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Darlegung potentieller Interessenskonflikte

Der Inhalt des folgenden Vortrages ist Ergebnis des Bemtihens um gré3tmoégliche Objektivitat
und Unabhangigkeit.

Als Referent weise ich darauf hin, dass es persénliche Verbindungen zu Unternehmen gibt,

deren Produkte im Kontext des folgenden Vortrages von Interesse sind. Dabei handelt es sich
um die folgenden Unternehmen und Verbindungen:

Mitgrinder der XTransplant GmbH Sprecher des DFG SFB/TR 127

Mitgrinder der MWM Biomodels GmbH



Lack of human organs for transplantation

Eurotransplant Germany
) 10723 7148
Kidney 2161 Kidney 1612
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Heart 663 Heart
_ 1421
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Lungs 707 Lungs
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The changing view on xenotransplantation

Advantages: - anatomical similarities
- physiological compatibility
- rejection resembles allotransplants (?)

Disadvantages: - long gestation period

Concordant . - single offspring
a; ,«’9 A f - organ size unsuitable for human adults
H. \“’ f’ - transmission of infections
/ /) - high costs
& J\\ J

~4L .y - ethical considerations

Advantages: - anatomical and physiological similarities
- short gestation period (114 days)
- large litters, rapid growth of offspring
- organ size suitable for human adults
- designated pathogen-free breeding (DPF)
- genetic modification well established

Discordant

Disadvantages: - hyperacute / humoral rejection

Alzheimer’sdisease

- physiological incompatibilities el A rolcfor presenilin |
- porcine endogenous retroviruses (PERV) '




Pigs with inactivated PERYV Iintegrants

Embryonic fibroblast
undergoes CRISPR-Cas
editing to inactivate
polin PERV.

A primary porcine fetal fibroblast cell line (FFF3) with about 25
copies of functional PERVs was used

» Use of p53 inhibitor during genetic modification was necessary to
Cellular DNA grow up 100% PERV-inactivated FFF3 cell clones

= Five out of eight PERV-inactivated FFF3 cell clones carried
chromosomal abnormalities

= No difference in SCNT efficiency between PERV-inactivated
(0.9%) and WT cells (0.8%)

= The physiological functions of endogenous retroviruses, which
exists in all mammalian species, remain largely unknown

Niu et al., Science 357, 1303-1307 (2017)

Integrated
PERV

L CRISPR-Cas

PERV with
inactivated
pol sequence

Cell nucleus

Somatic cell The edited oocyte PERV-inactivated
nuclear transfer is transplanted into piglets are produced,
is performed whereby surrogate from which organs
the fibroblast nucleus SOWS. X could be used for
that contains the o ’\ human transplant.

inactivated pol gene
is transferred into
a denucleated oocyte.

Commentary: Denner, Science 2017



The changing view on xenotransplantation

mate modelling
Inand out of ice ages

Europa <=7/
An oceanwithin?

Alzheimer’sdisease
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nature EDITORIAL

biotechnology

In the 1990s, concerns about potential transfer
of porcine retroviruses to xenotransplant
recipients shut down commercial programs,
even though transmission had not (and still
has not) been demonstrated in vivo. Given
the continuing shortage of human organs for
transplant, return of commercial funding to
xenotransplantation is encouraging.

Government funders should take note. Yes,
stem cell-derived therapies offer great long-
term promise for degenerative diseases. But
xenotransplants represent an additional
intriguing option - one with potentially
shorter horizons to the clinic.

NATURE BIOTECHNOLOGY
VOLUME 34 NUMBER 1T JANUARY 2016

Science The science stories likely

W to make headlines in 2020

https://www.sciencemag.org/news/2020/01/science-stories-likely-make-headlines-2020
By Science News Staff | Jan. 2, 2020, 10:50 AM

Making xenotransplants survive

The genome editor CRISPR is reinvigorating the
beleaguered field of xenotransplantation, which
aims to surgically replace human organs or tissues
with ones harvested from animals such as pigs.
Novel clinical trials of the strategy could launch this
year. Xenotransplantation has long promised to
alleviate a chronic shortage of human livers,
hearts, and other organs. It could also provide
corneas to cure blindness and insulin-producing
islet cells to replace those destroyed by diabetes.
Recent CRISPR experiments have modified genes
In pigs to prevent or dampen human immune
responses to their tissue and have removed DNA
from the porcine genome that could spawn
potentially dangerous viruses in a person.
Transplants from these edited pigs to monkeys, a

key test of safety and efficacy before human trials,

have demonstrated long-term viability in their new

hosts.




Strategies to overcome pig-to-human xenotransplant rejection

A Hyperacute rejection

antibodies against
(e.g. anti-aGal) xenoantigens
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B Deletion of carbohydrate antigens:
Knockout of GGTA1, CMAH, B4GALNT2

Inhibition of complement activation:
Expression of hCD46, hCD55, hCD59

Prevention of coagulation disorder:
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Acute vascular rejection

Cytokines and chemokines,
secreted from activated
immune cells and endothelium
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Inhibition of NK-cell activation:

Expression of HLA-E/hB2M

Inhibition of M® activation:
Expression of hCD47

Suppression of inflammation:
Expression of hA20, hHO-1
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Inhibition of SLA antigen presentation:
Deletion of SLA-I, pB2M, pCIITA

Inhibition of T-cell activation:

Expression of CTLA4-1g, LEA29Y,
hPD-L1, anti-hCD2-mAb

Kemter et al., Curr Opin Genet Dev 64, 60-65 (2020)
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Toolbox for the genetic modification of pigs

Gene editing by using the CRISPR/Cas system

Gene editing using TALENs
Gene targeting using modified BAC vectors

First inducible transgene expression

Gene editing using ZFNs

Transposon based transgenesis

Adeno-associated virus-mediated gene targeting

ICSI-mediated gene transfer

Lentiviral gene transfer

Gene targeting in somatic cells and SCNT

Sperm-mediated gene transfer (SMGT)

TITIIT T 1T

Pronuclear DNA microinjection

Transfection and selection -
mixed cell clones

Additional transfection round

Propagation by 2nd round of
SCNT and embryo transfer

Genotyping and expression Primary culture of best expressing
analysis animal

Kurome et al., Meth Mol Biol 1222, 37-59 (2015)



Structure the TRR 127 Xenotransplantation

Biology of xenogeneic cell, tissue and organ transplantation

Project Group A Project Group B Project Group C
Immunity, tolerance Novel transgenic strategies Preclinical and clinical XT
Al Schwinzer, B1&2 Schnieke, Lucas-Hahn, Kemter, Bottcher, C1 Speier, Cohrs,
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from bench



The need for alternative sources of pancreatic islets

Artificial pancreas

Artificial pancreas
controller
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Latres et al.,
Cell Metab 29,
545-563 (2019)

Continuous glucose sensor
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Differentiation of stem cells and
reprogramming of endogenous cells
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Zhou & Melton, Nature 557, 351-358 (2018)

Replenishment of
islet cell mass
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Human pancreas from animal hosts

Kobayashi et al., Cell 142, 787-799 (2010)

Cﬁi‘meric pig witr_;
human pancreas?

Human iPS
or ES cells

Pancreatogenesis
impaired pig embryo

Matsunari et al., PNAS 110, 4557-4562 (2013)




Rat pancreas in mouse and vice versa

Mouse Rat

X
male Pdx1*- female Pdx1*-

25% Pdx 1" (—\

Hiromitsu- Nakauchi

Yamaguchi et al., Nature 542, 191-196 (2017)

>

2. Interspecies
blastocyst complementation

1. Generation of
autologous iPSCs

Pancreas-deficient Chimeric mouse with

mouse rat pancreas %

Kobayashi et al., Cell 142, 787-799 (2010)

3. Removal of pancreata
and isolation of islets

4. Transplantation of islets
into diabetic mice




Islet Cell Transplantation
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Human iPS Cells

Pig with Human Pancreas

Human organs from animal hosts?

&

Apancreatic Pig

www.icell.co.jp

Divergence times (M years) between human and
various animal species

Calculated with TIMETREE (http://www.timetree.org/). Above trajectory:
median divergence times; below trajectory: estimated divergence time
(confidence interval).
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Pig
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Porcine islet xenotransplantation is a realistic option

Long-term control of diabetes in immunosuppressed non-human primates
(NHP) by the transplantation of adult porcine islets

Insulin
Recipient Donor pigs Islet infusion  independence
Bwit No. of Total islet

ID Sex (kg) pigsused Bwt (kg) (IEQ) Day
RO51 M 7 3 (2M/1F) 71, 68, 84 530 000 >603
R0O80 F 43 3 (2M/1F) 86, 78, 75 430 000 167
R082 F 5.1 2 (2M) 62, 82 510 000 512
R084 F 5.3 2 (2F) 98, 95 530 000 303
R0O89 F 54 2 (2M) 72, 63 540 000 180
Mean + SD 24+05 778+ 116 508 000 £ 45 000

Immunosuppression:

Anti-CD154 mAb

Sirolimus

Anti-thymocyte globulin (ATG, Thymoglobulin)
Cobra venom factor (CVF) ,
« TNF-a neutralizing mAb (Humira)

Shin et al., Am J Transplant 15, 2837-2850(2015)



Islet encapsulation strategies
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membrane with alginate

Wang et al., Sci Transl Med 13, eabb4601 (2021)



Beta cells are in intimate contact with capillaries

1 . g . 2 v'.:f,"-':_'; .'“::"::"'::"‘—_ B B cell
! Average Human Actin VIR AR interior
I 4 {
| / I\ | Integrin- : : ™
Endocrine
Pancreas ~ basement
14 -20cm Nidogen membrane
Vascular
=~ basement
Islet membrane
50 — 150 pm
Vascular
cell interior

Glieberman et al., Diabetes 70, 347-363 (2021) C. Cohrs, S. Speier



Immunomodulatory approaches for porcine islet xenotransplantation

Heparin, Aspirin, Clopidogrel

IBMIR Low-molecular weight dextran sulfate (LMDS)
Human factor H
Coagulation cascade Intravenous immunoglobulin (IVIG)

Complements
Platelet activation
Immunosuppressant

(Calcineurin inhibitor, Rapamycin, MMF)

Co-stimulatory blockade
(anti-CD154, anti-CD40, CTLA4-lg, anti-LFA)

JAKS inhibitor (Tofacitinib)
Regulatory T cells (nTreg, iTreg, CAR Treg)

Pig

(Islet donor)

Isolated
ig islet =

PR Adaptive
immunity

CD4* and CD8* T cells

Ab-secreting B cells
(Anti-Gal & Non-Gal antibody)

Innate & Anti-TNF-a antibody (Adalimumab)

Non-human

primate |mmun|ty TNF-a receptor fusion protein (Etanercept)
(islet recipient) Monocytes and neutrophils Interleukin 1 receptor antagonist (Anakinra)
DAMPs Anti-IL-6R antibody (Tocilizumab)

Inflammatory mediators

Hong et al., Curr Diabetes Rep 21, 3 (2021)



Protection of porcine xeno-islets by expression of LEA29Y
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Klymiuk et al., Diabetes 61, 1527-1532 (2012) Wolf-van Blurck et al., Sci Rep 7, 3572 (2017)




Testing of LEA29Y porcine islets in diabetic nonhuman primates

Methodology:

XTx of LEA29Y-GTKO ICCs in diabetic rhesus macaques with
low-dose systemic immunosuppression

Diabetic ||induction|| maintenance therapy maintenance therapy
macaque || therapy 4-fold combination sirolimus or rapamycin and MMF
v ¥ ¥ v ¥ .
1+ i b b
ICC Tx week 8: taper End of study at
I.v.GTT: stim. immunosuppression weeks 12-16:
porcine C-  ||(anti-CD154, belatacept) IHC, i.v.GTT,
peptide FACS, gRT-PCR,
xeno-Ab
Output:

Determination of the minimal systemic immunosuppression required for
INSLEA29Y-GTKO islet survival in NHP

Lelia Wolf-van Burck and Jochen Seissler



The need for alternative sources of heart valves and hearts

e 290’000 heart valve replacements worldwide (2003)

* 850’000 heart valve replacements worldwide (2050)
* 60% develop complications within 10 years post-op

Mechanical valves

Thrombogenicity —
lifelong medication

Bioprosthetic valves

Calcification

Decellularized allogeneic valves
Remodeling and growth potential

Problem: Limited availability in number and size

Patients

% Survival

Eurotransplant 2019:
668 HTx, 1090 on waiting list

Waiting list

600

Heart transplantations

0
1991/1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005|2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

bleeding, thromboembolic complications

L
0 6 1 1B 24 30 36 42 48 54 60 66 72
Months post implant

2‘]’ 1-year mortality >40% due to infections,

Intermacs Database
Annual Report 2019



Mechanisms of porcine xenograft rejection & strategies to overcome them

Expression of
hTBM, hEPCR,
hCD39, hTFPI,
hCD73

Expression of
hHO-1, A20

Knockdown of TF
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CTLA-41g, LEA29Y
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o o
Anti-aGal natural
Chronic antibodies Activated Non-aGal
complement xenoantigen
[ of pathway
ey B cell O e
' o // o
Pig endothelial cell”/ @ @ Ll ton
associated anticoagulant ~ Activated Elicited THS
s (TERLTEN), (8 xenoantibodies
B cell
o @
Q & i
o o Cytokines, e.g.IFN-y | NK cell KR g — == ;’ao

_+ NKp44

+ & NKG2D=
' FoR . ™ uLBP1
T cell . Macrophage = FeR v
+ SIRP-a
: | 4
Galectin-3
Antigen- *
presenting cell CD47

Sprangers et al., Kidney Int 74, 14-21 (2008)

Knockout of
GGTALl, CMAH, BAGALNT2

Expression of
hCD46, hCD55, hCD59

Expression of
HLA-E/B2M

Knockout of ULBP1

Expression of
hCD47



Xenogeneic coagulation disorder
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/Prothrombin> ‘Thrombin’ _
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Nat Rev Cardiol 11,
140-156 (2014)

Porcine thrombomodulin binds human thrombin, but is a poor cofactor for the activation of human
protein C

Cowan & d’Apice, Immunology and Cell Biology 87, 203—208 (2009)



Human thrombomodulin expression in transgenic pigs

PECAM-1
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Heterotopic abdominal cardiac xenotransplantation in baboons

2C10 25 25 10 0
dose (mg/kg) (mg/kg) (mg/kg) (mg/kg)

https://www.nature.com/articles/ reduction
s41598-020-66430-x l u ﬂ | |
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Mohiuddin et al., Nat Commun 7, 11138 (2016)



Expression of human thrombomodulin was key to success

Cardiac xenografts show reduced survival in the absence of transgenic human
thrombomodulin expression in donor pigs

Results from a preclinical pig-to-baboon heterotopic cardiac xenotransplantation model suggest that a three-pronged

approach is successful in extending xenograft survival:

(a) a-1,3-galactosyl transferase gene knockout pigs (GTKO) to prevent Gal-specific antibody-mediated rejection;

(b) transgenic expression of hCD46 and hTM to avoid complement activation and coagulation dysregulation; and

(c) effective induction and maintenance of immunomodulation (co-stimulation blockade of CD40-CD40L pathways
with anti-CD40 (2C10R4) monoclonal antibody (mAb).

Xenografts from pigs without hTM expression (GTKO.CD46) underwent rejection at an early time point

(median 70 days) despite utilization of our previously reported successful immunosuppression regimen ...

% survival
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Singh et al., Xenotransplantation. 2018 Oct 5:e12465. doi: 10.1111/xen.12465.



Consistent success in life-supporting cardiac xenotransplantation

Recipient B

A Do_nor |

pig Explantation Implantation baboon 3: 20 =
Perfusion
8°C
>
GGTA1 knockout Oxygenated Immunosuppression % ——
hCD46 transgenic hyperoncotic Early weaning of cortisone
hTHBD transgenic blood-based Growth inhibition
solution Reducing blood pressure
» 90 days
» 90 days C
» 182 days
» 195 days

— 15 days

PCMV infected donors
—_— 27 days

90 days

A J

Survival time after orthotopic
90 days cardiac xenotransplantation |

A J

Langin et al., Nature 564, 430-433 (2018); Reichart et al., J Heart Lung Transplant 39, 751-757 (2020); Reichart et al., Transplantation 105, 1930-1943 (2021)



120

Size matters In pig-to-baboon cardiac xenotransplantation trials

Pig growth data
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Size reduction of donor pigs by KO of the GHR gene
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Strategy towards clinical xenotransplantation
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Long-term survival of pig-to-rhesus macaque kidney xenografts
after CD4* T cell depletion

Recipient pretrans-

plant IgG mean Cold
Donor weight  Recipient fluorescent intensity ischemia
Treatment group Donor ID (kg) weight (kg) (MFI) time (min) Survival (d)
GGTAl-ko/hCD55-tg High titer D1 16.8 3.60 8983 195 6
aCD4"aCD8" anti- D1 16.8 3.65 2960 90 310
l CD154 D2 15.0 3.20 1041 93 160
o D3 25.5 4.42 1699 45 406
NG 3.70 1049 147 18
A D4 35.8 4.04 2273 51 115
411 966 180 >400
aCD4 depletion aCD8 «CD4" anti-CD154 D5 25.0 3.92 1195 200 499
Dé 30.6 4.07 1340 235 414
D7 37.0 5.87 1446 62 >70
aCD8" anti-CD154 D5 25.0 5.18 1969 40 15
Dé 30.6 4.41 2159 150 6
D7 37.0 8.58 979 132 6

MMF, solumedrol, aCD154

Kim et al., Am J Transplant 19, 2174-2185 (2019)



Pig Kidney Successfully Transplanted From Hog to Human

https://smartcdn.prod.postmedia.digital/nationalpost/wp-content/uploads/2021/10/op-1.png?quality=90&strip=all&w=1128&type=webp

https://img.sbs.co.kr/newimg/news/20211022/201602759_1280.jpg
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