
doi:10.1182/blood-2011-08-371948
Prepublished online December 15, 2011;
 
 
 

 
David Hongo, Xiaobin Tang, Suparna Dutt, Roland G. Nador and Samuel Strober
 
combined bone marrow and organ transplants
Interactions between NKT cells and Tregs are required for tolerance to

 http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#repub_requests
Information about reproducing this article in parts or in its entirety may be found online at:

 http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#reprints
Information about ordering reprints may be found online at:

 http://bloodjournal.hematologylibrary.org/site/subscriptions/index.xhtml
Information about subscriptions and ASH membership may be found online at:

digital object identifier (DOIs) and date of initial publication. 
theindexed by PubMed from initial publication. Citations to Advance online articles must include 

final publication). Advance online articles are citable and establish publication priority; they are
appeared in the paper journal (edited, typeset versions may be posted when available prior to 
Advance online articles have been peer reviewed and accepted for publication but have not yet

 Copyright 2011 by The American Society of Hematology; all rights reserved.
20036.
the American Society of Hematology, 2021 L St, NW, Suite 900, Washington DC 
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by
 
 
 
 

 For personal use only. at STANFORD UNIV MED CTR on January 3, 2012. bloodjournal.hematologylibrary.orgFrom 

http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#repub_requests
http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#reprints
http://bloodjournal.hematologylibrary.org/site/subscriptions/index.xhtml
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl
http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


 
 

 
Interactions between NKT cells and Tregs are required for 
tolerance to combined bone marrow and organ transplants  

 
 
 

  David Hongo,1 Xiaobin Tang,1 Suparna Dutt,1 Roland G. Nador1, 2 and Samuel 

Strober1 

 

1
Department of Medicine, Division of Immunology and Rheumatology, Stanford 

University School of Medicine, Stanford, CA;  
 2

Present address:
 
Lung Transplant Program, University of Alberta, Edmonton, Alberta, 

Canada 
 
Correspondence: Dr. Samuel Strober, M.D., Division of Immunology & Rheumatology/Medicine, 
Stanford University School of Medicine, CCSR Building, Room 2215-C, 269 Campus Dr., Stanford, CA 
94305-5166; e-mail: sstrober@stanford.edu; Tel: 650-723-6500 Fax: 650-725-6104  
 
 
Running title: NKT CELL AND TREG INTERACTIONS IN TOLERANCE 
 
 
 
 

 
Abbreviations: 
TLI:      Total lymphoid irradiation 
NKT:  Natural Killer T cells 
ATS:   Anti-thymocyte serum  
PD-1:    Programmed death-1  
mAb:    Monoclonal antibody 
PMA:   Phorbol myristate acetate 

 

 

 Blood First Edition Paper, prepublished online December 15, 2011; DOI 10.1182/blood-2011-08-371948

 Copyright © 2011 American Society of Hematology

 For personal use only. at STANFORD UNIV MED CTR on January 3, 2012. bloodjournal.hematologylibrary.orgFrom 

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


2 
 

Abstract 

We used a model of combined bone marrow and heart transplantation in which tolerance and stable 

chimerism is induced after conditioning with fractionated irradiation of the lymphoid tissues and anti-T 

cell antibodies. Graft acceptance and chimerism required host CD4+CD25+ Treg production of IL-10 

that was in turn enhanced by host invariant natural killer (NK) T cell production of IL-4. Upregulation 

of PD-1 on host Tregs, on CD4+CD25- Tcon cells, and on CD8+ T cells was also enhanced by NKT cell 

production of IL-4. Upregulated PD-1 expression on Tregs was linked to IL-10 secretion, on CD8+ T 

cells was linked to Tim-3 expression, and on CD4+ Tcon cells was associated with reduced IFNγ 

secretion. Changes in the expression of PD-1 were induced by the conditioning regimen, and declined 

after bone marrow transplantation. In conclusion, NKT cells in this model promoted changes in 

expression of negative co-stimulatory receptors and anti-inflammatory cytokines by Tregs and other T 

cell subsets in an IL-4 dependent manner that resulted in tolerance to the bone marrow and organ grafts. 

 

 

 

 

 

 

 

 

 

 

 For personal use only. at STANFORD UNIV MED CTR on January 3, 2012. bloodjournal.hematologylibrary.orgFrom 

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


3 
 

Introduction 

The role of CD4+CD25+ Treg cells and natural killer (NK) T cells in the induction of immune tolerance 

and acceptance of organ and/or bone marrow transplants has been studied extensively 1-8. In the case of 

Treg cells, both naturally occurring (nTregs) and induced (iTregs) cells can promote tolerance 5,6 

Whereas the naturally occurring Treg cells suppress immune responses to a broad spectrum of 

alloantigens in vitro and in vivo, the induced Treg cells have been shown to suppress responses to 

specific alloantigens that are the targets of tolerance 5,6. The effector mechanisms of immune 

suppression involve both cell contact interactions with conventional T cells (Tcon cells) that initiate 

responses to alloantigens, and the secretion of cytokines such as IL-10 that reduce inflammatory 

responses and Tcon cell immunity 9,10. The suppression of Tcon cell immunity by Treg cells has been 

shown to involve the interactions between the programmed death-1 (PD-1) T cell activation molecule, 

and the ligand, PDL-1 11. Blocking of this interaction abrogates tolerance to cardiac allografts induced 

by CTLA-4-Ig treatment 12. Upregulation of PD-1 on Treg cells has been associated with increased IL-

10 production 13,14.  

 

NKT cells differ from conventional T cell subsets because the NKT cell TCR recognizes glycolipids 

associated with the non-polymorphic antigen presenting molecule, CD1d, whereas the TCR of the 

conventional T cell subsets recognizes peptides associated with the highly polymorphic antigen 

presenting molecules, MHC Class I and II 15,16. There are 2 major subtypes of NKT cells, type I and type 

II, that express either an invariant TCRα chain that contains a segment encoded by the Jα18 gene, or a 

non-invariant TCRα chain respectively 17,18. Jα18-/- mice are deficient in the type I with the invariant 

TCR; whereas CD1d-/- mice are deficient in both types as well as the CD1d TCR ligand17. NKT cells 

have regulatory functions that promote transplantation tolerance and suppress GVHD after bone marrow 
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transplantation 7,8,19,20. Both in vitro and in vivo model systems showed that NKT cells can interact with 

Treg cells and change Treg cell function 21-23. 

 

Previous studies of bone marrow transplantation that used hosts conditioned with fractionated irradiation 

of the lymphoid tissues (total lymphoid irradiation; TLI) and anti-T cell antibodies showed that 

prevention of GVHD by the conditioning regimen required the presence of both host NKT cells and 

donor Treg cells 23. The NKT cells interacted with the Treg cells, and NKT cell production of IL-4 

enhanced Treg cell expansion and secretion of IL-10 that prevented GVHD 23. Similarly, the same 

conditioning regimen promoted tolerance to combined organ and bone marrow transplants, and hosts 

became stable mixed chimeras with long-term acceptance of donor but not third party heart grafts 8,24. 

Tolerance required the presence of both host NKT cells and host Treg cells, since pretransplant 

depletion of Treg cells in wild type hosts or the deficiency of NKT cells in CD1d-/- hosts prevented 

engraftment of the organ and bone marrow transplants 24. However, interactions between the T cell 

subsets were not studied 24. 

 

The goal of the current study was to determine whether the host NKT cells, Treg cells and Tcon cells 

can interact, and the mechanisms of interactions that can facilitate tolerance in the above model of 

combined organ and bone marrow transplantation. We found that tolerance was dependent on Treg 

production of IL-10 that was in turn dependent on NKT cell production of IL-4. The bias of Tregs 

toward IL-10 and of CD4+ Tcon cells away from IFNγ was associated with upregulation of PD-1. In 

addition, CD8+ T cells developed the PD-1hi Tim-3+ “exhausted phenotype” 25-27. 
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Methods 

Mice 

Adult 8- to 10-week old male wild type and IL-10 -/- BALB/c (H-2Kd), IL-4-/- BALB/c (H-2Kd) mice 

and wild type C57BL/6 (H-2Kb) mice were obtained from the Jackson Laboratory (Bar Harbor, ME). 

C57BL/6 neonates were purchased from the Charles River Laboratories (Wilmington, MA). CD1d-/- 

BALB/c mice 28, and Ja18-/- BALB/c mice 29 were bred in the Department of Comparative Medicine, 

Stanford University (Stanford, CA), and all mice were maintained in the Department according to 

institutional guidelines approved by the National Institutes of Health.  

 

Cardiac transplantation and monitoring for graft survival 

Neonatal C57BL/6 heart grafts were transplanted into a pouch in the ear pinna of BALB/c hosts on day 

0 according to the procedure described by Trager et al. 30. Heart grafts were monitored daily for visible 

contractions, and survival was based on the time interval after transplantation when contractions 

stopped.  

 

Bone marrow transplantation and TLI   

The bone marrow harvesting and transplantation procedure was performed as previously described 8. 

TLI was delivered to the lymph nodes above and below the diaphragm, thymus and spleen with lead 

shielding of the skull, limbs, pelvis, and tail using a 250Kv X-ray machine 31. Ten doses of 240cGy each 

were administered starting on the day of heart transplantation using 5 doses per week 24. The last dose of 

TLI was administered to BALB/c mice 24h before the allogeneic bone marrow cell infusions on day 15 

after heart transplantation. 
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Rabbit anti-thymocyte serum (ATS) and anti-CD25 monoclonal antibody (mAb) treatment 

Rabbit ATS was purchased from Accurate Chemical and Scientific Inc., (Westbury, NY). BALB/c 

recipients were injected i.p. with 0.05mL of ATS in 0.5mL saline on days 0, 2, 6, 8, and 10 after heart 

transplantation. Depletion of CD4+CD25+ Tregs was accomplished by a single intraperitoneal injection 

of anti-CD25 (clone PC61.5) mAb purchased from eBioscience Inc. (San Diego, CA), and kinetics of 

changes in the absolute numbers were described previously 24,32. 

 

Immunoflourescent staining reagents and monoclonal antibodies 

Anti-CD4 (RM4-5)-APC, anti-CD25 (PC65.1)-PE, anti-CD25 (PC65.1)-APC, anti-H-2Kb (AF6-88.5)–

FITC, anti-TCRβ(H57-597)-FITC, anti-TCRβ(H57-597)-PE, anti-TCRβ (H57-597)-APC, anti-Mac1 

(M1/70)-PE, anti-Gr1 (RB6-8C5)-PE, anti-B220 (RA3-6B2)-PE, anti-CD1d (Ly-38, 1B1)-PE, anti-

Ki67-FITC, anti-Ki67-PE, anti-PD1 (J43)-FITC and anti-CD16/32(2.4G2) mAbs were purchased from 

BD pharmingen (San Diego, CA). Anti-Tim-3 (B8.2C12) was purchased from BioLegend (San Diego, 

CA). Anti-CD25  (clone PC61.5) and anti-Foxp3 (FJK-16s) mAbs (eBioscience) were used for 

combination staining of surface CD25 and intracellular Foxp3 expression. For intracellular Foxp3 and 

Ki67 staining, cells were first stained with ethidium monoazide (EMA), a dead cell exclusion dye prior 

to fixation and permeabilization as per the manufacturer’s protocol (eBioscience, BD biosciences). 

Phycoerythrin conjugated CD1d-tetramers were obtained from the National Institutes of Health (NIH) 

Tetramer Facility, Rockville, MD.  

 

Immunoflourescent staining and chimerism analysis 

Single cell suspensions of blood or spleen cells were stained for surface markers with appropriate mAbs 

at 4°C in staining buffer containing propidium iodide and Fc receptor blocking antibodies as described 
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previously 24. Analysis of chimerism in the blood was performed by one color staining of total white 

blood cells with the anti-H-2Kb mAb. Staining procedures for CD4+CD25+Foxp3+ T cells were a 

modification of those reported previously 24 using eBioscience regulatory T cell staining kit. Samples 

were acquired and analyzed with an LSRII flow cytometer (Becton Dickinson, Mountain View, CA), 

and Flowjo software (Treestar). 

 

Purification and adoptive transfer of CD4+CD25+ (Treg) and iNKT cells 

For Treg isolation, spleen cells were stained with anti-CD25-PE, incubated with anti-PE microbeads 

(Miltenyi Biotec) and then enriched using LS Columns (Militenyi Biotec). Purified cells were then 

stained with anti-CD4-APC and anti-TCRβ-FITC. Splenic cells were sorted as TCRβ+CD4+CD25+ T 

cell on an Aria flow cytometer (Becton Dickinson).  Sorted cells were ≥ 98% pure by post-sort analysis. 

Sorted Treg cells (1 x 106/mouse) were injected i.v. into BALB/c hosts depleted with anti-CD25 mAb. 

Invariant NKT (iNKT) cells were isolated as described before 23. Briefly splenocytes from wild-type 

BALB/c mice were stained with glycolipid loaded PE-conjugated CD1d tetramers (National Institutes of 

Health, Tetramer Facility), and PE-conjugated α-Galcer loaded CD1d dimer-mouse IgG fusion protein 

(BD Biosciences). iNKT cells were enriched subsequently by incubating with anti-PE microbeads 

(Miltenyi Biotech), and passing through a magnetic column (Miltenyi Biotech). The cells were then 

stained with anti-TCRβ-FITC and sorted by FACS Aria II (Becton Dickinson). The purity of sorted 

iNKT cells (TCRβ+ CD1d-tet+) was more than 97%. Sorted iNKT cells (0.4 x 106/mouse) from wild 

type or IL-4-/- mice were injected i.v. into Ja18-/- BALB/c hosts. 
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In vitro culture and cytokine analysis  

 In vitro polyclonal activation, and cytokine analyses of sorted CD4+CD25+ and CD4+CD25- T cell 

subpopulations were performed using phorbol myristate acetate (PMA) and ionomycin as reported 

before 24. Single cell suspensions isolated from spleen of BALB/c hosts on day19 after bone marrow 

transplant. Cells were stained with anti-CD90 (Thy1.2) microbeads and enriched using LS columns 

(Miltenyi Biotec). Enriched cells were stained using anti-TCRβ, anti-H-2Kb (host-type), anti-CD4 and 

anti-CD25 mAbs and sorted on an Aria flow cytometer (Becton Dickinson). Sorted host type H-2Kb-

CD4+CD25+ (Treg) and H-2Kb-CD4+CD25- (Tcon) T cells were plated at 0.5 x 105 cells/well, and 

cultured in complete RPMI 1640 media (Mediatech Inc., Manassas, VA) in vitro with or without PMA 

and ionomycin at 37°C in 5% CO2. After 48h of culture, cell culture supernatants were incubated with 

microbeads and analyzed on a luminex reader (Millipore Corp., Billerica, MA) for IL-4, IL-10 and IFNγ 

secretion. 

 

Statistical Analysis 

Statistical analyses of differences in heart graft survival between different groups of mice were 

performed using the log-rank test of Kaplan-Meier plots at day 100. Comparisons of the fraction of mice 

in different groups that were chimeras were performed by chi-square analysis. Comparison of mean 

percentages of absolute numbers of T cells, and subsets in the spleen and cytokine analysis of different 

groups of mice were made using two-tailed Student’s t-test of independent means. 
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Results 

Tolerance is dependent on Tregs, their expression of IL-10, and NKT cells  

The experimental scheme shown in Figure 1A has been used previously 24 to induce tolerance after the 

transplantation of wild type C57BL/6 (H-2Kb) heart grafts on day 0 to wild type BALB/c (H-2Kd) 

recipients conditioned with 10 doses of TLI (240cGy each) and 5 doses of anti-thymocyte serum (ATS) 

posttransplant. The recipients were injected with 50x106 bone marrow cells from the C57BL/6 donor 

strain immediately after the completion of conditioning 15 days after heart transplantation. In previous 

experiments, the Tregs were depleted from the recipients by a single injection of anti-CD25 mAb on day 

-7 24. The Treg percentage among CD4+ T cells in the spleen was reduced to below 1% for at least 14 

days after the completion of conditioning, and caused uniform graft rejection 24. In the current study, 

some groups of Treg depleted recipients were given an injection of purified Tregs from wild type, or IL-

10-/- BALB/c mice at the time of the bone marrow transplant (Figure 1A) to determine whether graft 

acceptance can be restored. Representative two color flow cytometric profiles of the purified and added 

back Tregs from wild type mice are shown in Supplementary Figure 1A. The purity of the injected Tregs 

was >99% CD4+CD25+ cells. At least 90% of the latter cells were FoxP3+ (Supplementary Figure 1A).  

 

Figure 1B shows the survival of C57BL/6 heart grafts in the BALB/c recipients during a 100-day 

observation period. All wild type recipients that were conditioned and given combined bone marrow and 

heart transplants without Treg depletion maintained their grafts for at least 90 days. Previous studies 

showed that the C57BL/6 bone marrow cells must be injected to achieve acceptance of the C57BL/6 

heart grafts8. Figure 1B also shows that even DBA/2 heart grafts that are MHC matched with BALB/c 

hosts (H-2Kd) are uniformly rejected in the absence of a bone marrow cell infusion. When a 

combination of C57BL/6 heart and bone marrow cells were injected into conditioned Jα18-/- BALB/c 
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recipients that are deficient in invariant NKT cells, the heart grafts were all rejected by day 30 (Figure 

1B). All wild type BALB/c recipients depleted of Tregs with the single injection of anti-CD25 mAb 

rejected their grafts by 35 days (p= 0.01; depleted vs undepleted recipients)(Figure 1C). Long term 

acceptance of the heart grafts was restored in about 80% of the anti-CD25 mAb treated recipients by 

injecting 1x106 purified CD4+CD25+ T cells obtained from untreated wild type BALB/c mice at the time 

of the marrow transplant (p= 0.01; with vs without add back). 

 

 Since full in vivo suppression of alloimmunity or autoimmunity by Tregs has been shown to be 

dependent on their secretion of IL-10 10,33, the add back experiments were repeated using purified Tregs 

from IL-10-/- instead of wild type BALB/c mice. As shown in Figure 1C, the injection of the IL-10-/- 

Tregs failed to restore long-term acceptance of the heart grafts, and all were rejected by about day 80 

(p= 0.05; IL-10-/- vs wild type).  Although addback of wild type Treg cells to wild type hosts depleted of 

Tregs restored graft acceptance, the add back failed to restore acceptance in the invariant NKT cell 

deficient Jα18-/- hosts (Figure 1C).   

 

Chimerism is dependent on Tregs, their expression of IL-10, and on NKT cells   

Recipients in the groups shown in Figures 1B and C were not only monitored for heart graft survival, 

but also for the development of chimerism at days 28 and 100 after bone marrow transplantation. Figure 

1D shows chimerism analyses of samples of peripheral blood mononuclear cells obtained from 

recipients at day 28 that were stained for the donor type marker (H-2Kb) versus lineage markers for T 

cells, B cells, macrophages, and granulocytes (TCR, B220, Mac-1, and Gr-1 respectively). Samples 

from wild type recipients without Treg depletion showed that there was mixed chimerism in all lineages 

in the range of 24 to 79% donor type cells, and T cells showed the lowest levels. When Treg depleted 
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wild type recipients were examined, then donor type cells accounted for less than 1% of all lineages, and 

there was no evidence of chimerism. The injection of the Tregs from wild type BALB/c mice restored 

chimerism in all lineages in the depleted wild type recipients (Figure 1D). Injection of IL-10-/- Tregs 

failed to restore chimerism in T cells, or above 10% among macrophages, granulocytes, and B cells in 

the majority of recipients (Figure 1D). Substitution of Jα18-/- hosts for wild type hosts resulted in failure 

to restore chimerism with the addback of wild type Tregs (Figure 1D). In addition, Jα18-/- hosts without 

depletion failed to develop chimerism (Figure 1D). Thus, the patterns of heart graft acceptance and those 

of bone marrow graft acceptance were similar. When the percentage of donor type cells in the different 

lineages was examined at day 100 for wild type mice without depletion, then the patterns were similar to 

that of day 28 (Supplementary Figure 1B). This indicated that the mixed chimerism established in the 

recipients was stable. 

 

Upregulation of IL-10 and PD-1 by Treg cells after heart and bone marrow transplantation is 

enhanced by NKT cells in an IL-4 dependent manner  

In further experiments, the cytokine secretion patterns of Tregs from the wild type transplant recipients 

were compared to Tregs from a second type of NKT cell deficient (CD1d-/-) recipient to determine 

whether the deficiency in host NKT cells affected the secretion patterns induced by in vitro activation. 

Figure 2A shows that the CD1d-/- hosts uniformly failed to develop chimerism as compared to wild type 

hosts after bone marrow and heart transplantation. Sorted host type H-2Kb-CD4+CD25+ Tregs cells were 

obtained from the spleen of heart and marrow transplant recipients 19 days after infusion of marrow 

cells. Secretion of IL-4, IFNγ, and IL-10 were assayed after stimulation of cells in vitro with PMA and 

ionomycin as shown in the scheme in Figure 2B. Day 19 was chosen because that was the earliest time 

point after transplantation with sufficient cell yields to perform the analyses. 

 For personal use only. at STANFORD UNIV MED CTR on January 3, 2012. bloodjournal.hematologylibrary.orgFrom 

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


12 
 

 

Figure 2C shows the mean concentrations of the cytokines in the supernatants of the stimulated Treg cell 

cultures from wild type and CD1d-/- transplant recipients as well as the concentrations from untreated 

wild type BALB/c mice. Treg cells obtained from transplant recipients had significantly increased 

concentrations of all 3 cytokines as compared to cells from the untreated mice (Figure 2C). Whereas the 

levels of IL-4 and IFNγ were not significantly different from the wild type or CD1d-/- transplant 

recipients, the IL-10 levels were significantly higher in the wild type versus the CD1d-/- recipients. The 

results show that the transplant procedure markedly increases IL-10 secretion of Treg cells, but the lack 

of host CD1d expression significantly attenuates the increased secretion.  

 

The expression of the negative costimulatory receptor, PD-1, was also studied on the Treg cells in 

untreated wild type BALB/c mice and in transplant recipients, since interactions between PD-1 and the 

ligand, PDL-1, have been shown to play an important role in the promotion of transplantation tolerance 

11,12. Figure 2D shows that the gated CD4+CD25+ Treg cells in untreated mice contained less than 5% 

PD-1hi cells, whereas in wild type transplanted mice the mean percentage of PD-1hi cells was about 42%. 

Representative flow cytometric profiles for PD-1 staining with thresholds for PD-1hi and PD-1lo cells are 

shown in Figure 3.  

 

Figure 2D also shows that NKT cell deficiency of Ja18-/- transplant recipients resulted in significantly 

lower percentages of PD-1hi cells among the Tregs, and that the percentages were significantly increased 

by the add back of purified wild type NKT cells but not by purified IL-4-/- NKT cells. Thus, the NKT 

cells regulated the levels of expression of PD-1 on Treg cells in an IL-4 dependent manner. 

Interestingly, the PD-1hi Treg cells from wild type transplanted mice produced high levels of IL-10, 
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whereas the PD-1lo Treg cells produced markedly lower levels of IL-10 after in vitro activation (Figure 

2E). Thus, the NKT cells regulated the linked expression of IL-10 and PD-1 on Treg cells in an IL-4 

dependent manner. 

 

NKT cells regulate PD-1 and IFNγ expression of CD4+ Tcon cells and PD-1 and Tim-3 expression 

of CD8+ T cells 

In further studies, we examined the expression of PD-1 and Tim-3 on CD4+CD25- Tcon and CD8+ T 

cells. Figure 3A, B, and C show that the wild type transplant recipients had significantly increased 

percentages of PD-1hi cells as compared to untreated mice not only in Treg cells, but also in host type 

(H-2Kb-) CD4+ Tcon cells and in CD8+ T cells. Representative examples of flow cytometric profiles are 

shown. As in the case of Treg cells, deficiency of NKT cells in CD1d-/- recipients resulted in a 

significant decrease in the percentage of PD-1hi cells in the CD4+ Tcon and CD8+ T cells as well (Figure 

3A, B, and C). Since increased expression of PD-1 among CD8+ T cells has been associated with 

increased expression of Tim-3 in mice with chronic viral infections and tumors 25-27, we stained CD8+ T 

cells for both markers as shown in Figure 3D. Approximately, 80% of the PD-1hi cells were Tim-3+, and 

a mean of about 30% of CD8+ T cells were PD-1hi Tim-3+ in wild type transplant hosts as compared to 

less than 2% in untreated wild type mice. The percentage of PD-1hi Tim-3+ cells among CD8+ T cells 

was significantly reduced in NKT cell deficient recipients (Figure 3D). Tim-3 expression was near 

background among CD4+ Tcon cells in all groups of mice (data not shown).  

 

In order to study the importance of NKT cell deficiency on cytokine secretion pattern of host type CD4+ 

Tcon cells in the transplant mice, the protocol outlined in Figure 2B was used. Purified H-2Kb- CD4+ 

Tcon cells were harvested from the spleen on day 19 after transplantation of marrow cells in wild type or 
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CD1d-/- recipients. The purified cells were stimulated in vitro and cytokine concentrations in the 

supernatants were measured. There was a significant increase in IL-10, IL-4, and IFNγ secretion when 

untreated wild type mice were compared to transplanted wild type mice (Figure 3E).  The deficiency in 

NKT cells did not result in a significant change in IL-4 or IL-10 as compared to wild type transplanted 

mice. In contrast, NKT cell deficiency markedly increased the IFNγ secretion in transplanted mice 

(Figure 3E). Thus, the presence of host NKT cells promoted the upregulation of PD-1 and a bias away 

from IFNγ in the CD4+ Tcon cells in transplanted mice. 

 

In further studies, addback experiments were performed in order to determine whether NKT cell 

secretion of IL-4 played an important role in regulating PD-1 expression on host CD4+ Tcon and CD8+ 

T cells as was the case with host Treg cells. Accordingly, the percentages of PD-1hi cells were compared 

in Jα18-/- transplanted mice with or without the addback of wild type or IL-4-/- NKT cells. As shown in 

Figure 4A and B, wild type NKT cells injected into Jα18-/- transplanted mice significantly increased the 

percentage of PD-1hi cells among CD8+ T cells and CD4+Tcon cells respectively. However, when IL-4-/- 

NKT cells were injected, then no significant increase was observed as compared to the Jα18-/- 

transplanted mice without a cell injection. The results are similar to that observed with Treg cells, and 

show that the upregulation of PD-1 on all host T cell subsets in transplanted mice is dependent on host 

NKT cells and their secretion of IL-4. 

 

In order to determine whether NKT cell secretion of IL-4 also had impact on C57BL/6 bone marrow 

graft acceptance, the hosts observed in Figures 4A and B were assayed for chimerism in the spleen. 

Chimerism was assayed by staining for donor type (H-2Kb+) cells in the splenic mononuclear cell gate. 

As shown in Figure 4C, the mean percentage of donor type cells in the Jα18-/- transplanted mice were 
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about 2%. The addback of wild type NKT cells significantly increased chimerism to about 22%. 

However, the addback of IL-4-/- NKT cells resulted in no significant change. In summary, not only is the 

Tim-3 and/ or PD-1 receptor upregulation dependent on NKT cell secretion of IL-4, but also the 

acceptance of bone marrow transplants and development of robust chimerism. 

 

Upregulation of PD-1 and Tim-3 is induced by TLI and ATS conditioning and declines after 

transplantation of bone marrow 

In further experiments, TLI and/ or ATS conditioning alone was compared to conditioning combined 

with heart and bone marrow transplantation on the upregulation of PD-1 on T cells. Figures 5A, B, and 

C compare the percentages of PD-1hi cells among host type CD8+, CD4+CD25- and CD4+CD25+ T cells 

respectively in groups of mice that were untreated, ATS treated, TLI treated, TLI+ATS treated, and 

TLI+ATS treated and transplanted. In all instances, splenic T cells were harvested 34 days after the first 

dose of TLI and / or ATS in order to maintain the time of analysis the same as in Figures 3 and 4. For 

CD8+ T cells, the ATS treatment alone increased the mean percentage of PD-1hi cells to about 5% as 

compared to the mean of 1% in the untreated mice. TLI treatment alone or combined with ATS 

increased the percentage to about 22%. Although combined conditioning and transplantation increased 

the mean to about 35%, the difference between TLI+ATS conditioning with or without transplantation 

was not significant. 

 

A similar pattern of upregulation of PD-1 on CD4+CD25- and CD4+CD25+ T cells was observed such 

that the mean percentage of PD-1hi cells increased from about 1% to about 23% and 40% respectively 

after treatment with TLI+ATS alone or combined with transplantation (Figure 5B and C). However, in 

this case the upregulation was significantly increased after TLI+ATS versus either TLI or ATS alone. 
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The addition of transplantation to TLI+ATS did not make a significant difference. In summary, the 

TLI+ATS conditioning regimen markedly increased PD-1 upregulation on all 3 T cell subsets, and no 

significant increment was induced by transplant procedures. 

 

Figure 5D shows the kinetics of PD-1 upregulation on host type CD4+CD25- and CD4+CD25+ T cells in 

the blood after TLI+ATS conditioning combined with transplantation. Mean percentages of PD-1hi cells 

showed a peak of 65% to 80% at completion of conditioning, and a rapid decline by day 30, and a 

slower decline to baseline by day 85. Similar kinetics of PD-1 and Tim-3 upregulation was observed on 

CD8+ T cells in the blood (Figure 5E). However, the peak mean percentages of PD-1+ cells or PD-1+ 

Tim-3+ cells were delayed until day 20, and peak percentages were less (25 to 35%) than the CD4+ T 

cells. A rapid decline to day 50 was followed by a slow decline to baseline at day 85. 

 

Discussion 

Previous studies showed that conditioning of hosts with TLI and ATS induced tolerance to combined 

organ and marrow transplants, and host NKT and Treg cells were required 8,24. In the current study, we 

demonstrate that tolerance, and chimerism are restored by transferring Treg cells from wild type 

BALB/c mice to the Treg depleted wild type BALB/c recipients of heart and bone marrow transplants. 

The Treg restoration of tolerance and chimerism was dependent on their ability to produce IL-10, since 

IL-10-/- Tregs were ineffective. The Treg requirement for IL-10 for promotion of tolerance is consistent 

with the IL-10 requirement for donor type Treg cells to fully prevent GVHD by donor type conventional 

T cells and to fully suppress immune responses in other model systems 10,33.  
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Further studies showed that NKT cells regulate the IL-10 production of the Treg cells in transplanted 

mice, since the marked increase in IL-10 secretion in vitro by purified host Tregs after transplantation 

was lost in NKT cell deficient mice. The increase in IL-10 secretion by Tregs was linked to the marked 

upregulation of PD-1 after transplantation, and only PD-1hi Tregs secreted high levels of IL-10 after in 

vitro activation. The increased expression of PD-1 was dependent upon NKT cell secretion of IL-4, 

since PD-1 expression was reduced in NKT cell deficient mice, and restored by wild type but not IL-4-/- 

NKT cells.   

 

Studies of donor type Treg suppression of GVHD in TLI and ATS conditioned hosts showed that donor 

Treg secretion of IL-10 was regulated by host type NKT cell secretion of IL-4 8,24. The IL-4 facilitated 

Treg cell proliferation, and polarization toward an IL-10 bias 10,33. In another model of tolerance to 

combined bone marrow and skin transplants that used conditioning with a non-depleting anti-CD8 mAb 

and dimethylmyeleran, tolerance and chimerism were abrogated when recipients were treated with a 

combination of anti-IL-4 anti-IL-10 mAbs 23. The results of the latter study showing that these Th2 

cytokines suppressed rejection of grafts by host CD8+ T cells are consistent with the findings of the 

current study.  

 

Host NKT cells not only regulated the expression of PD-1 on host Treg cells, but also on host CD4+ 

Tcon cells and CD8+ T cells. After transplantation, the percentage of PD-1hi cells rose among the latter T 

cell subsets, and in the case of CD8+ T cells there was a rise in PD-1hi Tim-3+ cells. The latter 

“exhausted “ phenotype has been associated with decreased proliferation and decreased secretion of 

IFNγ in mice with chronic viral infections or with acute myelogenous leukemia 25-27. As is the case of 

Tregs, the increase in PD-1 on CD4+ Tcon and CD8+ T cells was significantly reduced in NKT cell 
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deficient as compared to wild type recipients, and the reduction could be restored by addback of wild 

type NKT cells but not IL-4-/- NKT cells. Thus, PD-1 upregulation in all T cell subsets was dependent 

on IL-4 secretion by NKT cells. In addition, bone marrow transplant acceptance was dependent on NKT 

cell secretion of IL-4.  

 

Additional experiments showed that the increased expression of PD-1 on Tregs, CD4+ Tcon and 

CD8+ T cells was observed after conditioning of wild type BALB/c mice with TLI and ATS 

without transplantation of heart or bone marrow grafts. This is consistent with previous reports 

that TLI induces a Th2 bias in NKT cells 35. Thus, the altered host immune milieu promotes the 

acceptance of the bone marrow transplants, that in turn results in the development of stable 

mixed chimerism. The mechanisms by which mixed chimerism promote tolerance have been 

studied exhaustively, and include clonal deletion 36,37. As in other models, PD-1 expression has 

been shown to suppress conventional T cell alloreactivity, and provide a co-stimulatory signal 

that enhances IL-10 secretion of regulatory T cells 11,12,38-40.  

 

Although our model of tolerance induction requires the injection of donor bone marrow cells that leads 

to chimerism and clonal deletion 8, mixed chimerism itself is not sufficient to induce tolerance to the 

heart grafts. When TLI was used for posttransplant conditioning instead of TLI and ATS, then mixed 

chimerism was achieved uniformly, but 7 of 8 heart grafts were rejected before day 60 8. Therefore, it is 

likely that immune regulation in addition to clonal deletion associated with chimerism are required to 

induce tolerance to organ grafts in this model. The findings in the current study can be extrapolated to 

other mouse strains and to other species. Tolerance after 10 doses of TLI and 5 doses of ATS was also 

induced when mouse donors were BALB/c and recipients were C57BL/6 8 (the reverse of the current 
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study), or when vascularized heart graft and bone marrow donors were ACI rats, and TLI and ATS 

conditioned recipients were Lewis rats 41. More importantly, the findings could be extrapolated to 

humans, and tolerance could be induced in about 70% of recipients given combined kidney and 

hematopoietic cell transplants from HLA matched donors after conditioning with 10 doses of TLI and 5 

doses of ATG 42,43. The rationale for using completely posttransplant conditioning was the ability to 

extend the protocol in humans to transplants from deceased donors, since conditioning cannot be 

scheduled in advance. In conclusion, interactions between NKT and Treg cells are required to promote 

tolerance in this system, and the regimen has been translated to the successful induction of tolerance in 

humans.  
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Figure legends  

Figure 1: Tolerance and chimerism is dependent on Tregs, their expression of IL-10, and NKT 

cells. (A) Experimental scheme: Wild type, or Jα18-/- BALB/c host mice were given C57BL/6 neonatal 

heart transplants on day 0. ATS was injected i.p. on days 0, 2, 6, 8 and 10. TLI was given over 14 days 

as 10 doses of 240 cGy each. Some hosts were given a single dose of anti-CD25 mAb i.p. on day -7 to 

deplete Treg cells. On day 15, 50 x 106 C57BL/6 bone marrow cells were injected i.v. without, or with 

CD4+CD25+ T cells sorted from wild type, or IL-10-/- BALB/c mice. (B) Heart graft survival in non-

depleted TLI/ATS wild-type, or non-depleted Jα18-/- BALB/c mice given C57BL/6 heart transplants and 
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bone marrow cell infusion (Non-depl WT, N= 9 mice), (Non-depl Jα18-/-, N= 10 mice), or non-depleted 

BALB/c hosts given DBA/2 heart transplants without bone marrow cell infusion (DBA/2 without BM, 

N= 10 mice). Non-depl WT vs. Non-depl Jα18-/-, (P < 0.01) by Log-rank- Mantel-cox test. (C) Heart 

graft survival in Treg depleted and TLI/ATS conditioned wild-type hosts given heart transplants and 

bone marrow cell infusion (CD25 depl WT, N= 12 mice), Treg depleted and TLI/ATS conditioned wild-

type hosts given heart transplants and bone marrow cell infusion with addback of sorted 1 x 106 

CD4+CD25+ T cells from wild-type BALB/c mice (CD25 depl WT + WT Treg, N= 11 mice), Treg 

depleted TLI/ATS Ja18-/- BALB/c mice given heart transplants and bone marrow cell infusion (CD25 

depl Ja18-/- + WT Treg, N = 8) with add back of sorted 1 x 106 CD4+CD25+ T cells from wild-type 

BALB/c mice, and Treg depleted and TLI/ATS conditioned wild-type hosts given heart transplants and 

bone marrow cell infusion with addback of sorted 1 x 106 CD4+CD25+ T cells from IL-10 -/-  BALB/c 

mice (CD25 depl WT + IL-10 -/- Treg, N= 9 mice). CD25 depl WT vs. CD25 depl + WT Treg (p< 

0.001); CD25 depl WT + WT Treg vs. CD25 depl Jα18 -/-  + WT Treg (P < 0.001),  CD25 depl WT + 

WT Treg vs. + IL-10 -/- Treg (P < 0.001) by Log-rank- Mantel-cox test. (D) Mean percentages of donor 

type cells on day 28 after marrow transplantation in non-depleted wild-type BALB/c mice given heart 

and marrow transplants (Nondepl WT, N= 8 mice), CD25 depleted wild-type hosts given transplants 

(CD25 depl WT, N= 6 mice), CD25 depleted wild-type hosts given transplants and sorted 1 x 106 

CD4+CD25+ T cells from wild-type BALB/c mice (CD25 depl WT + WT Treg, N= 9 mice), non-

depleted TLI/ATS Ja18-/- BALB/c mice given transplants (Non-depl Ja18-/-, N = 10 mice), CD25 

depleted TLI/ATS Ja18-/- BALB/c mice given transplants with add back of sorted 1 x 106 CD4+CD25+ T 

cells from wild-type BALB/c mice (CD25 Ja18-/- + WT Treg, N = 7 mice),  and CD25 depleted wild-

type hosts given transplants and sorted 1 x 106 CD4+CD25+ T cells from IL-10 -/-  BALB/c mice (CD25 

depl WT + IL-10 -/- Treg, N= 9 mice). Comparison of means (Students’s two-tailed t-test) gave p values 
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shown on the panels; NS>0.05, *p<0.05, **p<0.01, ***p<0.001. T cells - TCR+; B cells-B220+; 

Macrophages - Mac1+; Granulocytes- Gr1+ cells. 

 

Figure 2: Upregulation of IL-10 and PD-1 by Treg cells after heart, and bone marrow 

transplantation is enhanced by NKT cells in an IL-4 dependent manner.  

(A) Mean percentages of donor type cells at day 19 after marrow transplantation in wild-type BALB/c 

mice given heart and bone marrow transplants (TX WT, N= 27 mice), and in CD1d-/- BALB/c mice 

given transplants (TX CD1d-/-, N= 20 mice). (B) Experimental scheme: Representative FACS pattern of 

gated recipient type H-2Kb-CD4+CD25+ and H-2Kb-CD4+CD25- T cells among CD4+ splenocytes before 

sorting (left and middle panels) or after sorting (right panel), obtained 19 days after marrow 

transplantation. Sorted cells were cultured with PMA and ionomycin, and cytokine concentrations in 

culture supernatants were assessed by luminex beads.  (C) Mean (± SEM) IL-10 (Left panel), IL-4 

(Right panel) and IFNγ (Middle panel) concentrations in supernatants from sorted CD4+CD25+ T cells, 

after 48 h of culture with PMA/ Ionomycin from untreated wild-type BALB/c mice (UNT WT, N= 15 

mice), wild-type BALB/c mice given heart and bone marrow transplants (TX WT, N= 27 mice) and 

CD1d-/- mice given heart and bone marrow transplants (TX CD1d-/-, N= 20 mice). Data are combined 

from 3 or 4 independent experiments with 2-3 wells in each experiment. NS, not significant, p>0.05; * P 

< 0.05, ** P < 0.01, *** P < 0.001 (Students’s two-tailed t-test of independent means). Culture 

supernatants from Treg cells without PMA/ionomycin had less than 20 pg/ml of IFNγ, IL-4 or IL-10. 

(D) Percentages (horizontal lines show means) of PD-1hi cells among gated CD4+CD25+ T cells from 

spleen in untreated wild-type BALB/c mice  (UNT WT, N = 8 mice); wild-type BALB/c mice given 

heart and bone marrow transplants (WT TX, N= 13 mice), Ja18-/- BALB/c mice given transplants (Ja18-

/- TX, N = 6 mice); Ja18-/- BALB/c mice given transplants with add back of sorted 0.4 x 106 NKT cells 
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from wild-type BALB/c mice (Ja18-/- TX + WT NKT, N = 7 mice) and Ja18-/- BALB/c mice given 

transplants with add back of sorted 0.4 x 106 NKT cells from IL-4-/- BALB/c mice (Ja18-/- TX + IL-4-/- 

NKT, N = 5 mice). Comparison of means (Student’s two tailed t-test) gave p values shown on the 

panels; NS>0.05, *p<0.05, **p<0.01, ***p<0.001. (E) Mean IL-10 concentrations of supernatants of 

sorted host PD-1lo and PD-1hi Treg cells obtained from the spleen of wild type heart and bone marrow 

transplant recipients on day 19 after marrow transplantation (WT TX, N= 8). There were 8 replicate 

cultures from 2 experiments used for stimulation of cells with PMA and ionomycin. Unstimulated 

cultures had less than 20 pg/ml IL-10. 

 

Figure 3: NKT cells regulate PD-1 and IFNγ expression of CD4+ Tcon cells and PD-1 and Tim-3 of 

CD8+ T cells.  (A-C) Representative FACS patterns of CD4 versus PD-1 on gated Treg (A), or CD4 

versus PD-1 on gated CD4+ Tcons (B), or CD8 versus PD-1 on gated CD8+ T cells (C), and percentages 

of PD-1hi cells among subsets from untreated wild-type (UNT WT, N= 8) or from WT or CD1d-/- 

transplant recipients at day 19 after marrow transplantation (TX WT, N= 12), (TX CD1d-/-, N= 18). (D) 

Representative FACS patterns, and percentages of PD-1hiTim-3+ cells among gated CD8+ T cells from 

untreated wild type (UNT WT, N= 6) or from WT or CD1d-/- transplant recipients at day 19 after 

marrow transplantation (TX WT, N= 10), (TX CD1d-/-, N= 11). Comparison of means (Student’s two 

tailed t-test) gave p values shown on the panels; NS>0.05, *p<0.05, **p<0.01, ***p<0.001. (E) Mean (± 

SEM) IL-10 (Left panel), IL-4 (Right panel) and IFNγ (Middle panel) concentrations in supernatants of 

sorted CD4+CD25- Tcon cells, after 48 h of culture with PMA/ Ionomycin from untreated wild-type 

BALB/c mice (UNT WT, N= 15 mice), wild-type BALB/c mice given transplants (TX WT, N= 27 

mice) and CD1d-/- BALB/c mice given transplants (TX CD1d-/-, N= 20 mice). Data are combined from 3 

or 4 independent experiments with 2-3 wells in each experiment. NS, not significant, p>0.05; * P < 0.05, 
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** P < 0.01, *** P < 0.001 (Students’s two-tailed t-test of independent means). Culture supernatants 

from Treg cells without PMA/ionomycin had less than 20 pg/ml of IFNγ, IL-4, or IL-10. 

 

Figure 4: Chimerism and upregulation of PD-1 on CD4+ Tcon, and CD8+ T cells are enhanced by 

NKT cells in an IL-4 dependent manner.  (A-B) Percentage of PD-1hi cells among gated CD8+ (A) or 

CD4+CD25- Tcon cells (B) T cells from spleen in Ja18-/- BALB/c mice given transplants (Ja18-/- TX, N = 

6 mice); Ja18-/- BALB/c mice given transplants with add back of sorted 0.4 x 106 NKT cells from wild-

type BALB/c mice (Ja18-/- TX + WT NKT, N = 7 mice) and Ja18-/- BALB/c mice given transplants with 

add back of sorted 0.4 x 106 NKT cells from IL-4-/- BALB/c mice (Ja18-/- TX + IL-4-/- NKT, N = 5 

mice). (C ) Mean percentages of donor type cells in splenic mononuclear cell gate from Ja18-/- BALB/c 

mice given transplants (Ja18-/- TX, N = 9 mice); Ja18-/- BALB/c mice given transplants with add back of 

sorted 0.4 x 106 NKT cells from wild-type BALB/c mice (Ja18-/- TX + WT NKT, N = 7 mice), and Ja18-

/- BALB/c mice given transplants with add back of sorted 0.4 x 106 NKT cells from IL-4-/- BALB/c mice 

(Ja18-/- TX + IL-4-/- NKT, N = 5 mice). Comparison of means (Student’s two tailed t-test) gave p values 

shown on the panels; NS>0.05, *p<0.05, **p<0.01, ***p<0.001.  

 

Figure 5: Upregulation of PD-1 and Tim-3 is induced by TLI and ATS conditioning and declines 

after transplantation of bone marrow. (A-C) Percentages of PD-1hi cells among gated CD8+ (A) or 

CD4+CD25-  (B) or CD4+CD25+ (C ) T cells from the spleen are shown in untreated wild type BALB/c 

mice (UNT WT, N= 8), ATS conditioned wild-type BALB/c mice (ATS, N= 7), TLI conditioned wild-

type BALB/c mice (TLI, N= 7), ATS + TLI conditioned wild-type BALB/c mice (ATS + TLI, N= 8) 

and ATS + TLI conditioned wild-type BALB/c mice given transplants (WT TX, N= 11).  (D) Mean 

percentages (± SEM) of PD1hi cells among CD4+CD25+ T cells (Filled square; N= 10), or CD4+CD25- T 
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cells (Filled circle; N= 10) in PBMCs at different time-points post transplant in wild-type BALB/c hosts. 

(E) Mean percentages (± SEM) of PD1hi among CD8+ T cells (Filled circle; N= 10), or PD1hiTim-3+ 

(Filled triangle; N= 10) among gated CD8+ T cells in PBMCs at different time-points post transplant in 

wild-type BALB/c hosts. 
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