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Abstract

Based on preclinical studies, combined kidney and hematopoietic cell transplantation was 

performed on fully HLA matched and haplotype matched patients at the Stanford University 

Medical Center. The object of the studies was to induce mixed chimerism, immune tolerance, and 

complete immunosuppressive drug withdrawal. Tolerance, persistent mixed chimerism, and 

complete withdrawal was achieved in the majority of fully matched patients. Persistent mixed 

chimerism and partial withdrawal has been achieved in the haplotype matched patients at present.

Benefit of tolerance in kidney transplant patients

Currently, there are about 90,000 patients with renal failure undergoing dialysis in the US. 

The treatment of choice for these patients is kidney transplantation, since transplantation 

allows for a return to a normal life style and marked extension of life expectancy [1, 2]. 

However, recipients of kidney transplants require lifelong treatment with maintenance 

immunosuppressive (IS) drugs usually with a purine metabolism inhibitor, a calcineurin 

inhibitor, and steroids in order to prevent rejection of the graft. These drugs are associated 

with cumulative side effects that increase the risk of cardiovascular disease, diabetes, 

hypertension, infection, cancer, and nephrotoxicity [3, 4]. In addition, the current IS drugs 

have not appreciably altered the long-term loss of grafts due to chronic rejection, and about 

50% of deceased and living donor HLA mismatched grafts are lost in ~12—15 years 

respectively [5, 6]. In the best circumstance of fully HLA matched kidney transplants, ~50% 

of grafts are lost in 22–25 years, but the latter patients also require lifelong IS drugs and are 

subject to their attendant side effects to prevent rejection. The induction of tolerance in 

kidney transplant patients can transform the field of organ transplantation by providing 

significant improvements in the health outcome of these patients by eliminating the lifelong 

need for IS drugs, and by improving graft survival by eliminating chronic rejection.
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Mixed chimerism and tolerance in mice and rats after conditioning with 

total lymphoid irradiation

Murine recipients of bone marrow transplants in strains differing at the MHC genes 

developed rapid death due to GVHD when conditioning was myeloablative total body 

irradiation [7–11]. This problem was overcome when the conditioning was changed to non-

myeloablative total lymphoid irradiation (TLI), a radiation regimen developed in humans for 

the treatment of Hodgkin’s disease by H.S. Kaplan and his co-workers [12, 13]. In contrast 

to the inclusion of all organs in the radiation fields during the administration of TBI, TLI is 

confined to the lymph nodes, spleen, and thymus [12, 13]. In clinical bone marrow 

transplantation, the entire intestines are included in the radiation fields used with TBI, and 

there is considerable gut injury and release of endotoxin that predisposes to GVHD. In 

contrast, TLI shields most of the intestines in patients given this regimen. Severe 

neutropenia and thrombopenia are avoided by shielding of the majority of the bone marrow.

As reported in 1976, the TLI regimen was used as a pretransplant conditioning regimen in 

adult mice to achieve mixed chimerism without GVHD after the transplantation of MHC 

mismatched bone marrow cells. This approach was adapted to organ transplantation in MHC 

mismatched adult mice and rats as a pre-transplant regimen to induce stable mixed 

chimerism and tolerance after combined bone marrow and organ transplantation [7]. Almost 

all recipients developed mixed chimerism, accepted skin grafts from the donor strain and 

rejected grafts from third party strains [7–11]. Tolerance to the donor skin grafts was 

expected in these chimeras based on the work of Medawar and Owen and their co-workers 

[14, 15], since in utero exposure to donor cells or neonatal injection of donor cells resulted 

in persistent chimerism and tolerance in adults.

Development of mixed chimerism and tolerance avoiding GVHD in MHC mismatched mice 

was reported by David Sachs and his co-workers in 1989 [16] by conditioning recipients 

with sublethal TBI. This regimen required additional high dose irradiation of the thymus and 

administration of anti-T cell antibodies. The recipients of the combined marrow and organ 

transplants became tolerant to organ grafts and remained stable mixed chimeras [16, 17]. 

This regimen was extended to mini-pigs and to non-human primates [15, 18]. In the case of 

non-human primates the chimerism was lost within the first 90 days, and yet the majority of 

recipients accepted kidney grafts [19].

The TLI tolerance induction regimen developed at Stanford was made applicable to 

deceased donor organ transplantation in which the timing of organ availability is uncertain, 

by changing the conditioning regimen to a completely posttransplant procedure. The organ 

was transplanted on day 0, and the conditioning regimen was started the same day by adding 

rabbit anti-thymocyte serum (ATS) or globulin (ATG) to the TLI regimen. Ten doses of TLI 

were combined with 5 doses of ATS or ATG that was started immediately after organ 

transplantation [20–22]. The bone marrow cell injection was delayed until just after the 

completion of the TLI [20–22]. Almost all MHC mismatched mice and rats given this 

posttransplant conditioning regimen and combined bone marrow and skin or kidney 

transplants developed stable mixed chimerism and tolerance to the organ graft [20, 23–25].
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The TLI and ATS conditioning regimen changed the balance of immune cells in the 

lymphoid tissues for 2–3 weeks to favor immune suppressive regulatory cells including 

natural killer (NKT) cells, Treg cells and myeloid derived suppressor cells (MDSCs) over 

conventional CD4 and CD8 T cells [26–30]. Each of the regulatory cells was required for 

chimerism and tolerance induction. Loss of NKT cells in genetically engineered CD1d−/− or 

Jalpha 18−/− mice, or depletion of Tregs after administration of anti-CD25 mAb, or 

depletion of MDSCs after administration of anti-Gr-1 mAb abrogated chimerism and 

tolerance [26–30]. The infusion of purified regulatory suppressive cells restored tolerance 

and chimerism, when the infused cells were obtained from the wild-type untreated recipient 

strain mice [26–30]. The altered balance of suppressive cells was accompanied by a marked 

increase in the expression of the negative co-stimulatory surface receptors, PD-1 and/or 

Tim-3 on either conventional T cells or Treg cells [26, 27]. IL-4-dependent interaction 

between the NKT cells and other suppressive cells or conventional T cells was required for 

the changes in the surface receptor expression. The expression of PD-1 On Tregs was 

associated with the increased secretion of IL-10 [27, 30].

Mixed chimerism, IS drug withdrawal and tolerance after HLA matched 

kidney and hematopoietic cell transplantation

At present, we have enrolled 29 recipients into an HLA-matched tolerance protocol, and all 

recipients were given 10 doses of TLI of 120 cGy each and 5 doses of ATG after kidney 

transplantation. All recipients were given an infusion of column enriched CD34+ cells (4.3–

17.5 × 106 cells/kg) immediately after the last dose of TLI. In addition to the CD34 cells, 28 

patients were given a defined dose of 1 × 106 CD3+ T cells. One patient with active lupus 

was given 10 × 106 CD3+ T cells/kg to further promote engraftment of CD34+ cells and 

prevent rejection of the donor cells. IS drug withdrawal criteria was (1) persistent chimerism 

for at least 6 months, (2) lack of clinical rejection episodes, (3) lack of GVHD, and (4) lack 

of rejection on a protocol biopsy obtained within 2 weeks before the discontinuation of IS 

drugs.

Postrransplant prednisone was discontinued after 10 days. Cyclosporine starting at day 0 

was tapered such that discontinuation occurred after at least 6 months of chimerism. 

Standard doses of MMF were administered for 30 days after the infusion of donor cells as 

reported previously [31]. Twenty-four patients were successfully withdrawn from IS drugs at 

6–14 months posttransplant with an observation period of up to 11 years (median 5 years). 

Three patients developed recurrence of kidney disease, and were returned to maintenance IS 

drugs in order to treat the relapsed disease.

One patient returned to IS drugs after year 4 due to a rejection episode. The episode was 

completely reversed without continued graft dysfunction. Twenty three of 24 showed no 

evidence of rejection after IS drug withdrawal. Five patients did not meet drug withdrawal 

criteria due to clinical rejection episodes during early IS drug taper, microscopic rejection on 

a protocol biopsy, or lack of chimerism for more than 6 months. Among the 24 patients who 

developed chimerism for at least 6 months and had IS drugs successfully discontinued, 10 

had stable chimerism during and after IS drug withdrawal. These patients had drug 
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independent mixed chimerism. In contrast to preclinical observations, 15 patients developed 

IS drug dependent chimerism beyond the first year posttransplant. The loss of chimerism 

occurred without subsequent organ graft rejection [31–33].

The mechanisms of tolerance in the patients who lost chimerism in the blood is unclear, and 

may include persistence of chimerism in the solid lymphoid tissues and maintenance of 

tolerance by antigen specific regulatory T cells. Since we were successful in inducing 

persistent chimerism and tolerance in HLA matched patients, we attempted to apply the 

success to HLA haplotype matched patients. Accordingly, we initiated a new study of T cell 

and CD34 cell dose escalation in haplotype matched patients to find doses to achieve 

chimerism and tolerance.

Mixed chimerism and IS drug withdrawal after HLA haplotype matched 

kidney and hematopoietic cell transplantation

The patients enrolled in this study received the same TLI (10 doses of 120 cGy each) and 

ATG (5 daily doses) regimen given to the HLA matched patients. However, the content of 

the donor cell infusion was changed to develop a dose finding study of CD3+ T cells that 

would promote persistent mixed chimerism for at least 12 months. Donor T cells have been 

shown to promote the engraftment of hematopoietic progenitor cells, but the risks of GVHD 

increased if complete instead of mixed chimerism is established [34, 35]. The range of 

infused CD34+ cells/kg was from 8 to 22 × 106 cells/kg in the haplotype matched patients 

[31–33].

The dose of CD3+ T cells added to the CD34+ cells started at 3 × 106 cells/kg, and was 

increased to 10 × 106 cells/kg in the next 4 patients, 20 × 106 cells/kg in the next two, 50 × 

106 cells/kg in 6 patients, 70–75 × 106 cells/kg in 2 patients, and 100 × 106 cells/kg in 6 

patients. Based on the data from the fully HLA matched patients, our goal was to find a dose 

of T cells and CD34 + cells in the mismatched patients that would induce a peak of whole 

blood chimerism of at least 30% donor type cells observed at 60 days posttransplant, since 

that profile was correlated with stable mixed chimerism for at least 1 year in HLA matched 

recipients. We were able to achieve the goal of stable mixed chimerism for at least 1 year in 

9 of the 21 haplotype matched recipients enrolled in the protocol. There was a correlation 

between persistence of chimerism and the number of CD34 donor cells infused. In order to 

achieve persistent chimerism the CD34 cell dose had to be at least 10 × 106 cells/kg [31–33]. 

Chimeric patients were tapered from three IS drugs to tacrolimus monotherapy at the end of 

the 1st year. Protocol biopsies were performed in 6 out of 9 patients at the end of the first 

year, and 6 out of 6 biopsies showed no microscopic evidence of rejection [31–33].

During the 2nd year posttransplant 6 of the 9 patients with persistent chimerism were 

tapered off the tacrolimus monotherapy, and chimerism was lost shortly after the blood 

levels of tacrolimus became subtherapeutic. Three of these patients had rejection episodes 

that were easily reversed with IS drugs, and the patients were returned to maintenance IS 

drug therapy. The remaining three continued on therapeutic doses of tacrolimus with 

persistence of chimerism during the 2nd year. In conclusion, the haplotype matched patients 

could be tapered to tacrolimus monotherapy with persistence of chimerism, but could not be 
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withdrawn from IS drugs completely due to loss of chimerism and associated rejection 

episodes [31–33].

Graft survival in HLA matched and mismatched transplant patients

We analyzed kidney transplant graft survival of HLA matched patients using Kaplan–Meier 

statistical methods, and compared the first 22 HLA matched patients enrolled in the 

tolerance induction protocol with control HLA matched patients given conventional 

immunosuppressive therapy at the Stanford Medical Center during the same period of time. 

The patients enrolled in the tolerance induction protocol had 100% actuarial graft survival 

over an observation period of over 11 years from 2005 to 2016. The control group of HLA-

matched patients were observed for over 12 years from 2001 to 2013. The group had an 

actuarial graft survival of about 86%, and the graft survival difference between tolerance 

protocol and control patients was not statistically significantly different (Greenwood 

formula) due to the small number of protocol patients. We performed another comparison of 

the graft survival of the combined group of the first 20 HLA matched and the first 10 HLA 

mismatched patients (total 30) enrolled in the tolerance protocols using as controls 

conventionally treated living donor kidney transplant patients with similar pretransplant 

characteristics and similar initial IS drug therapy as recorded in the US national registry 

maintained by the Organ Procurement Transplant Network/Scientific Registry of Transplant 

Recipients (OPTN/SRTR). Co-variate parameters of the protocol patients including donor 

and recipient age, gender and BMI, number of HLA mismatches, race of donor and 

recipient, and anti-rejection drugs were matched with those of registry patients. A 

nomogram was previously constructed that accurately predicts 5-year graft survival based on 

the co-variates [36]. The observed 5-year graft survival of protocol patients (100%) was 

compared with the predicted graft survival of all patients in the registry with matched 

characteristics based on the nomogram. The registry patients were predicted to have ~83% 

5-year graft survival, and the latter survival was significantly lower than the observed.

Summary and future directions

None of the 50 HLA matched and mismatched patients enrolled in the tolerance protocol 

had graft loss or chronic rejection during the observation period from 2005 through 2017. 

About 80% of the fully HLA matched were successfully withdrawn from IS drugs. In 

contrast, IS drugs in the haplotype matched recipients could be reduced to tacrolimus 

monotherapy, but could not be completely withdrawn. The T cell dose escalation study is 

continuing in order to determine whether there is a threshold donor T cell dose that will 

increase the levels of mixed chimerism such that during tapering of tacrolimus monotherapy 

during the 2nd year will allow for persistence of mixed chimerism after the complete 

withdrawal of IS drugs, thereby, preventing rejection of the kidney transplants.

Methods

This is a minireview of the experience of a single center in which preclinical and clinical 

studies of combined hematopoietic cell and kidney transplantation were performed at 
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Stanford University to induce immune tolerance. Search criteria were articles related to the 

above subject. Thirty six articles were identified, and 36 were included.
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