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Transplantat Tolerance 

 

Definition: 

 maintenance of stable allograft function in the absence of 
immunosuppressive 

 

The major challengeare  

 Control of the allogeneic immune response  

 Major adverse effects of the immunosuppressive drugs, 

    including life-threatening infection, organ toxicity, 

    diabetes, hypertension, and malignancies 

   Allograft Loss 



Tolerance 

  

Operational tolerance 

Immunological tolerance  

using a variety of techniques for immunomodulation 

  

Central (Mixed chimerism) 

 Peripheral 

 Targeted depletion strategies 

 Short courses of immunosuppression 

 Costimulation blockade  

 



Tolerance 

Operational tolerance 

Defined as spontaneous graft acceptance without histological evidence of 

rejection for at leas 1 year after cessation of immunosuppression 

 

 

 

 

 

Nephrol Dial Transplant 2016; 31:1002–1013 



Tolerance 

Operational Tolerance: incidence 
 

   In 27  kidney transplant patients  

    70% maintained stable graft function 

    for an average of 9 years after transplantation  

 In adult liver transplantation  5–33%  

 the incidence was higher in the pediatric population 

 in a lung recipient or heart recipient only anecdotal cases 

 

 

Am J Transplant 2012; 12:3296–3307 
 



Tolerance 

Induced by cotransplantation  with a Tolerance- 

prone organ 

kidney-induced cardiac allograft tolerance (KICAT)  

is dependent: 

MHC matching of the heart and kidney  presence of 

the host thymus  

 



Tolerance: T Cells 

 Type 1 helper T cells — Th1 cells produce interleukin-2 (IL-2) and interferon-

gamma (IFN-g) and induce macrophage activation, leading to delayed-type 

hypersensitivity (DTH) responses. Acute allograft rejection is predominantly 

mediated by a Th1 immune response.  

 Type 2 helper T cells — Th2 cells produce interleukin-4 (IL-4), interleukin-5 

(IL-5), interleukin-10 (IL-10), and interleukin-13 (IL-13), and provide help for 

B-cell function 

    A switch from a Th1 to a Th2 cytokine expression is associated with allograft   

tolerance 

 Type 17 helper T cells — Th17 cells are a T-cell subset that may contribute to 

allograft rejection and act as a barrier to the induction of transplant 

tolerance 

 Regulatory T cells — Regulatory T cells suppress the immune response and 

maintain tolerance. There are multiple types of regulatory T cells with 

variable expression of CD4, CD25, and Foxp3 

 



 





Clin J Am Soc Nephrol : 2015  

 





Mechanisms of action of tolerogenic cells  

 



regulatory T cell development 



 



Paired living kidney donation  

 

 



 



Regulatory T Cells 

Functional characteristics of Tregs 

Suppressive function of Tregs includes  

 Direct cell contact 

  regulatory cytokines such as TGF-b and IL-10  

      TGF-b suppresses Th1 and Th2 cell proliferation and differentiation and DC 

activation  

   induce other Tregs  via TGF-b converting non-Foxp3 CD4+ T cells to Foxp3 

Tregs 

 

 

Mosanya CH, Isaacs JD. Ann Rheum Dis 2018;0:1–14 



Regulatory T Cells 

Costimulatory molecules and Foxp3+Tregs     

 inhibitory costimulatory molecule  

cytotoxic T lymphocyte–associated antigen 4(CTLA-4) (CD152)  

is expressed by Tregs  

has higher affinity for the CD80 and CD86 ligands than their 

coreceptor CD28 



Regulatory T Cells 

Tregs  can be genetically engineered for 

alloantigen specificity 

  Tregs expressing chimeric antigen receptors are 

genetically engineered to express specific 

extracellular (i.e., HLA) binding domains 
 

MacDonald KG,et al. J Clin Invest 126: 1413–1424, 2016 



Effects of Immunosuppressive Drugs on Tregs 

 





Cell Therapy in Kidney Transplantation: 

infuse suppressor immune cells that can selectively impair allograft reactivity 

rather than globally suppress one’s immune system 

 

  regulatory T cells (Tregs) 

 transitional B cells, IL-10– producing transitional B (“regulatory”) cells 

  regulatory dendritic cells (TolDC) 

 mesenchymal stromal cells (MSCs) 

 induce donor chimerism through the use of stem cell–based approaches 



Preparation and administration of tolerogenic cellular therapies  

 



Tolerance Induction: Cell Therapy 

Kidney transplantation studies with 
regulatory immune cell therapy  

 
ONE Study’ (www.onestudy.org) 

Clinical Trials 

 

   



Tolerance Induction: Cell Therapy 

Cell Therapy in Kidney Transplantation: Focus on Regulatory T 
Cells  

Nicholas A. Zwang* and Joseph R. Leventhal† *Division of 
Nephrology, University of Illinois at Chicago; and † Comprehensive 
Transplant Center, Northwestern Memorial Hospital, Chicago, 
Illinois 

 

 

 

J Am Soc Nephrol 28: 1960–1972, 2017 



Tolerance Induction: Cell Therapy 

phase 1 clinical trial  

of autologous, polyclonally expanded Tregs in living donor kidney transplant 

recipients (NCT 02145325, IND 15898).  

nonrandomized dose-ranging study with three tiers of cell dosing  

(0.5, 1, and 5 x 109 cells infused; n=3 subjects per tier) 

 subjects underwent a leukopheresis at least 2 weeks before kidney Tx  

  leukopheresis product was cryopreserved for later isolation and 

manufacturing of Tregs 

 Kidney transplant recipients received alemtuzumab induction to achieve 

lymphodepletion, tacrolimus and mycophenolate  

 Subjects were converted from tacrolimus to sirolimus at 30 days post-

transplant 

 Tregs were infused day +60 posttransplant 







Tolerance Induction: Cell Therapy 

Immunophenotypic analysis of subjects showed:  

 significant (10 to 20-fold) increase in the percentage 

of circulating CD4+ CD127-CD25hiFoxp3+ cells in 

peripheral blood 1 month post-TRACT.  

 No episodes of late rejection have been observed to 

date 

  The phase 2 trial design has been approved by the 

FDA 



Tolerance: Mixed Chimerism 

Summary of the Third International Workshop on 

Clinical Tolerance 

Kawai T, Leventhal J, Wood K, Strober S 

 

 

 

 

Am J Transplant. 2018 Aug 22.  



Tolerance: Mixed Chimerism 

Stanford group 

29 HLA matched subjects 

 using a total lymphoid irradiation (TLI) conditioning regimen . TLI (80-120 
cGy/day 10 daily doses starting on post-operative day one after kidney 
transplantation)  

 rabbit anti-thymocyte globulin (rATG); (1.5 mg/kg/day, 5 daily doses starting 
on day 0)   

 Following the last dose of TLI, CD34+ enriched donor “mobilized” 
peripheral blood mononuclear cells were infused into the with a defined dose 
of donor T cells.  

 maintained with calcineurin inhibitor (CNI), mycophenolate mofetil (MMF) for 
6 to 14 months before discontinuation  
  
 



Tolerance: Mixed Chimerism 

Stanford group 

Results: 
 Chimerism was induced in 28 subjects 

 24 patients met the immunosuppression (IS) withdrawal criteria, which 
requires persistent chimerism for at least 6 months, absence of rejection on 
protocol biopsy and no evidence of GVHD  

  Among these 24 recipients, 10 with 
stable chimerism and 14 with transient chimerism were off IS for 2-113 months 
(median 43 months). 

  There were 2 graft losses due to kidney disease relapse 

  There was 1 death associated with stroke after graft loss due to lupus at 10 years 
posttransplant.  

 There were 2 deaths associated with pulmonary embolism, and 
coronary artery disease in patients with normal graft function  
 



Tolerance: Mixed Chimerism 

Northwestern group 

 nonmyeloablative conditioning included 

fludarabine (30mg/m2, days -5, -4, and -3),  

 cyclophosphamide (50mg/kg/dose, days -3 and +3),  

 200cGy of total body irradiation (TBI) (day -1), 

  followed by the living donor kidney transplant  

 Cryopreserved: “mobilized” peripheral blood mononuclear cell 

product, contain defined quantities of T cells, CD34+ cells and 

facilitator (FCRx) cells, the day after the kidney transplant.  

 Recipients are initially  on tacrolimus and MMF-based IS.  

 Their immunosuppression is weaned over the 12 months 

and fully withdrawn at one year  

 



Tolerance: Mixed Chimerism 

Northwestern group 

 Among the first 31 subjects who have reached > 12 months, 

  durable donor chimerism was established in 23 subjects 

  immunosuppression was successfully discontinued in 
22 subjects with immunosuppression free survival ranging from 8 to 81 months 
 

 Full donor chimerism (> 98% whole blood and T cell lineage) was 
observed in 19 of these 22 subjects.  

 Five subjects developed transient chimerism 
and were maintained on low-dose immunosuppression with normal renal function.  

 Two subjects lost their renal allografts within the first-year post-transplant related 
to the development of opportunistic infections  

  GVHD was observed in two subjects  



Tolerance: Mixed Chimerism 

 Massachusetts General hospital group 

 conducted on two different patient populations  
 1) Patients with end-stage renal disease (ESRD) without malignancy  

  2) ESRD patients with hematologic malignancies   

  conditioning regimen for 10 HLA-haplotype mismatched kidney transplantation 
patients without malignancy consisted of  

 cyclophosphamide,  

 humanized anti-CD2 mAb   

 local thymic irradiation (700 cGy) 

  i.v. infusion of whole donor bone marrow cells.  

 CyA was administered postoperatively and then slowly tapered after 6 months 
and completely discontinued by 9-14 months  

  adding two pretransplant or four peritransplant rituximab 
injections 
 



Tolerance: Mixed Chimerism 

 Massachusetts General hospital group 

 Transient mixed chimerism for up to 3 weeks was induced in all recipients,  

 Immunosuppression was successfully discontinued in 7 of the 10 recipients. 

Four have remained off immunosuppression with normal kidney function, 

after more than 7 to 14 years. 

  In the other three, immunosuppression was resumed after 5, 7 and 8 

years  due either to recurrence of the original kidney disease or development 

of chronic rejection 

 Three patients had graft loss due to preformed antibody, CNI related TMA 

and acute rejection  

 



Transient mixed chimerism for up to 3 weeks 

was induced in all recipients 

 

  10 patients with multiple myeloma and ESRD 

  have undergone HLA-matched kidney and bone marrow transplantation with 

follow-up time of up to 19 years  

Five of 10 patients are alive,  

 two with no evidence of myeloma for 7 to 19 years posttransplant.  

 Three patients have normal or near-normal renal function without 

needing systemic IS.  

 Two patients with normal renal function off IS were returned to 

immunosuppressive therapy because of chronic GVHD  

 



Conditioning strategies in the clinical pilot trials of chimerism-based kidney transplant tolerance  

 Am J Transplant 2018 Aug 22  

 



Outcome overview of clinical pilot trials of chimerism-

based tolerance in kidney transplantation  

 



Key parameters of pilot trials combining hematopoietic stem cell 

transplantation and kidney transplantation for the purpose of mixed 

chimerism and tolerance 



Tolerogenic Dendritic Cells and Regulatory 

Macrophages 

  Immature state (iDC) 

     DC are mainly antigen-capturing 
    cells with tolerance-inducing functionality  

 Mature DC (mDC) 

  an upregulation of the expression of human leukocyte antigen 
(HLA) molecules, as well as, of other costimulatory molecules 
  such as CD40, CD80, CD83, or CD86, 
  increase in the production of IL-12 and other proinflammatory 
  cytokines  

 Tolerogenic DC(tolDC)  

 

 
Frontiers in Immunology, September 2018 | Volume 9 | Article 2062 



Tolerogenic Dendritic Cells and Regulatory 

Macrophages 

tolDC  characteristics: 

  semi-mature phenotype, with low expression of co-

stimulatory 

(CD80, CD86, CD83) and HLA molecules 

 increased IL-10 production accompanied by low or 

null IL-12 and IFN-γ secretion  

  lower T cell-proliferation priming capability 

 potential to induce Treg 



Tolerogenic Dendritic Cells and Regulatory 

Macrophages 

 Induction of tolDC  

  anti-inflammatory cytokines—IL-10, TGF-β   

 Pharmacological agents and immunosuppressant 

compounds 

  rapamycin, different corticosteroids , dexamethasone,    

vitamin D3,vitA 

  simultaneous use of dexamethasone and vit D3,vitD2 

 



Regulatory cells induced by tolerogenic 

dendritic cells  

 



Pro-inflammatory and tolerogenic dendritic 

cell profile  

 



Tolerogenic dendritic cells (DC) mechanisms of action to impair T-cell 

proliferation and stimulate regulatory cell induction.  



Tolerance induction with ToL-DCs 

 

four clinical trials 

 in autoimmune diseases have already been 
completed: 

 Type 1 diabetes, Rheumatoid arthritis  
 Refractory Crohn’s disease , Rheumatoid and 
inflammatory arthritis  
  
  
 



Tolerance induction with ToL-DCs 

  phase I/II clinical trial  in kidney transplantation 

 at Nantes university hospital (NCT02252055) 

 evaluate the safety of autologous Tol-MoDCs in 

patients receiving living donor kidney 

transplantation and a 

minimized immunosuppression 

 



IL-35: a new immunomodulator in 

autoimmune diseases and transplantation 

 it is secreted primarily by 

 CD4+ Foxp3+ regulatory T cells (Tregs)   

 activated B cells  

 activated endothelial cells  

 Smooth muscle cells 

 monocytes  

 

 

Guo et al. Stem Cell Research & Therapy (2018) 9:254 

 



IL-35: a new immunomodulator in 

autoimmune diseases and transplantation 

 IL-35 is a powerful immunosuppressive cytokine that  is essential for Tregs to 

exert their maximal immunoregulatory activity  

   inhibit the promotion of T helper (Th)1 and Th17 cell differentiation and 

function  

  induce the transformation of conventional T cells (Tconv) into 

      CD4+ Foxp3− regulatory T cells (iTr35) that can secrete IL-35  

 IL-35-producing B cells regulatory B cells 

    (Bregs)  could suppress autoimmune 

     disease by secreting IL-10 and IL-35 

 



MSC-based therapeutics and transplant 

tolerance 

 multifunctional stromal cells or mesenchymal stromal cells 

 

  the most easily accessible multipotential stem cells  

  can be harvested from various tissues, such as bone marrow, placenta, 

      umbilical cord blood, adipose tissue, amniotic fluid, dental pulp, and other 

 as a promising candidate for cell therapy in clinical trials  

 availabe and multiple biological functions, including multilineage 

differentiation, tissue-repair, anti-inflammatory mechanisms, 

immunosuppression, and neuroprotection 



MSC-based therapeutics and transplant 

tolerance 

 MSCs: 

 inhibit the proliferation and function 

of T cells, antigen-presenting cells, B cells, dendritic cells, 

and macrophages, natural killer cells 

 Induce Proliferation and differentiation of Tregs 



MSC-based therapeutics and transplant 

tolerance 

The curative effects of MSCs 

  various autoimmune diseases including 

   arthritis, Crohn disease, multiple sclerosis, 

    diabetes and myocardial infarction  

  play an important role in transplantation 

   IDO-MSCs enhanced the expression 

   and function of CD4+CD25+ Foxp3+ Treg cells 

 

 



MSC-based therapeutics and transplant 

tolerance 

MSC functions: 
 Cell differentiation and  direct tissue repair  

 Paracrine and immunomodulatory pathways : 

     MSC-derived exosomes contain multiple mRNAs, microRNAs (miRNAs), 

      and proteins that could alter the ability of target 

     cells to exert their function, such as repairing tissue 

      damage, suppressing inflammatory responses, and 

       modulating the immune system, induction of IL-10 and Tregs 



IL-35-MSCs: a novel gene therapy strategy 

 
IL-35-MSCs  

 IncreasedIL-10   

 increased the proportion of CD4+ Foxp3+ Tregs 

  could enhance the proliferation of CD4+ CD25+ 

Treg cells  

 suppress the function of effector T cells, such as 

Th1, Th2, and Th17 cells 

  could be a potential target for cell therapy in 

solid organ transplantation. 

  an important role in the prevention of 

autoimmune diseases 



MSC-based therapeutics and transplant 

tolerance 

  MSCs for cell-based immunotherapy in preclinical and 
clinical 

  Trials  indicates that 

  MSCs are effective in many diseases, such as arthritis, 
Crohn’s disease, multiple sclerosis, myocardial infarction, 
diabetes, and systemic 

     lupus erythematosus  

   MSCs can also efficaciously alleviate graft rejection in a 
variety of animal models and play an  important role in 
transplantation 

 

Guo et al. Stem Cell Research & Therapy (2018) 9:254 

 



Xenotransplantation Tolerance  

  xenotransplantation : 

 transplantation of cells, tissues, and organs between individuals of different species  

 

 In the early 1960s, a series of transplants of chimpanzee kidneys into patients with 
renal failure were performed.1 

 These transplants functioned for up to nine months 

 nonhuman primates are no longer considered as a source of xenografts because of 
harbor deadly viruses.  

  Pig, are preferred because they are available in unlimited numbers  

 Kidneys size are appropriately for humans  

 Have only a limited risk of transferring infectious agents  

 

 

 

 1.RENAL HETEROTRANSPLANTATION IN MAN.AUREEMTSMA K, MCCRACKEN BH, SCHLEGEL JU, PEARL 
MA, PEARCE CW, DEWITT CW, SMITH PE, HEWITT RL, FLINNER RL, CREECH O Jr SOAnn Surg. 
1964;160:384.  



Xenotransplantation Tolerance: Gen 

Editing 

Genetic engineering  

 In animal source of the rejction relevant antigens  

 So Ags are not expressed and inhibitors of complement, inflammation, 
coagulation, or other beneficial proteins are expressed  

 Hearts from genetically engineered piglets that were alpha 1-3 galactosidase 
transferase knockout and expressed the human complement regulatory gene, 
CD46, and the human thrombomodulin gene were heterotropically 
transplanted in baboons 

 with the longest ongoing graft survival surpassing the 1-year mark. 

 

 J Thorac Cardiovasc Surg. 2014 Sep;148(3):1106-13 



Xenotransplantation Tolerance: Gen 

Editing 
CRISPR-Cas9  

 

has revolutionized the rapid generation of pigs containing multiple genetic 
modifications, including knockouts and knock-ins 

knockouts 
 Glycosyltransferase knockouts 

 
pig cell glycoproteins and glycolipids express terminal carbohydrate moieties, 
galactose-a1,3-galactose (aGal), Nglycolylneuraminic acid (Neu5Gc) and an Sda-
like structure,  

    are recognized by preexisting antibodies in humans.  

    These antigens are synthesized by glycosyltransferases encoded by the 
GGTA1, CMAH and b4GALNT2 genes 
 
 



Xenotransplantation Tolerance: Gen 

Editing 

 PULBP1 KO Pigs  

     Porcine UL16-binding protein 1 (pULBP1) is the 
main functional ligand on porcine endothelial cells 
for the NKG2D receptor on human natural killer 
(NK) cells  

 in-vivo phenotype of the SLA-I KO pigs 
is a significant reduction in peripheral CD8 T cells, 
in MHC class I-deficient mice 

 PERV KO pigs  Porcine endogenous retrovirus (PERV) is viewed 
as a potential infectious risk in xenotransplantation of pig organs  

 
 
 



Xenotransplantation Tolerance: Gen 

Editing 

Knock-ins 

 
 knocking in protective transgenes and simultaneously 

inactivating detrimental endogenous genes 

 generated the first knock-in pigs for xenotransplantation 

by integrating a 7.1-kb transgene, encoding an antiCD2 monoclonal antibody 

(mAb), into GGTA1.  

 The pigs lacked expression of aGal and contained detectable circulating levels 

of the mAb, which binds human and NHP T cells but not pig T cells  



      Curr Opin Organ Transplant 2019, 24:5–11  

 





Curr Opin Organ Transplant. 2017 Dec;22(6):513-521 



Curr Opin Organ Transplant. 2017 Dec;22(6):513-521 
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