11). Additionally, pathways such
as the pentose phosphate pathway (PPP) and one-carbon metabolism provide building
blocks for nucleotide synthesis and cofactors for redox homeostasis and methylation
reactions (12, 13). Fatty acid oxidation and acetate metabolism offer alternative sources
of acetyl-CoA and energy in nutrient-poor or hypoxic environments (14, 15). Altogether,
this metabolic rewiring supports rapid proliferation, survival, and adaptation, making it a

hallmark of malignant transformation (16, 17) (Figure 1).

1.2. The central regulator of metabolism: the PI3K/Akt/mTOR pathway

The phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) axis is a central regulator of cellular homeostasis, growth, and proliferation
through the response of nutrients, stress, growth factors and other external stimuli (18).
Dysregulation of the pathway is among the most frequent alterations in human
malignancies, occurring in approximately 50% of all cancers (19-21). Beyond
oncogenesis, aberrant mTOR signaling is implicated in the pathogenesis of various non-
malignant conditions (e.g. metabolic syndrome, aging, neurodegenerative and

cardiovascular diseases) (22) (Figure 2).



GROWTH FACTORS,

IGF, INSULIN
?
o T
Ras PI3K
v v
Raf Akt
v A
MEK
' STRESS SIGNALS
ERK l
v HYPOXIA
LKB1  RSK l L
HIGH M —
ENERGY —I AMPK ——» 15C1/2 e fol mTOR ik
LEVEL ;",—-" |
Rheb Rheb~—": 1 —=
mTORC1 b [ 1
AMINO ACIDS, LIPIDS — i1 | SGK1 MST1 PKCa
DNA DAMAGE —| ot l l l
i | CYTOSKELETON REORGANIZATION
: CELL MOTILITY
( : f ; METABOLISM
; CELL SURVIVAL
f— 4EBP1  S6K1  SREBP PGC-la  ULKT !
Lipin1 :
1 v
SURVIVAL,  ojrar v AUTOPHAGY
PROLIFERATION LIPID
METABOLISM

CAP-DEPENDENT

TRANSLATION FUNCTION

PROTEIN SYNTHESIS

Figure 2. mTORC1 and mTORC2 complexes are the central regulator of metabolism

(23), integrating signals from growth factors, nutrients, energy status, and stress to control

MITOCHONDRIAL o pink1

processes such as protein synthesis, lipid metabolism, autophagy, and cell survival.

Inappropriate activation of membrane receptors (receptor tyrosine kinases or G-
protein coupled receptors), upregulation of upstream oncogenes of PI3K, altered kinase
activities, lower expression/loss-of-function of PTEN and amplification/overexpression
of Akt can initiate the hyperactivation of the downstream metabolic pathways.
Hyperactivation of the PI3K/Akt/mTOR axis facilitates tumor growth (24) and enhances

metastatic potential by promoting increased cell motility and epithelial-mesenchymal
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transition (EMT) (25). Furthermore, mutations or altered regulation of the tuberous
sclerosis protein complex (TSC complex) (26), Ras homolog enriched in brain (Rheb)
(27, 28), liver kinase B1 (LKB1) (29), and rapamycin-insensitive companion of mTOR
(Rictor) (30) have also been involved in tumors, underscoring that multiple nodes within
the PI3K/Akt/mTOR axis are vulnerable to several oncogenic alterations.

mTOR functions as the catalytic subunit in two multiprotein complexes — mTOR
complex 1 (mMTORC1) and mTOR complex 2 (mTORC2) — each is characterized by
unique components, upstream regulators, and downstream targets. mTORCI1 (the
rapamycin-sensitive complex) includes Raptor and is primarily involved in regulating cell
growth, protein, lipid, and nucleotide biosynthesis, as well as autophagy in response to
nutrient availability and growth factors. Its key downstream effectors are S6 kinase 1
(S6K1) and 4E-binding protein 1 (4EBP1) (24). In contrast, the other complex, mTORC2
contains Rictor and is rapamycin insensitive. mMTORC?2 is activated mainly by growth
factor signaling and is involved in cytoskeletal organization, cell survival, and
metabolism through phosphorylation of Akt at Ser473, serum and glucocorticoid-
regulated kinase 1 (SGK1), and protein kinase C alpha (PKCa,).

mTORC1 and mTORC?2 integrate environmental and intracellular signals to
coordinate anabolic and catabolic processes; their dysregulation is implicated in

tumorigenesis across multiple cancer types (e.g. breast cancer and kidney cancer) (31).

1.3. Preclinical models play a crucial role in the success of clinical trials

Aggressive cancers behave like "aberrant organs" using the patient’s resources to
grow and survive. Although tumors within the same (sub)type may share certain
characteristics, each tumor is unique. This inter-patient and intra-tumoral heterogeneity —
detectable at both cellular and molecular levels — presents a major challenge for
experimental cancer modeling (32).

High-quality, biologically relevant experimental models are essential for imitating
the complexity of tumors and their microenvironment. Accurate modeling is critical for
understanding cancer biology and improving the predictive value of preclinical studies.
The use of robust and physiologically relevant cancer models could increase the success

rate in clinical trials and enhance the probability of regulatory approval. Accordingly,
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drug development could become more cost-effective and sustainable, significantly
lowering the price of new therapies.

In 2020, global pharmaceutical research and development expenses were
estimated at 53.83 billion USD and are projected to rise to 66.66 billion USD by 2026,
with nearly 30% of this spending allocated to oncology drug development (33). The
development of a new drug averages 1.3 billion USD and 12 years (34). Despite these
investments, the success rate is low, with only about 16% of drugs entering phase I
clinical trials — lowest in oncology (8.3%) and highest in ophthalmology (29.5%) (35).
In addition, safety issues that go undetected during preclinical development can lead to
post-market withdrawals (1990-2009, 22/528 of newly approved active substances were
withdrawn) (36, 37).

The outcome of clinical trials is influenced by multiple factors (38), one of the
most critical being the selection of a suitable drug candidate (39). While preclinical
studies are essential for this selection, even well-constructed models often fail to predict
human responses, leading to wasted resources, time, and animal lives. Furthermore, many
potentially effective compounds may be discarded during preclinical testing, despite their
possible therapeutic benefit in humans.

The use of conventional two-dimensional (2D) cell monocultures in preclinical
cancer research can contribute to the high failure rate in clinical trials. These simplified
in vitro cultures fail to replicate biological mechanisms such as cell-cell and cell-
extracellular matrix (ECM) interactions, tissue organization, cellular morphology, and
polarity (40). While in vivo animal models offer higher complexity and allow the
examination of systemic effects, their usability is limited by interspecies differences, poor
reproducibility, limited clinical predictability and growing ethical concerns (41-44).

The drive to develop more advanced model systems is urged not only by the
limitations of current models but also from regulatory shifts aimed at reducing animal
testing (45). From April 2023, the European Union (EU) not only bans the animal testing
of newly introduced cosmetic products but also prohibits the marketing of cosmetic
products that contain newly tested ingredients on animals, even if the final product has
not been tested on animals or if the tests were conducted outside the EU and the United
States (46). Although pharmaceutical testing has not yet introduced the same strict rules,

both the European Medicines Agency (EMA) and the U.S. Food and Drug Administration
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(FDA) have publicly committed to modernizing drug development. This includes
reducing reliance on animal testing by adhering to the 3R principles (Replacement,
Reduction, Refinement) and promoting the development of novel in vitro human disease
models as soon as possible (47-49). In 2025, the FDA announced plans to gradually phase
out the requirement for animal testing in the approval process for monoclonal antibodies
and other drugs (50).

Therefore, there is a growing need for preclinical disease models that more
accurately replicate the biological behavior of human tumor tissues (51, 52). Over the
past 15 years, a major paradigm shift has taken place in cancer modeling, moving away
from traditional 2D cell cultures towards more sophisticated three-dimensional (3D)
approaches, which are now gaining an increasing role in basic research and preclinical
drug testing. Techniques such as organoid and spheroid cultures (e.g., using low-
attachment plates or hanging drop methods), matrix-embedded cell cultures, magnetic
levitation, and the relatively novel technology of 3D bioprinting are now being widely
studied (33, 53, 54). While 2D cultures have greatly contributed to our understanding of
basic cancer biology and signaling pathways, they fail to mimic the complex behavior of
tumors due to the absence of variable networks within living structures (55-57), as well
as proper cell-cell interactions among cancer cells and various non-cancerous cells, ECM
components, and immune elements (58, 59). However, researchers must also
acknowledge the different limitations of every model and carefully select the ones that
best suit their specific biological question (Figure 3).

Advanced cancer models allow temporal and spatial analysis of treatment
responses — something that is not possible in human patients. However, this complexity
requires more refined analyses, as traditional biochemical assays are often inadequate for
complex 3D or co-culture models.

As George E. P. Box famously said, “All models are wrong, but some are useful”
(60). Testing adequate models for different research goals can help researchers find new
treatments. A strategic combination of in silico, in vitro, ex vivo, and in vivo approaches
will be a key to understanding the complexity of cancer biology and optimizing the

development of new therapies.
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Figure 3. Advantages and limitations of preclinical model systems used in drug
development. A wide range of models is available depending on permeability,
physiological relevance, or cost-efficiency, including in silico simulations, in vitro
models (2D cell cultures, spheroids, organoids, biochips, 3D bioprinted cultures), and in

vivo models (ECM = extracellular matrix) (61).

1.4. 3D bioprinting in preclinical modeling of cancer

Live-cell 3D bioprinting was first demonstrated using regular inkjet printer, which
places tiny drops of material onto a surface (62). Bioprinting has its roots in the early
1980s, when Hewlett-Packard introduced “Cytoscribing” — the use of inkjet printers to
deposit living cells in hydrogels (63). In 2003, Thomas Boland advanced this approach
with modified inkjet printers, while Gabor Forgdacs contributed by positioning living cells
in gels to enable functional tissue formation (64). The technique has redefined tissue
engineering by enabling the precise fabrication of biologically functional 3D bioprinted
tissue-mimetic structures (TMSs) (65).

An optimal 3D bioprinted cancer model should accurately replicate the biological
behavior, mechanical structure, and dynamics of the tumor (66, 67). Therefore, the
selection of the appropriate bioprinting technique, bioink, and crosslinking strategy is

critical for the successful modeling of different tumor types.
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1.4.1. Bioprinter types

The most widely used 3D bioprinting techniques are extrusion-based, droplet-
based, laser-assisted, and vat polymerization-based bioprinting (68, 69). Each bioprinting
technique presents distinct advantages and limitations. In the following, the most
commonly used extrusion-based bioprinters, including those used in our own work, will
be exclusively presented.

Extrusion-based bioprinters (introduced in 2002 at the Freiburg Research Center
(70)) are also called direct ink writing and represent the most widely used bioprinting
technique due to their versatility, cost-effectiveness, and capacity to produce large-scale
3D bioprinted TMSs (71, 72). In extrusion-based bioprinting, bioink is extruded through
a nozzle from a syringe using either mechanical or pneumatic force to create filaments.
These filaments are deposited onto a receiving substrate and layered to form the desired
3D structure, while the movement of the nozzle is guided by software. Several parameters
— including temperature, nozzle diameter, extrusion pressure, print speed, extrusion rate,
and spacing between filaments — influence the quality and properties of the final 3D
bioprinted TMS. This method allows the use of a wide range of bioinks and supports high
cell density. However, its limitations are the lower resolution, hydrogel deformation, and
potential nozzle clogging or cell death due to pressure. Despite these limitations,

extrusion-based systems dominate the commercial bioprinting market (57%) (73).

1.4.2. Bioinks for 3D bioprinting

The term bioink refers to printable formulations containing living cells or cell
aggregates, typically embedded within biomaterials. In 3D bioprinting, it is important to
distinguish cell-laden bioinks from cell-free biomaterial inks. While bioinks deliver cells
during printing, biomaterial inks are often seeded with cells post-printing (74).

Hydrogels are the most common base for bioinks due to their biocompatibility and
adjustable gelation. These include synthetic (e.g., acrylamide), protein-based (e.g.,
gelatin), and polysaccharide-based (e.g., alginate) hydrogels. Bioinks may also
incorporate nanoparticles for drug delivery (75), nanofibers to enhance mechanical
properties (76), or microgels or microspheres for added functionality (77, 78) (Table 1).

To ensure successful bioprinting, bioinks must exhibit appropriate viscoelasticity,

gelation, resolution, and maturation properties. Rheological characteristics — such as
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viscosity, shear stress, and flow behavior — define print accuracy and cell viability (79).

Most hydrogel-based bioinks exhibit non-Newtonian shear-thinning behavior, facilitating

extrusion while preserving shape fidelity (80, 81). However, viscosity must be balanced:

higher values enhance stability but risk clogging and cell damage, while lower values

improve viability but reduce printability (82). Shear stress should remain low to preserve

cell integrity (83), while biocompatibility must be high to avoid harmful degradation by-

products that may reduce cell viability (84, 85).

Table 1. Bioinks used in extrusion-based 3D bioprinting related to cancer research

(86).
Base Advantages Disadvantages CLM
2 | low cost poor cell adhesion
En good printability immunogenicity ionic
< | rapid gelation non-biomimetic ECM
2 excellent biocompatibility needs temperature control chemical
= low cost ;
= . . low mechanical strength thermal
i) high cellular adhesion ) i
&0 . low viscosity at RT uv
thermally reversible
S W hemical
g & owees low cell viability chemica
- = good printability needs other biomaterials thermal
o © | various CLM uv
%)
’J o
;5 g | mostused material complex rhep logy .
N . ot low mechanical properties
E = biocompatibility expensive thermal
g =& | well characterized high batch variability
Z . | biocompatibility
ﬁ §0 hlgh‘cellular adheslon low shape fidelity pH
A & | low immunogenicity . )
o = . low mechanical properties  thermal
= S enzymatically degradable
~ close to native tissue
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CLM = cross-linking method, dECM = decellularized extracellular matrix, ECM =
extracellular matrix, PCL = polycaprolactone, RT = room temperature, UV = ultra-
violet light

1.4.3. 3D bioprinting parameters

The properties of the created 3D bioprinted TMSs depend on the printing precision
and construct integrity (e.g., resolution, size, shape, stability), as well as cell functionality
(e.g., viability, proliferation, differentiation, tissue formation), which are influenced by
printing parameters.

Nozzle size and applied pressure impact resolution, layer thickness, as well as
overall print quality, and play a critical role in cell viability. Smaller nozzle diameters and
higher pressures increase shear stress, leading to greater cell damage during printing (87-
90). High printing speeds can decrease cell viability during the fabrication of the

structures. Speed affects not only total print time but also the final shape and dimensions
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of the printed structures. Additionally, nozzle or extrusion temperature plays a significant
role, especially in inkjet-based printing, as it influences layer uniformity, printing
accuracy, and cell survival (91, 92).

Viscoelasticity is a material property where a substance exhibits both elastic
(solid-like) and viscous (fluid-like) behavior. In bioprinting, this refers to the ability of
the bioink to flow under pressure but also retain its shape after printing, which is essential
for printing stability and cell protection. A balanced viscoelasticity is recommended to
optimize filament formation and shape retention, while avoiding clogging or collapse of

the structure (93, 94).

1.5. Advances in 3D bioprinting for biomedical applications in cancer research

3D bioprinting enables tumor modeling with greater complexity than traditional
in vitro methods. By using multiple bioinks and cell types (e.g., cancer cells, fibroblasts,
immune cells, and endothelial cells), 3D bioprinting enables the modeling of complex
and heterogeneous TME. Advances in bioink formulation also allow the replication of
key mechanical and biochemical features of the ECM. This technology supports the study
of progression, drug resistance, and therapeutic response in a more physiologically
relevant context. While diverse tumor models have been developed, this dissertation

focuses on breast and renal cancers.

1.5.1. 3D bioprinted breast cancer models

A variety of 3D bioprinted breast cancer models has been established to mimic
the TME. In these models, cell proliferation and tissue integrity could be successfully
demonstrated by incorporating co-cultured cells and maintaining physiological structures
(95). Chimeric organoids were generated by co-printing breast cancer and mammary
epithelial cells, resulting in increased 5-hydroxymethylcytosine levels in tumor cells (96).
Bone metastasis of breast cancer was modeled using osteoblast- and mesenchymal stem
cell co-cultures, where cancer-driven vascular endothelial growth factor (VEGF)
upregulation and stromal suppression was observed, alongside the growth stimulation of
breast cancer cells (97). For modeling adipogenic functions, adipose-derived stromal cell
spheroids were bioprinted, where tumor-induced matrix alterations could be detected,

which highlight the tumor—adipose tissue interactions (98). Adipose-derived
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mesenchymal stem cells were shown to enhance doxorubicin resistance by decreasing
apoptosis and stiffening the matrix (99). A vascularized tumor model was constructed
from metastatic cells, endothelial cells, and fibroblasts, enabling the study of stromal
density effects on angiogenesis and invasion (100). Acidic conditions were shown to
increase chemotherapeutic uptake (101, 102) and the efficacy of photothermal therapy
(103, 104) in 3D environment. Immune-tumor co-cultures revealed cytokine-mediated

immune cell activation and complete tumor clearance by T-cells within three days (105).

1.5.2. 3D bioprinted renal cell carcinoma models

3D bioprinted living kidney tissues are mainly used in regenerative medicine,
disease modeling, and toxicity testing, while renal cancer models are rarely developed
(106-111). A 3D bioprinted renal cell carcinoma (RCC) model was developed using
collagen—alginate—gelatin hydrogel to form tunneling nanotube-like structures, where
mitochondrial transfer and tumor communication was studied (112). A patient-specific
vascular model of clear cell renal cell carcinoma (ccRCC) was generated in a microfluidic
system using tumor and normal endothelial cells to observe differences in angiogenesis
and drug response between 2D and 3D models — sirolimus was effective only in 2D (113).
A 3D spheroid model of papillary renal cell carcinoma (pRCC) was built by layering
tumor cells over fibroblasts, restoring MET-dependent growth and drug sensitivity,
highlighting the role of fibroblasts in progression (114). A bioprinted neuroblastoma renal
metastasis model was also developed, and drug responses were shown to be dependent

on both cell-type and model system (115).

1.6. Issues concerning the comprehensiveness of 3D bioprinting literature
Although there are abundant review articles on the topic of 3D bioprinting, review
articles comprise approximately 40% of the publications, overshadowing original
research (Figure 4). This imbalance may suggest that the scientific community is more
focused on summarizing existing knowledge rather than generating new findings (116),
highlighting the need for a stronger influx of original research to drive the field forward.
Several factors may explain this pattern. The Coronavirus disease 2019 (COVID-

19) pandemic shifted research priorities, leading to a rise in the publication of literature
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reviews. Furthermore, pressures within the academic ecosystem (peer-review, research

funding, and academic degrees) have also influenced research output.
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Figure 4. Evolution of scientific publications on 3D ir vitro models based on a
PubMed data search (2010-2024; data retrieved on February 5, 2025). (a) Proportional
distribution (%) and absolute number of publications using different 3D model systems
in cancer research — organoids, spheroids, and 3D bioprinting (100% stacked column
chart). (b)) Comparative ratio of review articles to original research articles across the
different 3D model platforms (stacked column chart). (c¢) Yearly percentage of review

articles relative to the total number of publications within the field.
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1.7. Molecular characteristics of renal cell carcinoma subtypes

RCC originates from the renal tubular epithelial cells, with distinct histological
and molecular subtypes (117). The most common subtypes are ccRCC (75-80%), and
pRCC (10-15%), which differ in morphology, clinical behavior, molecular alterations
and metabolic profiles. RCC is considered a metabolic disease driven by dysregulated
pathways involved in oxygen, energy, and nutrient utilization (118).

ccRCC is characterized by frequent loss of function of the von Hippel-Lindau
(VHL) tumor suppressor gene (119). The inactivation of VHL leads to the stabilization of
hypoxia-inducible factors (HIF-1a and HIF-2a) even under normoxic conditions. HIF-
mediated transcriptional activity promotes the expression of genes involved in
angiogenesis (e.g., VEGF, platelet-derived growth factor — PDGF), glucose metabolism
(e.g., GLUTI, GLUT4), and proliferation (e.g., epidermal growth factor — EGF).
Consistent with these characteristics, ccRCC is characterized mainly by the Warburg
phenotype; it exhibits increased aerobic glycolysis, reduced OXPHOS, and high levels of
lactate production (120).

In contrast, pRCC exhibits greater molecular heterogeneity (121). Type 1 pRCC
is often associated with activating mutations in the MET proto-oncogene, which is
involved in cell growth, motility, and survival. Type 2 pRCC can be divided into even
more heterogeneous subgroups, which often involve alterations in TCA cycle enzymes:
fumarate hydratase (FH) or succinate dehydrogenase (SDH) (122). Loss of function in
these enzymes leads to the accumulation of TCA intermediates that function as
oncometabolites and promote tumorigenesis through epigenetic dysregulation (122-124).
Additionally, our research group highlighted that ccRCC primarily relies on aerobic
glycolysis ("Warburg" phenotype), whereas pRCCs exhibit a less glycolytic,
predominantly OXPHOS-driven metabolism, relying on glutamine and other TCA cycle
substrates (125).

The glycolytic dependence of ccRCC makes it vulnerable to agents targeting
glucose metabolism or HIF activity, while the oxidative and glutamine-driven profile of
pRCC suggests different vulnerabilities, such as inhibition of glutaminolysis or
mitochondrial function. These differences may be particularly important in the context of
post-transplant (post-tx) RCC, where immunosuppressive (IS) regimens may influence

the TME, metabolism and progression across subtypes (126).
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The distribution of post-tx RCC subtypes after transplantation changes compared
to the general population. The predominance of pRCC (51%) among post-tx RCCs —
significantly higher than the 10-15% typically observed in the de novo population — has
been reported in previous studies (127). This shift in subtype distribution suggests that
the altered metabolism may play an important role in the development of post-tx RCC

(128, 129).

1.8. Targeting the PI3K/Akt/mTOR pathway in renal cell carcinoma

The PI3K/Akt/mTOR pathway plays an important role in the development and
progression of RCC by promoting protein synthesis, angiogenesis, metabolic
reprogramming, and resistance to apoptosis (130). Genetic alterations affecting the
mTOR signaling cascade have been detected in 28% of RCC cases, especially in ccRCC
(120). Activation can occur through multiple mechanisms, including growth factor
receptor overexpression (e.g., VEGF, EGF), mutations in PI3K/Akt/mTOR components
themselves or in regulatory components (e.g., TSC1, TSC2, PTEN), or loss of VHL
function. In pRCC, mTOR pathway alterations are less frequent, especially in type 2
pRCC (131-133).

Therefore, the mTOR pathway has become a therapeutic target for managing
RCC, particularly in patients with poor prognosis or those who have progressed after
VEGF-targeted therapy (134, 135). Temsirolimus showed survival benefits in poor-
prognosis metastatic RCC patients, with FDA approval in 2007 following a successful
phase Il trial (136). However, later clinical trials have shown mixed results: temsirolimus
was less effective in non-clear-cell RCC when compared to axitinib (137).

Clinical responses to mTOR inhibitors are often modest; therefore, they are used
typically as second-line or later options, or in specific settings such as post-tx
malignancies where both IS and antiproliferative effects are required. Their dual role in
immunomodulation and tumor suppression makes them particularly relevant in transplant

recipients (138).

1.9. Immunosuppressive therapy and cancer risk after kidney transplantation
Kidney transplantation remains the treatment of choice for patients with end-stage

renal disease (ESRD), offering improved quality of life and long-term survival compared
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to dialysis (139). The success of transplantation depends on lifelong IS therapy to prevent
graft rejection, which necessitates a balanced IS regimen to suppress immune responses
and minimize adverse effects (Table 2).

It is well-known that there is an elevated risk of malignancies among kidney
transplant recipients (KTRs) (140-147). According to a recent study, about 25% of KTRs
will develop a tumor (excluding non-melanoma skin cancer, which occurs in 50% of
recipients). Post-tx tumors occur in approximately 7-33% of cases, with RCC being the
most frequent (14%) (148, 149). In addition to the higher occurrence of cancer, cancer-
specific mortality — where tumor or comorbidity is the cause of death (150) — is also
higher in KTRs. This can be due to the immunocompromised status caused by
maintenance IS therapy (151). The connection between IS regimen and cancer risk is not
completely clear, since transplant patients usually receive combination treatments, so it
is complicated to examine the role of individual substances.

Life-long maintenance IS therapy includes various combinations, and most of
them have already been linked to elevated tumor risk. These include calcineurin inhibitors
(CNIs) such as tacrolimus (TAC) or cyclosporine A (CsA). The tumorigenic effect of
CsA has been confirmed in many studies (152-157). TAC tends to be superior to CsA in
improving graft survival, although it has also shown neoplastic effects: topical use of
TAC can induce squamous cell carcinoma (158, 159) and in also associated with an
increased risk of lymphoma (160). TAC is associated with higher risk of cancer in KTRs,
with similar or even higher carcinogenicity as CsA (161, 162), as it has been linked to
earlier RCC onset compared to CsA (163). Nonetheless, some studies do not find an
association between TAC and skin cancer development (164-166); however, these studies
evaluated topical use, where minimal systemic absorption occurs (167). TAC can drive
tumorigenesis by inducing TGF-B via ERK, promoting EMT, ECM remodeling/buildup,
and immune evasion (168, 169). CNIs can also activate the mTOR pathway through Ras
activation, potentially increasing mTORCI1 activity cell-type specifically (170).

Other commonly used IS drugs have also been associated with carcinogenic
effects. Most KTRs receive high-dose corticosteroids to prevent acute rejection in early
period after transplantation and then taken at a lower dose as maintenance therapy. Based
on numerous studies, the carcinogenesis-inducing effect of corticosteroids is still unclear:

they tend to increase the risk of malignancies (171, 172), but there are contradictions in
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the experimental data, as well (173-175). Azathioprine was also associated with increased
risk of carcinogenesis (176-179), but some studies claim no increased risk of
malignancies (180, 181). Mycophenolate mofetil (MMF) and mycophenolic acid
demonstrated a correlation with lower risk of malignancies (182-184), however, it might
be related to Kaposi sarcoma (185).

Rapamycin (Rapa, sirolimus) was first registered by the FDA as an
immunosuppressant in 1999 for using in combination with CsA. In November 2000, the
drug was registered by the EMA as an alternative to CNI for maintenance IS therapy.
Increasing evidence suggests a connection between the use of mTOR inhibitors and a
lower risk of overall malignancies among recipients (186-192). For this reason,
conversion to Rapa in patients with a history of cancer is recommended and safe regarding
renal function and graft survival (193, 194). Early conversion to an mTOR inhibitor-based
IS regimen was noninferior to other IS regimens (195); however, other studies suggest
that early mTOR inhibitor initiation is preferred, as later conversion may be limited by
existing CNI-induced nephrotoxicity (196, 197).

CNIs prevent acute rejection but are associated with nephrotoxicity, graft
dysfunction, and possible malignancies. mTOR inhibitors are nephroprotective and
antiproliferative, potentially lowering post-tx cancer risk, though they have adverse
effects. Overall, early CNI minimization might support both short- and long-term kidney
function (198).

24



Table 2. Overview of common maintenance immunosuppressive drugs used in solid-organ transplantation. It includes representative

agents, brand names, molecular targets, mechanisms of action, and typical side effects.

Class Agent Brand name Target Effect Side effects
Methyl- Cytosolic Modulates gene Hypeﬂen519n, g.lucos.e intolerance, dysllp}demla,
CS . Medrol . . osteoporosis, thin skin, muscle loss, gastric ulcers,
prednisolone glucocorticoid receptor ~ expression ) . .
infections, psychosis
Binds cyclophilin; .. . . .
Sandimmune Neoral; ~ inhibits nuclear Inhibits T-cell Nephrotoxicity, hypertension, dyslipidemia, =
CsA . . - . neurotoxicity, glucose intolerance, vomiting, diarrhea,
Ciclosporin IDL translocation of NFAT; activation cnoival h lasia. infection
inhibits calcineurin gingival hyperplasia, nfections
CNI
Adport; Prograf; Binds FKBP-12; .
inhibits nuclear Inhibits T-cell . . . .
TAC Envarsus; Advagraf; - ] o Hypertension, dyslipidemia, glucose intolerance
. . translocation of NFAT; activation
Modigraf; Tacforius e . )
inhibits calcineurin
— Purine nucleotides are Inhibits de novo Anemia, neutropenia, thrombocytopenia, hepatotoxicity,
Azathioprine Imuran and salvage purine ..
released . pancreatitis
AM synthesis
Cellcept; Myclausen, Inhlblts IMPDH; Inhibits de novo Diarrhea, nausea, vomiting, leukopenia,
MMF Myfenax inhibitis cGMP urine synthesis thrombocytopenia, anemia
» synthesis P Y ytopenia,
Sirolimus . Inhibits T-cell Dyslipidemia, thrombocytopenia, hepatotoxicity,
. Binds FKBP-12; . e . . .
mTORI  (Rapa); Rapamune; Certican activation; blocks pneumonitis, infections, hypokalemia, hyperglycemia,
; blocks p70S6K .
Everolimus cell cycle hypertension, acne

AM = antimetabolite, CNI = calcineurin inhibitor, CS = corticosteroid, CsA = cyclosporin A, NFAT = nuclear factor of activated T-cells, TAC = tacrolimus, FKBP-
12 = FK506-binding protein 12, MMF = mycophenolate mofetil, mMTORI = mTOR inhibitor, Rapa = rapamycin
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2. Objectives

2.1. Establishment and characterization of 3D bioprinted cancer models

The quality and physiological relevance of preclinical models are critical
determinants of success in the drug development pipeline. Traditional 2D monolayer cell
culture models fail to recapitulate the complex architecture, cell-cell interactions, and
microenvironmental features of tumors, limiting their predictive value. Therefore, robust
and predictive in vitro models are essential for predicting in vivo and later clinical efficacy
and safety outcomes. In this context, 3D bioprinted tumor models represent a promising
advancement, offering improved structural and functional resemblance to in situ tumors.

Our objectives aim to develop a standardized, physiologically relevant 3D tumor
model that enhances the predictive value of preclinical testing and supports the discovery

of more effective cancer therapies.

Accordingly, our main objectives were as follows:

To establish and optimize a reproducible 3D bioprinting workflow, including the
formulation of customized bioinks and the fine-tuning of printing parameters for the
generation of 3D bioprinted TMSs.

To generate 3D bioprinted RCC and breast cancer models from various cell lines (ZR75.1,
T47D, MCF7, A498, 786-0, 4T1) and tumor-derived cells.

To validate the usability of in vitro growth-monitoring assays in 3D bioprinted TMSs
using a stable mCherry-transfected cell line.

To investigate tissue morphogenesis and spatial organization within the 3D bioprinted
breast cancer TMSs, focusing on cell—cell and cell-ECM interactions.

To characterize the activity of the mTOR signaling pathway within the 3D bioprinted
breast carcinoma TMSs and compare it with conventional 2D monolayer cultures to
evaluate differences in baseline signaling.

To assess the therapeutic sensitivity of the 3D bioprinted breast carcinoma TMSs to
mTOR inhibitors and chemotherapeutic agents, and to compare these responses with
those observed in 2D monolayer cultures.

To establish a 3D bioprinted “patient-derived” breast cancer model and compare its drug

sensitivity profile with that of other in vitro and in vivo models.
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2.2. Tumorigenic role of tacrolimus in post-transplant renal cell carcinoma

The increased risk of malignancies following organ transplantation is well-known.
This elevated cancer risk has been attributed to long-term IS therapy, which reduces
immune function. However, differences in the tumor-promoting potential of various IS
drugs suggest that certain agents may have direct pro-oncogenic effects, independent of
immune suppression. These effects may be mediated through the modulation of
intracellular signaling pathways, which are known to influence cellular proliferation,
metabolism, and survival.

Our objectives aim to elucidate the differential effects of IS agents on oncogenesis
and to investigate the molecular pathways underlying post-tx malignancies, with a

particular focus on mTOR signaling dynamics.

To investigate this hypothesis, our specific objectives were as follows:

To collect a comprehensive RCC cohort of post-tx kidney tumors and de novo RCCs from
non-transplanted (non-tx) patients.

To examine the in situ effect of CNI- or mTORI-based immunosuppression on mTOR
pathway activity in the renal tissue of patients with ESRD, as well as in ischemia-induced
murine kidneys in vivo.

To examine the in situ effect of CNI- or mTORI-based immunosuppression on mTOR
pathway activity in post-tx and de novo RCCs, focusing separately on mTORCI1 and
mTORC2 complexes.

To evaluate the in vitro impact of CNI- or mTORI-based immunosuppression on cell
proliferation and mTOR pathway activation in a normal human tubular epithelial cell line
and RCC cell lines representing various histological subtypes (2D monolayer cultures and
3D bioprinted TMSs).

To compare the long-term effects of different IS agents (mTORI- vs. CNI-based) on
tumor growth and mTOR pathway activity using a human in vivo RCC xenograft mouse

model and in vitro 3D bioprinted tissue-mimetic structures.
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3. Methods

3.1. Cell cultures and in vitro reagents
In vitro experiments were conducted using a panel of RCC and breast cancer cell

lines, as summarized in Table 3.

Table 3. Data of the used cell lines.

Cell line Origin Subtype Medium Source Reference Gen. mod.
786-O H-RCC clear cell RPMI-1640 ATCC #CRL-1932 no

A498 H-RCC clear cell MEM ATCC #HTB-44 no

ACHN H-RCC papillary DMEM-HG Sigma #88100508 no

HK-2 H-PTC kidney DMEM-HG ATCC #CRL-2190 no

ZR75.1 H-BC lum. B RPMI-1640 ATCC #CRL-1500 no

T47D H-BC lum. A RPMI-1640 gift (199) mCherry
MCF7 H-BC lum. A RPMI-1640 ATCC #HTB-22 no

4T1 M-BC TNBC DMEM-HG ATCC #CRL-2539 no

ATCC = American Type Culture Collection, BC = breast cancer, DMEM = Dulbecco's Modified Eagle
Medium, Gen. mod = genetic modification, H = human, HG = high glucose, lum = luminal, M = mouse,
MEM = Minimum Essential Medium, PTC = proximal tubular cell, RCC = renal cell carcinoma, RPMI =

Roswell Park Memorial Institute (origin), TNBC = triple negative breast cancer

Cells were maintained and cultured at 37 °C in a humidified incubator with 5%
CO:z. All media were supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, and penicillin/streptomycin (100 UI/mL) or gentamycin (80 mg/2 mL)
antibiotics (all from Biosera). In vitro treatments were performed on cells seeded in 96-
well plates (Sarstedt; 2—5 x 103 cells/well), T25 flasks (Sarstedt; 2-5x 10* cells/flask), or
6-well plates (Sarstedt; six TMSs/well). For drug sensitivity testing, after 24-hour (2D)
or 7-day (3D) preculturing, media was refreshed, and cells were exposed for 72 hours to
the treatments (Table 4). Concentrations were chosen based on recommended serum
levels and former experiments (200, 201). For long-term exposure, TAC (10 ng/mL) or
Rapa (10 ng/mL) was reapplied immediately after each medium change over a 21-day
period, cells were manually counted, and none were discarded.
Table 4. Characteristics of the in vitro treatment substances used in the study.

Substance Target Conc. Source
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. 10 ng/mL
tacrolimus (TAC) CNI Merck-Sigma-Aldrich
50 ng/mL

) allosteric mTORI 10 ng/mL
rapamycin (Rapa) Merck-Sigma-Aldrich
(selective mTORCI inhibitor) 50 ng/mL

ATP-competitive mTORI

PP242 1 uM Tocris Bioscience
(dual mTORC1/C2 inhibitor)

ipatasertib (Ipa) pan-Akt inhibitor 1 uM Selleckchem

cisplatin (Cis) DNA cross-linking agent 1 uM Accord Healthcare

doxorubicin (Doxo) topoisomerase II inhibitor 50 ng/mL  Teva Hungary

CNI = calcineurin, Conc. = concentration, mTORI = mTOR inhibitor

3.2. In vitro proliferation assays (Alamar Blue and Sulforhodamine B)

For 2D assays, cells were seeded in 96-well plates, while 3D bioprinted TMSs
were cultured in p-HEMA-coated 6-well plates. Following treatments, cell viability and
proliferation were measured using Alamar Blue (AB; Thermo Fisher Scientific) and
Sulforhodamine B (SRB) assays. For 3D bioprinted TMSs, proliferation assays were
conducted in 96-well plates by transferring the TMSs directly into the wells prior to AB
addition. AB was diluted 1:10 in culture medium. Fluorescence was recorded after a 2-4-
hour incubation using a Fluoroskan Ascent FL reader (AB: 570—-590 nm, mCherry: 530—
620 nm, Labsystems International), and data were processed with Ascent software.

For the SRB assay, cells were fixed with trichloroacetic acid (10 %, 4 °C, 60 min),
washed with distilled water, and air-dried. Fixed cells were stained with 0.4% SRB in 1%
acetic acid (15 min, RT), followed by washing with 1% acetic acid and drying. Protein-
bound dye was dissolved in 10 mM Tris buffer, and absorbance was measured at 570 nm
using a microplate reader (Labsystems International).

All measurements were performed in six replicates and each experiment was
repeated at least three times. Proliferation and viability were expressed relative to
untreated controls; vehicle-only wells and cell-free printed constructs served as negative

controls.

3.3. Preparing hydrogels for 3D bioprinting
Two bioinks were formulated for 3D bioprinting, selected based on their

printability, ability to support cell viability, and compatibility with experimental analyses.
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For a low-viscosity, cell-containing bioink (“cellular gel”), 3% (w/v) sodium alginate was
dissolved in water and sterilized (in autoclave, 121 °C, 120 kPa, 20 min). While still
warm, sterile 1% (w/v) gelatin (Sigma-Aldrich) was added under aseptic conditions, then
refrigerated at 4 °C for >24 h. Immediately prior to printing, cells were gently suspended
in the gel at 1x107 cells/mL and the mixture was maintained at 37 °C. For an acellular
“scaffold gel”, a 6% (w/v) alginate and 11% (w/v) methylcellulose (Sigma-Aldrich) blend
was prepared. The scaffold gel was loaded into printer cartridges and refrigerated at 4 °C
for >24 h to complete gelation, then equilibrated at room temperature (RT) 1 h before use.
Each gel was loaded into a separate printhead to enable alternating layer deposition. CaCl,
(calcium chloride, Sigma-Aldrich) was dissolved in sterile water at 200 mM and
subsequently sterilized by filtration (0.22 pm).

The rheological behavior of the formulated bioinks was assessed using a Kinexus
Pro+ rheometer (Model KNX2100, Malvern Instruments Ltd.). Data analysis was carried
out using rSpace software version 2.0. Tests were performed in rotational mode with a
cone-plate geometry (CP4/40 SR0207 SS: PL65 S0815 SS), maintaining a 0.15 mm gap.
For each measurement, 1.0 g of gel was applied, and three replicates were analyzed.
Viscosity was evaluated at two temperatures: RT (25.0+0.01 °C) and physiological
temperature (37.0+0.01 °C), across a shear rate range of 0.1 to 100 s™'. To determine the
influence of temperature on gel properties, additional tests were performed under a
constant shear stress of 1 Pa while gradually increasing the temperature from 20 °C to
40 °C. Each condition was assessed in triplicate, and results are presented as mean values

with standard deviations.

3.4. 3D bioprinting of tissue-mimetic structures

The 3D bioprinted TMSs were designed using GeSiM Robotics software and
produced with an extrusion-based bioprinter (Bioscaffolder 3.2, GeSiM) equipped with
two independently controlled dispensing units. For proliferation assays, constructs with a
5 mm diameter and a total height of 0.5 mm were printed, consisting of six alternating
layers of cell-containing and acellular scaffold gels. For IHC or western blot/WES™
Simple analyzes, larger structures (10 mm diameter, 1 mm total height) composed of 10
alternating layers were fabricated. Bioprinting was performed with the following

parameters: interlayer angle of 90°, infill distance of 1.5 um, layer connection set to
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"outline plus", and printing speed of 10 mm/s. Needle diameters were 110 um for the
acellular scaffold gel and 50 um for the cell-containing gel, applied at pressures of
400 kPa and 20 kPa, respectively. Post-printing, the constructs were crosslinked in
200 mM CaCl: (2 min), then transferred into fresh medium and refreshed every 2—3 days.
To prevent cell attachment to the plate surface, TMSs were maintained in poly-(2-

hydroxyethyl methacrylate) (p-HEMA; Sigma-Aldrich)-coated 6-well plates (Sarstedt).

3.5. Renal cell carcinoma cohort and tissue microarray construction

The study included post-tx RCCs (n = 44; arising in the remaining kidneys of
KTRs) and non-tx RCCs (n = 46; from patients who had not received IS). All tumors
were evaluated and classified according to the WHO Classification (117). Additionally,
kidney tissues from patients with ESRD (n = 10) and from donor kidneys that were non-
transplantable due to surgical reasons (normal kidney; n = 3) were analyzed. All samples
were obtained by surgical resection at Semmelweis University (2000-2015), with
approval from the Hungarian Scientific Council National Ethics Committee for Scientific
Research (No. 7/2006, SE-RKEB — 216/2020).

Tissue microarrays (TMA) were constructed by extracting 2-mm diameter cores
from FFPE blocks of RCCs, ESRD tissues, and normal kidney samples. For each case, at
least two cores were taken from histologically representative regions, as identified on HE-
stained sections by an experienced pathologist. The cores were embedded into recipient

paraffin blocks using the TMA Master instrument (3DHistech).

3.6. Immunohistochemistry and hematoxylin-eosin staining

For histopathological assessment, formalin-fixed, paraffin-embedded (FFPE)
blocks were used. Representative areas were selected by an experienced pathologist for
subsequent analysis on routinely hematoxylin-eosin (HE)-stained (4-pum-thick) sections.

For 2D cell cultures, cells were detached using Triple X reagent (Gibco),
resuspended in liquid agar, and formalin fixed after the agar had solidified. The 3D
bioprinted TMSs were fixed in 10% formalin, then stabilized in 1% agar solution (4 °C,
10 min) and transferred into tissue cassettes. These experimental blocks were dehydrated

and embedded in paraffin.
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For immunohistochemistry (IHC), sections were deparaffinized, endogenous
peroxidase activity was blocked, and antigen retrieval was carried out in a pressure cooker
(10 mM citrate buffer; pH 6.0; 10-30 min). Slides were incubated with primary antibodies
(Table 5), and detection was performed with either the Novolink Polymer detection
system (Leica Biosystems) or the Vectastain Universal Quick HRP Kit (Vector
Laboratories). 3,3'-Diaminobenzidine (DAB; Dako) was used as chromogen, followed by
hematoxylin counterstaining. Stained slides were scanned and independently evaluated
by two observers using SlideViewer 2.7 software (3DHistech).

Quantitative evaluation was performed on the RCC cohort. A semi-quantitative
H-score was calculated by combining the staining intensity (0, 1+, 2+, or 3+) with the
percentage of positive cells (202). Median H-score values defined the cutoffs between
“low” and “high” expression (p-mTOR: 130; p-S6: 110; Rictor: 100). mTORCI activity
was estimated based on the expression of p-mTOR and p-S6, while mTORC?2 activity
was based on p-mTOR and Rictor expression; cases with high expression of p-mTOR and

Rictor were classified as mTORC2-high.

Table 5. Primary antibodies used for protein analyzes.

Antibody Brand Cat. No HC ‘]))Vi]lgution WES™ Function
mTOR CS #2983 1:100 1:1000 1:50 kinase of mMTORC1/C2
p-mTOR CS #2976 1:100 - 1:50 activated form of mTOR
(Ser2448) cs #2971 - 1:1000 -

CS #5536 - 1:1000 -
TSCl1 GTX GTX130062 - 1:1000 - neg.reg. of mTOR
pan-Akt CS #4691 1:500 1:1000  1:50 target of mMTORC2
p-Akt (Serd73) CS #4060 1:50 1:1000  1:50 activated form of Akt
PSAPK/INK Cs #4668 - 1:1000 - stress response
(Thr183/Tyr185)
S6 CS #2317 1:100 1:1000 1:50 target of mMTORC1
p-S6 CS #4858 1:100 1:1000 - activated form of S6
(Ser235/236) cs #2211 1:100 - -
p-S6 S #2215 - 1:1000  1:50 activated form of S6
(Ser240/244) (mTOR dependent)
Rictor Bethyl #A500-002A  1:1000 - - mTORC?2 scaffold prot.

CS #2140 - 1:1000 1:50
Raptor Abcam #ab40768 1:100 1:1000 - mTORCI scaffold prot.
PTEN Cs #9188 1:100 - - neg.reg. of PI3K/AKT
cleaved-caspase-3 CS #9664 1:100 - - apoptosis
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LC3 CS #3868 1:100 - - autophagy

Ki67 TF #PA5-19462  1:200 - - proliferation
N-cadherin BDB #610921 1:100 - - cell adhesion

E-cadherin GTX #GTX629691  1:100 - - cell adhesion

p-catenin Merck  #224M-14 1:50 - - cell adhesion and transcr.
fibronectin TF #MS-1351 1:100 - - EMT

syndecan 1 SB 50641-RP02  1:500 - - cell adhesion

B-actin SA #A2228 - 1:5000  1:50 loading control

BDB = BD Biosciences, CS = Cell Signaling, GTX = GeneTex, neg.reg. = negative regulator, prot =
protein, SA = Sigma-Aldrich, SB = SinoBiological, TF = Thermo Fischer Scientific, transcr. =
transcription

3.7. Western Blot and WES™ Simple analysis

Due to interference caused by the alginate-based bioink, it was removed from the
3D bioprinted TMSs prior to protein extraction. Constructs were rinsed in phosphate-
buffered saline (PBS), then incubated in 0.1 mM sodium citrate solution (30 min, on ice),
followed by centrifugation (1000 rpm, 10 min, 4 °C). This process effectively dissolved
the alginate scaffold while preserving the 3D cellular architecture as spheroid-like
aggregates. Cells or residual 3D structures were rinsed with PBS and lysed in ice-cold
buffer containing 50 mM Tris, 10% glycerol, 150 mM NaCl, 1% Nonidet-P40, 10 mM
NaF, 1 mM PMSF, and 0.5 mM NasVOs (30 min, pH 7.5). Protein concentration was
quantified using the Bradford assay (Bio-Rad).

When performing western blot (WB), proteins were separated by SDS-PAGE,
transferred to polyvinylidene fluoride (PVDF) membranes, and probed with primary
antibodies (Table 5), followed by incubation with biotinylated secondary antibodies and
the avidin—-HRP complex (Vectastain Elite ABC HRP Kit; Vector Laboratories). Signal
detection and visualization was performed using ECL substrate and iBright FL.1000
imaging system (Thermo Fisher Scientific), analyzed in ImageJ software.

Simple Western (WES™) analysis was carried out on a 12-230 kDa Separation
Module (ProteinSimple). Samples were diluted (0.2 pg/pl) in Sample Buffer
(ProteinSimple), mixed with Fluorescent Master Mix (1:4 ratio, ProteinSimple), and
incubated at 95°C (5 min). The samples, Antibody Diluent (ProteinSimple), primary
antibodies (Table 5), with the Anti-Rabbit/Anti-Mouse Detection Module
(ProteinSimple) were loaded into the plate. The following settings were applied:

capillary-based stacking and separation (395 V, 30 min), blocking step (5 min), primary
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and secondary antibody incubations (30 min), and chemiluminescent detection with
luminol/peroxide (15 min). Data analysis was conducted using Compass software (USA).

Protein expression levels were normalized to B-actin. Ratios of phospho-to-total
protein were calculated (p-mTOR/mTOR, p-S6/S6, p-Akt/pan-Akt) to assess the activity
of mTOR kinase, mTORCI1, and mTORC?2, respectively. The Raptor/Rictor ratio was
used to evaluate the relative abundance of mMTORC1 and mTORC2 complexes. All WBs

were conducted in at least three replicates.

3.8. Renal ischemia reperfusion mouse model

Eight-week-old male C57BL/6 mice (n=24) were used to establish a renal
ischemia-reperfusion (IR) model. Mice were assigned to six groups (n =4/group): 1. TAC
(3 mg/kg, intraperitoneal — IP, Advagraf-Astellas Pharma, IR surgery); 2. TAC control
(saline, /P, IR surgery); 3. TAC SHAM control (saline, /P, placebo surgery); 4. Rapa
(1.5 mg/kg/day, per os, Rapamune -— Pfizer, IR surgery); 5. Rapa control (saline, per os,
IR surgery); 6. Rapa SHAM control (saline, per os, placebo surgery).

Anesthesia was induced with ketamine-xylazine (Sigma-Aldrich), body
temperature was maintained at 37 °C using a heating pad. IR was induced by clamping
the left renal artery and vein for 20 min with an atraumatic vascular clamp. Before
reperfusion, the contralateral kidney was removed, and clamp release was followed by
visual confirmation of reperfusion. SHAM groups underwent laparotomy without
vascular clamping or nephrectomy. Treatments were initiated 24 hours after surgery and
continued for three consecutive days. TAC (3 mg/kg/day) maintained therapeutic blood
levels (4.5-8.4 ng/mL; Siemens Dimension EXL with LM Integrated Chemistry System).

On the fourth day, animals were euthanized, and kidneys were fixed for later processing.

3.9. Human xenograft and syngeneic mouse model

Xenograft models were established by subcutaneously injecting 1-5 x 10° cells
into the flanks/breast region of 8-week-old SCID mice (n=5/group). To establish the
syngeneic tumor model, 1 X 10¢ 4T1 cells were injected into the breast region of 8-week-
old BALB/c mice. When palpable tumors developed, mice were randomized: 1. /P control
(saline, IP); 2. TAC (3 mg/kg, IP, Advagraf); 3. Rapa (1 mg/kg, per os, Rapamune); 4.

per os control (saline, per os) or 1. Control (saline, per os); 2. Rapa (3 mg/kg, per os); 3.
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Doxo (2 mg/kg, intravenous, Doxorubicin-TEVA); 4. Cis (2 mg/kg, IP, Cisplatin
Accord). Treatments were administered three times/week for 21 days (Cis: 1x/week).
Tumor size and body weight were monitored throughout the study. At the end, animals
were euthanized, and samples were collected for further analyses. For assessing the tumor

volumes, the following method was used:

m (2 x shorter diameter + longer diameter \°
6" < 3 )

All procedures were conducted in compliance with animal welfare regulations and
were approved by the Institutional Ethical Review Board (PE/EA/801-7/2020; 16

September 2020) and national authorities (PEI/001/1733-2/2015; 14 October 2015).

3.10. Isolating cells from in vivo tumor

Solid tumors were excised from euthanized BALB/c mice. Tumor tissues were
immediately placed into sterile Petri dishes containing PBS supplemented with penicillin-
streptomycin (100 UI/mL). Tumors were chopped into 1-2 mm?® fragments, then
subjected to enzymatic digestion in DMEM-HG media containing 1 mg/mL collagenase
type IV and 0.1 mg/mL DNase I (45-60 min, 37 °C, gentle agitation, Sigma-Aldrich).
After digestion, the resulting cell suspension was passed through a 70 pm cell strainer, to
reach a one-cell suspension and eliminate ECM residues, then centrifuged (1000 rpm, 5

min), washed twice with PBS, then directly used for subsequent studies.

3.11. Statistical analysis

Expression patterns were evaluated by using contingency tables and chi-square
tests on H-scores. For parametric datasets, comparisons between two groups were
performed using a two-sample t-test, while one-way ANOVA followed by Tukey’s post-
hoc test/Fischer’s LSD test was applied for analyses involving more than two groups.
Data normality was assessed using the D’ Agostino-Pearson test. Statistical analyses were
carried out using GraphPad Prism version 10.4.1 (532) (GraphPad Software, USA). All

results are based on data from at least of three independent experiments.
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4. Results

4.1. Establishment of 3D bioprinted cancer models via Gesim BioScaffolder
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Figure 5. Establishment of 3D bioprinted cancer models from RCC and breast
cancer cell lines. Rheological analysis of the bioinks. (a, ¢) Viscosity curves of the
cellular and scaffold gels at various temperatures. Temperature-dependent changes in the
viscosity of the (b) cellular and (d) scaffold gels. Data represent three technical replicates
(203). (e) Schematic representation of the 3D bioprinted TMSs, composed of six
alternating layers of cellular and scaffold gels, along with the bioprinting process. (f)

Representative images of 3D TMSs of various RCC and breast cancer cell lines (HE-
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staining). Scale bar: 100 pm. TMS growth was monitored over three weeks using the SRB

assay.

Two bioinks were developed for 3D bioprinting: a low-viscosity, cell-containing
gel, and a high-viscosity scaffold gel for structural support, deposited in alternating
layers. Rheological analysis revealed desirable shear-thinning behavior in both gels, more
pronounced in the scaffold gel. Viscosity decreased with rising temperature, supporting
printability (Figure 5a,c). For the cellular gel, viscosity dropped sharply around 25°C and
stabilized near 32°C. The scaffold gel exhibited a more gradual decrease in viscosity
across the tested temperature range (Figure Sb,d).

The 3D bioprinted TMSs were constructed of six alternating layers of cell-laden
and cell-free scaffold gels, followed by CaCl; crosslinking (Figure Se). Various cell lines
were successfully used, including breast carcinoma (ZR75.1-luminal B, T47D—luminal
A, MCF7-luminal A, 4T 1-triple-negative) and RCC (A498—ccRCC, 786-O—ccRCC) cell
lines (Table 3), which were used in subsequent patient-derived model development and
renal cancer studies. The bioprinted TMSs were cultured for three weeks with detectable
continuous growth in all models. Although the overall growth was consistent, cell line—
specific differences in growth kinetics were observed throughout the culture period

(Figure 5f).

4.1.1. Validation of growth and cellular dynamics in 3D bioprinted tissue-mimetic
structures

3D bioprinted TMSs were generated using stable mCherry-transfected T47D
breast carcinoma cells and cultured for 21 days. Tissue growth was monitored via
mCherry fluorescence, AB for metabolic activity and SRB for total protein content. AB
and SRB results closely matched mCherry (no significant differences detected),
confirming their reliability for assessing proliferation in 3D bioprinted TMSs, which
expanded continuously over 21 days (Figure 6a).

In the 3D TMSs, apoptotic cells were predominantly localized to central regions,
whereas apoptosis was rare in 2D cultures. Autophagy-related protein expression was
more prominent in 2D cultures, indicating potentially higher autophagic activity

compared to the 3D models. Ki67 staining revealed intense proliferation in 2D cultures,
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while in the 3D TMSs, proliferating cells were fewer and distributed heterogeneously

throughout the tissue-like constructs (Figure 6b).
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Figure 6. Proliferation and cellular dynamics in 3D-bioprinted T47D tissue-mimetic
structures. (@) Growth was quantified via constitutive mCherry fluorescence along with
Alamar Blue (AB) and Sulforhodamine B (SRB) assays; no significant differences were
detected in the results of these tests (paired t-test, p > 0.05, as shown on multi-line chart).
(b) Apoptosis (cleaved caspase-3; CC3), autophagy (light chain 3; LC3), and proliferation
(Ki-67) were evaluated in 2D cell cultures and 3D-bioprinted TMSs. DAB chromogen,
hematoxylin counterstaining. Scale bar: 100 pm. Cell line: T47D.

4.1.2. Increase and redistribution of cell-cell and cell-matrix adhesion proteins
within 3D bioprinted tissue-mimetic structures

The expression patterns of several key cell-cell adhesion molecules and ECM
components were investigated in both 3D bioprinted TMSs and traditional 2D cell
monolayers (Figure 7). In the 3D bioprinted TMSs, intense membrane-associated
staining of B-catenin was detected throughout the entire structure. By contrast, in 2D
cultures, only a small subset of cells was found to exhibit B-catenin membrane positivity.

E-cadherin distribution was similar: in the 3D bioprinted TMSs, E-cadherin was
predominantly — and specifically — anchored at cell membranes, forming crisp outlines
around each cell. In the 2D monolayers, although strong staining was detected, the pattern

was less sharp, and the overall intensity of E-cadherin expression was reduced.
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Within the 3D bioprinted TMSs, membrane-localized N-cadherin staining was
markedly enhanced and was consistently observed on cells throughout the entire
structure. In contrast, 2D-cultured cells showed only weak and sporadic N-cadherin

positivity, a pattern that closely resembled the B-catenin staining.

B-catenin

E-cadherin

N-cadherin

fibronectin

syndecan 1

Figure 7. Protein expression pattern associated with cell-cell and celllFECM
adhesion differs between 2D monolayer cultures and 3D bioprinted TMSs. IHC
analyzes were performed for membrane and adhesion proteins — including p-catenin, E-
cadherin, N-cadherin, fibronectin, and syndecan-1. DAB chromogen, hematoxylin

counterstaining. Scale bar: 20 pm. Cell line: T47D.

In the 3D bioprinted TMSs, fibronectin was predominantly detected in a

pronounced perinuclear pattern, suggesting active intracellular trafficking or storage
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adjacent to the nucleus. Conversely, in 2D cultures, fibronectin was observed at the cell
surface, forming a membrane-associated network.

Finally, syndecan expression was distinctly modulated by the dimensionality. In
the 3D bioprinted TMSs, a weak but homogeneous cytoplasmic signal was combined with
clear membrane positivity, indicating that both intracellular pools and cell-surface
reservoirs of syndecan were being utilized. In the 2D monolayers, syndecan-1 staining
was weaker overall in the cytoplasm but still retained detectable membrane localization.

Together, these data illustrate that both the amount and the localization of
adhesion molecules and ECM proteins are influenced by the dimensionality of the cell
culture environment, with 3D bioprinting fostering more robust membrane localization

of adhesion proteins and reconfiguring ECM deposition patterns.

4.1.3. Reduced activation and increased heterogeneity of mTOR-pathway
components in 3D bioprinted tissue-mimetic structures

The mTOR signaling cascade regulates a wide array of cellular functions —
ranging from nutrient sensing and metabolic control to cell growth and division. To
investigate how this pathway behaves in a more physiologically relevant context, we
compared the expression and activation status of key mTOR-regulated proteins in our 3D
bioprinted TMSs versus 2D monolayer cultures.

It was observed that the 3D bioprinted TMSs displayed an overall decrease in the
expression of mTOR pathway proteins. Although the total levels of core proteins —
including mTOR, S6, and pan-Akt — did not appear to differ significantly between 2D
and 3D models by visual inspection, a marked decline was detected in the expression of
the phosphorylated (activated) forms of these molecules in the 3D environment. p-mTOR
and p-S6 was significantly attenuated in the 3D bioprinted TMSs, as evidenced by weaker
staining intensity and a reduced number of positively stained cells. It was further noted
that these phospho-proteins were predominantly localized at the outer regions of the 3D
bioprinted TMSs, implying that proliferative and growth-related activities were taking
place at the periphery. Moreover, the distribution of p-S6 was characterized by
pronounced heterogeneity within the 3D bioprinted TMSs, compared to the 2D cultures
(Figure 8).
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This suggests that microenvironmental gradients — such as nutrient availability,
oxygen diffusion, or mechanical cues — form within the thicker, cell-rich 3D bioprinted
TMSs and directly influence mTOR pathway activation. mTOR signaling is not only
downregulated overall but also exhibits a spatial shift, with peripheral activation

supporting proliferation, while central regions remain quiescent.
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Figure 8. Different mTOR pathway protein expression patterns in 3D bioprinted
TMSs versus 2D monolayers. [HC was performed to compare mTOR pathway activity
— including mTOR, p-(Ser2448)-mTOR, S6, p-(Ser235/236)-S6, pan-Akt, p-(Serd73)-
Akt, Rictor, and Raptor. DAB chromogen, hematoxylin counterstaining. Scale bar: 100
um. Cell line: T47D.
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4.1.4. Quantitative analysis of mTOR signaling in 3D-bioprinted tissue-mimetic
structures
mTOR signaling was quantitatively evaluated in 3D bioprinted TMSs. For
analysis, the hydrogel matrix was removed by digestion to preserve cell—cell junctions
and “tissue” architecture (Figure 9a). Following hydrogel removal, the activity of the two
mTOR complexes was evaluated in both 3D bioprinted TMSs and the conventional 2D
cultures (Figure 9b).
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Figure 9. Comparative quantification of mTOR pathway protein levels in 3D-
bioprinted TMSs versus 2D monolayers. (a) Schematic workflow illustrating how 3D-
printed constructs were processed for protein extraction and WB analysis. (b)
Representative blots of total and phosphorylated mTOR pathway components (mTOR, p-
[Ser2448]-mTOR, S6, p-[Ser235/236]-S6, pan-Akt, p-[Serd73]-Akt, Rictor, and Raptor).
(c) Densitometric measurements were normalized to B-actin; *p<0.05; **p<0.01;
*#%p <0.001 (two-way ANOVA with Fisher’s LSD post hoc test). (d) Ratios of phospho-
to-total proteins. *p <0.05; **p <0.01; ***p<0.001 (two-way ANOVA with Fisher’s
LSD post hoc test). Cell line: T47D.

When normalized to B-actin, elevated levels of S6 (1.75 vs. 0.96), pan-Akt (1.32
vs. 0.89), and Rictor (1.30 vs. 0.77) were detected in the 3D bioprinted TMSs compared
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to the 2D monolayers. Conversely, a reduction in p-S6 (0.71 vs. 1.16) and p-Akt (0.11 vs.
0.97) was recorded in the 3D bioprinted TMSs (Figure 9c¢).

Phospho-to-total protein ratios were calculated: a pronounced decrease in p-S6/S6
(0.41 vs. 1.20) and p-Akt/Akt (0.09 vs. 1.11) was observed in the 3D bioprinted TMSs,
implicating diminished mTOR kinase activity under 3D culture conditions. Additionally,
the ratio of Rictor to Raptor was found to be unchanged between the two model systems,
which suggests that the relative abundance of the mTOR complexes remained stable, even

though their enzymatic function was attenuated in the 3D bioprinted TMSs (Figure 9d).

4.1.5. Altered response to mTOR-targeted therapies in 3D bioprinted tissue-
mimetic structures

The sensitivity of 3D bioprinted TMSs and 2D monolayer cultures to mTOR-
targeting and chemotherapeutic agents was evaluated. Treatments were administered in
vitro using Rapa, Cis, Ipa, and their combinations (Cis + Rapa; Cis + Ipa). In the 2D
cultures, a pronounced inhibition in proliferation was induced by Rapa, Ipa, and the
combinations, whereas resistance to Cis was demonstrated. By contrast, the 3D bioprinted
TMSs exhibited significantly decreased sensitivity to Rapa and a complete insensitivity
to Ipa. Notably, even within the 3D bioprinted TMSs, the combination therapies
maintained their effectiveness, sensitizing the constructs to Cis and achieving growth
suppression comparable to 2D models (Figure 10a).

Quantitative densitometry was performed to investigate downstream signaling
alterations. In the 2D monolayer cultures, significant reductions in the p-(Ser235/236)-S6
were observed following Rapa (0.005 vs. 0.86) and Ipa (0.10 vs. 0.86) treatments. In the
3D bioprinted TMSs, only Rapa caused a comparable decrease in p-(Ser235/236)-S6
levels (0.003 vs. 0.78), whereas Ipa failed to produce a significant effect. Conversely, p-
Akt was found to be elevated upon Ipa exposure in both model systems (2D: 1.82 vs.
0.19; 3D: 1.90 vs. 0.02). Baseline comparisons revealed that TSC1 and activated
SAPK/INK (p54 and p46 isoforms) expression levels were inherently higher in the 3D
bioprinted TMSs than in the 2D monolayer cultures (TSC1: 0.78 vs. 0.45; pSAPK/JNK
p54: 1.35 vs. 0.12; pSAPK/JNK p46: 1.06 vs. 0.13) (Figure 10b,c).
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Figure 10. Comparative analysis
of mTOR inhibitor sensitivity in
3D bioprinted TMSs versus 2D
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downregulation). (d) Ratios of phospho-to-total proteins (investigated phosphorylation site of p-S6: Ser240/244). Differences between
treatment groups were analyzed by two-way ANOVA followed by Fisher’s LSD test. Cell line: T47D. (*p < 0.05; **p <0.01; ***p <0.001).
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Further investigation the phospho-to-total protein ratios revealed that in the 2D
monolayer cultures, p-(Ser235/236)-S6/S6 ratio was suppressed by Rapa (0.01 vs. 1.46)
and Ipa (0.13 vs. 1.46), whereas in 3D bioprinted TMSs only Rapa effected a significant
reduction (0.01 vs. 0.90), with Ipa proving ineffective. In both model systems, p-Akt/Akt
ratio was elevated upon Ipa treatment (2D: 2.75 vs. 0.20; 3D: 1.60 vs. 0.01), consistent
with its ATP-competitive Akt inhibitory mechanism of action (Figure 10d). These data
illustrate that while monotherapies display differential potency in 2D versus 3D culture
conditions, combination regimens can achieve pronounced antitumor effects across both

in vitro platforms.

4.1.6. 3D bioprinted “patient-derived” breast cancer model for drug testing

To enable comparison of tumor behavior in allograft settings — which more closely
reflect in situ tumor characteristics in patients than xenograft models — a 3D bioprinting-
based “patient-derived” cancer model was applied, using the 4T1 mouse breast carcinoma
cell line. In these “patient-derived” 3D bioprinting experiments, cells were isolated from
in vivo growing tumors in BALB/c mice (considered as allograft tumor). Accordingly,
cell suspensions and bioinks contained not only tumor cells — the cellular composition of
isolated cells were determined by flow cytometry (data not shown). The majority of the
cells were identified as tumor cells (~50%), alongside high levels of granulocytes and
lymphocytes, indicating a highly inflammatory TME. These tumor-driven cells were
applied for drug tests in 2D monolayer cultures, 3D bioprinted TMSs, BALB/c allograft
and SCID mice xenograft models.

The effects of Rapa, Doxo and Cis were evaluated. In the syngeneic BALB/c
model, Rapa significantly reduced tumor growth, while in the SCID xenograft model,
both Rapa and Doxo led to a notable decrease in tumor size. Moreover, drug responses
observed in the BALB/c allograft model were consistent with the sensitivity pattern seen
in the 3D bioprinted TMSs (Figure 11).

Our recent study highlights that this 4T1 “patient-derived” 3D bioprinting
technology better mimics the in sifu environment and drug sensitivity in BALB/c mice
compared to the widely used SCID xenografts, which are currently considered the

standard for patient-derived tumor studies.
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Figure 11. Variations in drug response among “patient-derived” breast cancer
models. 4T1 tumors were excised from BALB/c mice, and cells were subsequently
isolated and cultured under different experimental settings: 2D cultures (24h preculturing
+72h treatment), 3D bioprinted TMSs (7 days preculturing + 72h treatment), syngeneic
tumors re-implanted into BALB/c mice, and xenografts implanted into SCID mice (21
day after tumors are palpable). *p<0.05, **p<0.01; three (in vitro) or two (in vivo)

independent experiments with five or six replicates, respectively. Cell line: 4T1 (203).
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4.2. Metabolic characterization of post-transplant renal cell carcinomas

4.2.1. Clinicopathological features of the renal cell carcinoma cohort

Between 2000 and 2015, a total of 2615 renal transplantation surgeries — including
2561 kidney-alone and 54 combined pancreas-kidney transplantations — were carried out
at Semmelweis University. The post-tx RCC cohort included 44 cases, which were chosen
to represent each common RCC subtype. Additionally, another non-tx RCC cohort (n=46)
was included in our study for more accurate analysis (Table 6). Consequently, as
expected, the resulting subtype distribution among cohorts does not reflect of the actual

incidence in general (de novo) population.

Table 6. Clinicopathologic characteristics of renal cell carcinoma cohort patients

(126).

No. of cases (%)
Post-transplant RCCs Non-transplant RCCs

(n=44) (n=46)

Age (years, mean+SD) 52+12.79 60 +13.42
Gender

Male 35 (80) 28 (61)

Female 9 (20) 18 (39)
Histology

ccRCC 12 (27) 28 (61)

pRCC 28 (64) 18 (39)

ccpRCC* 4(9) 0(0)
Grade

1 16 (36) 7 (15)

2 24 (55) 27 (59)

3 4(9) 11 (24)

4 0 (0) 1(2)
Immunosuppression

Tacrolimus 22 (50) -

Cyclosporin A 19 (43) —

Other** 3(7) —

* This group is not involved in further analyses of the study.

** One patient received azathioprine treatment, and two patients were treated
with mTORCI inhibitor (rapamycin or combined tacrolimus + everolimus)
because of previous malignancies.

ccRCC = clear cell renal cell carcinoma, ccpRCC = clear cell papillary renal
cell carcinoma, pRCC = papillary renal cell carcinoma, RCC = renal cell
carcinoma, SD = standard deviation
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4.2.2. Elevated mTOR signaling is detected in end-stage renal disease following
immunosuppression compared to healthy Kidney tissue

The altered amount and activity of characteristic elements in the mTOR pathway

were examined in samples that were obtained from non-transplantable donor kidneys

(“Normal”; used as histologically healthy kidney controls) and kidneys affected by

ESRD, subdivided into those who had received CNI immunosuppression and those who

had not (Figure 12).

No immunosuppression
ESRD #1

ESRD #2

ESRD #5

Immunosuppression

ESRD #6

N’ . o i B o /. > BT s

Figure 12. mTORC1/2 activity is increased in end-stage renal disease (ESRD)
patients treated with calcineurin-inhibitor (CNI) compared to normal ESRD
kidneys without immunosuppression. HE and IHC staining (p-[Ser2448]-mTOR, p-
[Ser235/236]-S6, Rictor, PTEN) of representative cases. DAB chromogen, hematoxylin
counterstaining. Scale bars: 100 pm (126).
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In the “Normal” group, minimal p-mTOR and p-S6 immunoreactivity was
observed within the tubular epithelial cells, whereas Rictor expression was maintained at
relatively high levels across the non-malignant parenchyma. By contrast, in ESRD
kidneys that had not been exposed to CNI immunosuppression, a marked reduction in the
staining intensity of p-mTOR, p-S6, and Rictor was noted when compared with the
healthy donor controls. These findings suggest that the loss of functional nephrons in
ESRD is associated with a downregulation of both mTORC1 and mTORC?2 signaling
components.

Remarkably, KTRs receiving CNI-based immunosuppression exhibited a
pronounced upregulation of mTOR pathway markers. Tissue sections exhibited robust p-
mTOR and p-S6 immunopositivity, accompanied by enhanced Rictor staining, exceeding
levels in both the normal control kidneys and the untreated ESRD group. These data
indicate that CNI-mediated immunosuppression in the context of ESRD drives a
reactivation or overcompensation of mTOR complex signaling within the renal

epithelium.

4.2.3. Tacrolimus enhances the mTOR activity in the ischemic kidney of mice

To model ESRD in vivo, a murine renal ischemic model was established: ischemia
was surgically induced in mice, followed by administration of TAC or Rapa, and the
kidneys were subsequently analyzed for expression of p-mTOR, p-S6, Rictor, and p-Akt.

Ischemia alone (IR group, without TAC treatment), slightly increased the
expression of all examined mTOR markers — upregulation of p-mTOR, p-S6, and Rictor
was detected. However, the effect was markedly enhanced by TAC treatment. Particularly
intense mMTORCI1 activation (as evidenced by robust p-mTOR and p-S6 expression) was
observed within discrete tubular segments of the TAC-treated IR kidneys, whereas
mTORC?2 activity (assessed via p-mTOR, Rictor, and p-Akt) was also enhanced but to a
more moderate extent. In contrast, slight attenuation of both mTORCI and mTORC2

signaling was noted in Rapa-treated ischemic kidneys (Figure 13).
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Figure 13. Tacrolimus enhances the mTOR activity in in vivo end-stage renal disease
model. A murine ischemia-reperfusion model (in vivo ESRD model) was established in
C57BL/6 mice (SHAM = placebo surgery, IR = induced ischemia). Following surgery,
mice were treated for three consecutive days with TAC (3 mg/kg) and Rapa (1.5 mg/kg).
IHC was performed on renal tissue sections using antibodies against p-(Ser2448)-mTOR,
p-(Ser235-236)-S6, Rictor and p-(Serd73)-Akt. The dark blue frame indicates the TAC-
or Rapa-treated groups; the SHAM group was only sham-operated and received no
treatment, while the Co group was IR-operated but not treated (received vehicle

intraperitoneal - ip or per os). Scale bars: 50 pm (126).

4.2.4. Pronounced activation of the mTORC2 signaling axis in post-transplant
renal cell carcinomas compared to non-transplant, de novo renal cell
carcinomas

To assess the activation pattern of mTOR complexes, IHC was performed on post-
tx and non-tx RCC samples, examining p-mTOR, p-S6, and Rictor levels (Figure 14a).

In ccRCC, p-mTOR expression was higher in post-tx cases but did not reach
significance (p = 0.09). In contrast, within the pRCC subgroup, both p-mTOR and Rictor

expression levels were found to be significantly elevated in tissues derived from post-tx
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patients (p = 0.03 for p-mTOR; p < 0.01 for Rictor). No significant differences in p-S6

levels were observed in either subtype (Figure 14b).
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Figure 14. mTORC?2 activity is elevated in post-transplant (post-tx) compared to
non-transplant (non-tx) RCCs of both subtypes (clear cell — ccRCC, papillary —
PRCC). (a) IHC staining for p-(Ser2448)-mTOR, p-(Ser235/236)-S6, and Rictor was
performed. DAB chromogen, hematoxylin counterstaining. Scale bars: 50 um. (b)
Expression of mTORC1/C2 markers in post-tx (immunosuppressed) and non-tx (without
immunosuppression) RCCs. Marker expression was categorized as high or low based on
whether the H-score deviated above or below the median. Statistical significance was
defined as *p < 0.05, with ¥p < 0.1 indicating a trend. (c) Case distribution based on
mTORC?2 activity. “mTORC2-high” cases were defined by high (above median H-score)
expression of both the active form of the catalytic subunit of mTORC1/C2 and the
scaffold protein of mMTORC2 (p-[Ser2448]-mTOR and Rictor, respectively) (126).

Post-tx RCCs of both subtypes exhibited increased mTORC2 activity, as
evidenced by the increased activity of the catalytic subunit of both complexes (p-mTOR)
and elevated levels of Rictor (scaffold protein of mTORC?2) together (Figure 14c). These
findings indicate that mTORC?2 activity is preferentially enhanced in RCCs occurring

after transplantation, likely due to immunosuppressive therapy.

4.2.5. mTOR signal activating effects of tacrolimus on normal tubular epithelial
cell line in vitro

In vitro effects of TAC on cell growth and mTOR signaling were investigated by
using an immortalized human proximal tubular epithelial cell line (HK-2).

The effects of TAC, Rapa, and PP242 on HK-2 cell proliferation were studied
using AB and SRB assays. Proliferation was not significantly altered by TAC following
a 72-hour treatment, whereas Rapa and PP242 had moderate antiproliferative effects.
Moreover, no significant changes in proliferation were observed when TAC was
combined with Rapa or PP242 (Figure 15a). No further increase in proliferation was
observed following long-term (21—-day) treatment (Figure 15b).

Following a 72-hour exposure to TAC, Rapa and PP242, mTOR pathway
activation in cells was assessed by WB. Quantification revealed that the ratio of p-S6/S6
was significantly elevated in TAC-treated samples compared to controls (0.62 vs. 0.45),

indicating acute enhancement of mTORCI activity. In contrast, no significant changes
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were detected in the phosphorylation ratios of mTOR or p-Akt/Akt, suggesting that
upstream Akt signaling and mTORC?2 remained largely unaffected by short-term TAC
exposure. Rapa (a selective mTORCI inhibitor) and PP242 (a dual mTORC1/mTORC2
inhibitor) caused decreases in both p-mTOR/mTOR and p-S6/S6 ratios (Figure 15¢). To
assess whether the observed mTORCI stimulation was sustained over longer periods,
HK-2 cells were maintained in the presence of TAC for 21 days. Under these conditions,
an enduring increase in mTORCI activation was detected: elevated p-S6/S6 ratio (1.03
vs. 0.66) and a trend toward higher p-mTOR/mTOR levels (1.14 vs. 0.54), implying that
long-term TAC treatment may activate mMTORC1 signaling over time (Figure 15d).
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Figure 15. Tacrolimus enhances mTOR signaling in HK-2 tubular epithelial cells in

vitro (2D monolayer). (a) Cell proliferation was examined using AB and SRB assays
after short-term (72 h) treatment with TAC, Rapa, or PP242 in the HK-2 cell line. Results
were expressed as a percentage of the control. Statistical significance was determined by
one-way ANOVA with Tukey’s post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001). (b)
Effects of long-term (21-day) exposure to TAC (10 ng/mL) on the growth of HK-2 were
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monitored by cell counts; no cells were discarded throughout the experiment (ns). (c) WB
was used to assess the effects of short-term (72 h) treatment with TAC (10 ng/mL), Rapa
(10 ng/mL), and PP242 (1 pM) on mTOR activity of HK-2 cell line (phosphorylation
sites: p-mTOR — Ser2448; p-S6 — Ser235/236; p-Akt — Serd73). (d) Effects of long-term
(21-day) exposure to TAC (10 ng/mL) on the mTOR pathway in HK-2 cells
(phosphorylation sites: p-mTOR — Ser2448; p-S6 — Ser235/236 or Ser 240/244; p-Akt —
Serd73) (126).

4.2.6. In vitro effects of tacrolimus on renal cell carcinoma cell lines: activation of
mTOR signaling and increasing proliferation

Treatment with low- and high-dose TAC for 72 hours was associated with
increased proliferation in one RCC cell line (A498). PP242 elicited a robust
antiproliferative effect across all cell lines. However, resistance to Rapa was noted in
A498, whereas the 786-O and ACHN remained sensitive (Figure 16a). Given the
proliferation enhancement observed in A498 after short-term TAC exposure, the
experiment was extended to long-term (21—day) treatment. A 10% increase in cell number
was recorded as a trend (ns; p = 0.07) (Figure 16b).

To assess the effects of long-term immunosuppressant exposure, A498 cells were
maintained under TAC for 21 days, where further increases in phospho-to-total ratios
were detected: p-S6/S6 (0.81 vs. 0.25), p-mTOR/mTOR (3.90 vs. 1.30), indicating that
both mTORC1 and mTORC2 complexes were activated during extended TAC exposure
(Figure 16c¢).

Following a 72-hour exposure to TAC, a modest but consistent increase in p-
mTOR/mTOR ratio was observed across RCC cell lines; however, the increase reached
statistical significance only in the case of A498 (1.71 vs. 0.61). In contrast, treatment with
Rapa or PP242 led to a suppression of mTOR pathway signaling. p-S6 (downstream
marker of mMTORC1) expression was nearly undetectable following Rapa administration,
while the impact of Rapa on mTORC?2 activity — as measured by the p-Akt/Akt ratio —
was found to be negligible (Figure 16d).
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Figure 16. Tacrolimus increases mTOR activity and proliferation in RCC cell lines
in vitro (2D monolayer). (a) Cell proliferation was examined using AB and SRB assays
after short-term (72 h) treatments with TAC, Rapa, or PP242 on RCC cell lines. Results
were expressed as a percentage of the control. Statistical significance was determined by
one-way ANOVA with Tukey’s post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001). (b)
Effects of long-term (21-day) exposure to TAC (10 ng/mL) on the proliferation of the
A498 cell line (p = 0.07). (¢, d) WB analysis of short- and long-term (72 h, 21-day) effects
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of treatments with TAC (10 ng/mL), Rapa (10 ng/mL), and PP242 (1 uM) on mTOR
activity (phosphorylation sites: p-mTOR — Ser2448; p-S6 — Ser235/236; p-Akt — Ser473).
A498, 786-0O (ccRCC subtype), and ACHN (pRCC subtype) cell lines were used for
short-term and A498 for long-term experiments (126).

4.2.7. 3D effects of tacrolimus on renal cell carcinoma cell lines: increasing
proliferation and tumor growth

The detected increase in cell proliferation in conventional 2D monolayer cultures
of A498 following TAC treatment highlights the potential importance of TAC-induced
tumor growth in certain post-tx renal cancers. To determine whether this proliferative
response could be detected in 3D environment, the effects of IS agents were also tested
on the previously established 3D bioprinted TMSs and in in vivo xenograft models.

72-hour TAC treatment resulted in a significant increase in proliferation in 3D
bioprinted A498 TMSs, which mirrored the proliferative effect previously detected in 2D
cultures. For mTOR inhibitors, resistance was observed under 3D maintenance
conditions: the sensitivity (previously detected in 2D monolayer cultures) of A498 to
PP242 and 786-0O to Rapa was lost or significantly decreased. In the case of combination
therapy (TAC + PP242), a significant reduction in cell proliferation was detected in both
cell lines (Figure 17a).

During long-term (21-day) TAC treatment, significantly higher proliferation was
observed in 3D bioprinted A498 TMSs. In 3D bioprinted 786-O TMSs, the results were
not entirely conclusive: on certain days of growth, higher proliferation was observed,
whereas on others no significant difference was found. Both cell lines showed long-term
Rapa sensitivity, suggesting that, in the 3D environment a 72-hour exposure is insufficient
for the full manifestation of Rapa’s effect. While the A498 cells were resistant to Rapa
after 72 hours in both 2D culture and 3D bioprinted TMSs, a significant inhibition of
proliferation was observed in the TMSs after 21 days of treatment (Figure 17b).

Our 3D bioprinted in vitro results underline the importance of the potential TAC
induced tumor growth and this was also confirmed in in vivo human xenograft mouse
model of A498. A 21-day regimen of TAC was found to dramatically accelerate tumor
growth. Mean tumor volumes and weights in the TAC cohort reached 211.17 + 60.45 mm?
and 1.25 £ 0.64 g, respectively, whereas control tumors measured only 61.34 +22.37 mm?

and 0.60+0.27 g. By contrast, Rapa treatment produced suppression of tumor growth,
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with treated tumors averaging 45.17 +29.16 mm? and 0.32 + 0.18 g, compared to control
values of 85.53 £ 18.34 mm? and 1.18 = 0.36 g (Figure 17c¢).
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Figure 17. Tacrolimus enhances the proliferation in 3D bioprinted tissue-mimetic

structures and the tumor growth in in vivo xenografts of A498 RCC cell line. (a) Cell
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proliferation was examined using AB and SRB assays after short-term (72 h) treatments
of 3D bioprinted TMSs with TAC, Rapa, or PP242 on the RCC cell lines A498 and 786-
O. Results were expressed as a percentage of the control. Statistical significance was
determined by one-way ANOVA with Fisher’s LSD test (*p < 0.05; **p < 0.01; ***p <
0.001). (b) Effects of long-term (21-day) exposure to TAC (10 ng/mL) or Rapa (10
ng/mL) on the proliferation of A498 and 786-O 3D bioprinted TMSs. Statistical
significance was determined by one-way ANOV A with Fisher’s LSD test (*p < 0.05; **p
<0.01; ***p < 0.001; ****p < 0.0001; ns = not significant) (c) Tumor growth in A498
RCC human xenografts after 21—-day (TAC/ Rapa) treatment. Tp <0.1, *p <0.05; (paired
t-test) (126).

Taken together, these findings demonstrate that: a) TAC can induce tumor growth
in a cell-type dependent manner both in vitro and in vivo; b) the proliferative and drug-
sensitivity profiles of RCC cell lines are significantly altered when cultured within 3D

bioprinted environments, better simulating the in vivo context.

4.2.8. Tacrolimus-mediated activation of mTOR signaling in 3D bioprinted renal
cell carcinoma model and in tumors of xenograft mice

To mimic the longer duration of the in vivo experiments, 3D bioprinted A498 renal
carcinoma TMSs were treated for 21 days. Evaluation of phospho-to-total protein ratios
following TAC treatment revealed a significant increase in p-S6/S6 (3.84 vs. 0.35) and
p-Akt/Akt (0.06 vs. 0.02) ratios, whereas a decrease was detected in the p-mTOR/mTOR
(1.16 vs. 6.28) ratio. The latter was likely due to elevated total mTOR levels (0.10 vs.
0.01) in the presence of unchanged p-mTOR expression. These findings suggest that the
amount of activated mTOR remained constant, while the pool of mTOR capable of
responding to external stimuli was expanded. Furthermore, increased activity of the
downstream mTORCI (p-S6; 0.03 vs. 0.006) and mTORC?2 targets (p-Akt; 0.09 vs. 0.04)
was also demonstrated (Figure 18a,b). A similar increase in activity could not be detected
in the case of the 786-0 cells (data not shown).

IHC evaluation of the xenograft tumors revealed increased mTORCI1 activity
(reflected by significantly elevated p-mTOR and p-S6 staining) and modest rises in Rictor
and p-Akt expression within TAC-treated tumors (Figure 18c). These 3D bioprinted and
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in vivo findings are consistent with the in vitro observations of TAC-driven proliferation
in A498 cells. This effect appeared to be cell-type dependent, as TAC had no impact on
the in vivo growth of the 786-0 cell line (data not shown).
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Figure 18. Tacrolimus increases mTOR activity in a 3D bioprinted renal cancer
model and in in vivo xenograft tumors of the A498 cell line. (@) Wes™ Simple analysis
of long-term (21-day) effects of TAC treatment (10 ng/mL) on mTOR activity of A498
cell line (phosphorylation sites: p-mTOR — Ser2448; p-S6 — Ser240/244; p-Akt — Ser473).
Statistical significance was determined by two-way ANOVA with Fisher’s LSD test (*p
< 0.05; **p < 0.01; ***p < 0.001). () Ratios of phospho-to-total proteins. Differences
between treatment groups were analyzed by two-way ANOVA followed by Fisher’s LSD
test (*p < 0.05; **p < 0.01; ***p < 0.001). (¢) mTOR pathway activity analysis was
performed on A498 xenograft tumors sections. DAB chromogen, hematoxylin

counterstaining. Scale bars: 20 um (126).
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5. Discussion

5.1. Establishment and investigation of 3D bioprinted cancer models

The primary goal of 3D bioprinting in cancer research is to model the in situ tumor
behavior and drug responsiveness. However, standardization remains a major challenge
due to variable factors, including bioink composition, rheology, bioprinting parameters
(e.g., nozzle size, temperature, pressure, speed, and cross-linking), and post-printing
culture conditions (medium type, incubation time). The diversity in methods makes it
difficult to compare findings across studies (86).

After testing several different cancer cell lines including breast and renal cancers,
we developed a 3D bioprinted breast cancer model using mainly a stable mCherry-
transfected T47D human breast carcinoma cell line. The 3D bioprinted TMSs could be
maintained for 21 days, during this period their growth was monitored using intrinsic
mCherry fluorescence. In parallel, this auto-fluorescent signal also served to validate
other proliferation assays, such as AB and SRB, ensuring their suitability for 3D
bioprinted systems.

Histopathological analysis revealed apoptosis in the central regions of the 3D
bioprinted TMSs and heterogeneous Ki67 staining, indicating spatial variation in
proliferative activity that resembles in situ breast carcinoma (204). Interestingly,
expression of the autophagy marker LC3 was higher in 2D cultures, suggesting that the
lack of a 3D microenvironment may induce cellular stress and trigger autophagy, despite
constant access to nutrients and oxygen. These observations are consistent with prior
reports showing that autophagic activity is more dependent on cell type than on culture
dimensionality (205).

In 2D monolayer cultures, B-catenin, E-cadherin, and N-cadherin showed diffuse
cytoplasmic localization, indicative of weak or absent cell-cell adhesion (206, 207). These
proteins are essential for maintaining tissue architecture, and B-catenin, through its
nuclear translocation could promote tumor cell survival (208, 209). In contrast, 3D
bioprinted TMSs showed increased and more specific membranous localization of
cadherins and B-catenin, indicating enhanced adhesion in the forming “tissue”. This may
contribute to altered downstream signaling pathways and help explain the increased
resistance to mTOR inhibitors observed in 3D bioprinted TMSs (210). Changes in the

expression pattern of fibronectin and syndecan-1, may also be associated with
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tumorigenicity and metastatic potential (211, 212). Loss of the detected cell-surface
fibronectin, coupled with its nuclear translocation during EMT progression (213), has
been also linked to Rapa-resistance (214). Similarly, the predominant cytoplasmic
localization of syndecan-1 in the 3D bioprinted TMSs may suggest a non-canonical role
in transcriptional regulation (215, 216), potentially contributing to progression or
resistance — consistent with its association with poor prognosis in human breast cancer
(217,218). One study reported that syndecan-1 internalization is in correlation with tumor
dedifferentiation and grade (219). The recently described changes in the localization and
expression of adhesion and ECM proteins, along with altered signaling networks, may
underlie the increased tumorigenic potential and reduced drug sensitivity in the 3D
bioprinted TMSs.

Alongside these structural and adhesion-related changes, we observed
modifications in key signaling pathways. Notably, the phospho-to-total protein ratios of
mTOR pathway components were lower in 3D bioprinted TMSs compared to 2D
monolayer cultures, indicating a baseline downregulation of mTOR signaling. Although
total protein levels were higher, the phosphorylated (active) forms were significantly
reduced, suggesting the presence of a larger, yet predominantly inactive protein pool. This
inactive reservoir may render the cells more responsive to external stimuli. In parallel,
elevated levels of pSAPK/JINK and TSCI1 were observed in 3D bioprinted TMSs. JNK
signaling, known for its dual pro- and anti-survival roles (220), can suppress mTOR
activity, thereby influencing drug sensitivity (221). These changes may be driven by the
3D architecture, including metabolic gradients and biomechanical cues that are absent in
2D systems. Supporting this hypothesis, previous studies have reported similar
upregulation of TSCI in 3D as part of a compensatory feedback mechanism to modulate
mTOR signaling (222).

These structural and signaling alterations were accompanied by decreased
therapeutic sensitivity in 3D bioprinted TMSs. While Cis resistance was also observed in
2D monolayers, additional Rapa and Ipa resistance was observed in the 3D bioprinted
TMSs, which may be a consequence of the reduced mTOR pathway activity.
Interestingly, Ipa led to increased phosphorylation of Akt in both 2D and 3D settings — a
well-characterized effect of ATP-competitive inhibitors, which prevent phosphatase

access to the activation site while maintaining downstream pathway inhibition (223-226).
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Notably, combination therapies involving Cis were able to sensitize both culture models,
suggesting a potential strategy to overcome resistance mechanisms.

Our findings are consistent with those of Ried! et al., who reported reduced mTOR
signaling in 3D colon cancer spheroids compared to 2D cultures, although in their case,
drug responsiveness increased (227). Other studies have shown that 3D spheroids
resemble 2D cultures more closely in protein expression and drug response, while 3D
bioprinted TMSs more accurately model the in situ tumors (228). Weigelt et al. found
reduced Akt phosphorylation and altered PI3K-Akt and MAPK signaling in 3D breast
cancer culture (229), while Frtus et al. observed lower p-mTOR expression in 3D
collagen scaffolds of hepatocellular carcinoma compared to 2D monolayers (230).

In a complementary experiment, tumor heterogeneity within 3D bioprinted TMSs
was assessed using an approach analogous to “patient-derived” models. Cells isolated
from in vivo-grown tumors were tested across multiple drug-testing platforms, including
in vitro 2D cultures, 3D bioprinted TMSs, and in vivo allograft and xenograft models.
The results demonstrated that the drug response observed in the 3D bioprinted TMSs most
closely mirrored that of the original tumors in 4T1 allograft-bearing BALB/c mice.
Notably, the 3D bioprinted TMSs more accurately reproduced both the drug response and
morphological characteristics of the allograft tumors, than the SCID mouse xenografts,
underscoring their potential utility in future patient-derived tumor models (203).

Taken together, alterations in the localization and expression of adhesion and
ECM proteins, together with changes in signaling networks, may contribute to the
increased tumorigenic potential and reduced drug sensitivity of 3D bioprinted TMSs.
Here, we developed and characterized a novel 3D bioprinted breast cancer model that
recapitulates key features of the in vivo TME, including ECM dynamics, cell—cell
interactions, and spatial signaling heterogeneity. These findings provide a basis for
standardization of 3D cancer modeling and highlight the added predictive value of 3D
bioprinted systems over traditional 2D monolayer cell cultures. Such advantages could
accelerate the development of patient-derived tumor models for personalized drug testing.
Patient-derived models play a key role in cancer research because they preserve the
unique molecular and phenotypic characteristics of each patient’s tumor (231, 232). In
the future, these models could form the basis of personalized therapy by helping

oncologists identify and choose the most effective treatment for each patient.
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5.2. Tumorigenic role of tacrolimus in post-transplant renal cell carcinoma

As chronic kidney disease progresses, structural and functional decline leads to
fibrosis and loss of renal function. Fibrosis, initially a protective response, becomes
pathological when regeneration fails, leading to accumulation of ECM and replacement
of parenchyma (233). This results in irreversible organ failure and progression to ESRD.
The fibrotic transformation is driven by chronic inflammation, characterized by immune
cell infiltration (234) and the release of pro-fibrotic cytokines such as TGF-B1. It further
stimulates ECM production and promotes this cycle until the kidney completely loses its
function (235, 236). In kidney transplantation, non-functioning end-stage kidneys are
usually left in situ (in their original location), where they continue to exhibit chronic
inflammatory and fibrotic activity, creating a tumor-promoting microenvironment (237,
238). IS therapy is inevitable after transplantation, with TAC remaining a cornerstone of
maintenance therapy. Although alternative agents such as mTORIs are gaining clinical
relevance, TAC continues to be widely used in current practice.

In our experiments, TAC promoted tumorigenic signaling through mTOR
pathway activation both in vitro and in vivo. Specifically, TAC enhanced mTORC]1 and
mTORC?2 activity in RCC cell lines and in the induced ischemic kidneys of mice. TAC
significantly increased both mTOR pathway activation and tumor growth in A498 3D
bioprinted RCC TMSs and in vivo xenografts. These findings suggest that the pro-
tumorigenic effects of TAC are influenced by both the cell type and the surrounding
ischemic or fibrotic microenvironment. This may provide a mechanistic basis for the
elevated cancer risk observed in KTRs receiving CNI-based immunosuppression.

Beyond its IS effects, TAC has also been shown to upregulate TGF-f expression
in a dose-dependent manner via activation of the ERK signaling pathway (168, 169).
Once activated, TGF- can engage multiple downstream signaling cascades — including
the canonical SMAD pathway and non-canonical pathways such as MAPK, ERK1/2,
PI3K/AKT, and JNK — thereby promoting EMT, ECM accumulation, immune evasion,
and tumor progression (239, 240). Emerging evidence also supports a role of TAC in
promoting oncogenesis through direct modulation of the mTOR signaling network. For
instance, CNI therapy has been linked to activation of the proto-oncogene Ras and
phosphorylation of PRAS40, thus enhancing mTOR signaling (170, 241). While some
studies have reported mMTORCI1 inhibition by TAC in non-tumor settings (e.g., pancreatic
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islets), these observations are not applicable to cancer models (242). These findings
underscore the complexity and cell-type specificity of TAC’s molecular effects and
suggest that it can promote tumorigenic mTOR activation in susceptible tissues. These
mechanisms, alongside chronic inflammation and fibrosis, may contribute to the
development of post-tx RCCs, warranting further investigation.

In KTRs who develop malignancies, switching to mTORI is often considered.
Although rapalogs are commonly used to lower the risk of post-tx malignancies (192,
243), recent studies question the effectiveness of early switching to mTORI-based
regimen for cancer prevention. A study reported no significant reduction in cancer
incidence following early mTORI conversion (195). However, after 12 years of follow-
up, similar graft function and survival rates in the everolimus and CNI groups suggest
that mTORI-based IS is safe for patients with increased cancer risk (244).

Our results suggest that not only mTORCI, but also mTORC?2 contributes to the
development of post-tx RCCs. Additionally, a significantly higher prevalence of
mTORC?2 hyperactivation in post-tx tumors was observed. Elevated mTORC2 activity
has been associated with aggressive tumor behavior and poor prognosis (245-248). The
increased cancer-specific mortality observed in KTRs with malignancies may, at least in
part, be explained by the pro-metastatic and metabolic functions of mTORC2. Our
findings revealed upregulation of mTORC?2 in ischemic renal tissue, suggesting its role
in the cellular response to injury and fibrosis. In this context, mTORC2 activity may
influence the delicate balance between cell death, proliferation, and tissue regeneration.
Dysregulation of this balance through Rictor-mediated mTORC2 activation could
promote aberrant cell growth and fibrogenesis.

While mTORCI1 inhibition alone may not greatly reduce tumor incidence,
combining everolimus with TAC may suppress TAC-induced fibrosis and reduce
rapalog-related adverse effects, as well. Everolimus inhibits fibroblast activation and
ECM protein expression in the kidney, supporting its antifibrotic potential (249).

Given the role of mMTORC?2 in tumor progression and the limitations of selective
mTORC?2 inhibition, there is potential in exploring dual mMTORC1/2 inhibitors in the post-
tx setting. Dual inhibitors may offer improved control of pro-oncogenic signaling

pathways and represent a promising strategy for preventing or treating post-tx RCCs.
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6.

Conclusions

I. Establishment and characterization of 3D bioprinted cancer models

In this part of the work, we developed 3D bioprinted in vitro breast and renal cancer

models to better recapitulate the in vivo tumor microenvironment, with model

characterization performed using the T47D breast cancer cell line.

Specifically, our original findings were that we:

1)

2)

3)

4)

)

6)

7)

Established a 3D bioprinting protocol using two custom-made hydrogel formulations,
generating 3D bioprinted models suitable for proliferation assays and further
analyzes.

Generated 3D bioprinted RCC and breast cancer models from various cell lines
(ZR75.1, T47D, MCF7, A498, 786-0O, 4T1) and tumor-derived cells representing
distinct pathological subtypes, which exhibited growth over three weeks with tissue-
like organization.

Validated additional proliferation assays (Alamar Blue, Sulforhodamine B) using the
constitutive fluorescence of stable mCherry-expressing cells, confirming their
applicability in the 3D bioprinted context.

Characterized tissue morphogenesis in the 3D bioprinted breast cancer model by
analyzing several cell-cell and cell-ECM markers, revealing in situ tumor-like spatial
organization and potential transcriptional regulation associated with the nuclear
translocation of fibronectin and syndecan-1.

Identified upregulation of pSAPK/JNK and TSC1, indicating an adaptive response to
3D stressors (e.g., nutrient/oxygen gradients, architecture) alongside reduced mTOR
pathway activity (elevated total S6, Akt, but decreased phospho-proteins — resulting
in lower p-S6/S6 and p-Akt/Akt ratios), suggesting the presence of a larger but
inactive protein pool that may allow rapid response to external stimuli.

Observed reduced drug sensitivity of 3D bioprinted breast cancer structures to mTOR
inhibitors compared to conventional 2D monolayers, likely due to lower baseline
mTOR activity.

Demonstrated that 3D bioprinted structures, particularly tumor-derived 3D bioprinted
TMSs, more accurately mimic in situ drug responses than 2D monolayer cultures or

even xenograft models.
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I1. The tumorigenic role of tacrolimus in post-transplant renal cell carcinoma
In this part of the work, we investigated the tumorigenic role of tacrolimus in post-

transplant renal cell carcinoma using patient samples and experimental models.

Specifically, our original findings were that we:

1) Described for the first time that CNI-based immunosuppression (mainly TAC)
increases mTOR pathway activity in the kidneys of ESRD patients.

2) Confirmed in vivo, using an ischemia-induced murine ESRD model, that TAC
enhances mTOR activity in the ischemic kidneys of mice, particularly affecting
mTORCI.

3) Detected, that mTORC?2 activity is elevated in post-tx RCCs compared to de novo
RCCs under CNI-based immunosuppression, in both pRCC and ccRCC.

4) Demonstrated that TAC enhances mTOR activity or proliferation in vitro in both a
normal tubular epithelial cell line (HK-2) and RCC cell lines (A498, 786-0) in a cell
line-dependent manner, suggesting a direct tumorigenic effect.

5) Found that TAC promotes, while Rapa inhibits tumor growth in both 3D bioprinted
and in vivo A498 renal cell carcinoma models , through strong mTORC1 and
moderate mMTORC?2 activation. This effect was cell line-specific and not observed
in other tested RCC models.

6) Showed that RCC cell lines that were sensitive to mTOR inhibitors in 2D became
resistant in 3D after 72 hours, but this resistance decreased with long-term (21—day)

treatment, suggesting that short-term exposure may underestimate drug efficacy.
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7. Summary

Tumor metabolism is key in cancer development, and understanding its plasticity
is necessary for developing improved therapies. This study aimed to (1) develop and
investigate 3D bioprinted preclinical cancer models and (2) examine mTOR activity and
the tumorigenic potential of tacrolimus (TAC) in post-transplant (post-tx) and de novo
renal cell carcinoma (RCC).

3D bioprinted cancer models were created using breast cancer and RCC cell lines,
as well as tumor-derived cells. 3D bioprinted tissue-mimetic structures (TMSs) were
analyzed through validated proliferation assays, histology, and molecular profiling.
mTOR pathway activity was examined in patients with end-stage renal disease (ESRD),
post-tx and de novo RCCs, while the effects of TAC were assessed in vitro and in vivo.

(1) The 3D bioprinted TMSs exhibited heterogenous expression of apoptosis and
proliferation markers, and showed reduced autophagy compared to 2D cultures, closely
mimicking in situ tumor characteristics. Enhanced membranous localization of -catenin,
E-cadherin, and N-cadherin indicated improved cell—cell interactions, while nuclear
translocation of fibronectin and syndecan-1 suggested altered gene expression patterns in
the 3D bioprinted TMSs. Reduced sensitivity to mTOR inhibitors correlated with stress-
mediated feedback and lower baseline mTOR activity, as evidenced by decreased
phospho-to-total ratios of mTOR-related proteins and elevated pSAPK/INK and TSC1
levels. Additionally, tumor-derived 3D bioprinted TMSs more accurately replicated in
situ drug responses compared to 2D monolayer cultures and xenograft models.

(2) TAC treatment induced mTOR activation in situ, in vitro and in vivo, and
promoted growth in certain RCC cells. Notably, mTORC2 hyperactivation was more
prevalent in post-tx tumors compared to de novo RCCs and was also observed in ESRD
kidneys, implicating mTORC?2 in both fibrosis and oncogenesis. Given mTORC2’s role
in regulating cell survival, metabolism, and metastasis, these findings underscore its
importance in the pathology of post-tx malignancies.

In summary, 3D bioprinted cancer models provide a robust and physiologically
relevant platform for investigating tumor progression mechanisms and drug responses. In
parallel, our in situ tissue characterization and experimental data — further supported by
in vitro and in vivo findings — highlight the oncogenic potential of TAC-induced
mTORC?2 activation in RCC, particularly in post-tx RCCs.
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