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Topics

• Part I – General background on mixed chimerism and tolerance

− Why tolerance induction?

− How to induce tolerance?

− Overview on mixed chimerism trials

• Part II – Swisstolerance.CH trial

• Part III – Future directions



Late kidney allograft loss
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Lamb, Am J Transplant 2011; Pascual, NEJM 2002

Reasons for late allograft loss:

• Chronic rejection *

• Drug toxicity *

• Acute rejection *

(due to non-adherence)

• BKV nephropathy *

• Recurrent disease

* could be prevented by induction 

of donor-specific tolerance



Tolerance strategies in solid organ transplantation

Tolerance strategies

HSCT basedNon-HSCT based

Regulatory cell

therapy
T regs, M regs, Tol DCs

Mixed chimerism

Non-myeloablative cond.

Full donor chimerism

Myeloablative cond.

Stable

Non deletional mechanisms Clonal deletion

Transient

(HSCT = hematopoietic stem cell transplantation)

Most promising clinical strategy



Mixed chimerism & tolerance – seminal research

Owen, Science 1945;  Billingham/Brent/Medawar, Nature 1953

Ray Owen

Peter Medawar

Freemartin

cattle



Three centers in the US

• Around 100 patients worldwide, in whom intentional tolerance to a renal allograft has 

been induced by mixed chimerism.

Boston Harvard/MGH

Kawai, Sykes, Sachs

Stanford University

Scandling, Strober

Chicago

Leventhal, Ildstad

New centers (since 2015)
- Zurich (Fehr et al, Pub 2022)

- South Corea (Kwon, Lee et al; Pub 2021)

- Tel Aviv (Mor et al; no publication)



Characteristics of the three US protocols

Sachs / Boston Strober / Stanford Ildstad / Chicago

HLA match HLA-matched & 

HLA-mismatched

HLA-matched 
(HLA-mismatched not successful yet)

HLA-matched & 

HLA-mismatched

Conditioning Pretransplant Posttransplant Pretransplant

Irradiation Thymic irradiation Total lymphoid irradiation Total body irradiation

Chemotherapy Cyclosphospamide None Fludarabine,        

cyclophosphamide

T cell depletion Siplizumab (anti-CD2) Anti-thymocyte globulin None

B cell depletion Rituximab None None

Cellular transplant Bone marrow 

(unmanipulated)

Mobilized peripheral stem cells (T-

cell depletion and defined add-back)

Mobilized peripheral stem cells 

+ «facilitating cells» (CD8+/TCR-)

Chimerism Mixed, mostly transient Mixed, some transient Full donor in majority

GvHD; CTS; TRM * No; Yes; No No; No; No Yes; No; Yes

Recurrent disease Usual risk Usual risk Lower risk?

*CTS = chimerism transition syndrome; TRM = Transplant-related mortality      Kawai, NEJM 2013; Scandling, AJT 2012; Leventhal, Science Translat Med 2012
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Swisstolerance.CH – Protocol

Fehr, Front Immunol 2022

• Standford HLA-matched protocol

– Posttransplant conditioning

– HSCT 11 days after kidney transplantation



Our first patient – transplantet on Nov 8th 2016

• 57y old female social worker

• Kidney disease: sclerosing GN

• Kidney biopsy 06/2012: Mainly sclerosing glomerulonephritis, no further specification possible

• Comorbidities

• M. Menière

• Donor: her healthy HLA-identical brother



Patient 1 – Total lymphoid irradiation 8.11. - 18.11.2016 

Shielded organs: larynx, thyroid, heart, lungs, 

breast (in females), transplanted kidney (on post 

transplant simulation).

Dose: 10x 1.2 Gy = 12 Gy



Patient 1 – Early course uneventful

• Hospital discharge on day 7 • HSCT on day 11



Patient 1-3 – Renal function

• No rejection episodes

• Recurrence of primary GN in 

patient 1 – proteinuria 



Patient 1-3 – Hematology & chimerism

• No severe 

neutropenia

• Chimerism

– Stable mixed 

in patient 1

– Transient in 

patient 2 & 3



Overview results of 6 patients

• Screening: 13 HLA-identical pairs

– 7 screening failures: ABO incompatibility, medical contraindication for donation

– 6 pairs included (4 from ZH, 2 from BE)

Pat Sex Renal 

disease

Tx Stop IS Off IS Chimerism Rejection GvHD Recurrent 

disease

01 F Sclerosing GN 11/2016 10/2017 > 6.5 y Mixed – stable No No Yes

02 F Undefined GN 02/2018 03/2020 > 4.5 y Mixed – transient No No No

03 M ADPKD 11/2019 02/2021 > 3.5 y Mixed – transient No No No

04 M IgA 07/2021 07/2022 > 2 y Mixed – transient No No No

05 F ADTKD 06/2021 09/2022 24 mts Mixed – transient No No No

06 M Vascular 07/2022 06/2023 15 mts Mixed – stable No No No



Is it donor-specific tolerance?

• Acceptance of an allograft without 

immunosuppression

• Evidence:

– No rejection

– No graft-versus-host disease

– Molecular microscope

• Full immunocompetence towards 

infectious agents or vaccines

• Evidence

– No severe infections

(mild CMV & BK viremia)

– SARS CoV2 vaccination



Patient 2 – Molecular microscope at 18 months

• mRNA microarray of around 60 genes for molecular diagnosis

Fehr, Front Immunol 2022



Patient 1-3 – Immunocompetence for vaccination 

• Successful SARS CoV2 vaccination in all three patients

Fehr, Front Immunol 2022
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− HLA-identical transplants –  planned further research

− HLA-mismatched transplants – Bcl-2 inhibitor-based approach



HLA-mismatched transplants – new approaches required!

• Approach evaluated by the Zurich group: 

apoptosis modulation

Nature Reviews | Immunology

Extrinsic pathway Intrinsic pathway
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Mitochondrion

Plasma membrane

Cytoplasm

BID

Cell death

cFLIP

BIM

BCL-2
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Apoptosome

External stress 
(growth factor withdrawal, 
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tBID

T cells that express a TCR with a Vβ8 variable region 

are selectively activated. Intriguingly, SEB-induced dele-

tion of activated Vβ8+ T cells in vivo was reported to be 

either CD95 dependent30,40,41 or CD95-independent42 in 

different studies. 

An unfortunate problem in this area of research is 

that there is disagreement on the definition of AICD, 

and this has been the source of much confusion. For 

some researchers, AICD is any form of apoptosis that 

is triggered following the ligation of the TCR by an 

antigen or mitogen, be it during T cell development 

in the thymus (central tolerance, including negative 

selection) or when mature T cells encounter antigen 

in the periphery (peripheral tolerance)37. For others, 

AICD only refers to the death that activated T cells 

undergo after restimulation in experimental settings 

that study the shutdown of T cell responses43. As the 

Cd95lpr mutation, which disrupts the expression of 

CD95 and causes lymphadenopathy13, fai ls to alter 

negative selection in mice19,44,40, it seems probable that 

central and peripheral tolerance are regulated by two 

different mechanisms and that they should probably 

not both be referred to as AICD.

Theories on the molecular mechanisms of AICD 

propose that the death of activated lymphocytes 

requires restimulation with the antigen in the periph-

ery. On this basis, it has been argued that this may 

not even happen in vivo (at least in the case of shut-

ting down acute immune responses), as clearance 

of the antigen or its source would preclude any such  

restimulation43. This view, however, has been chal-

lenged recently by reports of extended persistence of 

viruses after seemingly acute influenza or vesicular 

stomatitis virus infection45,46.

In any case, the marked lymphoproliferation and 

autoimmunity that occur when CD95 or CD95L are 

knocked out or inactivated in mice and patients with 

ALPS proves beyond doubt that the extrinsic pathway is 

involved in the peripheral deletion of T cells.

BIM is involved in T cell apoptosis

Similarly to CD95, there is no doubt that BIM has an 

integral role in several stages of T cell development 

and function47. BIM-deficient mice accumulate mature  

T (and B) cells in the periphery and develop severe auto-

immunity when on a mixed 129–C57BL/6 genetic back-

ground48. Furthermore, thymocytes from Bim–/– mice are 

more resistant to many apoptotic stimuli, and activated 

Bim–/– T cells are resistant to interleukin-2 (IL-2) with-

drawal (which induces apoptosis)48. Thymocytes lacking 

BIM are also refractory to apoptosis induced by TCR 

and CD3 stimulation and are significantly protected 

from death in several models of negative selection49. In 

transgenic mice expressing an αβTCR that recognizes a 

peptide from the male antigen HY presented by H-2Db 

class I MHC molecules, most thymocytes are deleted at 

the double positive stage in males, but not in females50. 

Intriguingly, in this model of negative selection, loss 

of BIM inhibited the deletion of immature autoreac-

tive (carrying an HY-specific TCR) thymocytes more 

potently than overexpression of BCL-2, a finding that 

still awaits explanation49. The involvement of BIM was 

further refined in a recent study that showed that pre-

venting the phosphorylation of BIM by Jun N-terminal 

kinase (JNK) in vivo also impaired negative selection in 

the HY-specific TCR model51.

Figure 2 | Extrinsic and intrinsic pathways leading to apoptosis. In the extrinsic 

(or death receptor-regulated) pathway, engagement of the death receptor CD95 by 

CD95 ligand (CD95L) leads to the activation of caspase 8 by the adaptor protein FADD 

(FAS-associated death domain) and the formation of the death-inducing signalling 

complex (DISC) through homologous domain interactions. Active caspase 8 then 

cleaves and activates caspase 3, caspase 6 and caspase 7, which target vital cellular 

substrates and induce cell death. In the intrinsic (or B cell lymphoma 2 

(BCL-2)-regulated) pathway, external stress signals such as growth factor deprivation, 

exposure to cytotoxic drugs or radiation mediate the activation of BCL-2-homology 

domain 3-only proteins such as BCL-2-interacting mediator of cell death (BIM), which 

in turn activate BCL-2-associated X protein (BAX) and BCL-2 antagonist/killer (BAK) 

either directly (dotted line) or indirectly (solid line) by interacting with pro-survival 

members of the BCL-2 family, such as BCL-2. Oligomerization of proteins such as BAX 

and BAK causes permeabilization of the outer mitochondrial membrane, release of 

cytochrome c and activation of initiator caspase 9 in the apoptosome. Effector 

caspase 9 then activates caspase 3, caspase 6 and caspase 7, which ultimately results  

in cell death. Cleavage of the BH3-only protein BH3-interacting-domain death agonist 

(BID) by caspase 8 after CD95 induction links the two pathways in some cell types (for 

example, in hepatocytes). APAF1, apoptotic protease-activating factor 1; cFLIP, cellular 

FLICE-like inhibitory protein; tBID, truncated BID.

REVIEWS

516 | JULY 2009 | VOLUM E 9  www.nature.com/reviews/ immunol

Apoptosis plays a critical role in the adaptive

immune system:

- during thymic positive & negative selection

- during peripheral deletion

- during the contraction phase of the immune 

response

Bouillet, Nat Rev Immunol 2009



Bcl-2 inhibitors: mechanism of action

Singh, Nat Rev / Mol Cell Biology 2019

ABT199 = Venetoclax

ABT737;   ABT263 = Navitoclax



Murine model of mixed chimerism: tolerance induction without myelosuppression

CBA

B6
BM

ABT-737

MR1

(anti-CD154)

CsA

Cippà, Blood 2013

2 weeks

n=26



Previous Protocol

Bcl-2i Protocol

Non-human primate model of mixed chimerism: protocol

Sasaki / Fehr / Kawai, Science Translational Medicine 2023



Non-human primate model of mixed chimerism: chimerism

Sasaki / Fehr / Kawai, Science Translational Medicine 2023



Non-human primate model of mixed chimerism: renal allograft survival

Sasaki / Fehr / Kawai, Science Translational Medicine 2023



Multiple immunomodulatory effects of Bcl-2 inhibition

Mixed chimerism induction

Donor-specific immunomodulationUnselective immunomodulation

Unselective immunosuppression

Treg enrichment

Deletion of donor-
reactive cells

Tmem depletion

Lymphopenia

Bone marrow 
engraftment (?)

Bcl-2 inhibition

Apoptotic bodies

Other 
mechanisms?

courtesy to 

Pietro Cippà MD PhD
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