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Abstract 

 

Marco António Carvalho Oliveira 

Silencing MHC expression in 3D-complex tissues and organs 

 

In the case of terminal organ failure, the only possible treatment is the replacement of the organ. 

However, the availability of suitable organs from possible donors is very limited in comparison to the 

numbers of organs needed to treat patients in the waiting list. This critical situation demands increased 

efforts in order to find new viable solutions to overcome organ demand and supply disparity. In this 

context, xenotransplantation offers renewed hope in closing this gap by providing a virtually unlimited 

organ supply source. The domestic pig is the preferred specie due to its closeness to human in several 

aspects, such as organ anatomy and physiology but also high gene homology. Additionally, the 

possibility to perform accurate genome editing may aid with the incompatibilities associated with 

inter-species transplantation. 

Organ xenotransplantation from porcine into human is associated with severe immune responses 

ultimately leading to the rejection of the graft. Genetic modifications of the donor animal are 

indispensable to overcome early graft rejection and prolonging organ survival. Several modifications 

in the pig genome have demonstrated impressive results by controlling hyperacute and delayed 

xenograft rejection responses. However, due to cellular immune responses, long-term graft survival is 

yet to be achieved. Thus, controlling the magnitude of cellular immune responses is expected to 

increase xenograft survival.   

The main aim of this study is to reduce the immunogenicity of 3D-complex tissues and organs on a 

xenotransplantation and allotransplantation setting by silencing MHC class I and class II molecules.    

Discrepancies in the major histocompatibility complex (MHC) antigens and associated minor antigens 

are responsible for inducing harmful cellular immune responses, ultimately leading to organ rejection. 
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Particularly, MHC class I (expressed on all nucleated cells) and MHC class II are promising targets as 

reduced levels resulted in weaker cellular immune responses and improved graft survival in both allo- 

and xenotransplantation studies. In the domestic pig, the homologous of MHC class I and class II are 

the swine leukocyte antigen (SLA) class I and SLA class II. 

SLA class I consists of two structurally different molecules - the α-chain, accommodating the peptide-

binding site, and the non-covalently linked β2-microglobulin (β2M). The absence of either structures 

leads to reduced SLA class I expression.  

Swine leukocyte antigen class II consists of two homologous structural chains – the α- and β-chain. 

These molecules contain two extracellular regions, forming the peptide binding groove, and two 

transmembrane regions with a cytoplasmatic tail.  

In this study, permanent SLA class I and class II deficient 3D-complex tissues and organs were 

generated by lentiviral vectors encoding for short hairpin ribonucleic acids (shRNAs) targeting β2M 

and class II transactivator (CIITA), respectively. The β2M structure is present in all SLA class I 

molecules, thus, downregulation of β2M leads to reduction of SLA class I molecules expression. In the 

case of SLA class II, due to the absence of a common domain required for the expression of all SLA 

class II molecules, CIITA, which directly regulates the expression of SLA class II, is the most 

promising target. The delivery of specific shRNAs targeting β2M and CIITA demonstrated the 

feasibility of genetically engineering porcine islet-like cell clusters (ICCs) and all lung regions. 

Silencing effects of up to 89% and 81% were achieved for SLA I and II, respectively. Furthermore, the 

genetic modification did not affect cell viability, tissue integrity nor tissue functionality. In addition, 

cytotoxicity assays revealed significantly reduced xenogeneic T cell immune responses, NK cell 

responses and antibody-mediated cellular-dependent immune responses towards SLA-silenced cells. 

In the allotransplantation setting, using the same mechanism, primary human cells (hepatocytes and 

endothelial cells) were genetically modified by silencing β2M. Flow cytometric analysis demonstrated 

significant reduction of human leucocyte antigens (HLA) class I cell surface expression by up to 57% 

and up to 67% on hepatocytes and endothelial cells, respectively. In addition, silenced human primary 

cells remained capable to express typical cell surface markers as well as maintaining their functional 
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properties. Furthermore, significantly lower secretion of pro-inflammatory cytokines as well as 

reduced human T cell proliferation was observed when HLA class I silenced cells were challenged 

with human lymphocytes. These results unequivocally demonstrate the efficacy and safety of β2M 

silencing by lentiviral-mediated transduction. 

In conclusion, the results of this thesis demonstrated the feasibility to efficiently silence porcine MHC 

class I and class II on 3D-complex tissues and organs for xenotransplantation purposes. These 

genetically engineered cells had significantly reduced immunogenicity, representing a promising 

solution for the scarcity of viable organs in human transplantation. In addition, we demonstrated the 

possible benefits of MHC class I silencing in the allotransplantation setting. This approach may 

represent a promising strategy for immunomodulation of the xenotransplant, as well as the 

allotransplant without compromising cellular viability and functionality. 

 

 

  



 Abstract 

 
4 

Zusammenfassung 

 

Marco António Carvalho Oliveira 

Silencing der MHC Expression in 3D-Komplex Geweben und Organen 

 

Im Falle des Organversagens ist die Organtransplantation oft die einzige lebensrettende Möglichkeit. 

Die Verfügbarkeit von passenden Organen von potentiellen Spendern ist jedoch aufgrund der 

benötigten Menge an Organen, um alle Patienten auf der Warteliste zu behandeln, limitiert. Die 

Entwicklung von neuen innovativen Verfahren ist eine unabdingbare Notwendigkeit, um den 

Widerspruch zwischen der Organverfügbarkeit und –nachfrage aufzulösen. Die Xenotransplantation, 

d.h. die Transplantation eines Organs von einer anderen Spezies, könnte eine vielversprechende 

Alternative sein. Aufgrund der phylogenetischen Nähe zum Menschen - Organanatomie, Physiologie, 

Genhomologie und die Möglichkeit eines präzisen Genom-Editierens von Inkompatibilitäten - scheint 

das Schwein eine geeignete Spezies für eine Xenotransplantation zu sein. 

Bei der Organ Xenotransplantation vom Schwein zum Menschen ist mit schwerwiegenden 

Immunreaktionen und einer Abstoßung des Transplantats zu rechnen. Genetische Modifikationen des 

Spendertieres zur Verhinderung einer frühen Transplantatabstoßung und zur Lebensverlängerung des 

Organs sind daher nötig. Mehrere Modifikationen im Schweinegenom haben bereits eindrucksvolle 

Ergebnisse hinsichtlich der Kontrolle einer hyperakuten und verzögerten Xenotransplantat-Abstoßung 

gezeigt. Ein langfristiges Überleben des Transplantats wurde jedoch aufgrund von zellulären 

Immunantworten noch nicht erreicht. Es wird davon ausgegangen, dass die Suppression der zellulären 

Immunantwort das Überleben des Xenotransplantats erhöht. 

Das Hauptziel der vorliegenden Arbeit ist die Suppression der Immunogenität von 3D-Komplex 

Geweben und Organen im Kontext der Xeno- und Allotransplantation mittels silencing der MHC-

Moleküke der Klasse I und II zu erreichen. 
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Unterschiede in den Haupthistokompatibilitätskomplex (MHC)-Antigenen und den damit assoziierten 

untergeordneten Antigenen sind für das Auslösen einer schädlichen zellulären Immunantwort 

verantwortlich, wodurch letztlich das Organtransplantat abgestoßen wird. Insbesondere die MHC-

Moleküle der Klasse I (auf allen Zellen exprimiert, die einen Zellkern enthalten) und Klasse II sind 

vielversprechende Ziele in der Allo- und Xenotransplantation, da verringerte Mengen zu einer 

schwächeren zellulären Immunantwort und zu einem verbesserten Überleben des Organtransplantats 

führen. 

Das Schweine-Leukozyten-Antigen (SLA) der Klasse I besteht aus zwei verschiedenen Strukturen – 

einer α-Kette, die die Peptid Bindestelle beherbergt und dem nicht-kovalent gebundenem β2-

Mikroglobulin (β2M). Die Abwesenheit einer der beiden Strukturen führt zu einer verminderten 

Expression des SLA der Klasse I. 

Das SLA der Klasse II besteht aus zwei homologen Strukturen – einer α- und einer β-Kette. Diese 

Moleküle enthalten zwei extrazelluläre Regionen. Eine, die die Peptid Bindefurche enthält, und eine 

mit zwei transmembran Regionen mit einem zytoplasmatischen Schwanz. 

In der vorliegenden Arbeit wurden permanent SLA Klasse I und II defiziente 3D-Komplex Gewebe 

und Organe mittels lentiviraler Transduktion hergestellt. Die Lentiviren codierten jeweils für short 

hairpin RNAs, die das β2M und den Klasse II Transaktivator (CIITA) zum Ziel haben. Die β2M 

Struktur ist in allen SLA Klasse I Molekülen präsent. Folglich führt die Herunterregulation von β2M 

zu einer reduzierten Expression von SLA Klasse I Molekülen. Hinsichtlich der Klasse II Moleküle, die 

keine Domäne besitzen, die für die Expression von allen SLA Klasse II Molekülen notwendig ist, ist 

das CIITA das vielversprechendste Ziel, worüber die Expression des SLA Klasse II reguliert wird. Die 

Ergebnisse dieser Arbeit demonstrieren die erfolgreiche Verwendung von spezifischen shRNAs, 

welche das β2M oder CIITA zum Ziel haben, in genetisch modifizierten Inselzellen-ähnlichen 

Zellclustern (ICCs) und der gesamten Lungenregion des Schweines. Durch das gezielte silencen der 

SLA I und II Moleküle, wurde deren Expression um jeweils bis zu 89% und 81% reduziert. Dabei 

wurden weder die Zellviabilität, noch die Gewebeintegrität oder -funktion beeinflusst. 

Zytotoxizitätsassays zeigten eine signifikant abgeschwächte xenogene Immunantwort von T- und NK-
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Zellen sowie von Antikörper-vermittelten zellulär-abhängigen Immunantworten gegenüber SLA 

gesilenceten Zellen. 

Bei der Allotransplantation wurden die gleichen Verfahren zur genetischen Modifizierung von 

primären humanen Zellen (Hepatozyten und Endothelzellen) durch das Silencen von β2M verwendet. 

Durchflusszytometrische Untersuchungen demonstrierten eine signifikante Reduktion der HLA Klasse 

I und Klasse II Oberflächenexpression um bis zu 57% auf Hepatozyten und bis zu 67% auf 

Endothelzellen. Gesilencete humane primäre Zellen behielten die Eigenschaft, typische 

Zelloberflächen-Marker zu exprimieren und auch deren Funktionen unbeeinträchtigt auszuüben. 

Darüber hinaus sezernierten humane Lymphozyten signifikant weniger pro-inflammatorische Zytokine 

und T-Zellen proliferierten weniger, wenn diese HLA Klasse I gesilenceten Zellen ausgesetzt waren. 

Diese Ergebnisse unterstreichen die Effizienz und Sicherheit von β2M silencing durch lentiviral-

vermittelte Transduktion. 

Die Ergebnisse dieser Arbeit demonstrieren die potentielle Nützlichkeit von effizientem silencen der 

Schweine MHC-Moleküle der Klasse I und Klasse II von 3D-Komplex Geweben und Organen in der 

Xenotransplantation. Diese genetisch modifizierten Zellen hatten eine signifikant abgeschwächte 

Immunogenität und stellen eine vielversprechende Alternative zur Überwindung des permanenten 

Mangels an lebensfähigen Organen für die humane Transplantation dar. Die Ergebnisse dieser Arbeit 

zeigen auch die Vorteile des MHC Klasse I silencings im Rahmen der Allotransplantation. Dieser 

Ansatz könnte eine vielversprechende Strategie für die Immunmodulation des Xeno- und des 

Allotransplantats unter Beibehaltung der Zellviabilität und -funktionalität sein. 
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1 Introduction 

1.1 Xenotransplantation 

Worldwide, the number of available human organs and tissues for transplantation remains far distant 

from the needs of patients with terminal organ failure. According to the Eurotransplant International 

Foundation (www.eurotransplant.org), in Germany alone, more than 9.000 candidates for transplant 

are in the waiting list, but only 2951 organs were transplanted in 2019 (Figure 1). Despite some law 

changes being made to overcome the extreme gap between human donors and candidates for a 

transplant such as defining all brain-dead individuals as “presumed” organ donors or making an effort 

to educate the community to increase the number of volunteer donors, the reality is that we are still far 

from reaching a stable need/supply of organs for transplantation1. 

 

Figure 1 - Active waiting list and transplant fluctuation in Germany (2010-2019).  

Figure originated from data available at Eurotransplant.org. 

 

Even though several technologies such as dialysis or organ assist devices have become available, these 

tools are not capable of replacing organ transplantation, which is still considered the standard 

treatment for end-stage organ failure2,3. To overcome this problem, alternative approaches are 

necessary. In this context, one of the most promising solutions, due to its almost infinite supply, is the 
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use of organs, tissues and cells from a different species, i.e. xenotransplantation4.  In the 17th century, 

numerous attempts were made on blood transfusion from animals to humans. However, the results 

were mixed, leading to the banishment of xenotransfusion for several years in some countries5. In the 

19th century, interspecies transplantations were subject to an increased number of experiments 

demonstrating the importance of a close taxonomy between donor and recipient in order to obtain a 

better outcome6,7. These findings led to the use of human closely related species, such as baboons or 

chimpanzees as donors8-10. However, the lack of any long-term survival, together with the potential 

risk of transmission of various pathogens and ethical concerns lead to an increased pressure to reduce 

the use of nonhuman primates for xenotransplantation by the Food and Drug Administration11,12. 

Nowadays, the use of porcine as organ donor is considered the best suitable species, as it demonstrates 

better organ survival after transplant. However, the host immune system remains the last major barrier 

to a successful xenotransplant. Therefore, new approaches are needed in order to decrease xenogeneic 

immune responses towards the xenograft, which will bring us one step closer to a successful 

xenotransplant. 

 

1.1.1  Immunological hurdles in xenotransplantation 

Transplants between different species are susceptible to strong immunologic responses, which present 

a major impediment for a successful xenotransplant. Both the innate and the adaptive branches of the 

immune system play a major role in the rejection of xenografts based on the extensive variety of 

molecules involved in different species. Two antibody-mediated processes- hyperacute rejection 

(HAR) and delayed xenograft rejection (DXR)/acute vascular rejection (AVR), and two cellular-

mediated processes- acute cellular rejection (ACR) and chronic rejection (CR), are major hurdles for a 

successful xenotransplantation (Figure 2)13-15. HAR, mainly caused by preformed antibodies, leads to a 

rapid graft rejection, usually within minutes to hours. DXR is caused by delayed antibody responses 

leading to the rejection of the graft within hours to days through the activation of the endothelium. 

With the successful prevention of HAR and DXR, later cell-mediated responses against the graft 

occur, which is the case of ACJ and CR, leading to the rejection of the transplanted organ15. 
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The first experiments to overcome the presence of Nabs involved either the transfusion of 

oligosaccharides in order to saturate the antibodies in circulation or the removal of these antibodies by 

extracorporeal immunoadsorption (EIA)26,27. Albeit a small increase in organ survival was observed, 

both strategies were limited as administrated oligosaccharides were rapidly eliminated by the kidneys 

and anti-1,3Gal antibodies were replaced, leading to a momentaneous solution instead of a definitive 

one, as idealized13,28,29. 

A great milestone in xenotransplantation was the generation of GGTA1 knockout pigs using Zinc 

Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases (TALENs) or Clustered 

Regularly Interspaced Short Palindromic Repeats associated protein 9 (CRISPR/Cas9) technologies. 

These approaches led to an increased length of graft survival when comparing genetically engineered 

pigs to wild-type by reduction of HAR30-33. 

Another focus to prevent HAR in xenotransplantation is to target the activation of the complement 

system. To prevent injury by activated complement, host tissues have developed elaborated 

mechanisms to inhibit complement activation. Numerous cell-surface proteins, known as complement 

regulatory proteins (CRP), are capable of inhibiting different stages of the complement cascade, 

however, these CRP have limited effects on xenogeneic complement activation34. Therefore, several 

alternatives are being studied. Since early stages, the use of genetically modified animals to decrease 

the immunogenicity in xenotransplantation was the main focus. To this date, animals expressing 

human regulatory molecules, such as cluster of differentiation (CD) 46, CD55 or CD59, separately or 

in different combinations, have been produced and the obtained results look promising35-38. Cells from 

these transgenic animals have decreased susceptibility to the complement system and are more 

protected against hyperacute rejection39-41. The combination of both strategies, GGTA1 knockout pigs 

and transgenic expression of human CRPs, together with immunosuppressive therapy, was able to 

prolong graft survival39,42. These findings suggest that different combinations of genetic modifications 

should be the aim in order to overcome xenograft loss (Table 1). 
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Table 1 - Genetic modifications of pigs for xenotransplantation 

Table adapted from Wolf E, Kemter E, Klymiuk N and Reickart B43 and Meyer RPH, Muller YD, Balaphas A44.  
 
 

 Abbreviations Target Function Reference 
Type of 
rejection 
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GGTA1-KO α1,3-galactosyltransferase 
Deletion of 
α1,3Gal 
xenoantigen 

Phelps et 
al., 200345 

H
y

p
er

a
cu

te
 R

ej
ec

ti
o

n
 

CMAH-KO 
CMP-N-acetylneuraminic acid 
hydroxylase 

Deletion of 
NEU5Gc 
Xenoantigen 

Kwon et al., 

201346;  

Lutz et al., 
201347 

B4GALNT2-KO 
Β1,4 N-
acetylgalactosaminyltrasnferase-2 

Deletion of 
xenoantigen 

Estrada et 
al., 201548 

C
o
m

p
le

m
en

t 
 

re
g
u

la
ti

o
n

 

hCD46-tg 
Human complement regulatory 
protein/Membrane cofactor protein 
transgene 

Inhibits C3 
convertase 

Diamond et 
al., 200136 

hCD55-tg 
Human complement decay-
accelerating factor (DAF) precursor 
transgene 

Inhibits C3/C5 
convertase 

Cozzi and 
White, 
199549 

hCD59-tg 
Human MAC-inhibitory protein 
transgene 

Inhibits MAC 
formation 

Fodor et al., 
199450 

hC1-INH-tg 
Human complement-regulatory 
protein C1 inhibitor transgenic 

Inhibits formation 
of C1 complex 

Kwon et al., 
201751 
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o

a
g

u
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ti
o

n
 r
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la
ti

o
n

 hTBM-tg Human thrombomodulin transgenic 
Human protein C 
activation 

Wuensch et 
al., 201452 
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n

 /
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te
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hEPCR-tg 
Human endothelial protein C 
receptor transgenic 

Human protein C 
activation 

Iwase et al., 
201453 

hTFPI-tg 
Human tissue factor pathway 
inhibitor transgenic 

Human protein C 
activation 

Lin et al., 
201054 

hCD39-tg 
Human ectonucleoside triphosphate 
diphosphohydrolase-1 transgenic 

Reduction of 
myocardial 
ischemia 

Wheeler et 
al., 201255 

hCD73-tg 
Human ecto-5′-nucleotidase 
transgenic 

Enhance 
adenosine 
production 

Lee et al., 
201756 

A
n
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n
fl

a
m

m
a

to
ry

 

/ 
A

n
ti

-a
p

o
p

to
ti

c TNFAIP3 
transgenic A20-tg 

Human tumor necrosis factor α–
induced protein 3 transgenic 

Inhibition of NF-
κB activation / 
TNF-mediated 
apoptosis 

Oropeza et 
al., 200957 

hHO-1-tg 
Human heme oxygenase-1 
transgene 

Anti-
inflammatory 
anti-oxidative 

Petersen et 
al., 201158 

shTNFRI-Fc-tg 
Soluble human TNFRI-Fc 
transgenic 

Suppression of 
cell apoptosis 

Yan et al., 
201659 
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f 
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te
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T
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LEA29Y-tg Human LEA29Y transgenic 
Prevents T cell 
activation 

Klymiuk et 

al., 201260;  

Bähr et al., 
201661 

A
cu

te
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el
lu

la
r 

R
ej

ec
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o
n

 

hCTLA4-Ig-tg Human CTLA4-Ig transgenic 
Prevents T cell 
activation 

Martin et 
al., 200562 

pCTLA4-Ig-tg Porcine CTLA4-Ig transgenic 
Prevents T cell 
activation 

Phelps et 
al., 200963 

SLA-I-KO SLA class I knockout 

Prevents T cell 
activation / 
Antigen 
presentation 

Reyes et al., 
201464 

CIITA-DN-tg 
Human dominant-negative mutant 
class II transactivator transgenic 

Prevents T cell 
activation 

Hara et al., 
201365 

hTRAIL-tg 
Human TNF-related apoptosis-
inducing ligand transgenic 

Prevents T cell 
activation 

Klose et al., 
200566 

PD-L1-tg 
Human programmed cell death 
ligand 1transgenic 

Prevents T cell 
activation 

Buermann 
et al., 
201867 
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HLA-E/b2M-tg 
Human leukocyte antigen-E 
transgene (α chain E/human β2-
microglobulin)  

Inhibition of NK 
cells cytotoxicity  

Weiss et al., 
200968 

hCD47-tg 
Human integrin-associated protein 
transgene 

Regulation of 
macrophage 
activation and 
phagocytosis 

Tena et al., 
201469 

hCD95L FAS ligand transgene 
Inhibition of NK 
cells cytotoxicity 

Choi et al., 
201070 

R
ed

u
ct

io
n

 o
f 

th
e 

ri
sk

 o
f 

P
E

R
V

 t
ra

n
sm

is
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o
n

 

PERV-KD Porcine endogenous retrovirus Retrovirus-KD 

Miyagawa 
et al., 
200571; 
Dieckhoff et 
al., 200872; 
Ramsoondar 
et al., 
200973 

O
th

er
 

PERV-KO 
Genome-wide inactivation of 
PERV pol gene 

Retrovirus-KO 
Niu et al., 
201774 

G
en

et
ic

a
ll

y
 m

u
lt

im
o

d
if

ie
d

 p
ig

s 

GGTA1-KO/hCD46-tg/hCD39-tg Multiple functions 
Bottino et 
al., 201475 

M
u
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le
 t

y
p

es
 o

f 
re

je
ct
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n

 

GGTA1-KO/hCD46-tg/hTFPI-tg/pCTLA4-Ig-tg Multiple functions 
Bottino et 
al., 201475 

GGTA1-KO/hCD46-tg/hTFPI-tg/pCTL4-Ig-tg/hCD39-tg Multiple functions 
Bottino et 
al., 201475 

GGTA1-KO/hCD55-tg/hCD59-tg/human 
fucosyltransferase (HT)-tg 

Multiple functions 
Le Bas-
Bernardet et 
al., 201137 

GGTA1-KO/hCD55-tg/hCD59-tg Multiple functions 
Hawthorne 
et al., 
201476 

GGTA1-KO/hCD55-tg/hCD39-tg/TFPI-tg/hC1-INH-
tg/hTNFAIP3-tg 

Multiple functions 
Kwon et al., 
201751 

GGTA1-KO/CMAH-KO/hCD46-tg/hCD55-tg/hCD59-
tg/hA20-tg/hHO1-tg 

Multiple functions 
Fischer et 
al., 201631 

    

1.1.1.2 Delayed xenograft rejection/acute vascular rejection 

When hyper acute rejection is avoided, an acute vascular rejection occurs within hours to days and is 

mediated by concerted humoral and cellular immune responses13,77. In this process, pro-inflammatory 

cytokines and reactive-oxygen species (ROS) are released by neutrophils, leading to platelet 

aggregation and microangiopathy78. 

Furthermore, xenoantibodies can bound to key molecules such as Major Histocompatibility Complex 

(MHC) class I, NKG2D/UL16 binding protein 1, NKp44 and CD28/CD83 leading to antibody-

dependent cell-mediated cytotoxicity (ADCC) responses by natural killer (NK) cells13. CD4+ T cells 

also have an important role through the Fas-Fas ligand lytic pathway, leading to direct cytotoxic 

effects and releasing interferon gamma (IFN-γ), which will further activate macrophages and NK 

cells79-81.  
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In order to evade DXR, transgenic expression of human proteins involved in endothelial activation, 

such as heme oxygenase 1 (HO1) or tumor necrosis factor-induced human protein A20 (TNFAIP) 

were tested. In addition, the use of human antithrombotic or anticoagulant genes, such as tissue factor 

pathway inhibitor, endothelial protein C receptor or thrombomodulin showed interesting effects on 

xenotransplant survival57,58,82. 

Additionally, it is believed that structural differences in MHC class I between pigs and humans may 

strengthen NK cell mediated cytotoxicity13. Critical differences between MHC class I molecules in 

pigs can lead to insufficient inhibitory signals for human NK cells83. Consequently, several strategies 

were developed, such as the use of transgenic pigs expressing human MHC class I variant (HLA-E, 

HLA-Cw3 or HLA-Cw4), which are inhibitory molecules, leading to a higher resistance to human 

NK-mediated cytotoxicity compared to wildtype pig cells68,84-86.  

The combination of numerous protective genetic modifications in association with adequate 

immunosuppressive regimes considerably prolonged the xenograft survival. Particularly, GGTA1-

KO/hCD46/hTM transgenic pigs showed prolonged survival time of more than 2 years87,88. 

 

1.1.1.3 Acute cellular rejection  

Pigs with multiple genetic modifications have shown great success in overcoming HAR and DLX. 

However, acute cellular rejection responses remain a major hurdle for successful xenotransplantation.  

This type of rejection, also observed in allogeneic transplantation, is mainly caused by cells of the 

adaptive immune system, specifically T- and B-cell infiltration to the xenograft, leading to graft 

loss89,90. This type of rejection includes the activation of cytotoxic CD8+ T- and CD4+ T-cells, as well 

as the production of anti-xenograft antibodies targeting specific markers, such as Annexin A2, CD9, 

CD45, CD59 or MHC, by B cells13. 

In the past, ACR could be largely prevented by immunosuppressive agents, including cyclosporine, 

tacrolimus or others15,91-93. However, the excessive doses needed to control cellular rejection led to 
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severe unwanted side effects, such as infections94,95. Thus, alternative strategies were needed to 

overcome these difficulties. 

Recently, successful T cell inhibition was achieved by the use of co-stimulation blockade agents such 

as anti-human CD154 (anti-CD40-ligand) monoclonal antibodies (mAb)15,96. However, the use of anti-

CD154 mAbs was associated with thrombogenic complications, taking a step back on the road to 

clinical application97,98. 

To date, the ideal strategy to overcome ACR seems to be a combination of adequate 

immunosuppressive therapy with the use of several protective genes99. Recent studies demonstrated 

promising results on the protection of graft tissues from T-cell-mediated xenogeneic immune rejection 

by the production of transgenic pigs expressing LEA29Y or CTLA-Ig (T cell co-stimulation 

inhibitor)61,63. 

It is known that disparities at the MHC antigens, known in pigs as swine leukocyte antigen, trigger 

harmful immune responses, leading to graft rejection after transplantation100,101. Hence, investigating 

the potential of silencing SLA class I and SLA class II may be a major focus in order to overcome 

ACR. 

 

1.1.1.4 Chronic rejection 

Chronic rejection is, chronologically, the latest type of rejection, occurring within weeks to months 

after the xenotransplant. This type of rejection is characterized by strong similarities to the chronic 

rejection seen in long-surviving allografts, with the development of chronic vasculopathy102. However, 

promising results in heart graft were shown by the use of GTKO/hCD46 transgenic pigs, with no graft 

vasculophaty observed, with a follow-up of up to more than two years77,103.   

Chronic rejection of xenotransplants is expected to be more severe than in allografts. However, the 

reasons behind it are still insufficiently understood. A strong immunosuppressive regimen, will 

probably improve the survival of the graft. Nonetheless, undesired secondary effects may hamper the 

long-term results. For this reason, further studies and/or new alternatives are necessary15. 
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1.2 Major histocompatibility complex 

The MHC gene family is divided into three subgroups: MHC class I, MHC class II and MHC class III. 

With regard to xenotransplantation, MHC class I and class II play the most crucial roles104. The major 

histocompatibility complex is critical to determine the compatibility between donor and recipient. In 

order to achieve successful allotransplantation, matching MHC is crucial as it affects long-term 

survival of the graft, and ultimately, the recipient105,106. MHC mismatch can promote the activation of 

the recipient immune cells, such as T or NK cells, eventually leading to graft damage107.  

 

1.2.1 The major histocompatibility complex class I 

1.2.1.1 Importance for xenotransplantation 

Mismatched MHCs can lead to the activation of the recipient T cells, eventually leading to graft 

rejection. Particularly, CD8+ T cells and MHC class I are known to play a critical role in this type of 

rejection108. Hence, reducing the expression of MHC class I molecules has been extensively studied in 

order to achieve a strong protective effect of the graft against cellular immune rejection109,110. 

In a xenotransplantation setting, the host human adaptive immune system has the capacity to recognize 

and initiate a response towards porcine MHC, SLA class I111,112. In a comparable way to 

allotransplantation, reduced levels of SLA class I expression have shown interesting and promising 

results on reducing cell lysis and prolonging graft survival as a consequence113,114. 

Moreover, the importance of MHC class I molecules as critical inhibitory signals for NK cells is well 

characterized. NK cell activation is directly dependent on the balance between activating and 

inhibitory signals115. However, due to the substantial differences between swine and human MHC 

class I molecules, NK cells may not recognize sufficient inhibitory signals from xenogeneic cells, 

ultimately leading to damage of the xenograft116-118. Therefore, abrogation of SLA class I may not 

have negative impact on NK cells cytotoxicity towards the xenograft. 
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selection of thymocytes (progenitor cells). Depending on the class of MHCs that bound to T cell 

receptor (TCR), the subsequent downregulation of CD4 or CD8 markers will define the T cell lineage. 

As result of this selection process, naïve T cells will be release into the blood stream127-129. 

In addition to T cell maturation, MHC class I plays a crucial role in the activation of immune 

responses by presenting epitopes to CD8+ T cells130. When non-self-peptides are displayed, CD8+ T 

cells are activated, triggering the target cell to undergo programmed cell death by apoptosis. Thus, 

MHC class I has the capability to mediate cellular immunity, inhibiting the spread of a pathogen131. 

Alternatively, MHC class I can function as an inhibitor ligand for NK cells. Decreased expression 

levels, mechanism employed by certain tumors and virally infected cells to escape cytotoxic T cells 

(CTLs), can activate NK cells, leading to target cell lysis, and therefore, eliminating pathogens132,133. 

Altogether, MHC class I is a significant element of the cellular immunity, playing important roles on 

organ and tissue transplantation. Coincidently, it is also an interesting target to be manipulated in order 

to escape the host immune system, prolonging graft survival in xenotransplantation. 

 

1.2.2 The major histocompatibility complex II 

1.2.2.1 Importance for xenotransplantation 

Similarly to MHC class I, MHC class II molecules also play a key role in xenotransplantation. 

Particularly, CD4+ T cells and SLA class II molecules are known to increase the magnitude of the host 

immune system against the xenograft. Thus, several studies were performed in order to decrease SLA 

class II expression levels in order to overcome graft rejection by providing a protective effect against 

host immune system response65,134,135. In a xenotransplantation model, components of the human 

adaptive immune system, particularly CD4+ T cells have the capacity to identify and initiate an 

immune response towards the xenograft. Additionally, CD4+ T cells activated by the recognition of 

SLA class II molecules, promote B cell differentiation and antibody production, as well as CD8+ T cell 

cytotoxic responses136. Moreover, activated CD4+ T cells, depending on T helper cell type, can release 

cytokines and chemokines, which can further influence the adaptive immune response137. 
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covalently bound glycoprotein chains, the α- and the β-chain, as mentioned earlier in this thesis. Their 

molecular weight ranges between 33 and 35 kb in α chain and 27 and 29 kb in β chain. Their role in 

swine remains to be determined142-144. 

MHC class II plays a major role in overall immune function. MHC class II molecules bind antigenic 

peptides, usually generated by proteolysis of self and “non-self” proteins in lysosomes and endosomes, 

and present them to naïve CD4+ T cells in order to activate them. The activation of naïve CD4+ T cells 

leads to their differentiation into T helper cell subsets, subsequently interacting with antigen-specific B 

cells145,146. This way, MHC class II molecules are responsible by the maintenance of self-tolerance or 

to induce and regulate adaptive immune responses towards invading pathogens141.  

Altogether, MHC class II may play a crucial role on organ and tissue transplantation with its capability 

to recognize foreign cells and moderate an adequate adaptive cellular immune response towards the 

graft. Furthermore, similarly to MHC class I molecules, manipulating the expression levels of MHC 

class II may be an important strategy to overcome acute cellular rejection in xenotransplantation.  

 

1.3 Generation of MHC silenced cells 

1.3.1 Designer nuclease mediated gene knockout 

Genome editing is understood as permanent modifications of deoxyribonucleic acid (DNA) content at 

a specific genomic site. Genetic engineering was first studied in Paul Berg´s laboratory, in the earlies 

1970´s, using recombinant DNA technology, with the combination of Escherichia coli (E. coli) 

genome with the genes of a bacteriophage and the simian virus 40 (SV40)147. Since then, scientists 

have focused on these mechanisms, achieving incredible success, with the discovery of new and more 

efficient technologies of genome editing. The real breakthrough in genome engineering came with the 

discovery and use of specific nucleases that were capable of specifically identify and cleave target 

DNA. There are three different editing nucleases currently in use: ZFNs, TALENs and 

CRISPR/Cas9148 (Figure 5). 
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TALENs are fusion proteins of a bacterial TALE protein and Fokl endonuclease154. In the same way as 

ZFNs, TALENs consist of two different parts, an adaptable protein, mediating DNA binding and 

specificity, and a Fokl endonuclease domain, responsible for cleaving the double stranded DNA. More 

specifically, transcription activator-like effectors (TALEs), responsible for DNA binding, can 

recognize 1 base pair (bp) each and consist of 33-35 amino acids, having a direct impact on their DNA 

binding specificity. Similar to ZFNs, two Fokl endonucleases are required to cleave the double 

stranded DNA. This means that the binding of two different TALENs at opposite strands closely 

located to each other are needed in order to target DNA155,156. Even though molecular cloning is still 

necessary, TALENs can be quickly designed and assembled with adjustable targeting sequences 

leading to possible high potency and specificity157. 

The CRISPR/Cas9 technology is based on the bacterial immune system158. Unlike the abovementioned 

nucleases that recognize the target sequence through protein-DNA interaction, CRISPR/Cas nucleases 

recognize target sequences through RNA/DNA base pairing. Currently, the most frequently used 

system is based on the Streptococcus pyogenes type II CRISPR/Cas System and includes a single 

guide RNA (sgRNA), which binds to the target DNA, and a Cas9 nuclease which mediates DNA 

cleavage. Target specificity by the sgRNA is determined by a 20 bases long sequence that binds via 

standard Watson-Crick base pairing to the target region159,160. In addition to the target recognition 

itself, the presence of a protospacer adjacent motif (PAM) in the target site neighboring area is critical 

for Cas9 binding and cleavage. In the case of S. pyogenes, this PAM sequence is 5´-NGG-3´, with “N” 

corresponding to any nucleotide159-161. CRISPR/Cas system offers many advantages over ZFNs and 

TALENs, such as easy design for any genomic targets, uncomplicated off-target sites prediction or the 

possibility to target several sequences at once (better known as multiplexing). However, the 

requirement of a PAM sequence near the target site brings some extra challenges during sgRNA 

design, although on average, one PAM sequence is found every 8 bp in the eukaryotic genome162,163. 
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1.3.2 RNA interference  

The discovery of nucleases capable of knocking down specific targets revolutionized the way genome 

editing was being done. However, for some purposes, gene knockout is not recommended as it might 

lead to undesired secondary effects, such as increased susceptibility to infection or deficient capability 

to detect and eradicate new tumor cells. Instead, a specific gene downregulation might be a better way 

to achieve the end goal. In this context, the use of RNA interference has shown tremendous success in 

gene downregulation. 

By the late 1990s, Andrew Fire and Craig Mello published their discovery of double stranded RNAs 

(dsRNAs) as being responsible for post-transcriptional gene silencing (PTGS). This mechanism, 

involving the degradation of mRNA from a specific gene, was later called RNA interference and is 

activated when RNA molecules occur as double-stranded pairs in the cell164.  

Few years later, Elbashir et al. and Caplen et al. described that 20 to 30 nucleotide (nt) dsRNAs may 

promote RNA interference (RNAi) silencing in mammalian cells without inducing nonspecific 

interferon responses. It is known that RNAi is responsible for vital processes, such as cell growth, 

tissue differentiation, cell proliferation, participates in defense against viral infections and regulates 

gene expression. The discovery of RNAi helped our understanding on the regulation of gene 

expression in multicellular organisms165-167.  

RNA interference process can be moderated by two different types of small RNA molecules, micro 

RNA (miRNA) and short interfering RNA (siRNA). Among the scientific community, there are still 

disagreements on whether miRNAs and siRNAs are or not one entity, however, there are two primary 

ways to distinguish them. Firstly, miRNAs are viewed as endogenous and express products from the 

organism own genome, while siRNAs typically derive from exogenous origins, such as viruses, 

transposons or transgene trigger. Secondly, miRNAs are processed from precursors with incomplete 

double-stranded RNA, whereas siRNAs are found to be originated from long double-stranded RNAs. 

Regardless of these differences, due to the size resemblances, similar biogenesis and mechanisms, 

miRNAs and siRNAs demonstrate close relatedness between them168,169. 





 Introduction 

 
24 

The use of lentiviral vectors is associated with a permanent transduction of the target cell due to its 

integration into the host genome. In the case of xenotransplantation, this characteristic is critical for 

permanent silencing of specific genes in order to achieve a long-term organ survival, as previous 

mentioned. Once the vector is integrated into the host genome, the polymerase II or polymerase III 

(depending on the promotor choice) transcribes the shRNA in the nucleus. The product is then 

processed by Drosha (nuclease) resulting in pre-shRNA before being exported to the cytoplasm by 

Exportin-5. This product is then processed by Dicer (endogenous enzyme), eliminating the hairpin and 

creating a 20-25 nt double-stranded siRNA. Later on, the antisense strand of the siRNA (the guide 

strand) is loaded into RISC (RNA-induced silencing complex) while the sense strand (passenger) is 

degraded. The antisense strand guides RISC to a specific mRNA that comprises a complementary 

sequence. Once connected with the target gene, RISC proceeds with the cleavage of the RNA 

phosphate backbone near the center of the duplex. In the case of imperfect complementarity, RISC is 

capable of suppressing mRNA translation. In both cases, perfect and imperfect complementarity, the 

shRNA leads to the silencing of specific gene expression170,172-174. 

Accommodating this system to MHC silencing in order to achieve long-lasting xenotransplant organ 

survival appears to be a promising solution. As explained earlier in this thesis, β2M is a codominant 

domain of MHC class I, meaning that it is expressed in all MHC class I molecules (Figure 7). The 

downregulation of β2M via RNAi leads to a decreased number of MHC class I molecules175-177. 

Regarding MHC class II, due to the absence of a codomain required for the expression of all MHC 

class II molecules, a different target has to be found. CIITA is the primary responsible for the 

regulation of MHC class II gene expression, occurring at transcription level (Figure 7). Thus, 

downregulating CIITA expression employing shRNAs leads to a reduction of MHC class II molecules 

on target cells membrane178-181. 
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Figure 7 - β2M and CIITA as targets for MHC silencing through an RNAi mechanism 
β2-microglobulin is a co-domain expressed in all MHC class I molecules, rendering it the best target for MHC 
class I downregulation. Regarding MHC class II, the perfect target is the CIITA gene due to its key role during 
MHC class II gene transcription. Figure regarding CIITA was adapted from Jenny P.-Y. Ting et al. 2006182. 

 

Taken all together, shRNA has revolutionized the scientific field of genome editing. Especially in 

cases where gene knockdown is the most indicated therapy, in comparison to a full knockout achieved 

with different technologies as shown before. However, transduction efficiency of complex 3D-

structures or organs remains a critical obstacle to overcome in order to bring us one step closer to 

clinical application. 

 

1.4 Allotransplantation 

Organ transplantation has been one of the most significant breakthroughs in the last 50 years and, in 

some cases, remains the only effective treatment for end-stage organ failure. Since then, major 

improvements have been reached in organ preservation, transport and delivery, transplantation 

procedures and matching the best organ donor/recipient in order to prolong graft-survival. The 
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transplantation of organs between individuals within the same species (allotransplantation) is the most 

successful way to achieve a successful transplant183,184.  

In addition to the scarcity of supply to fulfill the needs of patients in the waiting list (as mentioned 

earlier), finding a fully matched organ donor for a specific patient remains a critical challenge. 

Although intense immunosuppressive regime can help to control the host immune responses towards 

the graft, immunosuppression may lead to unwanted side-effects. Thus, great challenges persist in the 

field of transplantation. However, applying the same principle as for xenotransplantation in the 

allotransplantation setting may allow for the reduction of immunosuppressive regimens required in 

order to avoid organ rejection185,186.   

HLA molecules are present on the surface of most nucleated cells and play a critical role in the 

immune system distinguishing between self and non-self. In the context of organ transplantation, the 

degree of HLA mismatch has a direct influence on the transplant outcome. A higher degree of HLA 

mismatch for a particular transplant (different organs require different levels of HLA match for a 

successful transplant) induces a stronger immune response towards the graft, particularly by 

alloreactive T-cell activation, leading to a faster rejection of the graft187-189.  

Altogether, silencing HLA molecules in the allotransplantation setting may have the capacity to 

originate “universal organs”, meaning that by reducing the expression levels of HLA molecules, an 

organ can be rendered suitable for any patient independently to his HLA repertoire. In addition, since 

both organisms involved in the transplantation belong to the same species, most of the challenges 

observed in the xenotransplantation model do not apply, such as the presence of natural pre-formed 

antibodies against specific molecules (e.g. α1,3Gal) or the expected physical differences innate from 

two different organisms. Furthermore, lower HLA expression levels leads to a reduced 

immunogenicity which can be better controlled, even with a weaker immunosuppressive treatment, 

hopefully leading to less undesired complications for the recipient. 
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2 Aims of the study 

Worldwide, human transplantation medicine urgently desires an alternative organ source to face the 

increasing demand of patients in need of a suitable transplant. Xenotransplantation is considered to be 

a promising solution for this problem, being the domestic pig the most indicated donor for functional 

organs and tissue. However, several obstacles in cross-species transplantation remain unsolved in 

order to achieve successful clinical use of xenotransplants. Nowadays, HAR and DXR can 

successfully be controlled. Nonetheless, ACR stands unsolved. 

MHC class I and MHC class II play a major role in ACR. Therefore, the hypothesis of the present 

work was that organs or complex tissues with reduced MHC class I and class II expression levels 

might serve as universal transplant source by overcoming human cellular immune responses. Thus, 

this thesis was designed to study the effect of reduced levels of SLA class I/II and HLA class I in a 

xenotransplantation and allotransplantation setting, respectively. 

The main aim of this thesis was to reduce the immunogenicity of 3D-complex tissues and organs on a 

xenotransplantation and allotransplantation setting. The specific aims were: 

• Production of single or double genetically engineered MHC class I and class II deficient 3D-

complex tissues and organs by targeting β2M and CIITA genes, respectively, via RNAi. 

• Investigate the effects of lentiviral transduction on cells primary characteristics, viability and 

functionality.  

• Evaluate in detail the human humoral and cellular immune responses towards the xenograft 

by assessing antibody-dependent cellular-cytotoxicity, NK and T cell activation. 
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Marco Carvalho Oliveira 

• Generated genetically modified pig pancreatic beta cells 

• Performed and analyzed lentiviral transduction efficiency 

• Characterized silencing effects  

• Planned, performed and analyzed humoral and cellular immune cytotoxicity experiments 

• Performed islet reassembly after single cell genetically engineering 

• Wrote draft of the manuscript  
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Marco Carvalho Oliveira 

• Performed transduction of the lung endothelium 

• Collected tissue and performed cell isolation from the lung endothelium 

• Analyzed MHC silencing on lung endothelial cells 

• Contributed to writing the manuscript 
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Marco Carvalho Oliveira 

• Performed and analyzed MHC silencing on rat Hepatocytes 
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Marco Carvalho Oliveira 

• Performed and analyzed LDL uptake 

• Phenotypically characterized genetically modified endothelial cells 

• Performed and analyzed qPCR experiments to evaluate the silencing effect 
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7 Discussion 

Xenotransplantation is one of the most promising solutions to overcome the critical organ scarcity in 

human transplantation. Once established, an incredible number of patients waiting for an organ 

transplant can be treated by theoretically unlimited suitable organ supply. Nonetheless, to this date, 

host immune responses targeting the xenograft are major obstacles for long-term xenograft survival. 

Nowadays, the first two immune barriers in xenotransplantation, HAR and DXR, can be successfully 

controlled by the use of genetically engineered pigs with the permanent expression of specific human 

regulatory transgenes in combination with the deficiency of critical xenoantigens (e.g. α1,3Gal)31,42,190. 

The combination of these strategies lead to impressive xenograft survival times of up to 195 days in 

pig-to-baboon orthotopic heart xenotransplantation experiments190. However, cellular and delayed 

humoral immune responses responsible for ACR and CR remain unsolved and need better 

understanding in order to achieve clinical application of xenotransplantation. 

This thesis focused on two different concepts; on one hand, xenotransplantation, in order to obtain an 

unlimited suitable organ source, and on the other hand, allotransplantation, with the objective to 

originate human universal organs suitable for every patient. In either case we focused on silencing 

SLA class I and class II molecules (xenotransplantation setting), or only HLA class I (in the 

allotransplantation model) through RNAi mechanism. By targeting β2M or CIITA genes we expect 

reduced expression of MHC class I and class II on the cell surface, respectively. With this approach 

we evaluated the influence of MHC deficiency on T cell, NK cell and humoral immune responses. 

This study demonstrated the feasibility to generate cells, complex tissues or organs MHC class I and II 

deficient by lentiviral-mediated silencing of β2M and CIITA genes, respectively. In addition, in vitro 

studies demonstrated the efficiency of this technique as shown by significant downregulation of T cell 

and antibody-dependent cytotoxicity. Moreover, NK cell activity was surprisingly reduced by MHC 

class I silencing. 

These findings suggest that the combination of transgenic pigs with further MHC silencing of tissue 

and organs provide an impressive protective effect from the host immune system. Furthermore, HLA 
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class I silencing also demonstrated reduced immunogenicity towards the genetically engineered cells, 

providing an extra protective effect. These results suggest that the generation of a conditional 

immunological invisibility is possible and should be a priority in further studies. 

 

7.1 Organ genetic engineering for Xenotransplantation  

7.1.1 Generation of SLA class I and class II silenced 3D complex tissues  

Previously, different strategies were used to efficiently transduce pancreatic islets of Langerhans 

mainly composed by β cells with the purpose of modulating gene expression in order to boost islet 

performance and durability for treatment of type I diabetes191,192. In this context, several non-viral or 

viral-mediated strategies have been used for genetic modification of islet cells. Among non-viral 

strategies, the most used are electroporation, cationic liposomes and polymeric particles. Sadly, the 

efficacy of these technics falls short to achieve full islet transduction, demonstrating their limited 

application. In contrast, viral-mediated strategies, specifically the use of adenoviral particles, have 

shown surprisingly promising results, with some studies showing transduction efficiency of up to 

90%. However, these protocols are not easily reproducible and usually induce high cell toxicity levels. 

In addition, the transduction results in transient expression, which in case of MHC silencing is not the 

preferred effect193-196. 

In contrast to the transient transduction obtained from adenoviral particles, lentiviral vectors have 

emerged as an alternative strategy due to the genome integration of the gene of interest, becoming an 

important tool for MHC silencing in the context of xenotransplantation. However, one important 

limitation is based on the difficulty of transducing the inner mass of intact pancreatic islets, leading to 

relative low transduction efficiency193,197.  

Based on these experiments, we have developed a different and reproducible strategy to increase 

transduction efficiency and obtain fully genetically engineered porcine islet-like cell clusters. In 

summary, our approach was divided into 3 different parts. Primarily, islets were obtained by digesting 

neonatal porcine pancreata. Some reports suggest that islets from neonatal pigs’ are a more suitable 

source compared to adult pigs due to better islet yield per gram of pancreas, easier isolation and higher 
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resistance to hypoxia leading to increased islet quality after isolation198,199. These islets were further 

dissociated and cultured as single cell suspension. The second step was constituted by the transduction 

of ICCs-derived cells with a 3rd generation lentiviral vector to deliver shRNA targeting β2-

microglobulin and CIITA to persistently reduce SLA class I and class II expression, respectively. The 

third and last step was the reassembling of genetically engineered islets in a 7-day protocol using 

collagen type VI to improve islet reassembly. 

In our study, we used green fluorescent protein (GFP) as reporter gene in order to evaluate the efficacy 

of our transduction strategy. The expression of the reporter gene demonstrated high transduction 

efficiencies (90.2% ± 5.2% for β2M and 92.1% ± 4.6% for CIITA), demonstrating significant 

improvements compared to the direct transduction of intact porcine pancreatic islets as previously 

described193. The positive influence of collagen type VI is well characterized on human islet survival 

in immune-isolating microcapsules200. Thus, in this study, we used collagen type VI in order to 

improve islet reassembly in a stirred bioreactor flask. At the end of the 7-day protocol, the obtained 

reassembled SLA-silenced genetically engineered ICCs-derived cells showed the typical pancreatic 

islet morphology as observed in native islets.  

We were able to successfully establish an efficient and robust method for the dissociation of porcine 

pancreatic islets, genetic engineering of ICCs-derived cells and further reassembly into their original 

3D configuration. Targeting dissociated single cells impressively increased the transduction efficiency 

in comparison to the transduction of complex tissue, particularly with the possibility to reassemble 

pancreatic islets into their original configuration. This strategy offers an extra tool to genetically 

engineer complex tissue, bringing tissue engineering one step closer to the clinical application.    

 

7.1.2 Generation of SLA class I and class II silenced organs 

Among the organs suitable for genetic modifications and clinical perspectives, the lung appears to be 

the most exceptional. Lung transplantation is the last solution for patients with end stage respiratory 

failure. In addition, only 15-20% of lungs from deceased donors can be harvested, compared to 30% 

for hearts201-203. Thus, finding an alternative organ source becomes more critical. After solid organ 
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transplantation, the donor´s graft endothelium functions as the primary contact layer between donor 

and host. In addition, the endothelium is known to be the major cell layer responsible for triggering 

immune responses against the graft, ultimately leading to organ rejection204.  

Previously, lung preservation was mainly achieved by reducing the organ temperature to low levels, 

usually between 4 and 8°C. At this temperature, the organ is in a hypothermic state leading to reduced 

metabolic activity, drastically decreasing cell harm205,206. However, cold storage of the lung usually 

leads to cold ischemia, represented by an increase in hypoxia, generation of oxygen radicals, lipid 

peroxidation and membrane damage. These secondary effects from lung cold storage can ultimately 

lead to primary graft rejection207-209. Nowadays, normothermic ex vivo lung perfusion (EVLP) is used 

to provide a wider window of time to analyze and recondition lungs of inferior quality before 

transplantation. During this time, the lungs are placed and maintained at body temperature (37°C), 

providing excellent conditions for the lung to remain metabolic active and viable for hours210,211. 

In our study, we used normothermic EVLP as a strategy to genetically engineer porcine lung 

endothelium without compromising its integrity. MHC class I and class II molecules, which are 

constitutively expressed by the microvascular endothelial cells (mECs) present in the lung, are known 

to be responsible for inducing immune recognition by the host and are the main target for de novo or 

pre-formed donor-specific antibodies (DSA) as well as memory T cells. Therefore, the lung 

endothelium may be considered the most important target for genetic modification in order to prolong 

graft survival204,212. Silencing MHC class I and class II expression are expected to reduce the 

immunogenicity of the organ and improve long-term graft survival. In addition, as residual expression 

of MHC class I is expected to be required to inhibit NK cell cytotoxicity, we performed a stable and 

permanent downregulation of MHC expression using lentiviral vectors encoding shRNAs targeting 

β2M and CIITA genes through an RNAi mechanism instead of gene-editing technologies in order to 

circumvent complete MHC knockout109,213. Moreover, additionally to the shRNA gene present in the 

vector, a Nanoluciferase (NL) reporter gene was included to further evaluate the entire organ 

transduction efficiency. 
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The levels of released NL present in the medium from each representative section of both, right and 

left, lung demonstrated the capability to reach and transduce the entire lung endothelial surface by the 

lentiviral construct. However, variances in NL levels observed by the detection of bioluminescence 

between different lung sections suggest different transductions efficiencies. Nonetheless, a clear 

transduction efficiency pattern was not observed, despite a slight increase in the luminescence levels 

obtained in the middle lobe of the right lung, suggesting that these sections may have higher 

transduction efficiencies. These small differences must be related to the capacity of the vector to reach 

the different sections, which can lead to higher or lower transduction efficiencies within the lung. 

In summary, we demonstrated the feasibility to genetically engineer porcine lungs by applying 

normothermic EVLP currently been used in the clinics. With this strategy, we showed the possibility 

to take advantage from all the benefits inherent from normothermic EVLP (such as recondition and 

lung function improvement) and genetically engineer the entire organ through RNAi mechanism. This 

strategy can be universally applicable to other organs as long as there are ex vivo organ perfusion 

systems for the corresponding organ.    

 

7.1.3 Characterization of SLA class I and class II silencing effect 

Major and minor histocompatibility antigens play a key role in transplantation, having the capacity to 

trigger immune responses that may lead to the rejection of the graft106. The perfusion of the lung and 

ICCs-derived cells transduction with shβ2m- and shCIITA-enconding vectors resulted in significant 

downregulation of β2M and SLA-DRA transcript levels, respectively. These results confirmed the 

efficient transduction of porcine cells obtained by the evaluation of the different reporter genes. The 

expression of MHC class I and, especially, MHC class II is known to be highly upregulated under 

inflammatory conditions, which leads to increased immunogenicity of the graft after allogeneic 

transplantation214. Thus, in this study, we used IFN-γ and tumor necrosis factor alpha (TNF-α) to 

mimic an inflammatory environment without inducing cell necrosis (discussed in section 7.1.4). 

Interestingly, the strongest silencing effect of the shRNA was observed under inflammatory 

conditions, with a significant decrease in SLA class I and class II relatively to the non-engineered or 
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shNS porcine cells. These data demonstrate the feasibility to regulate gene expression in complex 

tissues and organs by the use of vector-delivery shRNAs. 

In addition, antibody and T cell recognition of MHC molecules present on the cell surface induce 

allogeneic responses. Hence, the effect of shRNA delivery was analyzed at SLA protein level on 

mECs and ICCs-derived cells. In a similar way to the characterization of SLA class I and class II 

silencing at mRNA levels, an inflammatory environment was induced by the stimulation with IFN-γ 

and TNF-α. Under these inflammatory conditions, mECS and ICCs-derived cells obtained from 

transduced porcine lungs and pancreas, respectively, showed a significantly reduced capacity to 

upregulate SLA class I and class II molecules in comparison to the native non-engineered tissue or 

organs.  

We successfully demonstrated the practicability of efficiently knocking down SLA class I and SLA 

class II molecules in complex tissue and organs by targeting β2M and CIITA genes, respectively, via 

RNAi mechanism.  

 

7.1.4 Assessment of tissue quality and functionality after genetic engineering 

The quality of genetically engineered cells is critical to guarantee their function and ultimately, to 

achieve organ xenotransplantation. Thus, the effect of lentiviral transduction on cell viability was 

analyzed and compared between the three vectors and the non-engineered cells. In addition, an 

inflammatory environment was induced by the presence of IFN-γ and TNF-α in order to mimic the 

microenvironment shortly after transplantation215,216. Propidium iodide has been used as a marker to 

determine cell viability217,218. The percentage of propidium iodide observed in all samples (genetically 

engineered and non-engineered) confirmed that the lentiviral transduction is harmless to the cells, not 

significantly affecting cell viability. Furthermore, even under inflammatory conditions, providing 

extra stress for the cells, the viability of the cells was not significantly decreased (p>0.05). These 

results demonstrate the safeness of the transduction with lentiviral particles, assuring the cell viability. 
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Since dissociated single β-cells are not in their natural microenvironment, they are consequently not 

capable of releasing insulin in vitro219,220, We measured the insulin transcript levels of in vitro 

reassembled islets after stimulation with glucose and observed a remarkable increase in insulin 

expression under glucose stimulation in comparison to control reassembled islets where no glucose 

was used (p<0.001). These data suggest that genetically engineered islets are capable of “sensing” 

glucose levels and consequently up-regulate insulin expression in order to achieve normoglycemia. 

Additionally, the indistinguishable insulin levels between genetically engineered and non-engineered 

islets demonstrate similar responsiveness to glucose stimulation, supporting the safeness of the 

lentiviral-mediated transduction to the cells. Furthermore, high islets numbers are required to maintain 

normoglycemia in an adult human (in the range of 5x103/kg body weight)221. For this reason, large 

scale reassembling of viable “neo-islets” is needed. The use of stirred bioreactors flasks for the 

reassembly may offer a solution to fulfil this need. 

It was previously demonstrated that EVLP can be used in order to recondition and improve the lung 

function that otherwise would not be suitable for transplantation222,223. Thus, it is critical that the use of 

lentiviral vectors do not jeopardize the beneficial effect of EVLP. Lactate dehydrogenase (LDH) has 

been used as a marker for cell and tissue damage224,225. Assessment of LDH levels in the perfusate of 

genetically engineered lungs and non-manipulated organs suggested that the lentiviral vector does not 

substantially induce tissue injury, even though a minor increase in LDH levels was observed. 

Additionally, histological analyses did not display augmented damage triggered by the perfusion with 

lentiviral vectors. After injury, a critical balance between pro- and anti-inflammatory cytokines is 

needed for wound healing, as well as for the regulation of allogeneic immune response strength. 

Previous experiments demonstrated that EVLP promote the release of pro-inflammatory mediators, in 

particular interleukin (IL)-1β, IL-6, IL-8, MCP-1 and G-CSF in the lung tissue, although this remained 

within acceptable levels for transplantation226,227. The impact of increased cytokine secretion for graft 

survival after transplantation during EVLP remains uncertain. Nonetheless, recent studies suggest 

different approaches to reduce the negative effects of those cytokines released during EVLP228. In this 

study, IL-6, IL-8 and TNF-α were only detected in the lungs perfused with lentiviral particles but, 

surprisingly, at lower levels than those reported for conventional EVLP226-228. The secretion of the 
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aforementioned cytokines may suggest activation of the endothelium. This may be induced by shear 

stress originated from the perfusion flow or by the properties of the perfusion solution. However, its 

post-transplantation effect is unknown and further investigation is required.  

In summary, genetic engineering of complex tissue or total organ endothelium via lentiviral 

transduction with specific shRNAs does not significantly influence tissue quality and functionality. 

However, further studies are needed in order to fully understand the real influence of increased 

cytokines released on post-transplantation outcome.     

 

7.1.5 Impact of SLA silencing in xenotransplantation 

Immunogenicity of SLA silenced cells on xenotransplantation is the most crucial aspect when 

evaluating the consequences of genetically downregulation of key genes. In the xenotransplantation 

setting, considerable efforts have been made to reduce the immunological barriers in order to prolong 

graft survival. In allotransplantation, it is well known that changes in MHC class I expression 

contribute to reduced strength of cellular rejection response109,229-231. As previously mentioned, β2M 

and CIITA are crucial targets for MHC class I or MHC class II downregulation, respectively. Organs 

from β2M deficient mice demonstrated significant increase in graft survival in mouse-to-mouse 

allotransplantation models. Some organs even demonstrated no rejection in the animal lifetime. 

Similarly, CIITA deficiency demonstrated to be successful in prolonging organ survival232-234. In the 

same way, β2M silencing on xenotransplantation revealed significantly prolonged graft survival in 

pig-to-mouse xenotransplantation studies113. Hence, we tested the effect of β2M and CIITA deficient 

porcine ICCs-derived cells on cellular and humoral immunogenicity, in particular T cells, NK cells 

and antibody-dependent cellular cytotoxicity. 

Previous studies have demonstrated that SLA class I and class II complexes can lead to the induction 

of human T cell activation upon their interaction89,235. T cell activation can be induced by direct and 

indirect recognition. TCR can directly recognize and bind to SLA class I and class II on porcine cells, 

or can indirectly recognize host’ antigen-presenting cells expressing MHCs. T cell recognition of 

graft’s antigens may influence their activation and, consequently, lead to degranulation and secretion 
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of perforin and granzyme, resulting in xenograft rejection. In our study, we evaluated the effect of 

MHC silencing on T cell degranulation by measuring CD107a, a degranulation marker on the cell 

surface. T cells isolated from human donors were co-cultured with NT, NS, SLA class I and SLA class 

II silenced ICCs-derived cells in order to evaluate T cell reactivity. Assessment of CD107a marker on 

T cells did not demonstrate any significant change in T cell cytotoxicity towards SLA class I-silenced 

cells. However, SLA class II-silenced ICC-derived cells induced significantly less T cell cytotoxicity 

when compared to the control cells (p<0.05). Surprisingly, SLA class I deficient porcine cells did not 

show decreased immunogenicity on T cell immune responses as expected236. Further studies are 

needed to fully understand these results. Nevertheless, from our point of view, we believe that SLA 

class I molecules alone may not play a critical role on T cellular immune response towards ICCs-

derived cells. However, reduced immunogenicity of SLA class II-silenced ICCs-derived cells suggests 

that the downregulation of SLA class II molecules may provide protective effects against T cell 

xenogeneic immune responses.  

Inadequate balance between inhibitory and activating signals may lead to augmented vulnerability of 

porcine cells, tissues and organs to human NK cell mediated cytotoxicity. It is well established that 

MHC class I molecules serve as inhibitory receptors for NK cells in allogeneic settings. Therefore, 

insufficient expression of MHC class I molecules might lead to the activation of NK cells237,238. 

However, previous studies have reported that NK cells may not play a crucial role in the rejection of 

the xenograft. It was suggested that SLA class I molecules do not have a strong effect on human NK 

cells in a xenogeneic environment, therefore, absence of SLA class I molecules may not directly 

influence NK cells behavior towards porcine cells, tissue or organs83,239-241. It is presumed that the 

structural differences between human and porcine MHC class I molecules are the main source for this 

inadequate interaction83,242. Hence, we studied the effect of SLA class I silencing on human NK cell 

activation and degranulation. Assessment of CD107a expression did not show an increase in NK cell 

degranulation towards SLA class I-silenced cells. Instead, we surprisingly found a significant 

reduction in NK cell activity (p<0.01), suggesting that the downregulation of SLA class I molecules 

might lead to increased protection of the xenograft against human NK cell mediated lysis. 
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Nevertheless, this mechanism of NK cell regulation in a xenogeneic environment is not fully 

understood and further studies are required to comprehend this effect. 

In a xenotransplantation system, delayed antibody-mediated responses have critical impact on long-

term graft survival. This type of immune response is associated with production of anti-pig antibodies, 

which can lead to injury induced by complement molecules or immune cells such as T cells, NK cells 

and/or macrophages15. Therefore, preformed or de novo xenoantibodies specific for SLA class I or 

class II molecules represent a potential risk for the survival of the xenograft243. In line with this 

knowledge, we evaluated the impact of SLA class I and class II on xenogeneic humoral immune 

responses by performing antibody-dependent cellular-mediated cytotoxicity assays. Remarkably, we 

observed significantly reduced cytotoxicity levels on SLA class I-silenced cells co-cultured with anti-

SLA-specific antibodies (p<0.001). Additionally, no significant differences in bioluminescence levels 

between β2M-silenced cells and the negative control (where no antibody was used) were seen. These 

results suggest that silencing SLA class I molecules may induce weaker xenogeneic humoral immune 

responses in contrast to fully SLA class I expressing cells. Regarding SLA class II, co-cultured 

CIITA-silenced cells induced diminished cytotoxicity to similar levels to the negative controls 

(p<0.05), without specific anti-SLA-specific antibodies. These results suggest that SLA class II 

deficiency provide an impressive protective effect against host antibody mediated responses.  

In summary, targeted silencing of porcine SLA class I and SLA lass II molecules resulted in 

significant xenoprotective effects against both cellular (T cells and NK cells) and humoral immune 

responses, which may potentially lead to prolonged xenograft survival and, hopefully, weaker 

immunosuppressive treatments required. 

 

7.2 Organ genetic engineering for Allotransplantation  

It is anticipated that xenotransplantation may be the solution for the scarcity of organs for 

allotransplantation. However, we believe that allotransplantation might be an interesting target for 

improvements. A suitable organ for allotransplantation has to fulfil specific prerequisites, the most 

critical being the HLA match between donor and recipient. Long-term graft survival is directly related 
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to the degree of HLA mismatch, with higher HLA mismatches leading to poor outcome and stronger 

immunosuppressive regime needed to reduce the strength of the allogeneic immune response244.  

Hence, we believe that the strategy applied on xenotransplantation could also be applied to the 

allotransplantation setting. Therapies targeting the donated organ before transplantation continue 

unexplored and may be an interesting approach245. Previous studies from our group have demonstrated 

that HLA class I silencing leads to reduced immunogenic potential of different cell types, directly 

resulting in a diminished risk of rejection after allotransplantation in murine models109,110,246. 

Therefore, silencing HLA class I molecules may prevent organ´s immunogenicity, leading to reduced 

doses of systemic immunosuppression and avoiding associated severe side effects such as 

hypertension, nephrotoxicity, diabetes and higher risks for opportunistic infections and 

malignancies247.    

Thus, we demonstrated a novel and efficient strategy to stably silence HLA class I expression to 

decrease immunogenicity of allografts by lentiviral-mediated RNAi mechanism in two different cell 

types (hepatocytes and endothelial human cells).  

 

7.2.1 Generation and characterization of HLA class I deficient cells 

HLA class I molecules are highly polymorphic and are expressed on most nucleated cells and 

platelets248. Consequently, HLA mismatch is the major cause for graft rejection, being the most critical 

obstacle in transplantation249,250. There are three main HLA class I-associated mechanisms involved in 

graft rejection107,251. Two mechanisms comprising cellular rejection (CD8+ cytotoxic T cells 

allorecognition and NK cell-mediated cell lysis) and one mechanism involving antibody-mediated 

complement-dependent and cellular cytotoxicity acting in a concerted manner resulting in cell lysis. It 

is well documented that a complete HLA class I knockout induce NK cell activation leading to graft 

rejection. Therefore, a fine balance between the strength of HLA class I silencing is needed in order to 

reduce T cell allorecognition that at the same time prevents NK cell activation. For this purpose, a 

lentiviral vector was used for the delivery of HLA-specific shRNA.        
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In both experiments (human hepatocytes and endothelial cells), relatively high silencing effects were 

achieved. The transduction of hepatocytes with the lentiviral vector targeting β2M significantly 

reduced β2-microglubulin transcript levels by 96% compared to the control cells. This reduction at 

mRNA level contributed to a decrease in HLA class I expression of 57% at the protein level in 

comparison to the controls. Regarding HLA-I silencing on endothelial cells, we were able to achieve 

significant downregulation of HLA class I molecules at protein level up to 47% in human umbilical 

vein endothelial cells (HUVEC), 52% in umbilical cord blood-derived outgrowth endothelial cells 

(UC-OEC) and 67% in peripheral blood-derived outgrowth endothelial cells (PB-OEC). Similar 

effects were additionally observed at mRNA level. Even though these results represent lower silencing 

efficacy than expected, a significant level of protection against humoral and cellular immune 

responses is still anticipated.  

Altogether, we demonstrated the practicability to genetically regulate protein expression on human 

cells (hepatocytes and endothelial cells) through RNAi mechanism. The silencing efficiency induced 

by the delivery of shβ2M through lentiviral vectors were within the range level capable of reducing 

immunogenicity, as showed in previous studies. In addition, this strategy can also be applied for other 

cell types and possibly used for tissue engineering.    

 

7.2.2 Morphological, phenotypic and functional characterization of HLA class I silenced cells  

Functionality and viability of genetically modified cells is one of the biggest concerns following the 

genetically engineering process by RNAi mechanism. HLA-silenced primary human hepatocytes 

(PHH) showed no significant differences in cell morphology and functionality when compared to 

HLA fully-expressing cells. PHH from all different groups (HUVEC, UC-OEC and PB-OEC) showed 

typical morphological characteristics observed through phase-contrast microscope suggesting that no 

morphological changes were made by shRNA gene delivery. Albumin synthesis and urea production 

are essential functions of hepatocytes, therefore, the maintenance of these functions is crucial. Neither 

non-genetically engineered nor HLA-silenced PHH showed significant differences, maintaining their 

functional capabilities. Additionally, cell damage was evaluated by assessing aspartate-
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aminotransferase (AST) leakage into the supernatant during cell culture. Analyzing all different 

groups, we did not observe any significant difference in AST leaked content suggesting that no 

damage was induced by the transduction process.  These results strongly suggest that shRNA silencing 

does not negatively affect the quality of the target cells. Additionally, the use of lentiviral vectors 

allow us to use inducible promoters, offering the opportunity to suppress the silencing effect and, if 

needed, to overexpress HLA in case of infection or tumorigeneses252.  

In the second study, regarding endothelial cell transduction by shRNA-mediated lentiviral vectors, no 

significant changes in morphology, phenotype or functionality were observed. A critical characteristic 

of fully functional endothelium is the expression of specific glycoproteins such as CD31 and VE-

cadherin, being responsible for regulating molecule and leukocyte exchanges between blood stream 

and tissue. Additionally, CD31 was characterized to be responsible for different functions such as cell 

elongation or migration where VE-cadherin is involved in the stabilization of tubes by cell-cell 

adherence junctions253,254. Furthermore, the expression of von Willebrand factor (vWF) and 

endothelial nitric oxide synthase (eNOS) by endothelial cells in critical for a continuous blood flow 

due to homeostatic and vasoprotective functions. The absence of vWF and eNOS promote the 

development of blood clotting disorder and increases the risk of thrombosis and atherosclerosis, 

respectively255,256. As demonstrated by immunohistochemistry, all these molecules were fully 

expressed before and after genetically engineering (NT, NST and HLA class I silenced endothelial 

cells) with no observed differences. This demonstrated that no functional side effect was induced by 

cell transduction. Moreover, flow cytometric analysis confirmed no quantitative differences in the 

expression of endothelial cells specific molecules like CD31, CD144 (VE-cadherin) and CD309 

(VEGF-R2). Another significant assay to analyze endothelial cells functionality is the measurement of 

ac-LDL uptake capacity. As observed by fluorescence microscopy and flow cytometry, no differences 

between control and lentiviral transduced cells were shown. These findings suggest that genetically 

engineered cells maintain their functional capabilities.   

One of the most important characteristics of functional endothelial cells is the capability to adhere 

under blood flow-mediated shear stress. Sites of cell-cell junctions containing CD31, CD144 and 
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CD309 proteins form a mechanotransductory complex providing the capability to sense shear stress. 

This complex induces different intracellular signaling cascades promoting horizontal endothelial cell 

alignment. This elongated phenotype is a prerequisite for a variety of functions such as antithrombotic 

activity, inhibition of leukocyte adhesion and stimulation of eNOS expression. Contrariwise, the non-

elongation interferes in eNOS activation, leading to atherosclerosis and peripheral vascular disease257-

259. In this study, no differences on the capacity to align under unidirectional flow were observed in all 

different groups as demonstrated by the presence of long, outstretched endothelial cells with actin 

bundles. This outcome may be associated to the full expression of CD31 and VE-cadherin which are 

known to be critical components for the shear stress sensing.  

Previous studies demonstrated that tube formation is a typical endothelial cells characteristic. These 

studies used different hydrogel assays and different sources of epithelial cells, such as umbilical cord 

veins- and blood or peripheral blood260-262. In this study, we demonstrated similar tube formation 

capacity by HLA class I-silenced cells. Whereas HLA class I-silenced HUVEC showed slightly 

reduced capacity to form tubes, genetically engineered UC-OEC showed higher tube formation 

capacity by the formation of longer tubes and higher junction numbers when compared to the controls. 

CD31 expression regulates tube length by the promotion of EC elongation, migration and gel invasion. 

Additionally, endothelial cells with increased expression levels of vascular endothelial growth factor 

receptor 2 (VEGFR-2), VEGFR-3 and platelet-derived growth factor-BB induce vessels 

branching254,263. Hence, the different changes observed may be justified by the expression levels of 

these molecules, which could be additionally influenced by the expression of GFP used for the 

evaluation of the transduction efficiency rather than by the downregulation of HLA class I expression 

per se.   

In summary, targeted silencing of β2M resulted in fully capable genetic engineered endothelial cells. 

These findings were supported by the maintenance of morphological and phenotypic typical properties 

as well as the conservation of specific functions such as the capability to align under unidirectional 

flow and formation of highly branched 3D capillary networks, which are necessary for fully functional 

endothelialization and capillarization of vascular grafts. 



  Discussion 

 
96 

7.2.3 Effects of HLA class I deficiency on allotransplantation  

Immunogenicity of transplanted organs is crucial for long term graft survival. It was previously shown 

that HLA class I molecules expression play a key role in the host immune response. Previously, we 

have demonstrated that freshly isolated PHH express HLA class I on the cell surface while HLA class 

II is absent, and can consequently lead to allospecific T cell stimulation after cell-cell contact. Allen et 

al. have described the role of T cell immune response in a HLA class I antigen mismatched in a patient 

with Crigler-Najiar type 1, showing increased evidences suggesting that mismatches in HLA class I 

may directly influence the overall outcome after allotransplantation264. Furthermore, recent studies 

have demonstrated the CD8+ T cell key role in cellular alloimmune responses towards transplanted 

hepatocytes265,266. Nevertheless, we have successfully demonstrated the beneficial outcome from HLA 

class I silencing by significantly reducing antibody-mediated, complement-dependent and cellular-

dependent cytotoxicity, both in vitro and in vivo109,213,246. 

In our study, we evaluated the effect of HLA class I silencing on T cell and NK cell alloimmune 

responses. The assessment of proliferative alloresponses in mixed lymphocyte-hepatocyte culture 

(MLHC) assay showed decreased proliferation capacity when HLA class I expression was 

downregulated, suggesting lower activation of both CD4+ and CD8+ T cells. When reducing HLA 

class I expression, a downregulation of CD8+ T cell immune responses would be expected. However, 

even though we observed significantly reduced CD8+ T cell proliferation, a significant downregulation 

of CD4+ T cell was observed.  

Furthermore, cytokines are known important mediators in allotransplantation, playing an important 

role on modulating the intensity of subsequent alloimmune responses towards the graft267. As a matter 

of fact, after hepatocyte allotransplantation, evidences suggest that a combination of specific cytokines 

may induce tolerogenic responses or even rejection of the graft268. Surprisingly, when HLA class I-

silenced cells were used as targets, we observed significantly decreased pro-inflammatory cytokine IL-

6 secretion. This result suggests that HLA class I reduced expression leads to weaker immune 

responses when compared to non-HLA silenced cells and may elucidate the decreased CD4+ T cell 

proliferation previously demonstrated. Furthermore, IL-10 cytokine is associated with stronger 
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rejection events as an antagonistic mechanism of the immune response269,270. The reduced IL-10 levels 

observed in MLHC assay using HLA class I-downregulated cells may be associated to the weaker 

immune cell activation demonstrated by the lower proliferation capacity and pro-inflammatory 

cytokines secretion. Thus, these data suggest that downregulating HLA class I expression may 

decrease the strength of the alloimmune response against hepatocytes.   

Reduced HLA class I expression levels may induce severe NK cell-mediated cytotoxicity, leading to 

allograft rejection109. However, in previous studies, we have demonstrated that a residual expression of 

HLA class I molecules is necessary for NK cell cytotoxicity inhibition109,213. In line with these studies, 

we detected negligible NK living cell numbers in culture after 10 days. Analyzing NK cells cultured 

with hepatocytes together with IL-2, IFN-α or IL-12/IL-15, we obtained an early downregulation of 

NK cell receptor DNAM-1, further suppressing IFN-γ and TNF-α secretion. These findings might 

explain the marginal number of NK cells in our experiments and their secondary role in our MLHC 

assay.  

Altogether, silencing β2-microglobulin and, subsequently, HLA class I molecules on PHH might offer 

a new approach for immunoregulation in allotransplantation. With this, we expect a reduction in 

strength of the host immune response towards the graft, and hopefully, a decrease in the severity of 

immunosuppression needed to achieve long-term graft survival.  
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8 Conclusion and Outlook 

In this thesis, porcine 3D-complex tissue and organs were genetically modified for 

xenotransplantation. Targeted silencing of β2M and CIITA genes via RNAi mechanism, lentiviral 

vectors encoding for shRNAs resulted in viable and functional SLA class I and class II deficient tissue 

and organs (in particular, porcine ICCs and lungs). This strategy addressed human humoral and 

cellular mediated immune responses which are known to play a crucial role in ACR and therefore, a 

possible solution for improved long-term graft survival. In addition, the same strategy was also applied 

in the allotransplantation system. Silencing HLA class I molecules may offer the opportunity to 

originate some degree of organ “invisibility”, leading to reduced allogeneic cellular immune 

responses, prolonging graft survival and reduced immunosuppressive therapy required.  

Regarding the xenotransplantation system, our data demonstrated the feasibility to successfully 

transduce 3D-complex tissue and organs. The characterization of these cells revealed strong β2M and 

CIITA genes silencing, consequently leading to the downregulation of SLA class I and class II 

molecules, respectively. Additionally, genetically modified cells did not show any significant 

differences on their viability and functionality, supporting their further application after lentiviral 

transduction. 

Immune response studies revealed the efficiency of SLA class I and class II silencing as both humoral 

and cellular immune responses were significantly decreased. The silencing of SLA class I and class II 

in porcine cells lead to a significant protective effect against human humoral responses. Additionally, 

the downregulation of SLA class II provided extra protection against T cellular immune responses. 

However, SLA class I silenced cells demonstrated similar vulnerability to T cell cytotoxicity effects. 

NK cells-derived cytotoxicity is a major concern on MHC class I silencing strategies. Surprisingly, our 

data demonstrated that SLA class I deficient cells do not show more susceptibility to NK cell activity. 

In fact, our results suggest that silencing SLA class I might provide extra protection against NK-

derived cytotoxicity. 
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In regard to the allotransplantation setting, our results revealed the efficacy of genetically modified 

human cells. Genetically modified cells demonstrated robust β2M gene and subsequently, HLA class I 

molecules silencing. Viability and functionality studies revealed the safety of lentiviral-mediated 

transduction as no harm was observed and all functions assessed remained intact. Furthermore, 

cytotoxicity studies revealed the efficacy of HLA class I silencing as proliferation of T cells was 

successfully decreased. Additionally, significantly reduced pro-inflammatory secretion was achieved 

by HLA class I silenced cells, supporting the hypothesized “invisibility”. This strategy provides a 

promising base for future studies, in which a universal organ may overcome all immune rejection 

barriers in allotransplantation. 

The capacity to silence SLA class I and class II in porcine 3D-complex tissue and organs offers a 

promising solution to reduce xenogeneic immune responses. Several studies demonstrated a variety of 

genetically modified pigs carrying different combinations of transgenes, which have shown to be 

capable of overcoming HAR and DXR. A combination between a specific transgenic pig with further 

SLA silencing may reduce all immunological hurdles in xenotransplantation, bringing us one step 

closer to clinical application. Additionally, MHC silencing on human allotransplantation might result 

in the manufacture of universal organs, with no HLA match needed and a reduction of 

immunosuppressive therapy required.  
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10 Appendix 

10.1 Abbreviations 
 

ACR    Acute cellular rejection 

ADCC    Antibody-dependent cell-mediated cytotoxicity  

AST   Aspartate-aminotransferase 

AVR   Acute vascular rejection 

bp    Base pair 

CD   Cluster of differentiation 

CIITA    Class II transactivator 

CR    Chronic rejection 

CRISPR/Cas9   Clustered regularly interspaced short palindromic repeats associated protein 9  

CRP    Complement regulatory proteins 

CTL    Cytotoxic T cell 

CTLA4   Cytotoxic T-lymphocyte-associated Protein 4 

DAF   Decay-accelerating factor 

DNA    Deoxyribonucleic acid 

DSA   Donor-specific antibodies 

dsRNA   Double-stranded RNA 

DXR    Delayed xenograft rejection 

E. coli    Escherichia coli 

EIA    Extracorporeal immunoadsorption 

eNOS   endothelial Nitric oxide synthase 

EVLP   Ex vivo lung perfusion 

GFP   Green fluorescent protein 

GGTA1   α1,3-galactosyltrasnferase 

HAR    Hyperacute rejection 

HLA    Human leukocyte antigen 

HLA-Cw3   Human leukocyte antigen-Cw3 

HLA-Cw4   Human leukocyte antigen-Cw4 
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HLA-E   Human leukocyte antigen-E 

HO1   Heme oxygenase 1 

HUVEC  Human umbilical vein endothelial cells 

IBMIR    Instant blood mediated inflammatory reaction 

ICCs   Islet-like cell clusters 

IFN-γ   Interferon gamma 

Ig    Immunoglobulin 

IgG    Immunoglobulin G 

IgM    Immunoglobulin M 

IL   Interleukin 

LDH   Lactate dehydrogenase 

mAb    Monoclonal antibodies 

MAC    Membrane attack complex 

mECs   Microvascular endothelial cells 

MHC    Major histocompatibility complex 

miRNA   Micro RNA 

MLHC   Mixed lymphocyte-hepatocyte culture 

mRNA    Messenger RNA 

Nabs    Natural antibodies 

NK    Natural killer 

NL   Nanoluciferase 

nt    Nucleotide  

PAM    Protospacer adjacent motif 

PB-OEC  Peripheral blood-derived outgrowth endothelial cells 

PHH   Primary human hepatocytes 

PTGS    Post-transcriptional gene silencing 

RISC    RNA-induced silencing complex 

RNA    Ribonucleic acid 

RNAi    RNA interference  

ROS    Reactive-oxygen species 

S. pyogenes   Streptococcus pyogenes 
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sgRNA   Single guide RNA 

shRNA   Short hairpin RNA 

siRNA    Short interfering RNA 

SLA    Swine leukocyte antigen 

SV40   Simian Virus 40 

TALEN   Transcription activator-like effector nucleases  

TCR    T cell receptor 

TNF-α   Tumor necrosis factor alpha 

UC-OEC  Umbilical cord blood-derived outgrowth endothelial cells 

VEGRF  Vascular endothelial growth factor receptor 

vWF   von Willebrand factor 

ZFN   Zinc finger nucleases 

α1,3Gal   α-galactose-1,3-galactose 

β2M    Beta2-microglobulin 

 

 



  Appendix 

 
121 

10.2 List of tables 

 

Table 1 - Genetic modifications of pigs for xenotransplantation ........................................................ 11 

 

 



  Appendix 

 
122 

10.3 List of figures 

 

Figure 1 - Active waiting list and transplant fluctuation in Germany (2010-2019). ..............................7 

Figure 2 - Schematic timeline demonstrating the development of strategies used to overcome the 

immunological barriers to allow xenograft survival and the impact on organ survival. .........................9 

Figure 3 - Schematic illustration of MHC class I .............................................................................. 16 

Figure 4 - Schematic illustration of MHC class II ............................................................................. 18 

Figure 5 - Genome editor nucleases .................................................................................................. 20 

Figure 6 - Delivery of shRNAs through lentiviral vectors and RNAi mechanism .............................. 23 

Figure 7 - β2M and CIITA as targets for MHC silencing through an RNAi mechanism .................... 25 

 

file:///Z:/COM/PhD%20Thesis%20last%20version/Carvalho%20Oliveira%20PhD%20Thesis-corrected_official%20version%20-%20Kopie.docx%23_Toc37183347
file:///Z:/COM/PhD%20Thesis%20last%20version/Carvalho%20Oliveira%20PhD%20Thesis-corrected_official%20version%20-%20Kopie.docx%23_Toc37183348


  Appendix 

 
125 

10.5 List of publications 
 

Oral and poster presentations at international conferences 

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Pogozhykh O, Aufderbeck S, Schwinzer R, 

Niemann H, Petersen B, Seissler J, Blasczyk R, Figueiredo C. Generation of SLA-silenced porcine 

pancreatic islets to support graft survival after xenogeneic transplantation. ECI 2018. 5th European 

Congress of Immunology; 2018 September 2-5; Amsterdam, Netherlands (Poster P.C3.04.04) 

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Verboom M, Sake HJ, Pogozhykh O, Aufderbeck 

S, Schwinzer R, Niemann H, Petersen B, Seissler J, Blasczyk R, Figueiredo C. Generation of 

immunologically invisible transgenic porcine pancreatic islet cell clusters after single cell engineering 

and post-transduction islet reassembling to support xenograft survival. EFI 2019. 33rd European 

Immunogenetics and Histocompatibility Conference; 2019 May 8-11; Lisbon, Portugal (Oral 

presentation O1)  

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Verboom M, Sake HJ, Pogozhykh O, Chen-

Wacker C, Aufderbeck S, Schwinzer R, Niemann H, Petersen B, Seissler J, Blasczyk R, Figueiredo C. 

Generation of immunologically invisible porcine pancreatic cell clusters after single cell engineering 

and islet reassembling to support xenograft survival. XLVI ESAO Congress; 2019 September 3-7; 

Hannover, Germany (Oral presentation) 

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Verboom M, Sake HJ, Pogozhykh O, Chen-

Wacker C, Aufderbeck S, Schwinzer R, Niemann H, Petersen B, Seissler J, Blasczyk R, Figueiredo C. 

Generation of immunologically invisible porcine pancreatic islet cell clusters after single cell 

engineering and post-transduction islet reassembling to support xenograft survival. IXA 2019. 15th 

Congress of the International Xenotransplantation Association; 2019 October 10-13; Munich, 

Germany (Oral presentation) 

Carvalho Oliveira M, Valdivia E, Yuzefovych Y, Sake HJ, Pogozhykh O, Chen-Wacker C, 

Aufderbeck S, Schwinzer R, Niemann H, Petersen B, Seissler J, Blasczyk R, Figueiredo C. Generation 

of immunologically invisible porcine pancreatic islet cell clusters after single cell engineering and islet 

reassembling to support xenograft survival. ESGCT 2019. 27th Annual Congress of the European 

Society of Gene & Cell Therapy; 2019 October 22-25; Barcelona, Spain (Poster presented by 

Yuzefovych Y)   



  Appendix 

 
126 

Oral and poster presentations at national conferences 

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Pogozhykh O, Aufderbeck S, Schwinzer R, 

Niemann H, Petersen B, Seißler J, Blasczyk R, Figueiredo C. Generation of SLA-silenced porcine 

pancreatic islets to support graft survival after xenogeneic transplantation. 13th Spring Meeting of the 

Working Group Transplant Immunology of the German Society for Immunology (DGfI); 2018 May 

24-25; Hannover, Germany (Oral presentation) 

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Pogozhykh O, Aufderbeck S, Schwinzer R, 

Niemann H, Petersen B, Seißler J, Blasczyk R, Figueiredo C. Generation of SLA-silenced porcine 

pancreatic islets to support graft survival after xenogeneic transplantation. Meeting of the Transregio 

Collaborative Research Centre 127 of the German Research Society (DFG); 2018 November 14-15, 

Bern, Switzerland (Poster) 

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Verboom M, Sake HJ, Pogozhykh O, Chen-

Wacker C, Aufderbeck S, Schwinzer R, Niemann H, Petersen B, Seissler J, Blasczyk R, Figueiredo C. 

Generation of immunologically invisible transgenic porcine pancreatic islet cell clusters after single 

cell engineering and islet reassembling to support xenograft survival.14th Spring Meeting of the 

Research Focus Group “Transplant Immunology” of the German Society for Immunology (DGfI); 

2019 May 23-24; Mainz, Germany (Oral presentation) 

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Verboom M, Pogozhykh O, Schwinzer R, 

Niemann H, Petersen B, Seissler J, Blasczyk R, Figueiredo C. Generation of immunologically 

invisible transgenic porcine pancreatic islet cell clusters after single cell engineering and post-

transduction islet reassembling to support xenograft survival. DGI 2019. 27th Jahrestagung der 

Deutschen Gesellschaft für Immungenetik; 2019 September 4-6; Cottbus, Germany (Oral presentation 

presented by Figueiredo C) 

Carvalho Oliveira M, Yuzefovych Y, Valdivia E, Verboom M, Sake HJ, Pogozhykh O, Chen-

Wacker C, Aufderbeck S, Schwinzer R, Niemann H, Petersen B, Seissler J, Blasczyk R, Figueiredo C. 

Generation of immunologically invisible porcine pancreatic islet cell clusters after single cell 

engineering and islet reassembling to support xenograft survival. DGTI 2019. 52nd Jahrestagung der 

Deutschem Gesellschaft für Transfusionsmedizin uns Immunhämatologie e.V.; 2019 September 18-

20; Mannheim, Germany (Oral presentation) 

  



  Appendix 

 
127 

Scientific publications 

Marco Carvalho Oliveira, Emilio Valdivia, Murielle Verboom, Yuliia Yuzefovych, Hendrik 

Johannes Sake, Olena Pogozhykh, Heiner Niemann, Reinhard Schwinzer, Björn Petersen, Jochen 

Seissler, Rainer Blasczyk, Constança Figueiredo. Generating low immunogenic pig pancreatic islet 

cell clusters for xenotransplantation. Journal of Cellular and Molecular Medicine. 2020; doi: 

10.1111/jcmm.15136. 

Constança Figueiredo, Marco Carvalho Oliveira, Chen Chen-Wacker, Katharina Jansson, Klaus 

Höffler, Yuliia Yuzefovych, Olena Pogozhykh, Zhu Jin, Mark Kühnel, Danny Jonigk, Bettina 

Wiegmann, Wiebke Sommer, Axel Haverich, Gregor Warnecke, Rainer Blasczyk. 

Immunoengineering of the vascular endothelium to silence MHC expression during normothermic ex 

vivo lung perfusion. Human Gene Therapy. 2019; doi: 10.1089/hum.2018.117. 

Constança Figueiredo, Felix Oldhafer, Eva-Maria Wittauer, Marco Carvalho-Oliveira, Ali Akhdar, 

Oliver Beetz, Chen Chen-Wacker, Yuliia Yuzefovych, Christine S. Falk, Rainer Blasczyk, Florian 

W.R. Vondran. Silencing of HLA class I on primary human hepatocytes as a novel strategy for 

reduction in alloreactivity. Journal of Cellular and Molecular Medicine. 2019; doi: 

10.1111/jcmm.14484. 

Skadi Lau, Dorothee Eicke, Marco Carvalho Oliveira, Bettina Wiegmann, ClaudiaSchrimpf, Axel 

Haverich, Rainer Blasczyk, Mathias Wilhelmi, Constança Figueiredo, Ulrike Böer. Low Immunogenic 

Endothelial Cells Maintain Morphological and Functional Properties Required for Vascular Tissue 

Engineering. Tissue Engineering Part A. 2018; doi: 10.1089/ten.TEA.2016.0541. 

 

 

 

 



  Appendix 

 
128 

10.6 Author´s statement of contribution 

Research paper 1 

Carvalho Oliveira M, Valdivia E, Verboom M, Yuzefovych Y, Sake HJ, Pogozhykh O, Niemann H, 

Schwinzer R, Petersen B, Seissler J, Blasczyk R, Figueiredo C. Generating low immunogenic pig 

pancreatic islet cell clusters for xenotransplantation. Journal of Cellular and Molecular Medicine. 

2020; doi: 10.1111/jcmm.15136. 

 

Marco Carvalho Oliveira 

• Generated genetically modified pig pancreatic beta cells 

• Performed and analyzed lentiviral transduction efficiency 

• Characterized silencing effects  

• Planned, performed and analyzed humoral and cellular immune cytotoxicity experiments 

• Performed islet reassembly after single cell genetically engineering 

• Wrote draft of the manuscript  

 

 

Research paper 2 

Figueiredo C, Carvalho Oliveira M, Chen-Wacker C, Jansson K, Höffler K, Yuzefovych Y, 

Pogozhykh O, Jin Z, Kühnel M, Jonigk D, Wiegmann B, Sommer W, Haverich A, Warnecke G, 

Blasczyk R. Immunoengineering of the vascular endothelium to silence MHC expression during 

normothermic ex vivo lung perfusion. Human Gene Therapy. 2019; doi: 10.1089/hum.2018.117. 

 

Marco Carvalho Oliveira 

• Performed transduction of the lung endothelium 

• Collected tissue and performed cell isolation from the lung endothelium 

• Analyzed MHC silencing on lung endothelial cells   

• Contributed to writing the manuscript 

 

 



  Appendix 

 
129 

 

Research paper 3 

Figueiredo C, Oldhafer F, Wittauer EM, Carvalho-Oliveira M, Akhdar A, Beetz O, Chen-Wacker C, 

Yuzefovych Y, S. Falk C, Blasczyk R, Vondran F.W.R.. Silencing of HLA class I on primary human 

hepatocytes as a novel strategy for reduction in alloreactivity. Journal of Cellular and Molecular 

Medicine. 2019; doi: 10.1111/jcmm.14484. 

 

Marco Carvalho Oliveira 

• Performed and analyzed MHC silencing on rat Hepatocytes  

 

 

Research paper 4 

Skadi Lau, Dorothee Eicke, Marco Carvalho Oliveira, Bettina Wiegmann, ClaudiaSchrimpf, Axel 

Haverich, Rainer Blasczyk, Mathias Wilhelmi, Constança Figueiredo, Ulrike Böer. Low Immunogenic 

Endothelial Cells Maintain Morphological and Functional Properties Required for Vascular Tissue 

Engineering. Tissue Engineering Part A. 2018; doi: 10.1089/ten.TEA.2016.0541. 

 

Marco Carvalho Oliveira 

• Performed and analyzed LDL uptake  

• Phenotypically characterized genetically modified endothelial cells 

• Performed and analyzed qPCR experiments to evaluate the silencing effect     

 



  Appendix 

 
130 

10.7 Declaration 

 

Hiermit erkläre ich, dass ich die Dissertation „Silencing MHC expression in 3D-complex tissues and 

organs“ selbstständig verfasst habe. Bei der Anfertigung wurden keine Hilfen Dritter in Anspruch 

genommen. 

Ich habe keine entgeltliche Hilfe von Vermittlungs- bzw. Beratungsdiensten (Promotionsberater oder 

andere Personen) in Anspruch genommen. Niemand hat von mir unmittelbar oder mittelbar 

entgeltliche Leistungen für Arbeiten erhalten, die im Zusammenhang mit dem Inhalt der vorgelegten 

Dissertation stehen. Ich habe die Dissertation am Institut für Transfusionsmedizin und Transplantat 

Engineering angefertigt. 

Die Dissertation wurde bisher nicht für eine Prüfung oder Promotion oder für einen ähnlichen Zweck 

zur Beurteilung eingereicht. Ich versichere, dass ich die vorstehenden Angaben nach bestem Wissen 

vollständig und der Wahrheit entsprechend gemacht habe.  

Hiermit erkläre ich außerdem, dass die promotionsrelevanten Originaldaten und -aufzeichnungen 

einschließlich der elektronischen Daten verfügbar sind. 

 

 

 

 

 

 

Hannover, den 8 April 2020 

 

______________________________________ 

Marco António Carvalho Oliveira 

    



  Appendix 

 
131 

10.8 Acknowledgements 

 

First and foremost, I would like to thank my supervisor Prof. Dr. Constança Figueiredo for the 

opportunity to work on such a fascinating field. Thank you for your excellent supervision, for your 

support, encouragement and the excellent guidance since the beginning of my thesis. 

Moreover, I want to thank my co-supervisor Prof. Dr. Falk F. R. Büttner for his valuable suggestions 

and support for the progress of this project. 

I would like to thank Dr. Björn Peterson and Prof. Dr. med. Jochen Seißler for their pleasant 

collaboration and constructive suggestions throughout my thesis. 

I am thankful to Prof. Dr. Rainer Blasczyk for allowing me to work in his laboratory at the Institute for 

Transfusion Medicine and Transplant Engineering and conduct the experiments for my PhD project 

and for his contagious enthusiasm about this field.  

Furthermore, I would like to extend my warmest regards to all the current and former members of the 

Institute for Transfusion Medicine and Transplant Engineering. I am also grateful to all members of 

AG Figueiredo for all the fun moments and their support in the lab. In particular, I thank Susanne 

Aufderbeck for every question answered and for always being there during the good, but specially the 

bad moments. 

Queria agradecer profundamente a minha fantástica família: José Oliveira (pai), Maria Virgínia (mãe), 

Serafim e Tiago (irmãos). Pai e Mãe, sem o vosso esforço e sacrifício durante toda a vossa vida para 

que nada me faltasse, eu não seria a pessoa que sou e não estaria nesta situação, a terminar o meu 

doutoramento. Por tudo o que me deram e ensinaram, muito obrigado do fundo do meu coração.       

I also thank the amazing friends I have made since I came to Germany, Andreas Schneider, Kritika 

Sudan, Alexander Bollenbach and Emilio Valdivia for all the moments we shared since the beginning 

of this journey. Of course, I cannot forget the “tugas” that I have met here, especially João Monteiro 

and António Camarão. Thank you very much for making me feel more like at home. Life moves on 

but sometimes our past stubbornly keeps chasing us. Therefore, an especial thanks to my old friends in 



  Appendix 

 
132 

Portugal. “Mini” (Carlos Simões), “Ez” (Carlos Costa), “Humby” (Humberto Pereira) and “Di” (Diana 

Rodrigues), thank you very much for the immense support and motivation on the completion of my 

thesis.  

Last but not least, I dearly want to thank Débora Queirós. Thank you for your support, help and 

enthusiasm during this adventure. You have always stayed by my side, in the good and bad moments, 

and I know that I can always count on you. Without you, all of this would not have been the same. 

Thank you so much for everything. 

 


