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CHAPTER I

INTRODUCTION

Overview
Organ replacement via surgical transplantation represents a potentially life-saving
intervention for numerous autoimmune conditions; however, the heightened immunogenicity
characteristic of these autoimmune patients remains a significant barrier to long-term graft
acceptance. Every year a significant number of autoimmune transplant recipients must undergo
re-transplantation directly attributable to both recurrent autoimmunity and heightened allograft
immunogenicity. No better is this clinical scenario modeled than the autoimmune non-obese
diabetic (NOD) mouse, a model in which no therapy has ever induced permanent transplant
tolerance to islet allografts or any other allograft type in the intact NOD immune system, thereby
indicating the severity of this immunologic barrier. Overall, determining the immunological
barriers to successful organ tolerance in the autoimmune environment would prove invaluable.
Not only would developing a mechanistic understanding of how the autoimmune environment
fails to tolerate foreign allografts provide new targets for restoring graft tolerance in
autoimmunity, but moreover, this knowledge would enhance the scientific community’s
understanding of specific cellular and molecular pathways that govern immunological tolerance.
Autoimmune pathogenesis and failures to maintain graft tolerance are in part driven by
insufficiently regulated, antigen-specific T and B effector cells of the adaptive immune system.
Although numerous studies have so far defined specific roles for inadequate immune regulation
in driving autoimmunity and perpetuating loss of graft tolerance independently, it remains to be
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determined whether the failures in immune regulation that perpetuate loss of self-tolerance in
autoimmunity directly contribute to an inability to later “learn” how to tolerate foreign graft
tissue as self. Moreover, whether known dysregulations in T-B cell collaboration that drive
different forms of autoimmunity directly contribute to an enhanced, inadequately regulated antigraft response remains to be explored. In my dissertation, I explore the specific hypothesis that
dysregulated T-B cell collaboration in autoimmunity poses a stringent barrier to transplant
tolerance. Using murine models of Type 1 Diabetes (T1D) and Systemic Lupus Erythematosus
(SLE), I define specific cellular and molecular T-B cell aberrancies in these autoimmune
environments that lead to a generalized resistance to transplant tolerance.
In setting the stage for my findings, I have provided background information pertinent to
the immunologic mechanisms that drive the transplant response. After conducting a brief
historical review of clinical transplantation in the United States, I highlight the pioneering work
of basic transplant immunologists and their roles in defining the mechanisms of transplant
rejection and tolerance. As T and B cells possess the unique ability to recognize graft tissue in an
antigen specific manner, I mechanistically address how these cells actively reject or learn to
tolerate foreign graft tissue. Finally, I review the key studies in which a generalized resistance to
transplant tolerance in autoimmunity was first described while highlighting the outstanding
knowledge gaps generated by these bodies of work. Overall, my findings reveal that enhancing
graft-protective T Regulatory Cell function is a necessary component of restoring transplantation
tolerance in the autoimmune setting. Moreover, interrupting specific pathways that enhance antigraft effector cell function may further provide a targeted means to enhance transplant tolerance
in autoimmunity.

2

Historical Overview of Clinical Transplantation in the United States
Joseph Murray made clinical organ transplantation a reality when, on December 23rd,
1954 at the Peter Bent Brigham Hospital, he performed the first successful kidney transplant
between monozygotic twins1. At 24 years of age, Richard Herrick was dying of renal failure
secondary to chronic nephritis. Uniquely however, Richard was blessed with a monozygotic twin
brother named Ronald who was willing to donate a healthy kidney to his best friend. After 17
different genetic identity tests (including a skin transplant from Ronald to Richard that showed
no signs of rejection after 4 weeks), as well as extensive ethical counseling of the twins, Drs. J.
Hartwell Harrison and Joseph Murray agreed to perform the donor procurement and recipient
placement procedures, respectively2. Ronald Herrick’s donated kidney, now anastomosed to his
twin brother’s Richard’s iliac vessels, began producing urine just minutes after placement.
Within days, Richard’s renal function and overall health would return to normal. Richard would
go on to live another 8 years after his operation, eventually succumbing to a heart attackA.
Looking back, Dr. Murray would eloquently reflect in his 1990 Nobel Prize acceptance speech,
“in a way, it was spying into the future because we had achieved our long-term goal by
bypassing, but not solving the issue of biological incompatibility3.” Technically, Joseph Murray
had proven that solid organ transplantation represented a life-saving surgical intervention.
However, for the majority of patients in need of a functioning organ that were not blessed with a

A

Ronald Herrick, aged 79, passed away in 2010 from complications after heart surgery.
Although insurance data at the time suggested that the average life expectancy of those living
with one kidney did not differ from those with two, Ronald still agreed to donate his kidney
although no data existed for the life expectancy of a living organ donor2.
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monozygotic twin donor, there remained the immense need to regulate the intense immune
reaction brought on by the introduction of a foreign graft.
Prior to Dr. Murray’s landmark operation, basic immunologists had made some scientific
progress in understanding the fundamental biology driving the transplant response (discussed
below in detail in the Foundational Studies in Transplantation Immunology section). From these
studies, it was apparent to clinicians that successful clinical organ transplantation would require
clinical interventions or immunosuppressive agents strong enough to shut down the alloreactive
immune response4. Early clinical attempts to quell organ rejection, in part, included recipient
immune cell ablation via sublethal Total Body Irradiation (TBI) prior to transplantation5 or use
of the anti-leukemic agent 6-mercaptopurine6, its analogue Azathioprine (AZA)7, the
immunosuppressive steroid Prednisone8, and the lymphocyte depleting agent Anti-Thymocyte
Globulin (ATG)9. Moreover, introduction of clinical Mixed Lymphocyte Reactions (MLRs) in
1964 and Human Leukocyte Antigen (HLA) matching in 1968 helped further reduce the
likelihood of the anti-graft response during transplantation10; the process of donor/recipient
matching remains in clinical transplantation practice todayB, although this practice now creates
the challenge of finding the best match for high need individuals. Although these early trials
demonstrated marked improvements in allograft survival in a few instances, overall 1-year graft
survival rates continued to hover around 50%. Clearly in its infancy, the medical community

B

Today, the required stringency of donor/recipient HLA-matching depends largely on the type
of organ graft11. Complete HLA-matching at all 6 loci is critical during bone marrow
transplantation [as to avoid Graft Versus Host Disease (GVHD)] and kidney/pancreas allograft
survival rates are significantly enhanced with better matching. Due to reduced organ availability,
HLA matching for heart and lung transplantation is not necessarily undertaken. HLA matching is
not required for liver transplantation.
4

primarily viewed organ transplantation as an experimental procedure in lieu of a clinically
adoptable intervention.
Despite a still insufficient arsenal of pharmacologic agents that could adequately, safely,
and reproducibly control organ rejection, leading surgeons continued to push the envelope,
working to technically master new methods of organ transplantation. In 1963 Dr. Thomas Starzl
performed the first successful liver transplant in Denver, CO12; in 1966 Drs. Richard Lillehei and
William Kelly performed the first successful pancreas transplant in Minnesota, MN13; and in
1967 Dr. Christiaan Bernard performed the first successful heart transplant in Cape Town, South
Africa14. Unfortunately however, clinicians continued to question the ethics of clinical organ
transplantation as most of the patients undergoing these pioneering surgeries succumbed to
immune mediated rejection and death.
Fortunately, the discovery of Cyclosporine A in 1976 by scientists at Sandoz and the
promising results of its efficacy in transplantation15,16 ushered in the modern era of organ
transplantation. Cyclosporine A, isolated from the fungus Tolypocladium inflatum, halts T cell
proliferation via inhibition of calcineurin17. Spurred by this landmark discovery, research into the
development of new anti-rejection drugs exploded. Discovery of FK506/Tacrolimus in 1986 by
Goto18, which similarly but more powerfully inhibits T cell activation by blocking calcineurin
activity17, further improved clinical graft survival rates. In 1995, the FDA approved
Mycophenolate Mofetil for kidney transplantation, an agent that irreversibly blocks requisite
purine synthesis in dividing T cells19. Rapamycin/Sirolimus, which blocks IL-2 mediated
signaling in T cells by binding the mammalian target of rapamycin complex (mTOR)20, was
approved by the FDA in 1999 as an alternative to the often nephrotoxic calcineurin inhibitors
(CNIs). Finally, the advent of biologic pharmaceutical era has led to the approval of numerous
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monoclonal antibody (mAb) based therapies administered at the time of transplantation. Notable
agents and their targets include Basiliximab/Simulect (anti-CD25, which blocks activated T
cells21) and Alemtuzumab/Campath (anti-CD52, which targets and destroys mature T and B
lymphocytes22). Ultimately, the discovery and introduction of these agents made clinical
transplantation the reality that it is today: in 2015, a record 30,973 solid organ transplants were
performed in the United States as documented by the Organ Procurement and Transplantation
Network.

Immunologic Mechanisms of the Transplant Response
Foundational Studies in Transplant Immunology
Our modern understanding of the transplant response is commonly attributed to Peter
Medawar who in 1944 demonstrated that rejection of skin allografts in rabbits was mediated by
the host immune system in a process termed “actively acquired immune reactions” or host versus
graft (HVG) disease23. In this landmark study, Dr. Medawar demonstrated that a skin autograft
from the same rabbit (syngeneic) was accepted indefinitely, whereas placement of a skin
homograft from a genetically dissimilar rabbit (allogeneic), was rapidly rejected within 3 weeks.
In this same study, Dr. Medawar further demonstrated that placement of a second matched
allograft was more quickly rejected than the first, implying, but not yet directly stating, the
concept of anti-graft memory. Placement of a second allograft, not matched to allotype of the
first graft, was rejected with normal kinetics. The biological principles of the allograft response
gleaned from these elegant experiments still hold true today.
Today, it is well appreciated that the Major Histocompatibility Complex (MHC), or
Human Leukocyte Antigen (HLA), is the primary driver of the anti-graft response. However, it
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would take nearly 30 years to prove this concept. In 1948, Gorer and Snell discovered that the
small loci of genes encoding the Major Histocompatibility Complex (MHC) were strong
determinants of the alloresponse24. Using a tumor transplant model, Gorer et al demonstrated that
a specific set of tumors successfully engrafted in mice that shared similar Antigen II alleles.
However, when transplanted into mice possessing different Antigen II alleles, these tumors were
rapidly rejected. Successive crosses and backcrosses between these strains confirmed that the
genes controlling the aggressive alloresponse were limited to a small genetic loci, henceforth
named the H-2 locus (H for Histocompatibility, 2 for Antigen II). Gorer and Snell named this
locus the Major Histocompatibility Complex (MHC) and Snell would receive the Nobel Prize for
his findings in 1980. In 1954, Mitchison would demonstrate that allograft immunity was
primarily mediated by a cellular, rather than humoral, mechanismC; only the transfer of cells
from a tumor draining lymph node from a previously immunized mouse could speed the
rejection of an allogeneic sarcoma in an otherwise naïve recipient26. In 1969, McDevitt and
colleagues would definitively prove that the MHC locus (H-2 region in mice) was the primary
driver of the alloimmune antibody response via a series immunization and antibody mapping
experiments among 33 inbred strains of mice possessing 8 different MHC alleles27. Finally, in
1974 Zinkernagel and Doherty introduced the concept of MHC Restriction, a finding that would
implicate the MHC as the primary means through which a T lymphocyte is activated. This
landmark finding lead to their award of the Nobel Prize in 1996. Using a Cr51 release cell-killing
assay, Zinkernagel and Doherty demonstrated that Cytotoxic T Lymphocyte (CTL) function

C

At the time, researchers debated whether allograft rejection was primarily a humoral or cell
mediated process25. Medawar would strongly contend the former, and Gorer the latter.
Ultimately, researchers would come to appreciate the unique yet often overlapping roles of both
humoral and cell mediated allograft rejection.
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required LCMV infected targets cells to express both the viral antigen as well as an MHC
haplotype that matched the CTLs28. In this same report however, Zinkernagel and Doherty
referenced previous work by Cerottini and colleagues (1970) providing evidence that T cells
alone could robustly mount a cytotoxic response against MHC mismatched lymphocytes29. Thus,
despite Zinkernagel and Doherty’s finding that MHC haplotype matching between target and
effector cells was an absolute requirement during viral infection, there existed strong evidence
that the alloresponse may not be confined by the principles of MHC restriction.

Direct and Indirect Allorecognition by T Lymphocytes
Today, Cerottoni’s findings can be described as the “Direct Alloresponse,” or the ability
of a T cell to be activated by engaging with a foreign MHC protein30 (Figure 1.1). MHC Class I
expressing graft endothelium represents the primary target of directly alloreactive CD8 T cells
whereas MHC Class II expressing donor-derived passenger Macrophages, Dendritic Cells (DCs)
and B lymphocytes represent the primary target of directly alloreactive CD4 T cells. Strikingly,
research estimates that approximately 5-10% of the polyclonal T cell repertoire is comprised of
directly alloreactive T cells31. Two hypotheses exist as to why such a large fraction of one’s T
cell repertoire is comprised of directly alloreactive T cells. The High Determinant Density
Hypothesis envisions that alloreactive T cells are selected for their ability to bind foreign MHCs
regardless of the peptides they are loaded with32. As thymic selection for directly alloreactive T
cells would be independent of peptide, a range of low, medium and high affinity T cells would
be selected thus contributing to their high precursor frequency. Alternatively, The Multiple
Binary Complex Hypothesis posits that a high number of directly alloreactive T cells could
instead be selected by specific foreign MHC/peptide structures32. As foreign target cells express
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Figure 1.1. Mechanisms of direct and indirect allorecognition by recipient T cells.
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a variety of different self-peptides within the context of its own MHC haplotype, a host’s
directly alloreactive T cell repertoire should be adequately diverse enough to engage with a
variety of different foreign MHC/peptide complexes. Regardless of how the alloreactive
repertoire is biologically shaped, it is generally appreciated that the acute transplant response,
characterized by vascular endothelial destruction 1 to 12 weeks after transplantation, is
perpetuated mainly by directly alloreactive T cells30 (Table 1). Conclusive evidence for direct
allorecognition was demonstrated in 200033; transplantation of heart allografts into MHC Class II
deficient / Severely Combined Immunodeficient (SCID mice, which possess a nonfunctional
VDJ recombination element Protein Kinase, DNA activated, catalytic polypeptide [Prkdc])
recipients alongside adoptive transfer of CD4 T cells resulted in rejection only when the heart
allografts expressed MHC Class II. Rejection was solely attributable to directly alloreactive CD4
T cells as these cells could not interact with host antigen presenting cells (APCs) to initiate graft
rejection.
In addition to Direct Allorecognition, allografts can also be rejected more insidiously
through a process termed the “Indirect Alloresponse” (Figure 1.1). Herein, host APCs process
graft antigen and subsequently activate alloreactive T cells via presentation of foreign peptide in
the context of self-MHC. In contrast to the direct alloresponse, the slowly evolving process of
graft fibrosis characteristic of chronic rejection (which occurs anywhere from 3 months to
decades after engraftment) is generally attributed to indirect allorecognition30. Initiation and
perpetuation of the indirect alloresponse is generally thought to be slower for both anatomical
reasons (graft antigen must travel to draining lymph nodes, be processed and presented by host
APCs, which then must activate alloreactive T cells, which then must recirculate to the graft
itself to initiate destruction) as well as the fact that the precursor frequency of indirectly
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Type of Rejection
Hyperacute

Acute
Chronic

Onset

Immunologic Mechanism
Caused by preformed antibodies to donor tissue
(against mismatched ABO blood type or MHC)
Minutes to Hours
Antibodies bind endothelium and activate complement
Causes rapid graft intravascular coagulation, thrombosis, and occlusion
Caused by the recipient’s directly and indirectly alloreactive T cells
Weeks to Months Alloreactive B cells produce alloantibody that deposits on graft endothelium
Results in graft inflammation of T cell infiltration
Prolonged activation and effector function of alloreactive T and B cells
Months to Years
Results in graft vessel intimal thickening, fibrosis, and atrophy

Table 1. Onset and immunologic mechanisms of graft rejection.
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alloreactive T cells is nearly undetectable within a normal polyclonal T cell repertoire34.
Conclusive evidence of rejection mediated solely by indirect allorecognition was demonstrated
in MHC Class I knockout mice transplanted with skin allografts from MHC Class II deficient
mice35. In this setting, graft rejection was restricted to recipient CD4 T cells that could only
recognize foreign graft peptides in the context of self-MHC Class II expressing APCs. Despite
its delayed initiation however, emerging evidence suggests that in comparison to anti-graft
effector T cells generated by direct allorecognition, anti-graft effector T cells generated by
indirect allorecognition proliferate more rapidly, take on stronger effector phenotypes, more
readily traffic to the allograft, and persist longer as anti-graft memory cells30. Regardless of the
primary means through which alloreactive T cells recognize and destroy graft tissue (direct vs.
indirect allorecognition), these endstage effector cells remain the primary barrier to long-term
graft survival and function. The molecular means by which alloreactive T cells are activated and
exert the their anti-graft effector function are reviewed below (see Mechanisms of Transplant
Rejection by Alloreactive T and B cells).

Allorecognition Mediated by B Cells
Complementing the immensely diverse and strongly immunogenic alloreactive T cell
repertoire, B lymphocytes can detect alloantigen and perpetuate graft rejection. Similar to T
lymphocytes, B lymphocytes undergo VDJ Recombination from which up to 3x1011 unique B
Cell Receptors are generated, each possessing its own antigen specificity. Attempts to quantify
the endogenous alloreactive B lymphocyte repertoire have proven difficult because of their low
precursor frequencies even during active immunization36,37. However, as a single alloreactive B
cell can exponentially give rise to numerous antibody-secreting plasma cells capable of secreting
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thousands of alloantibodies per second, it is well appreciated that the alloreactive B cell
repertoire becomes substantial after foreign MHC sensitization. In a study analyzing 15 HLAsensitized multiparous women, precursor frequencies of HLA-alloantibody secreting B
lymphocytes averaged as high as 43 per 106 B cells38. Although the pathogenic role of
alloantibodies during graft rejection has yet to be fully elucidated, alloantibody can induce acute
graft rejection via complement activation (C4d deposition) and neutrophil and macrophage
recruitment (via Fcγ receptors), as well as chronic rejection via altering gene expression in graft
endothelial cells ultimately leading to basement membrane remodeling and fibrosis39.
Furthermore, B lymphocytes can present alloantigen indirectly to alloreactive CD4 T cells via
MHC Class II40. A detailed description of the alloreactive B lymphocyte response during
transplantation is discussed below (see Mechanisms of Transplant Rejection by Alloreactive T
and B cells).

Mechanisms of Transplant Rejection by Alloreactive T and B Cells
Alloreactive CD8 T Cells in Transplantation
As graft endothelium richly expresses foreign MHC Class I complexes, directly
alloreactive CD8 T cells represent some of the earliest responders in the transplant response.
Immediately following transplantation, acute inflammation events result in the release of a
panoply of cell attractant chemokines (CCL family) as well as the upregulation of the endothelial
cell adhesion molecules (Intercellular Adhesion Molecule 1 [ICAM-1], Lymphocyte FunctionAssociated Antigen 1 [LFA-1])

41,42

. Subsequently, directly alloreactive CD8 T cells undergo

vascular arrest and MHC/T Cell Receptor (TCR) ligation ensues. Whereas blockade of cellular
integrins can delay or prevent allograft rejection43,44, blockade of specific chemokines or their
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receptors has yet to provide any evidence of graft survival prolongation45-47, perhaps due to the
often overlapping and redundant roles of these chemoattractant molecules. However, recent
evidence suggests that the cognate interactions between MHCs/TCRs may in fact provide
stronger signals for T cell graft arrest than traditional Gai-coupled chemokine receptor signaling
pathways48. Specifically, in 2013 Walch and colleagues demonstrated that OT-I CD8 T cells (a
transgenic model in which all CD8 T cells react with the Ovalbumin [OVA] derived peptide
SIINFEKL loaded in the H-2Kb MHC) strongly arrested in OVA-expressing heart and kidney
grafts even when Gai-coupled chemokine receptor signaling was chemically blocked. Moreover,
similarly inhibited OT-I cells remained capable of precipitating graft rejection. Elucidating the
interplay of cues that guide alloreactive CD8 T cell migration to allografts remains an active area
of investigation.
In the event of adequate CD28/B7.1/2 and CD40/CD40L co-stimulation, alloreactive
CD8 T cells take on different effector phenotypes49. High avidity TCR/MHC interactions result
in the generation of CD8+ Tc1 cells capable of producing IL-2 and IFNγ independent of CD4 T
cell help. In contrast, low avidity TCR/MHC interactions result in the generation of CD8+ Tc2
cells skewed toward IL-4 and IL-5 production. In the former case, transfer of Tc1 cells to
immunodeficient RAG-/- recipients (Recombination Activating Gene null) receiving cardiac
allografts perpetuated graft vasculitis and arteriopathy whereas transfer of Tc2 cells perpetuated
increased graft eosinophil infiltration. Despite this dichotomy, characteristic of graft CD8 T cell
infiltrate is upregulation of the activation markers CD44/CD69 and downregulation of the cell
homing marker CD62L and the Protein Tyrosine Phosphatase (PTP) CD45RB50.
Direct destruction of graft tissue by alloreactive CD8 T cells is largely attributed to their
release of inflammatory cytokines and cytolytic molecules. IFNγ production by alloreactive CD8

14

T cells not only results in graft damage, but also aids in the upregulation of graft MHC Class I
expression (leading to enhanced alloantigen presentation), activation of CD4 T Helper cells, and
recruitment of Macrophages and NK Cells51,52. In the presence of IFNγ, alloreactive CD8 T cells
are capable of producing the chemokines IP-10 and Mig further augmenting neutrophil
recruitment53. Although increased levels of granzyme B, perforin, and FasL have been reported
in cases of acute kidney rejection54,55, the pathogenic role of these CD8 T cell associated cellkilling molecules remains in question. In a murine model of islet transplantation in which islet
allografts were transplanted into immunodeficient SCID recipients, transfer of in vitro primed
alloreactive CD8 T cells rapidly led to graft rejection even if they genetically lacked perforin or
FasL51. In contrast, CD8 derived IFNγ was absolutely essential for graft rejection51. Moreover, in
2014, Zimmerer and colleagues demonstrated that animals genetically deficient for CD8 T cells
(CD8α-/-) generated higher IgG1 alloantibody levels when challenged with fully MHC
mismatched splenocytes56. Specifically, CD8 expression of FasL and perforin was required to
eliminate alloreactive B cells in an MHC Class I dependent manner. In a broader context,
however, the extent and intensity of alloreactive CD8 T cell mediated acute rejection depends
largely on the type of organ allograft. Whereas islet and skin allografts appear to be exquisitely
sensitive to alloreactive CD8 T cell mediated rejection, the brunt of cardiac and liver allograft
rejection is perpetuated by alloreactive CD4 T cells57.

Alloreactive CD4 T Helper Cells in Transplantation
Since the discovery in 1986 that CD4 T cells are composed of unique “Helper Subsets”58,
a significant body of research has since described the roles of CD4 T Helper cells in the
transplant response. The largest body of investigation has centered on TH1 and TH2 cells.
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Whereas the former subset is characterized by its expression of the master transcription factor Tbet which is driven by STAT4 signal transduction, the latter expresses the master transcription
factor GATA3 induced by STAT6 signaling59. Immediately following allogeneic stimulation,
TH1 cells secrete IL-2 and IFNγ leading to the activation of alloreactive CD8 T cells that are
further capable of producing IFNγ60. Alloreactive TH1 cells can also perpetuate graft damage
directly through Fas/Fas-L interactions as well as activate B cells to produce alloreactive
antibody60. Although other models have associated TH1 cells with enhanced immunogenicity
and TH2 cells with protective immunity (IL-4 and IL-10 production)61, this paradigm may not
necessarily hold true during the transplant response. As informed by two complementary reports,
in vitro differentiated TH1 and TH2 cells can independently reject skin62 or islet63 allografts
when transferred to T cell deficient mice. IL-4 production by rejecting TH2 cells was
accompanied by enhanced eosinophilic graft infiltrate, an observation consistent with acute
rejection events. Further supporting the overlapping roles of CD4 T Helper Cells in allograft
rejection, transfer of T-bet deficient T cells to immunodeficient skin allograft recipients failed to
delay allograft rejection over the transfer T-bet sufficient cells64. Overall, evidence continues to
suggest that both TH1 and TH2 cells are significant participants in acute and chronic rejection.
Nearly a decade prior to the initial discovery of TH17 cells in 200565 (characterized by
the master transcription factor RORγt driven by IL-6, IL-23, HMGB-1, and TGFβ mediated
STAT3 signaling), a report by Van Kooten and colleagues noted increased IL-17 staining in
renal allograft biopsies taken from 6 patients experiencing acute rejection66. In 2007, Snell et al.
found that lung transplant recipients experiencing bronchioloitis obliterans syndrome (BOS)
possessed high levels of IL-17 their in bronchoalveolar lavage biopsies67. Transient rises in
serum IL-17 were then associated with acute rejection events in liver transplant recipients
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(2009)68. However, the direct contribution of IL-17 producing TH17 cells to the transplant
response would not be revealed until 2008. In work published by Yuan and colleagues69, the
authors demonstrated that T-bet deficient animals displayed accelerated rejection of MHCII
mismatched cardiac allografts with increases in IL-17 expressing CD4 TH17 infiltrate. In this
setting, antibody mediated depletion of CD4 T cells restored graft tolerance while IL-17
blockade doubled the time to rejection. Further supporting the direct role of TH17 cells in
allograft rejection, in 2013 Sabet-Baktach and colleagues found that only 40% of cardiac
allografts were rejected when RORγt-/- T cells were transferred to immunodeficient recipients64.
Transfer of RORγt sufficient (albeit T-bet deficient) T cells precipitated rejection in 100% of
recipients. Although IL-17 itself is a pleotropic cytokine with numerous isoforms, its definitive
role in transplantation has been linked to graft neutrophil recruitment59. In fact, depletion of
neutrophils can delay cardiac allograft rejection in murine models70. Thus, although it appears
that TH17 cells play a significant role in acute rejection, emerging evidence has further
implicated these cells in chronic rejection. Of particular note, TH17 derived IL-17 has been
noted to induce cardiac fibrosis71 and obliterative airway lesions72 in murine models and cardiac
and lung allograft models, respectively. Research in TH17 mediated transplant rejection remains
an active area of research, with recent findings implicating Platelet Factor 4 as a strong negative
regulator of TH17 cells during cardiac transplantation73.
Finally, in comparison to the vast amount of research describing the roles of TH1, TH2,
and TH17 cells in the transplant response, very few reports have so far defined a role for T
Follicular Helper (TFH) cells in transplantation. Since the discovery of TFH cells in 200074
(which express the master transcription factor Bcl-6 and produce IL-4 and IL-21) a single report
has demonstrated a mechanistic role for TFH cells during the transplant response. In 2012,
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Conlon and colleagues demonstrated that only indirectly-alloreactive transgenic CD4 T cells
(B6.TCR75, which bind the H-2Kd54-68 derived peptide loaded in self I-Ab) transferred to TCR-/recipient hosts were capable of differentiating into CXCR5+PD-1+ TFH cells75. In the presence
of B cells, these TFH cells perpetuated a long-lasting IgG alloantibody response. Directlyalloreactive transgenic CD4 T cells transferred to TCR deficient hosts receiving cardiac
allografts failed to differentiate into TFH cells and no IgG alloantibody response was observed.
Although not directly attributed to attenuation of the TFH cell response, IL-21 Receptor
blockade was recently demonstrated to enhance islet allograft tolerance when used in
conjugation with anti-CD40L costimulatory blockade + Donor Specific Transfusion (DST)
protocols76. Despite a still unclear role of TFH cells in the transplant response, emerging clinical
data has found that acute renal rejection episodes are associated with increases in the presence of
follicular like structures in kidney graft biopsies containing Bcl-6+ TFH cells and IgG+ B cells77.

Alloreactive B Cells in Transplantation
The pathogenic role of B cell derived alloantibody remains incompletely understood
despite clinical data associating chronic rejection events with increased Donor Specific
Alloantibody (DSA)39. A direct role for alloantibody in graft rejection was in part defined by
Brandle and colleagues, who in 1998 found that when alloreactive T cells were inhibited by
Cyclosporine A (CsA), passive transfer of alloantibody-rich serum from B cell sufficient mice
rejecting cardiac allografts to B cell deficient hosts hastened graft rejection78. The necessity of
CsA administration stemmed from their previous observation that B cell deficient and B cell
sufficient hosts rejected cardiac allografts with similar kinetics. Only when T cell mediated
rejection was attenuated via CsA did the B cell deficient hosts demonstrate delayed rejection
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kinetics. In this setting, whether the absence of alloantibody was the primary determinant of
delayed rejection was not directly answered. More recently, B cell rich tertiary lymphoid tissues
(TLT) in chronically rejected kidney allografts were found to produce alloantibodies of diverging
specificities in comparison to those alloantibodies generated in secondary lymphoid tissues79.
The function and pathogenesis of TLT-derived alloantibody vs. secondary lymphoid tissue
derived alloantibody remains unknown.
Beyond the perplexing role of DSA in transplantation, alloreactive B cells perpetuate
acute and chronic rejection via presentation of alloantigen to T cells. In 2006, Noorchashm and
colleagues demonstrated that in the absence B cell MHC Class II expression, median cardiac
allograft survival reached > 70 days whereas the presence of MHC Class II expression on B cells
rapidly precipitated rapid graft rejection (Median Survival Time 9.5 days)80. Mechanistically, the
absence of alloantigen presentation by B cells resulted in attenuated alloreactive CD4 T cell
activation and proliferation. In contrast, the absence of MHC Class II on B cells did not delay
skin allograft rejection80, thereby bringing to light the diverging roles alloreactive B cells in the
context of different organ allografts. Beyond acute rejection events, in 2014 Zeng et al
demonstrated that alloreactive B cells promote chronic allograft rejection independent of
alloantibody40. Using a model in which B cells were genetically unable to secrete alloantibody,
the authors found that B cell alloantigen presentation via MHC Class I and II to alloreactive T
cells was required to precipitate chronic cardiac allograft rejection. In the absence of MHC Class
I/II mediated alloantigen presentation by B cells, alloreactive T cell IFNγ/TNFα production was
attenuated, decreased graft infiltrate was observed, and minimal graft vasculopathy was noted.
Pharmacologic targeting of the B lymphocyte compartment during transplantation
represents a new opportunity to abrogate rejection81. However, depletion of specific B cell
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subsets leads to different patterns of rejection in murine models depending on the type of organ
allograft. Whereas complete B cell, plasmablast, and plasma cell depletion achieved by an antiCD19 antibody delayed renal allograft rejection and reduced IgG alloantibody levels, partial B
cell depletion achieved by an anti-CD20 antibody did not extend renal allograft survival or
reduce alloantibody levels82. B cell depletion by either CD19 or CD20 antibodies did not alter
cardiac allograft rejection kinetics; however, skin allograft rejection was hastened in the absence
of B cells. In the context of murine islet allografting, B cell depletion using a novel anti-CD22
antibody conjugated to the cell toxin calicheamicin (anti-CD22/cal) doubles islet allograft
survival83. These results mirror findings that B6 mice genetically deficient of B cells (μMT) are
slower to reject islet allografts donated by fully MHC mismatched Balb/c mice84. Alternatively,
antibody mediated blockade of the B cell survival factor BAFF/Blys resulted in permanent
tolerance of islet allografts when used in conjugation with Rapamycin (Rapamycin alone did not
induce permanent tolerance)85. Although still in clinical trials, the B cell depleting anti-CD20
agent Rituximab/Rituxan (indicated for patients receiving HLA mismatched renal transplants)
has shown some efficacy in reducing the severity of acute rejection events and preventing
chronic alloantibody mediated rejection in high-risk patients86.

Immunologic Mechanisms of Transplantation Tolerance

"Immunological tolerance may be described as a state of indifference or non-reactivity towards
a substance that would normally be expected to excite an immunological response.”
–

Peter B. Medawar, 1960, Nobel Prize Acceptance Speech87
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Foundational Studies in Transplantation Tolerance
Overcoming the aggressive transplant response is a daunting task. In work ahead of its
time, however, Billingham, Brent, and Medawar would prove that permanent allogeneic
tolerance could in fact be achieved between fully MHC disparate mice. Taking advantage of
inbred mouse strains generated by George Snell at the Jackson Laboratories, Medawar and
colleagues found that embroynic injection of allogeneic splenocytes (A Strain; today’s A/J H2-a)
into d15 pregnant females (CBA Strain; H2-k) would permit permanent acceptance of A Strain
skin allografts in these fetally inoculated mice after they reached adult age88. Moreover, CBA
mice made tolerant to A-Strain mice were able to rapidly reject non-matched 3rd party skin
allografts (AU Strain; today’s B6 H2-b) thereby demonstrating the antigen-specific nature of
tolerance. Taking a step back, it is important to reflect on these experimental findings in the
context of the time (1953); the function and classification of lymphocytes was essentially
unknown, the role of the thymus had yet to be identified, and the identification of the MHC locus
as the primary transplant antigen had yet to be made. Justifiably, Medawar received the Nobel
Prize in 1960 for his pioneering work in immunological tolerance.
Just two years later, Main and Prehn would develop a radical protocol to render adult
mice tolerant to allogeneic tissue. Aptly titled, “Successful skin homografts after the
administration of high dosage X radiation and homologous bone marrow,” their work
demonstrated that matching graft allotype to immune system allotype could in theory permit
graft tolerance89. Such a means to induce graft tolerance did not come without cost however, as
Simonsen, Billingham, and Brent quickly recognized the lethality of Graft vs. Host Disease
(GVHD) that ensued from allogeneic Bone Marrow Transplantation (1957). From a clinical
standpoint, the benefits of graft tolerance did not outweigh the lethality of uncontrollable GVHD.
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Thus, developing an alternative means to safely induce graft tolerance was needed; however, it
would take nearly 4 decades of research to reach this goal. Researchers would first need to
mechanistically understand how the immune system responded to foreign tissue antigen before
they were able to control it.

Pharmacologically Induced Transplant Tolerance
In the late 1980s, T cell depletion using a monoclonal antibody directed against CD3
(OKT3) was widely used in clinical transplantation90. Although similar anti-CD3 agents could
induce transplant toleranceD in the preclinical murine setting91, the growing number of adverse
events associated with total T cell depletion led clinicians to question its safety. Interest in
preventing alloreactive lymphocyte homing to graft tissue gave way to the discovery in 1992 that
antibody blockade of the cellular adhesion molecules ICAM-1 and LFA-1 could induce
transplant tolerance to cardiac allografts in mice92. In 1996, Larsen and colleagues demonstrated
that simultaneously blocking T cell co-stimulation using CTLA-4-Ig (which outcompetes B7.1/2
ligation to inhibit CD28 signaling in T cells) and an anti-CD40L antibody (clone MR1, which
inhibits the CD40/CD40L co-stimulation axis in T cells) could induce transplant tolerance to
skin and heart allografts93. In the same year, Lazarovits and colleagues found that an antibody
directed against a splicing variant of the PTP CD45 (anti-CD45RB) could similarly induce

D

Reference to induction of “transplant tolerance” herein describes an experimental setting in
which the following criteria are met: 1) A short course of the therapy is used around the window
of transplantation. Agents given continuously that induce a state of generalized
immunosuppression are excluded. 2) Prolonged allograft acceptance is achieved in the majority
of animals undergoing therapy (generally accepted as graft survival > 100 days in mice). 3)
Placement of a matched allograft is accepted without further treatment whereas a 3rd party nonmatched allograft is rejected with normal kinetics.
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transplant tolerance to renal allografts in mice and non-human primates94. Although the exact
mechanism of tolerance induction by anti-CD45RB remains unknown, its principal mechanism
of action is thought to center around the generation of antigen-specific, graft-protective T
Regulatory Cells (Tregs – described in detail below)95. More recently, discovery of the JAK-3
specific inhibitor Tofacitinib (CP-690,550), a small molecule that inhibits IL-2 mediated signal
transduction in T cells, was demonstrated to induce transplant tolerance to cardiac allografts in
mice96. It is important to note that this list of tolerance inducing agents is in no way exhaustive.
However, these selected agents each provide mechanistic insight into how transplant tolerance
may be achieved: deletion of effector cells (anti-CD3), prevention of lymphocyte homing to graft
tissue (anti-ICAM-1/LFA-1), interruption of T cell co-stimulation (CTLA-4Ig/anti-CD40L),
induction of graft-protective T Regulatory Cells (anti-CD45RB), and inhibition of effector T cell
activation (Tofacitinib) (Figure 1.2).

Transplantation Tolerance in the Clinic
Clinical Operational Tolerance (COT) is defined as an immunosuppression-free state in
which a transplant recipient demonstrates prolonged allograft function in the absence of any
signs of acute or chronic rejection after 1 year. It is currently predicted that up to 20% of liver
allograft recipients may achieve this state after undergoing immunosuppression-withdrawal
protocols97. Potential mechanisms driving COT in liver allograft recipients include 1) increases
in peripheral blood resident γδT cells, CD4 Tregs, plasmacytoid and conventional DCs, and B
Cells98-100, and 2) evidence that liver allograft endothelium can be replaced by recipient bonemarrow derived cells due to the high vascular turnover of this organ101. In the latter case, the
vasculature of liver allografts would be viewed as “self” and consequently protected from
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Figure 1.2. Mechanisms of pharmacologically induced transplant tolerance. A variety of
preclinical agents can reliably induce permanent transplant tolerance in small animals models.
Mechanistically, these agents act via T cell costimulation blockade (upper left panel – antiCD40L, CTLA4-Ig), generation of graft-protective T Regulatory Cells (upper right panel – antiCD45RB), inhibition of activated T cell homing to graft tissue (lower left panel – anti-ICAM-1,
anti-LFA-1), or deletion/inhibition of anti-graft T effector cell activation (lower right panel –
anti-CD3, Tofacitinib).
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alloimmune-mediated rejection. In contrast to the tolerogenic nature of liver allografts, COT has
only been observed in 1 heart transplant recipient and 1 lung transplant recipient, but never in
any pancreatic or intestine transplant recipients102. Due to the high number of renal transplant
recipients, however, there now exists a cohort of approximately 100 patients who have achieved
COT due to immunosuppression non-adherence or carefully monitored immunosuppression
withdrawal. Compared to immunosuppressed controls, patients who had achieved COT
possessed increases in peripheral blood CD20, IGKV4-1, IGLLA, and IGKV1D-13 mRNA
transcript levels as well as higher CD19+ B cell frequencies, with specific increases in Naïve
(CD19+CD27-IgD+) and Transitional (CD19+CD38+CD24+IgD+) B cell subsets97. Although in
its infancy, identification of biological signatures characteristic of COT patients represents an
unprecedented opportunity to understand what immunologic factors drive transplantation
tolerance.

T and B Cell Mediated Regulation of the Transplant Response
CD4 T Regulatory Cells in Transplantation
Predating the discovery of CD4 T Suppressor Cells (now termed CD4 T Regulatory Cells
or CD4 Tregs) was the finding that transfer of CD4 T cells from mice made tolerant to skin
allografts could instill tolerance in otherwise untreated recipients receiving matched allografts103.
Third-party grafts placed on these same secondary recipients were rapidly rejected demonstrating
the antigen-specific nature of the transferred tolerance. At this time however, the subset of CD4
T cells conferring such “infectious transplant tolerance” had yet to be identified. In 1995,
Sakaguchi and colleagues were first to describe a molecular identifier of CD4 T suppressor cells
capable of dampening the transplant response104. Using a highly stringent skin allograft model,

25

the authors found that transfer of CD25 depleted splenocytes into nude mice sped graft rejection
compared to animals receiving CD25 replete cells. Genetic identification of Forkhead Box3
(Foxp3) as the master transcription factor of CD4 Tregs in 2001 has since permitted extensive
study of the ontogeny, phenotype, of function of these cells105.
Today, it is widely appreciated that Foxp3+ CD4 Tregs are generated either “naturally”
during thymic selection (nTregs – stable Foxp3 expression) or are “induced” peripherally during
ongoing immune reactions (iTregs – transient Foxp3 expression). Development of both nTregs
and iTregs depends on TGFβ and IL-2 signaling, which respectively induces SMAD and STAT5
binding to the Foxp3 promoter region106,107. To date, there are no cell surface or intracellular
markers that can be reliably used to distinguish these two cells populations. However, genetic
Foxp3 fate mapping models have suggested that nTregs can be identified by extensive
demethylation of their Foxp3 promoter region, which confers stable Foxp3 expression108. In
assessing the relative contribution of nTregs vs. iTregs during transplant tolerance induction,
Camirand and colleagues found that the tolerance inducing agent anti-CD45RB preferentially
expands nTregs109. After adoptive transfer of either Foxp3+ or Foxp3- CD4 T cells to Thydisparate mice, the authors documented extensive proliferation of Foxp3+ transferred cells and
found no evidence of Foxp3- to Foxp3+ conversion. Equally important to mention is propensity
of iTregs to convert from a protective to pathogenic state. When exposed to IL-6, iTregs can
convert to IL-17 producing TH17 cells110. IL-4, IL-6, IFNγ, OX40, Tim-1, and sustained AktmTOR signaling each decrease the stability of Foxp3 expression111-113. Further defining the
contribution of nTregs and iTregs in the transplant tolerance induction remains an active area of
investigation.
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In assessing the relative contribution of peripheral vs. centrally derived Tregs during
transplant tolerance induction, Deng and colleagues posed the paradigm that peripheral Tregs are
critical for the establishment of transplant tolerance whereas central Treg generation is critical
for the long-term control and maintenance of this state. Specifically, thymectomized animals
(thereby preventing the generation of new centrally derived thymic nTregs) demonstrated
prolonged, albeit non-permanent, cardiac allograft survival when treated with the tolerance
inducing agent anti-CD45RB114. Approximately 70% of non-thymectomized controls were
permissive to permanent tolerance induction. Thus, the state of transplant tolerance can be
viewed as an ongoing process in which previously reprogrammed and newly generated CD4
Tregs work in concert to actively attenuate the anti-graft response.
Beyond Foxp3, CD4 Tregs express a variety of markers including but not limited to
CD25, FR4, IL-10, CTLA-4, GITR, GARP, and low levels of CD45RB115. A number of reports
have documented that both CD25+ and CD45RBLO CD4 T cells actively suppress allograft
rejection mediated by their CD25- and CD45RBHI counterparts116. In fact, researchers postulate
that the tolerance inducing effects mediated by anti-CD45RB is underpinned by the finding that
this antibody depletes CD45RBHI effector cells thereby permitting “anatomical space” for the
expansion of CD45RBLO Tregs. Moreover, administration of either the CD4 Treg depleting
antibody anti-CD25 (PC61) prior to antibody mediated tolerance induction is a routinely used
strategy to investigate CD4 Treg mediated control of the transplant response117. More recently,
scientists are working to determine where CD4 Tregs dampen the transplant response and
promote graft tolerance. Although CD4 Tregs can be found residing within the tolerant graft
itself, it is unknown whether these cells suppress the transplant response in a similar manner to
lymphoid resident CD4 Tregs. In 2009, a study by Zhang and colleagues demonstrated that the
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allograft tolerant state is achieved by the sequential migration of CD4 Tregs from the blood, to
the graft, and finally to the graft draining renal lymph node118. Overall, the dynamic role of CD4
Tregs in the establishment of transplant tolerance has led to clinical trials in which the efficacy of
these cells in renal (The ONE Study - NCT02091232) and liver (deLTa - NCT02188719)
transplantation is currently being explored.

CD8 T Regulatory Cells in Transplantation
In comparison to their extensively studied counterparts, there exists much fewer data
describing the role of CD8 T Regulatory Cells (CD8 Tregs) in the transplant response. Until the
discovery of Helios in 2015 as the master transcription factor of CD8 Tregs119, identification of
murine CD8 Tregs has relied on various combinations of cell surface expression phenotypes
including (CD44HI, GITR+, CTLA-4+, CD28-), (CD62L+, CD44LO, CD45RBHI), (CD44-,
CD103HI), (CD122+, CD44HI, Ly49+), (CD122+, PD-1+) or TCR/Qa-1 MHC restriction120.
Despite their potent capability of suppressing numerous forms of autoimmunity including
Experimental Autoimmune Encephalomyelitis (EAE)121, collagen-induced arthritis122, and
lupus123,124, few reports have explored the mechanisms by which CD8 Tregs dampen the
alloresponse E . In the context of islet transplantation, naturally occurring, alloantigen-naive
CD122+ CD8 Tregs were found to be more suppressive than their CD25+ CD4 Treg
counterparts when transferred to islet allograft bearing immunodeficient RAG-/- recipients125. In
this setting, CD8 Treg suppression was mediated by IL-10. Injection of IL-15 (which directly

E

Although many additional reports have documented roles for CD8 Tregs in the rat and xenotransplant settings, all reports reviewed in this section describe studies performed in the murine
setting. Rat and xeno- based transplant platforms have been excluded for the sake of uniformity;
all data presented throughout this dissertation have been gleaned from the murine or human
setting.
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expands CD8 Tregs via their expression of the IL-15 Receptor CD122) further delayed islet
allograft rejection in immunocompetent hosts.
Further characterization of CD122+ CD8 Tregs found that the PD-1+ fraction of these
cells distinguished them from their non-suppressive CD8 memory T cell counterparts.
Specifically, the transfer of 2CTg CD122+PD-1+ CD8 Tregs (derived from transgenic mice in
which all CD8 T cells bind the Balb/C derived H-2Ld MHC Class I peptide SIYRYYGL loaded
in the context of self H-2b) delayed skin allograft rejection in antigen-specific and IL-10
dependent manner126. These data fall in line with a previous study demonstrating that antibody
mediated blockade of PD-1/PD-L1 broke tolerance that was otherwise maintained by PD-1
expressing OT-I CD8 T cells127. Furthermore, blockade of the ICOS/ICOS-L axis promotes the
generation of PD-1 expressing CD8 Tregs capable of prolonging cardiac allograft survival128.
Although not in the context of transplantation, co-stimulation via the CD28-B7.1/2 axis is also
required for CD122+ CD8 Treg mediated suppression of the CD4/CD8 IFNγ response129. In
2009, Shi and colleagues found that human CXCR3+ CD8 T cells possess similar suppressive
functions as murine CD122+ CD8 Tregs as informed by comparative DNA microarray
analysis130. Whether these CXCR3+ CD8 T cells participate in clinical graft rejection or
tolerance has yet to be defined. Looking beyond what markers define a true CD8 Treg or how
these cells mechanistically dampen the transplant response, CD8 T cells are absolutely required
for long-term allograft tolerance131.

B Regulatory Cells in Transplantation
B Regulatory Cells (Bregs) are relatively new participants in the transplant response.
Even less well phenotypically defined than CD8 Tregs, a population of IL-10 producing
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CD1dHICD5+ B cells were first described to suppress inflammatory intestinal disease (2002),
inflammatory arthritis (2003), and ear inflammation perpetuated by a delayed type
hypersensitivity reaction (2008)132. In these models, Breg mediated suppression quelled
inflammatory IL-1 production and dampened CD4 TH1 responses. In 2007, Deng and colleagues
were first to demonstrate that B cells were absolutely required during anti-CD45RB mediated
tolerance induction to cardiac allografts133. Building on their findings that B cell deficient
recipients of cardiac allografts were resistant to anti-CD45RB mediated tolerance induction, the
authors next demonstrated that the adoptive transfer of B lymphocytes from wild-type animals
could restore tolerance in otherwise resistant B cell deficient hosts. Expression of CD45, CD40,
and B7 was required for Breg mediated tolerance induction. In the context of islet allografting,
Tim-1 was later found to be a marker of Bregs that produce IL-10 and IL-4, promote a TH2
response, and possess the ability to directly transfer antigen-specific allograft tolerance134. When
used in conjunction with anti-CD45RB, a low affinity anti-Tim-1 antibody enhanced islet
allograft tolerance induction in a B cell dependent manner135. Further characterization of Tim-1+
Bregs has identified their capacity to induce graft-protective CD4 Treg expansion via a TGFβ
dependent mechanism136. Complementing these observations, in 2009 Walters and colleagues
found that BAFF-Tg mice indefinitely accepted islet allografts even in the absence of any
tolerance inducing therapy137. Establishment of graft tolerance was directly attributable to CD4
Treg mediated activation by BAFF-expanded B cells.
Overall, the role of IL-10 in B cell mediated transplantation tolerance remains in
question. In 2010, Zhao and colleagues demonstrated that neutralization of B cell derived IL-10
during anti-CD45RB mediated tolerance induction reduced chronic cardiac allograft
vasculopathy and graft-specific alloantibody levels138. However, in the context of anti-CD40L
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mediated tolerance induction, the absence of B cell derived IL-10 resulted in decreased T
Follicular Regulatory (TFHR) cell numbers and enhanced IL-21 production by pathogenic TFH
cells139. In conjunction with IL-6, enhanced IL-21 led to the generation of TH17 cells that
directly precipitated cardiac allograft rejection.
In addition to clinical observations that operationally tolerant (COT) renal allograft
recipients possess enhanced B cell numbers (as reviewed above), there now exists evidence that
COT patients possess enhanced numbers circulating CD19+CD24HICD38HI Bregs as compared to
patients experiencing chronic allograft rejection140. In fact, patients undergoing Alemtuzumab
induction therapy possess increased numbers of circulating CD19+CD24HICD38HI Breg during
the first few years after treatment. Circulating B cells in COT patients richly express miR-1423p, a microRNA that directly regulates TGFβ expression141. In the coming decades, further
investigation of Breg biology will undoubtedly lead to a deeper understanding of how these cells
control the transplant response.

Resistance to Transplantation Tolerance in Autoimmunity
Transplantation represents a potential cure for end organ damage directly attributable to
autoimmune disease. Unfortunately, overcoming the transplant response in autoimmunity is a
significant hurdle in that grafted tissue is subject to both newly introduced alloimmunity against
MHC mismatches within the foreign graft as well as recurrent autoimmunity that initially
destroyed a patient's native organ142. No better is this clinical scenario modeled than the T1Dprone non-obese diabetic (NOD) mouse, a model in which no treatment has ever induced
permanent transplant tolerance to grafted islet tissue in the intact NOD immune system.
Furthermore, even when the transplanted tissue is not subject to autoimmune attack (i.e. cardiac
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or skin allografts), NOD mice remain resistant to any tolerance inducing strategy143,144. In
comparison, these same agents readily induce permanent transplant tolerance to a variety of
organ allografts in nearly all non-autoimmune mouse strains. Overall, an initial failure to tolerate
self-antigen likely contributes to an inability to later “learn” to accept foreign tissue as self. At
this point, it is important to note that all studies exploring autoimmunity as a barrier to transplant
tolerance have so far been conducted in the autoimmune NOD setting. The hypothesis that
autoimmunity, in general poses a barrier to transplant tolerance, especially those conditions that
necessitate clinical transplantation due to end-organ failure (i.e. SLE), is explored in Chapter V.
Loss of tolerance in NOD mice is polygenic in nature145. Thus, there are likely numerous genetic
factors that mediate resistance to transplant tolerance in NOD mice. Identification of Insulin
Dependent Diabetes (Idd) risk loci subsequently led to numerous backcrossing studies in which
these regions in NOD mice were replaced with those from a diabetes resistant strain (B6). In
nearly all instances, introduction of these loci resulted in either reduced insulitis or protection of
diabetes146. However, introduction of these loci either alone or in tandem never rendered these
congenic NOD mice susceptible to tolerance induction147. It can be inferred that no single genetic
region renders NOD mice resistant to tolerance induction.
Complementing the initial observation that NOD mice were resistant to anti-CD40L
mediated tolerance induction to islet and skin allografts143, Moore and colleagues similarly
demonstrated that NOD mice are resistant to anti-CD45RB mediated tolerance induction to islet
and cardiac allografts144. Choice of this agent was predicated on its generally nonimmunosuppressive effects and ability to induce antigen-specific, graft-protective regulatory
cells (as compared to anti-CD40L). The authors first observed that CD4 T cells from NOD mice
failed to proliferate to the same extent as CD4 T cells from tolerance-susceptible B6 mice when
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exposed to anti-CD45RB. As previous data demonstrated that adequate cell cycle progression is
required for the generation of diabetes-protective TH2 cells148 and furthermore, that CD4 T cell
hypoproliferation is characteristic of NOD CD4 T cells149, the authors speculated that inadequate
CD4 T cell proliferation by anti-CD45RB may result in a failure to induce graft-protective cells.
Secondly, the authors found that whereas anti-CD45RB upregulated MHC Class II expression on
B cells in tolerance susceptible B6 mice, such upregulation was not observed in NOD mice
undergoing therapy. As B cells are solely responsible for T cell activation in the NOD system
due to dendritic cell and macrophage deficiencies149, improper B cell alloantigen presentation
could result in an improper balance of effector vs. regulatory T cell activation during tolerance
induction (T cells are exquisitely sensitive to antigen load). Determining what factors contribute
to CD4 T cell hypoproliferation and improper B cell antigen presentation in the NOD system
may offer clues as to why this strain resists transplant tolerance.
Enhanced indirect alloreactivity in NOD mice may further contribute to this strain’s
resistance to transplant tolerance150,151. Whereas MHC Class I and II deficient B6 islets are
uniformly accepted by non-autoimmune Balb/c recipients in the absence of any toleranceinducing therapy, these same islets are readily rejected by NOD hosts. Indirect allorejection in
the NOD system depends on the presence of B cells as B cell deficient NOD mice uniformly
accepted MHC Class I and II deficient islet allografts. As emerging evidence demonstrates that
indirect allorecognition represents a more stringent barrier to long-term graft acceptance than
direct allorecognition30, why B lymphocytes enhance indirect alloreactivity in the NOD system
remains an outstanding question. Although transient in nature, temporary depletion of B cells
prior to CTLA-4Ig mediated tolerance induction in NOD mice delays allograft rejection 4-fold83.
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As B cells are likely regenerated after cessation of treatment, the reemergence of these critical
APCs likely reinitiates the aggressive anti-graft T cell response characteristic of this strain.
A number of studies have further explored the roles of BAFF, CD103, ICOS, IL-2, IL-10,
IL-21, iNOS, SOCS3, and STAT1 in NOD islet allograft rejection. In general, genetic deletion
(NOD.BAFF-/-152 recipients or iNOS-/-153 or STAT1-/-154 donor islet allografts), pharmacologic
disruption (depletion of CD103+ cells155, antibody blockade of ICOS156, antibody blockade of IL2157, or IL-21R-Fc mediated blockade76), or enhancement (whole animal overexpression of IL10158, or RIP-SOCS3-Tg overexpressing donor islet allografts159) of these molecules have at best
demonstrated modest prolongation of allograft survival in NOD recipients. Permanent transplant
tolerance was never achieved. Although CD4 Tregs can actively establish, maintain, and transfer
tolerance in non-autoimmune recipients, there exists only one study demonstrating the role of
CD4 Tregs in the NOD allograft setting160. In a rather complex set up, the authors found that
transfer of polyclonal NOD CD4 Tregs significantly delayed islet-reactive NOD.BDC2.5
mediated rejection of C3H islet allografts (a transgenic model in which all CD4 T cells recognize
an islet specific, Chromogranin A derived peptide) as compared to mice receiving polyclonal
NOD CD4 Tregs or NOD.BDC2.5 T cells alone. Whether CD4 Tregs in the autoimmune T1D
setting are competent of suppressing allograft rejection remains to be answered.

Significance of the Research and Synopsis of the Data
Overall, understanding why the autoreactive immune system resists transplant tolerance
demands developing a comprehensive understanding of the cellular and molecular pathways that
control immunologic tolerance. In my dissertation, I explore the specific hypothesis that
dysregulated T-B cell collaboration in autoimmunity poses a barrier to transplant tolerance.
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Ultimately, identifying these key immunologic disruptions may one day improve clinical
transplantation outcomes in patients with autoimmunity and reveal new pathways that dictate
immunologic tolerance.
In Chapter II, I provide evidence that B lymphocytes are the critical barrier to transplant
tolerance in T1D-prone NOD mice and that these cells limit graft-protective CD4 T regulatory
cell function. In questioning whether failures to extrinsically regulate deleterious autoimmune B
cell function may further perpetuate this strain’s generalized resistance to transplant tolerance
induction, my findings in Chapter III provide new evidence for a requisite role of CD8 T
Regulatory cells in dampening islet immunity and instilling long-term transplant tolerance.
Dysregulations at the earliest stage of T and B cell development (the hematopoietic stem cell
[HSC] niche) are linked to autoimmune pathogenesis. Thus, in Chapter IV I find that adequate
HSC mobilization is required for transplant tolerance induction; moreover, I find that failures to
adequately mobilize HSCs in autoimmune NOD mice in part contribute to this strain’s
generalized resistance to transplant tolerance induction. Finally, I questioned whether other
forms of autoimmunity characterized by dysregulated T-B cell collaboration are similarly
resistant to transplant tolerance induction. In Chapter V I demonstrate that lupus-prone
B6.SLE123 mice are highly resistant to transplant tolerance induction and possess an Effector T
Cell population that resists T Regulatory Cell mediated suppression. Although each lupusderived congenic region was alone sufficient in preventing transplant tolerance induction, in
Chapter VI I provide evidence that overcoming a heightened IL-6 response and enhanced T cell
glycolysis during transplantation partially restores graft tolerance in these lupus-prone mice.
Ultimately, my findings indicate that functional deficiencies in T-B cell collaboration likely
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prevent transplant tolerance in autoimmunity while providing rationale approaches for restoring
allograft tolerance in these highly immunogenic settings.
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CHAPTER II

B LYMPHOCYTES PREVENT TRANSPLANT TOLERANCE IN T1D PRONE NOD MICE
BY LIMITING CD4 T REGULATORY CELL FUNCTION

Scientific Goal
Although T1D-prone NOD mice are exquisitely resistant to transplant tolerance
induction, the specific immunological barriers driving this phenotype have yet to be elucidated.
Stemming from observations that B lymphocytes are the crucial antigen presenting cell in the
initiation of T1D in NOD mice, in Chapter II I explore the hypothesis that B lymphocytes
similarly represent a key barrier to successful transplant tolerance in this strain. Findings from
this Chapter will directly address how B lymphocytes participate in the transplant response in
autoimmune T1D. Furthermore, these studies will directly address whether the autoimmune
environment possess an intrinsic regulatory potential to later “learn” how to tolerate foreign graft
tissue when the deleterious actions of B lymphocytes are absent. Overall, my studies in Chapter
II explore whether interrupting deleterious anti-graft T-B cell collaboration via genetic
elimination of the entire B cell compartment can directly render the autoimmune environment
permissive to transplant tolerance induction.

Introduction
There are presently over 2 million Americans with Type 1 Diabetes (T1D) and within the
next year more than 15,000 children will be diagnosed161. Autoimmune T1D is characterized by
inappropriate T and B cell mediated destruction of the insulin producing beta cells of the
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pancreas. In the absence of endogenous insulin, patients are unable to properly regulate glucose
homeostasis, which in turn results in an inability to properly store energy and build tissue. A
state of metabolic starvation is perceived within the body; the liver undergoes gluconeogenesis,
ketone bodies are produced, and fat is broken down. After a period of rapid weight loss,
polyphagia (increased hunger), polyuria (increased urination), and polydipsia (increased thirst),
patients often present to hospitals in a state of ketoacidosis during which physicians make a
diagnosis of T1D. Lifetime insulin therapy is initiated which includes daily blood glucose checks
and proper carbohydrate counting. Although improvements in insulin therapy have greatly
increased the life expectancy of patients, insulin therapy does not come without risk. Failure to
maintain euglycemia and prevent hyperglycemia can result in early blindness, kidney failure, and
amputation162. On the other hand, too strict adherence to insulin therapy can result in life
threatening hypoglycemic episodes that can lead to seizures, coma, and even death163.
Although insulin therapy is life prolonging, it is not a replacement for a patient’s healthy
islets. Patients with T1D possessing residual beta cell function have overall reductions in
glycosylated hemoglobin A1C levels, reduced incidences of T1D related complications, and
fewer episodes of life-threatening hypoglycemic events164. Accordingly, researchers and
physicians have worked tirelessly to realize the clinical potential of beta cell replacement
therapies as a treatment for T1D. One such method, islet transplantation from cadaveric donors,
is a promising approach for patients for patients with T1D165. Unlike traditional open
transplantation surgeries, donor islets are infused into a recipient’s portal vein to eventually take
residence in the liver as they are too big to pass through the sinusoids. Patients undergoing this
relatively non-invasive, outpatient therapy demonstrate improved metabolic regulation and
decreased T1D-related complications compared to patients receiving insulin therapy alone166-168.
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Unlike other solid organ allograft survival rates however, only 44% of patients
undergoing this procedure remain insulin-free three years after islet infusion169. Moreover, islet
transplantation has yet to be widely adopted as transplant recipients must undergo chronic
immune suppression to prevent foreign graft rejection. As these drug cocktails have significant
side effects (including a role for direct graft toxicity170, e.g. Rapamycin), islet transplantation
remains difficult to justify in children with T1D. Overall, realizing the full potential of clinical
islet transplantation as a treatment for T1D demands a deeper mechanistic understanding of the
immunological barriers that stand in the way of successful organ engraftment in the context of
autoimmune diabetes.
The Non-Obese Diabetic (NOD) mouse represents the most widely used model to explore
T1D pathogenesis and islet transplantation in the context of autoimmunity171. Although the NOD
mouse more likely resembles a single case study of T1D in that these mice are completely inbred
(within the human population, T1D is known to affect individuals across all backgrounds at an
equal frequency), disease pathogenesis in NOD mice aligns closely with clinical T1D. Both
NOD mice and patients with T1D share over 60 known Insulin Dependent Diabetes (Idd) risk
loci, generate anti-insulin autoantibodies prior to disease onset, gradually develop islet infiltrates
comprised of beta cell specific T and B cells, and often present with fulminant disease during
their juvenile ages. Progression to overt disease in both settings may also require a yet to be
identified environmental trigger. Clinically, it has been frequently observed that monozygotic
twins often present with T1D during different times in their lives. In some cases, this age
disparity can reach 50 years172. Similarly, specific environmental cues modulate T1D progression
in NOD mice. Whereas germ-free NOD mice develop disease at an increased incidence173,
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introduction of known pathogens can reduce incidence174 (although the direct mechanism of
protection has yet to be identified).
Accordingly, the NOD mouse represents a clinically relevant model to explore the
immunologic barriers to islet transplantation in the context of autoimmune T1D. Strikingly
however, no strategy to date has ever rendered NOD mice with an intact immune system
permanently tolerant to any allografted organ type (as reviewed in the Introduction: Resistance to
Transplantation Tolerance in Autoimmunity). Although previous studies have demonstrated that
individual Insulin Dependent Diabetes (Idd) risk loci in part confer some level of resistance to
transplant tolerance induction147, the specific immunologic aberrancies perpetuated by each of
these loci have yet to be defined. Along similar lines, although researchers hypothesize that CD4
T cell hypoproliferation, improper B cell antigen presentation, and enhanced indirect
alloreactivity characteristic of NOD mice may perpetuate this strain’s resistance to transplant
tolerance induction144, there has yet to be any studies in which these immunologic barriers have
been diminished in such a way to restore allograft tolerance.
In Chapter II, I explore the hypothesis that autoreactive B lymphocytes represent a key
barrier to transplant tolerance in NOD mice. Such reasoning stems from the well-appreciated fact
that islet autoantibodies remain the best clinical predictor of T1D175. Although the pathogenic
role of islet autoantibodies remains controversial, these observations lend credence to the fact
that breakdown of B cell islet tolerance is central to the initiation of T1D pathogenesis. The role
of B cells as critical APCs in T1D pathogenesis was first defined by studies demonstrating that
NOD mice genetically deficient of B cells (NODμMT) are completely protected from disease176.
Specifically, B cell MHC Class II antigen presentation is required for disease progression177.
Mechanistically, B cells provide adequate co-stimulation required for anti-islet CD4 T cell
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activation178,179. Further supporting the role of autoreactive B cells in T1D progression, an elegant
body of work generated by Tom Thomas and colleagues has demonstrated that mice possessing
transgenic B cells specific for insulin develop diabetes more rapidly180. Whether inappropriate
and unchecked B cell antigen recognition and presentation also poses a barrier to transplant
tolerance induction in the autoimmune NOD environment has yet to be explored.
In the absence of autoimmunity, B cells play a perplexing role in the establishment of
allograft tolerance. Whereas they are absolutely required during tolerance induction to cardiac
allografts133, their absence imparts enhanced tolerance induction during islet allografting in nonautoimmune mice84. In the context of autoimmunity, recent evidence has demonstrated that the
temporary depletion of B cells in autoimmune NOD mice delays islet allograft rejection 4-fold83.
However, as B cells can rapidly regenerate from the bone marrow after the cessation of
treatment, their reemergence is likely to reengage the highly immunogenic anti-graft response
characteristic of this strain. This concept mirrors clinical trials in which transient B cell depletion
in patients with recent onset T1D demonstrated a modest, but not permanent reprieve from beta
cell destruction181. Overall, how the B lymphocyte repertoire shapes and later engages the
alloreactive T cell repertoire in autoimmune T1D remains unknown. Furthermore, whether
autoreactive B lymphocytes participate in the establishment of transplant tolerance has yet to be
explored. Defining a specific role for B lymphocytes during the transplant response in
autoimmune T1D may reveal new strategies to induce islet graft tolerance and cure T1D. Herein,
I provide data demonstrating that the life-long and permanent absence of B cells renders NOD
mice fully permissive to transplant tolerance induction. Specifically, I trace this finding to
enhancements in graft-protective CD4 Tregs, whose presence and function is absolutely essential
in the establishment of permanent transplant tolerance in B cell deficient NOD mice.
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B cell deficient NODμMT mice are permissive to transplant tolerance induction
Building on the knowledge that B cell deficient NODμMT mice are protected from
diabetes176, I investigated whether the complete life-long absence of these cells would render
NOD mice permissive to anti-CD45RB mediated transplant tolerance induction. In line with
numerous reports, B cell sufficient NOD mice completely resisted tolerance induction to C3H
islet allografts (Figure 2.1). Strikingly however, a short-seven day course of anti-CD45RB
induced robust transplant tolerance to fully MHC-mismatched C3H islet allografts in B
lymphocyte deficient NOD mice (MST>150d, Figure 2.1). B cell deficiency alone did not render
these mice incapable of mounting an anti-graft response; all untreated NODμMT recipients
rejected their islet allografts by 22 days (Figure 2.1). Overall, this observation not only
represents the first instance in which permanent allograft tolerance has been achieved in the
NOD immune system, but moreover implicates B cells as a critical barrier to transplant tolerance
in the setting of T1D.

Transplant tolerance in NODμMT mice is permanent, antigen specific, and highly robust
As the majority of NODμMT mice were permissive to long-term tolerance induction
mediated by anti-CD45RB (MST>150d), I next determined whether these mice were truly
immunologically tolerant to the transplanted allograft tissue type. To demonstrate that the
allograft tissue itself maintained euglycemia rather than endogenous beta cell regeneration, three
NODμMT recipients demonstrating >100 days of graft tolerance were nephrectomized of their
kidneys containing their islet allografts. Within 2 days, all recipients returned to hyperglycemic
states with blood glucose levels >250mg/dL (Figure 2.2A). These same recipients then received
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Figure 2.1. B cell deficient NOD mice are permissive to transplant tolerance induction.
Briefly, 8-12 week old B cell sufficient NOD and B cell deficient NODμMT mice were made
diabetic via a single injection of the beta cell toxin Streptozotocin. Diabetic mice then received
fully MHC-mismatched C3H islet allografts under their kidney capsules. Cohorts of mice were
then left untreated or received 100μg of the tolerance inducing agent anti-CD45RB on days 0, 1,
3, 5, 7 after transplantation. Blood glucose was monitored and two consecutive readings
>250mg/dL denoted rejection. In line with previous reports, B cell sufficient NOD mice were
fully resistant to transplant tolerance induction (pink trace). Conversely, nearly 100% of B cell
deficient NODμMT demonstrated long-term allograft tolerance when treated with a short course
of anti-CD45RB (green trace, *p<0.001 by Log-Rank test). Although untreated B cell deficient
NODμMT mice demonstrated delayed rejection, the absence of B cells did not affect the ability
of these mice to fully reject their islet allografts (blue trace).
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a second matched C3H islet allograft in their contralateral kidney in the absence of further
treatment. The maintenance of euglycemia was monitored for the duration of the recipients’
lifespans. Strikingly, 2 of 3 recipients were fully tolerant to the retransplanted C3H islet
allografts (Survival Times reaching 77d and 80d). Although the last recipient did reject its
second matched graft 47 days after retransplantation, the time to rejection was 2-fold longer than
NODμMT mice receiving islet allografts in the absence of any tolerance inducing strategy (cf
Figure 2.1, blue trace). Thus, some level of allograft tolerance was achieved in this recipient
albeit not to the same extent as its counterparts. Overall, these data confirm that in the absence of
B cells, NOD mice are permissive to anti-CD45RB mediated tolerance induction and that the
tolerance established is permanent to the allograft tissue type in question (Figure 2.2A).
I next questioned how robust this state of allograft tolerance was by trying to “break”
tolerance using three strategies. Specifically, I hypothesized that ongoing regulatory mechanisms
instilled allograft tolerance in these recipients in lieu of immunologic ignorance to the allografted
tissue. The first strategy employed a CD4 Treg depleting antibody (anti-CD25, clone PC61) 50
days after tolerance induction in NODμMT recipients117. Interestingly, two injections of PC61 on
days 50 and 55 after transplantation/tolerance induction failed to break tolerance in any
NODμMT islet allograft recipients (Figure 2.2B). Fifty days later all recipients remained
euglycemic. To further stress this state of allograft tolerance, I next injected this same cohort of
tolerant NODμMT mice with T cells sorted from naïve NODμMT donor mice 100 days after
transplantation. This scenario infused a population of graft-reactive effector T cells capable of
precipitating rejection as they had never seen therapy. Fifty days later no signs of rejection were
noted (Figure 2.2B). I next assessed whether the presence of B cells shapes the alloreactive T
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Figure 2.2. Transplant tolerance in NODμMT mice is permanent, antigen specific, and
highly robust. A) 100 day tolerant NODμMT mice were nephrectomized of their kidneys
containing the islet allograft tissue. All recipients demonstrated a rapid return to hyperglycemia
demonstrating reliance on islet allograft tissue rather than endogenous beta cell regeneration in
maintaining euglycemia. Placement of a matched C3H islet allograft in the absence of further
treatment permanently restored euglycemia in 67% of the recipients demonstrating that these
mice were immunologically tolerant to the islet allograft tissue type. B) Allograft tolerance in
NODμMT mice is robust as subsequent attempts to “break” tolerance via CD4 Treg depletion
(d50) or infusion of naïve T cells from either NODμMT mice (d100) or B cell sufficient NOD
mice (d150) did not precipitate rejection. Removal of the islet allograft tissue confirmed that
these mice were in fact relying on the graft for maintenance of euglycemia. Furthermore, nonmatched 3rd party Balb/c islet allografts were rapidly rejected demonstrating that the tolerant state
was not due to a generalized state of immunosuppression. C) Kaplan-Meier curve of
retransplanted mice demonstrating that allograft tolerance in NODμMT recipients is antigen
specific in that the majority of matched C3H allografts were tolerated in the absence of further
treatment whereas non-matched Balb/c islet allografts were rapidly rejected (*p<0.001 by LogRank test).
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cell repertoire in such a way that enhances alloreactivity and decreases susceptibility to
regulation (as evidenced by the fact that B cell sufficient NOD mice reject islet allografts with 2fold faster kinetics than their B cell deficient NODμMT counterparts [cf Figure 2.1]). Thus, this
same cohort of tolerant NODμMT mice were injected with T cells sorted from naïve B cell
sufficient NOD donor mice 150 days after transplantation. 50 days later no signs of rejection
were noted (Figure 2.2B). Finally, I confirmed that this cohort of tolerant NODμMT mice were
in fact tolerant to their islet allografts and furthermore, that a general state of immunosuppression
did not result in failed rejection. Within 2 days after graft removal via nephrectomy all recipients
rapidly returned to hyperglycemia states. Additionally, third-party non-matched islet allografts
(Balb/c donor, H-2d) were rapidly rejected demonstrating intact immune function (Figure 2.2BC, - MST 14d). Overall, these data confirm that transplant tolerance in NODμMT mice is
permanent, antigen specific, and highly robust.

Complementation of NODμMT mice with NOD B cells fails to break tolerance induction
I next hypothesized that complementation of NODμMT mice with B lymphocytes sorted
from B cell sufficient NOD mice would render these NODμMT resistant to transplant tolerance
induction. Although injection of B cells into immunodeficient SCID mice is a commonly used
strategy to prove specific immune phenotypes imparted by B cells, this strategy has so far failed
to transfer the B cell deficient μMT setting. In these environments, non-B cell tolerant CD8 T
cells rapidly destroy newly introduced B cells in an MHC Class I dependent manner within 14
days after transfer178. However, B cell reconstitution in B cell deficient NODμMT mice does
provide a brief 2-week window in which these newly introduced B cells survive. Thus, I
questioned whether injecting NODμMT mice with B lymphocytes from syngeneic NOD mice on
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days -7 and 1 relative to the day of transplantation would render these mice resistant to tolerance
induction. Accordingly, this setting would address whether the presence of B cells at the time of
transplant imparts a generalized resistance to transplant tolerance. Despite such complementation
however, B cell reconstituted NODμMT recipients remained permissive to tolerance induction
(Figure 2.3A). Although these recipients did demonstrate a minor retention of injected B cells 2
days before transplantation, the number of peripheral blood resident B cells more closely
resembled their non-injected NODμMT counterparts as compared to B cell sufficient NOD
controls (Figure 2.3B).

Peripheral CD4 Tregs are expanded in 1’ and 2’ tolerant NODμMT recipients
Although B cell deficient NOD mice are fully protected from diabetes, their T cell
repertoire retains diabetogenic capacity. Transfer of NODμMT T cells to T cell deficient NOD
recipients precipitates diabetes directly attributable to prior activation mediated by autoreactive
B cells182. Additionally, CD4 Treg mediated depletion by PC61 can precipitate diabetes in
approximately

80%

of

NODμMT

mice183,184.

NODμMT

are

also

susceptible

to

Cyclophosphamide induced diabetes182; this agent selectively depletes Foxp3+ CD4 Tregs
thereby permitting the unchecked activation of anti-islet effector T cells185. Thus in the absence
of B cells, CD4 Tregs play a significant role in suppressing the anti-islet response in NOD mice.
Thus, I first questioned whether naïve NODμMT mice possessed alterations in their peripheral
CD4 Treg compartments that might later permit enhanced allograft regulation. Overall, I
observed no striking differences in the frequency of CD25+Foxp3+ CD4 Tregs within the
splenic CD4 T cell compartment of naïve NOD and NODμMT mice.
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Figure 2.3. Complementation of NODμMT mice with NOD B cells fails to break tolerance
induction. A) To determine whether the presence of B cells at the time of transplantation would
render NODμMT resistant to transplant tolerance induction, NODμMT mice were injected with
25e6 purified B cells from naïve NOD donors on days -7 and 1 relative to the day transplantation
and initiation of anti-CD45RB mediated tolerance induction (d0). Overall, the addition of B cells
did not render NODμMT resistant to transplant tolerance induction. B) As B cells are rapidly
destroyed by CD8 T lymphocytes upon transfer into the μMT environment, 2 days prior to
transplantation NODμMT mice receiving B cells were bled and peripheral B cell frequencies
observed. Although a minor retention of B cells was observed prior to transplantation, such
complementation did not impart a full recovery of the B cell repertoire (as compared to
peripheral B cell frequencies observed in B cell sufficient NOD controls). Significance
determined by Student’s t-test.
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Regardless of the presence of B cells, approximately 8-10% of splenic CD4 T cells were
comprised of CD4 Tregs in both settings (Figure 2.4A). However, the overall splenic frequency
of CD4 Tregs in NODμMT was nearly twice that of NOD mice (Figure 2.4B). This observation
is likely attributable to an overrepresentation of total splenic CD4 T cells due to an absence of B
cells.
Enhanced peripheral CD4 Treg frequencies are commonly observed in long-term tolerant
non-autoimmune allograft recipients84. I next determined whether tolerant NODμMT recipients
possessed similar CD4 Treg enhancements. Strikingly, I found CD4 Tregs to be increased in
both the splenic and graft draining renal lymph node CD4 T cell compartments of primary (mice
tolerant to their 1st transplanted allograft) and secondary (mice tolerant to their 2nd transplanted
allograft) tolerant NODμMT recipients as compared to naïve controls (Figure 2.4C). Thus,
despite an unchanged CD4 Treg frequency at baseline, the tolerant state observed in NODμMT
mice could be directly attributable to permanent peripheral CD4 Tregs enhancements that
provide regulation of the anti-graft response.

Islet grafts from tolerant NODμMT mice are encased by graft-protective CD4 Tregs
In the setting of autoimmune T1D, CD4 Tregs are initially activated in the pancreatic
draining lymph node in an attempt to control expansion of anti-islet effector cells. However, as
peripheral tolerance is broken and effector cells migrate to pancreatic tissue, a high frequency
CD4 Tregs follows in an attempt to quell in situ damage186. In the setting of transplantation this
scenario is flipped. CD4 Tregs are initially activated in graft tissue itself after responding to
inflammatory cues mediated by surgical intervention118. If appropriately activated (i.e. in the

49

% of CD4

6
4
2
0

A

Splenic CD4 Tregs (CD25+Foxp3+)

% of Splenocytes

% of CD4 T Cells

6
4
2
NOD

B

10

4
3

10

10

2

10

1

10

CD25

0

p=0.005

4
3
2
1
0

NODuMT

NOD

NODuMT

Splenic Naïve
CD4 Tregs
(CD25+Foxp3+) 1° Tolerant NODuMT
NODuMT

5

% of Splenocytes
Splenic
CD4 T Cells

5

8

0

NODuMT

Splenic CD4 Tregs (CD25+Foxp3+)

p=0.03

10

10

10

RLN CD4 T Cells

NOD

10

10

10

10

10

p=0.0059.43%

5

4

10

10

3

10

2

10

1

10

0

10
10

0

NOD
10

1

10

2

10

3

4

10

4

10

10

3

10

2

10

1

10

0

10
10

0

10

1

10

2

10

3

10

4

10

5

10

10

3

10

2

10

1

10

0

5

18.2%
6.03%

5

4

NODuMT

10

2° Tolerant NODuMT

6.03%
18.2%

5

10
10

0

10

1

10

2

10

3

10

4

10

4

3

10

10

2

10

1

10

0

10
0

10

1

10

2

10

3

Foxp3

10

4

10

3

2

1

0
10

10

10

4

5

10.4%
10.4%

5

5

17.1%

5

0

10

1

10

2

10

3

10

4

10

5

21.0%

5

4

3

2

1

0
10

0

10

1

10

2

10

3

10

4

10

5

Figure 2.4. Peripheral CD4 Tregs are expanded in primary and secondary tolerant
NODμMT recipients. A) Naïve B cell sufficient NOD and B cell deficient NODμMT mice
possess similar frequencies of CD25+Foxp3+ CD4 Tregs within their splenic CD4 T cell
compartment (left panel). Although NODμMT CD25+Foxp3+ CD4 Tregs make up a higher
overall frequency of the entire splenic lymphocyte compartment, this difference is likely due to
an overrepresentation of CD4 T cells due to an overall B cell deficiency (right panel). B). In
comparison to splenic and draining Renal Lymph Node CD4 Treg frequencies in naïve
NODμMT mice, primary and secondary tolerant NODμMT islet allograft recipients demonstrate
marked expansions of these populations in their peripheral lymphoid organs. Significance
determined by Student’s t-test.
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context of tolerance inducing strategies) these CD4 Tregs can then migrate to peripheral
lymphoid tissues and permanently regulate the anti-graft response.
In further determining how tolerance was maintained in long-term tolerant NODμMT
recipients, I entertained two hypotheses. One, that ongoing peripheral regulation restrained the
egress of anti-graft effector cells to the allograft tissue itself. Or two that allograft tolerance was
further maintained in situ by graft-resident CD4 Tregs. Graft tissue from nephrectomized 100d
tolerant NODμMT recipients was subjected to frozen immunohistochemistry and stained for
insulin and the T cell marker CD3. In line with previous data demonstrating a rapid return to
hyperglycemia following nephrectomy187, strong insulin staining was observed demonstrating
intact graft function (Figure 2.5, upper left panel). Strikingly, I also observed a strong CD3+ T
cell infiltrate surrounding, but not within the graft tissue. Further analysis revealed that these
graft-encasing lymphocytes were comprised of CD4 Tregs cells expressing either CD25 (Figure
2.5, upper right panel) or Foxp3 (Figure 2.5, bottom panels). Overall, these data demonstrates
that in situ graft regulation may complement a peripheral expansion of protective CD4 Tregs in
tolerant NODμMT recipients.

B cells in NOD mice restrain anti-CD45RB mediated CD4 Treg expansion
Anti-CD45RB mediates permanent allograft tolerance via the activation and expansion
of graft protective CD4 Tregs95. In non-autoimmune settings, anti-CD45RB rapidly induces the
expansion of peripheral CD4 Tregs; these cells double in number 7 days of treatment109.
However, whether the autoimmune T1D environment is permissive to CD4 Treg expansion
mediated by anti-CD45RB remains unknown. B6 and NOD mice were administered a standard
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Figure 2.5. Islet grafts from tolerant NODμMT mice are encased by graft-protective CD4
Tregs. Kidney containing allografts were removed from NODμMT recipients demonstrating
>100d of tolerance and subjected to frozen and paraffin embedded IHC. Although positive
insulin staining (green) confirmed intact islet allograft function, the graft tissue was surrounded
by a significant number of CD3+ T cell (red - upper left panel) infiltrate demonstrating that the
host immune system was capable of recognizing the islet allograft tissue. However, further
frozen section analysis confirmed that a significant portion of this T cell infiltrate was comprised
of CD25+ CD4 T cells, lending credence to the possibility of active CD4 Treg mediated graft
protection (upper right panel). As no Foxp3 antibody clones have proven reliable for frozen IHC
staining, FFPE serial section analysis furthered confirmed a strong presence of Foxp3+ CD4 T
cells surrounding the islet allograft tissue (bottom panels). Overall, these data demonstrate that
allografts in tolerant NODμMT mice contain a significant number of graft-resident
CD25+Foxp3+ CD4 Tregs that may be providing some level of in situ graft protection.
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7-day course of anti-CD45RB and CD4 Treg expansion was evaluated. In line with previous
reports, I noted a relative 2.8-fold increase of CD25+Foxp3+ CD4 T cells in non-autoimmune
B6 mice. In comparison, CD4 Treg numbers remained unchanged in NOD mice after treatment
(Figure 2.6A,B). From these data, it may be inferred that a generalized resistance to allograft
tolerance in the NOD setting may in part result from failures in CD4 Treg activation and
expansion.
As enhanced CD4 Treg populations are characteristic of tolerant NODμMT allograft
recipients, I next hypothesized that B cells in the NOD setting represented the critical barrier to
anti-CD45RB mediated expansion of CD4 Tregs. Naïve NODμMT mice were similarly
administered a standard 7-day course of anti-CD45RB and CD4 Treg expansion was evaluated.
Overall, the absence of B cells in the NODμMT setting restored anti-CD45RB mediated
expansion of CD4 Tregs in their overall splenic frequency and total number (Figure 2.6B).
However, it is important to note that unlike treated B6 mice, the frequency of CD4 Tregs within
the CD4 T cell compartment of treated NODμMT mice remained relatively unchanged (Figure
2.6A - bottom panel and Figure 2.6B – top graph), suggesting improved CD4 Treg function,
diminished effector T cell function, or that some NOD CD4 Tregs were not identified in our
staining.

Early CD4 Treg depletion in NODμMT mice impedes transplant tolerance induction
My data implicate that in the absence of B cells, anti-CD45RB mediates a robust 3-fold
expansion of CD4 Tregs whose enhanced numbers are characteristic of tolerant NODμMT
recipients. Although late-term administration of the CD4 Treg depleting agent PC61 failed to
break tolerance in NODμMT allograft recipients (c.f. Figure 2.2B), I hypothesized that CD4
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Figure 2.6. B lymphocytes in NOD mice restrain anti-CD45RB mediated CD4 Treg
expansion. B6, NOD, and NODμMT mice were either left untreated or administered a standard
7 day course of the tolerance inducing agent anti-CD45RB. A) anti-CD45RB treatment enhanced
the overall frequency of splenic CD4 T cells in all recipient strains. B and C) Anti-CD45RB
significantly expanded the frequency of B6 CD4 Tregs (Foxp3+Helios+) within this strain’s
splenic CD4 T cell compartment. D) Although a similar enhancement was not observed in NOD
and NODμMT mice, this therapy did increase of the overall splenic frequency of CD4 Tregs in B
cell deficient NODμMT mice. E and F) Overall, anti-CD45RB significantly increased the total
number of splenic CD4 Tregs in B6 and NODμMT mice, inducing approximately 3.5 and 3-fold
expansions over baseline, respectively. Ultimately, the presence of B cells in NOD mice restricts
anti-CD45RB mediated expansion of CD4 Tregs. Significance determined by Two-way ANOVA
followed by Bonferroni post-test, *p<0.05).
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Tregs are essential in establishing allograft tolerance at the time of transplantation. Accordingly,
diabetic NODμMT recipients were depleted of CD4 Tregs on days -5 and -1 relative to the day
of transplantation. On day 0, recipients received a C3H islet allograft followed by a standard 7day course of anti-CD45RB. Overall, no NODμMT recipients ever achieved long-term allograft
tolerance (Figure 2.7A,B); 3 recipients rejected their allografts on days 3, 3, and 11 after
transplantation and 2 recipients rejected their allografts on days 62 and 88. Overall, these data
confirm that CD4 Tregs are absolutely essential in the establishment of transplant tolerance in
the NODμMT setting.

B cells limit Vβ3+ CD4 Tregs in NOD mice
Autoreactive NOD B cells clearly shape the islet-reactive and alloreactive T cell
repertoire in NOD mice188. Reconstitution of irradiated NODμMT mice with splenic B cells from
4 week-old NOD mice alongside NODμMT bone marrow not only precipitates diabetes, but
moreover promotes the development of a rich clonotypic repertoire of pancreatic T cell infiltrate
composed of Vβ2, 10, 12, 14, 18, 19 and 20 clones. In the absence of concomitant B cell
reconstitution, recipients receiving only NODμMT bone marrow are protected from diabetes and
possess an undiversified pancreatic T cell infiltrate repertoire. Accordingly, I questioned whether
the absence of B cells in the NOD setting created a skewed T cell clonotypic repertoire that
permits not only protection from diabetes, but moreover a susceptibility to transplant tolerance
induction. In general, the splenic and thymic CD4 and CD8 T effector cell TCR repertoires did
not differ in the absence or presence of B cells (Figure 2.8A,B). However, when examining TCR
usage among CD25+Foxp3+ CD4 Tregs, I noted a significant expansion of Vβ3+ clonotypes in
both the spleens and thymuses of NODμMT mice (Figure 2.8A,B). Ultimately, prevention of

55

B

C3H Islet Transplant
+ 7d anti-CD45RB (d 0)

600
500
400
300

Rejected

200

Tolerant

100
0

0

anti-CD25
(d -5 and -1)

10

20

30

40

50

60

70

80

Percent Graft Survival

Blood Glucose (mg/dL)

A

100

60
40
20
0

90 100

Days Post Transplant

NODuMT + aCD45RB (n=12)
NODuMT + aCD25 + aCD45RB (n=5) *

80

0

20

40

60

80

100

Days Post Transplant

Figure 2.7. Early CD4 Treg depletion in NODμMT mice impedes transplant tolerance
induction. A) Diabetic NODμMT mice were administered 500μg of the CD4 Treg depleting
antibody PC61 on days -5 and -1 relative to transplant. On day 0, CD4 Treg depleted NODμMT
mice were transplanted with C3H islet allografts and administered a standard 7-day course of the
tolerance inducing agent anti-CD45RB. Overall, CD4 Treg depletion prior to transplantation and
anti-CD45RB therapy rendered all recipients resistant to transplant tolerance induction. Whereas
three recipients rejected their grafts with early phase kinetics (days 3, 3, 11), two recipients
rejected their grafts with late phase kinetics (days 62 and 88). B) Kaplan-Meier survival curve
comparing islet allograft survival between CD4 Treg replete (green trace) and CD4 Treg
depleted (blue trace) NODμMT recipients (*p<0.001, by Log-Rank Test).
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Figure 2.8. B lymphocytes limit Vβ3+ CD4 Tregs in NOD mice. Thymocytes and splenocytes
from NOD and NODμMT mice were stained with a screening panel of various anti-Vβ chain
antibody clones. A) Overall the presence of B cells had very little effect in shaping the mature
Single Positive CD8 and CD4 T effector cell thymic repertoire. However, the absence of B cells
in NODμMT mice resulted in a significant over representation of thymic Vβ3+ CD4 Tregs. B)
Similarly, the only difference in splenic T cell clonotype usage between NOD and NODμMT
mice was an increase in Vβ3+ CD4 Tregs observed in NODμMT mice. (*p<0.05 by Two Way
ANOVA followed by Bonferroni post test). Data is representative of one experiment confirmed
three independent times.
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B cell mediated deletion of Vβ3+ CD4 Tregs may confer some level of diabetes protection and
tolerance susceptibility to NODμMT mice189.

Discussion
My findings in Chapter II demonstrate that B lymphocytes are a critical barrier to
transplant tolerance in the T1D prone NOD environment. To date, there exists only one
additional study exploring the transplant response in B cell deficient NODμMT mice. In 2008,
Kupfer and colleagues demonstrated that whereas non-autoimmune Balb/c mice readily accept
MHC-I and MHC-II deficient B6 islet allografts in the absence of any tolerance inducing
strategy, autoimmune NOD mice readily reject these same islet allografts150. They attributed their
findings to enhanced B cell mediated indirect alloreactivity in the NOD setting; in comparison to
their B cell replete WT NOD counterparts, B cell deficient NODμMT mice accepted MHC-I and
MHC-II deficient B6 islet allografts. Thus in the NOD environment, B cells alone initiate the
indirectly alloreactive CD4 T cell pool responsible for graft rejection. Although other
professional APCs in NODμMT mice remained capable of indirect alloantigen presentation via
MHC-II, these cells failed to activate a similar pool of graft-destructive CD4 T cells. In assessing
my complementary observation that B cell deficient NODμMT remain capable of rejecting
MHC-I/II sufficient allogeneic islets, it therefore can be assumed that the directly alloreactive
CD4/CD8 T cell pool in NODμMT mice was adequately selected for during thymic development
and that these cells can alone precipitate allograft rejection. Thus, it can be inferred that the slight
delay in time to islet allograft rejection in untreated NODμMT mice versus their B cell sufficient
counterparts (cf Figure 2.1, blue trace vs. orange trace) could be due to an absence of B cell
mediated activation of indirectly alloreactive CD4 T cells. Overall, in the absence of any
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tolerance inducing strategy, direct allorecognition in the NOD environment remains a significant
barrier to allograft tolerance.
Furthermore, my findings indicate that CD4 Tregs are essential in the establishment of
anti-CD45RB mediated transplant tolerance in B cell deficient NODμMT mice. Not only were
these cells expanded in the peripheral lymphoid tissues of tolerant NODμMT recipients, but a
significant population of CD4 Tregs encased the allograft tissue itself. Although administration
of the CD4 Treg depleting antibody PC61 prior to transplantation rendered all NODμMT
recipients resistant to tolerance induction, I found that administering this same antibody 50 days
after established tolerance failed to “break” the tolerant state. In explaining the latter finding, two
possibilities can be considered. One, that CD4 Tregs do not actively maintain established
tolerance in NODμMT mice; tolerance could instead result from the immediate inactivation of
anti-graft effector cells by short-lived anti-CD45RB activated CD4 Tregs. However, this
hypothesis would run contrary to both my findings and previous reports. Specifically, infusion of
naive T cells from both B cell deficient and B cell sufficient NOD donors into 100- and 150-day
tolerant NODμMT recipients, respectively, failed to precipitate rejection. As these cells were
infused in the absence of anti-CD45RB, an on-going, previously established process likely
suppressed the anti-graft properties of these naïve T cells. Moreover, two reports published by
Trani et al and Deng et al demonstrated that transfer of CD25- CD4 T effector cells from
previously tolerant recipients rapidly precipitates allograft rejection in B6 and Balb/c
backgrounds114,190. In contrast, the transfer of CD25+ CD4 Tregs from previously tolerant
recipients imparted tolerance even when transferred alongside naïve splenocytes. These results
argue that long-term tolerance is not due to permanent effector cell inactivation, but rather to the
induction of long-lived CD4 Tregs capable of actively attenuating the anti-graft response.
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Instead, it is more likely that late-term PC61 administration did not fully deplete all of the
NODμMT recipients’ graft-protective, long-lived CD4 Tregs, although I did not address this
directly. Although this antibody is effective in depleting CD25+ cells, a significant number of
Foxp3+ CD4 Tregs do not express CD25186. Thus, non-depleted CD25- Foxp3+ CD4 Tregs may
have in part helped maintained long-term islet allograft tolerance in these NODμMT recipients.
Such retention of Foxp3+ CD25- CD4 Tregs post PC61 treatment has been confirmed in NOD
and NODμMT mice183. Overall, it can be argued that PC61 may not effectively deplete longlived CD25- CD4 Tregs; however, this same agent may be capable of depleting those CD25+
CD4 Tregs destined to later become graft-protective cells. These data would fall in-line with
similar observations seen in the non-autoimmune setting; PC61 breaks tolerance in only 40% of
recipients when administered after established tolerance, but is 100% effective in preventing
long-term tolerance when administered prior to transplantation/tolerance induction187.
Whereas B cell sufficient NOD mice resist anti-CD45RB mediated CD4 Treg expansion,
the absence of B cells in NODμMT mice permits a nearly 3-fold expansion of splenic CD4 Tregs
capable of permanently suppressing the directly alloreactive T cell pool (c.f. Figure 2.6 and 2.7).
Although it remains to be defined how anti-CD45RB enhances CD4 Treg number and function
in NODμMT mice, a number of hypotheses could be entertained. One, that the absence of B cells
in the NODμMT setting represents the “anatomical space” needed for CD4 Treg expansion.
Two, that a life-long absence of B cells in the NODμMT setting permits the development of CD4
Treg repertoire capable of responding to anti-CD45RB. Three, that NOD B lymphocytes actively
suppress CD4 Treg development in the thymus or periphery (a hypothesis explored in Figure
2.8). Although outside the scope of this project, one could test the first two hypotheses using a
basic crisscross platform in which labeled CD4 Tregs harvested from both NOD and NODμMT
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mice could be transferred to both NOD and NODμMT recipients undergoing anti-CD45RB
treatment. If NOD CD4 Tregs appropriately expand when transferred to NODμMT recipients,
one could argue the anatomical space theory. This would be further supported if NODμMT CD4
Tregs failed to expand when transferred to B cell sufficient NOD recipients. Conversely, if NOD
CD4 Tregs failed to expand when transferred NODμMT recipients, and moreover that
transferred NODμMT CD4 Tregs retained their ability to expand in the presence of B cell
sufficient NOD recipients, it could rather be argued that a life-long exposure to B cells renders
CD4 Tregs in the NOD setting resistant to the effects of anti-CD45RB. Alternatively, one could
further test these hypotheses by determining whether transient B cell depletion in WT NOD mice
prior to anti-CD45RB treatment permits CD4 Treg expansion. In fact, it was recently
demonstrated that Rituximab mediated B cell depletion of NOD mice engineered to express
human CD20 mediates a robust expansion of CD4 Tregs that are capable of suppressing the
transfer of diabetes191.
From a mechanistic standpoint, I am currently investigating whether B cell antigenspecificity, antigen-presentation, or alloantibody production contributes to failed tolerance
induction in NOD mice. To address whether graft recognition by alloreactive B cells impedes
tolerance induction, I am currently determining whether NOD.HEL mice are permissive to
transplant tolerance induction. As these mice possess B cells whose B Cell Receptors are specific
to only the exogenous protein Hen Egg Lysozyme [HEL]192 (and thus unable to recognize graft
tissue unless the graft tissue expresses the transgenic HEL antigen), I will be able to determine
whether B cell antigen-specificity renders NOD mice resistant to transplant tolerance. To
determine whether graft antigen presentation by B cells impedes tolerance induction, I recently
generated chimeric NOD mice that contain MHC-II deficient B cells (NOD.BH2-Ab-/-).
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Figure 2.9. Generation of chimeric NOD mice in which only B lymphocytes lack MHC
Class II expression. Irradiated immunodeficient NOD.RAG-/- mice were reconstituted with the
following combinations of T and B cell depleted bone marrow cells [Column 1: NODμMT
(80%) + NOD.H2-Ab-/- (20%); Column 2: NODμMT (80%) + NOD (20%); Column 3: NOD
(100%); Column 4: NODμMT (100%)]. Eight weeks after transfer, reconstituted recipients were
bled and PBMCs analyzed by flow cytometry. As shown in the upper panel, all chimeric
recipients possess circulating B cells (B220+CD19+) except for those reconstituted with
NODμMT marrow alone. Whereas the mixed chimeras generated in Column 2 possess B cells
(pink histogram) and Monocytes (CD11b+ - green histogram) that both express MHC Class II,
the mixed chimeras generated in Column 1 possess MHC Class II null B cells while maintaining
MHC Class II positive Monocytes. CD4 T cells (blue histogram), which do not express MHC
Class II, are shown as a negative control.

62

By reconstituting NOD.RAG with mice with 80% NODμMT + 20% NOD.H2-Ab-/- bone
marrow, these mice develop and immune cell repertoire in which MHC-II presentation remains
intact on other professional APC populations but is deficient on B cells (Figure 2.9)177. If I
determine that NOD.BH2-Ab-/- mice are susceptible to anti-CD45RB mediated tolerance induction
to islet allografts, it could be assumed that B cell mediated graft antigen presentation represents
the molecular barrier to tolerance induction in NOD mice. Finally, to address whether B cell
derived alloantibody results in failed tolerance induction, I am planning to test tolerance
induction in NODμMT mice receiving injections of alloantibody rich serum collected from
rejecting NOD islet allograft recipients.
Finally, I questioned how B lymphocytes shape the T cell repertoire in NOD mice. In
general, I found effector CD4 and CD8 T cell Vβ receptor usage to be markedly similar between
naïve NOD and NODμMT mice (c.f. Figure 2.8). However, I did notice a significant expansion
of Vβ3+ CD4 Tregs (CD25+Foxp3+) in both the thymuses and spleens of B cell deficient
NODμMT mice. Although Vβ3+ T cells undergo significant deletion in NOD mice due to this
strains expression of the mouse mammary tumor virus 3 (MMTV-3) super-antigen, those Vβ3+
clones that do escape deletion represent some of the earliest clonotypes to infiltrate the
pancreas193. Building on these findings, Krishnamurthy and colleagues recently discovered that
genetic deletion of the pro-apoptotic molecule Bim in NOD mice results in protection from
diabetes attributable to an expansion of protective Vβ3+ CD4 Tregs189. Thus, despite their high
propensity for deletion, Vβ3+ T cell clones remain active participants in diabetes progression.
Extending these findings, I did notice a mild expansion of Vβ3+ CD4 Tregs in the graft-draining
Renal Lymph Node of tolerant NODμMT allograft recipients over their naïve counterparts (data
not shown due to insufficient statistics). Whether allograft tolerance can be directly attributed to
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Vβ3+ CD4 Tregs specifically remains to be determined. As a Vβ3 activating antibody clone is
available (KJ25), future experiments could include transferring expanded Vβ3+ CD4 Tregs
sorted from tolerant NODμMT recipients to untreated NODμMT also receiving naïve
splenocytes. Overall, defining how B cells restrict CD4 Treg protective function in the NOD
environment represents a novel area of investigation (Figure 2.10). Knowledge gained from these
studies could one day lead to rational approaches aimed at restoring tolerance to both islet
allografts and endogenous islet cells in patients with T1D.
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Chapter Findings

Model Figure

- B lymphocyte deficient NODμMT mice are
permissive to specific, robust, and permanent
transplant tolerance induction.
- Late CD4 Treg depletion or B cell complementation
fails to break transplant tolerance in NODμMT mice.
- Peripheral and graft resident CD4 Tregs are
expanded in tolerant NODμMT mice.
- B lymphocytes restrain anti-CD45RB mediated
expansion of CD4 Tregs in NOD mice.
- Early CD4 Treg depletion in NODμMT mice
impedes transplant tolerance induction.
- Thymic and splenic Vβ3+ CD4 Tregs are expanded
in NODμMT mice.

Future Work
- Assess whether NOD B lymphocytes restrict antiCD45RB mediated CD4 Treg expansion due to
“anatomical space” and/or “altered repertoires”
theories.
- Determine whether pharmacologic B cell depletion
in B cell sufficient NOD mice enhances transplant
tolerance induction.
- Assess whether NOD B cell antigen-specificity,
antigen presentation, or antibody production
impede transplant tolerance in NOD mice.
- Determine the role of Vβ3+ CD4 Tregs in
establishing transplant tolerance NODμMT mice.

Figure 2.10. Chapter II – findings and future work.
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CHAPTER III

CD8 T REGULATORY CELL CONTROL OF THE TFH-GC B CELL AXIS IS ESSENTIAL
IN SUPPRESSING DIABETOGENIC IMMUNITY AND MAINTAINING TRANSPLANT
TOLERANCE

Scientific Goal
In Chapter II, I determined that disrupting anti-graft T-B cell collaboration via genetic
elimination of the entire B cell compartment in autoimmune NOD mice restores transplant
tolerance in this otherwise resistant strain. However, it is also possible that failures in the
extrinsic mechanisms that normally regulate the anti-graft B cell response may contribute to the
unchecked islet and anti-graft immunity characteristic of this autoimmune strain. In Chapter III I
explore the hypothesis that regulation of the immunogenic CD4 TFH - Germinal Center B cell
axis by CD8 T Regulatory Cells (CD8 Tregs) is essential to prevent diabetes pathogenesis and to
promote transplantation tolerance. To date however, there exists little knowledge of how CD8
Tregs control immunity and promote tolerance in either of these settings. Overall, developing a
clearer mechanistic understanding of CD8 Treg function in T1D and transplantation may offer
new avenues by which clinicians could halt islet destruction and quell ongoing graft rejection.

Introduction
Circulating islet autoantibodies and graft-reactive alloantibodies remain the best clinical
predictors of T1D and Acute Rejection Events in at risk patients175. Mechanistically, these
clinical observations result from unchecked immunity wherein inappropriately activated T and B
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lymphocytes break tolerance. Clinicians have attempted to halt such collaboration by nonselectively targeting the whole B or T cell compartment with anti-CD20 or anti-CD3 depleting
therapies, but these approaches have not resulted in permanent islet or graft protection181,194,195.
Fundamentally, the physiologic regulation of these cellular interactions remains incompletely
understood. Identifying pathways that control T-B interactions holds promise to dampen
progressive autoimmunity and deleterious graft rejection.
It is now widely appreciated that CD4 T Follicular Helper (TFH) cells actively initiate,
maintain, and shape the Germinal Center (GC) B cell response. Upon encountering an
immunogenic stimulus, Bcl-6+ TFH cells home to lymphoid germinal centers via their
expression of CXCR5 and subsequently activate GC B cells via their expression of the costimulatory molecules ICOS, PD-1, and CD40-L and by secretion of IL-4 and IL-21196. In the
context of T1D, a single study by Kenefeck and colleagues demonstrated that memory T cells
from patients with T1D express higher levels of the TFH associated molecules CXCR5, ICOS,
PD-1, and Bcl-6 as well as increased frequencies of circulating CXCR5+ CD4 T cells197.
Although a mechanistic role of TFH cells in diabetes progression remains to be defined, transfer
of CXCR5 replete, but not deficient, CD4 T cells can precipitate diabetes in otherwise protected
mice. Alternatively in the context of transplantation, a select number of studies have identified
TFH/GC B cell clusters in acutely rejected renal allograft biopsies77. Although a mechanistic role
for TFH cells in transplant rejection has yet to be elucidated, indirectly alloreactive CD4 T cells
can give rise to CD4 TFH populations that lead to long-lasting IgG alloantibody responses75.
Overall, active regulation of aberrant TFH cell function in T1D and transplantation represents a
new avenue to quell destructive islet immunity and graft rejection.
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Regulation of the TFH-GC B cell axis may be carried out by CD4 T Regulatory Cells
(CD4 Tregs)198,199 and newly identified CD4 T follicular regulatory cells (CD4 TFHR)200, though
the effectiveness of CD4 Tregs against the antibody response may be limited. In addition to these
cells, a germinal center selective CD8 T cell also plays an important role in limiting autoantibody
production. Despite numerous reports describing CD4 Treg function in T1D and
transplantation201, it is currently unknown whether and how CD8 T Regulatory Cells (CD8
Tregs) protect islets or mediate permanent transplant tolerance. CD8 Tregs have been previously
defined by expression of the activation marker CD44 and by expression of the IL-15/IL-2
receptor beta chain CD122202. CD8 Tregs can suppress EAE121,203-205, collagen-induced arthritis122,
lupus123, and modestly delay skin126 and islet125 allograft rejection in non-autoimmune mice.
Mechanistically, CD8 Tregs eliminate CD4 T follicular helper cells (TFH) that drive B cellmediated immunity123. Recently, the most potent population of TFH targeting CD8 Tregs was
reported to reside within the Ly49 positive fraction of these classically defined CD44+CD122+
CD8 Tregs124. These cells regulate the antibody response and quell further B cell-mediated
immune activation that would otherwise promote epitope spreading. Therefore, understanding
CD8 Treg function in autoimmune T1D and transplantation is a significant new problem in
immune regulation that must be part of a comprehensive strategy to adequately control islet
destruction and graft rejection.
In Chapter III, I first explore the hypothesis that loss of CD8 Treg function in T1D prone
NOD mice facilitates islet immunity. Herein, I discovered that wild-type NOD mice possess a
pool of non-functional, classically-defined CD44+CD122+ CD8 Tregs, which may account for
my observation that these mice generate exaggerated antibody responses during antigenic
challenge. This functional deficiency may result from my observation that NOD mice possess a
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profoundly diminished pool of TFH targeting Ly49+ CD8 Tregs within their classically defined
CD44+CD122+ CD8 Treg pool. I trace this deficiency to inadequate IL-15 transpresentation by
macrophages, a cell known to promote the development, maintenance, and activation of CD8
Tregs124. I then demonstrate that these CD8 Tregs can be rescued by an IL-15 superagonist206,207,
thereby restoring their ability to suppress the antigen-specific antibody response and delay
diabetes progression. Finally, I extend my findings to explore the role of IL-15 dependent CD8
Tregs in control of the transplant response. Specifically, I demonstrate that in the absence of this
cytokine, non-autoimmune mice lack CD8 Tregs, possess enhanced CD4 TFH and GC B cell
frequencies, generate increased alloantibody titers, and resist transplant tolerance induction.
These studies further define the phenotype and function of CD8-based regulation in T1D and
transplant tolerance. Complementing my findings in Chapter II, restoration of CD8 Treg based
regulation of the immunogenic B cell response may represent a novel means to restore
transplantation tolerance in the setting of autoimmunity.

NOD mice possess nonfunctional, classically defined CD8 Tregs and generate exaggerated
antibody responses
In non-autoimmune B6 mice, classically defined CD44+CD122+ CD8 Tregs suppress the
antibody response and were recently described to be more potent protectors of islet allografts
than their CD4 Treg counterparts124,125. To determine whether these classically defined CD8
Tregs were functional in NOD mice, I utilized a well-established in vivo CD8 Treg suppression
assay (Figure 3.1A). KLH activated CD8 Tregs (CD8+CD44+CD122+) or non-CD8 Treg
(CD8+CD44+CD122-) controls were transferred to immunodeficient recipients along with B
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Figure 3.1. NOD mice possess nonfunctional, classically defined CD8 Tregs and generate
exaggerated antibody responses. A) In vivo CD8 Treg suppression assay in which KLHactivated, classically-defined CD8 Tregs (CD8+CD44+CD122+) and naïve CD4+CD25- T Cells
/ whole B220+ B Cells are transferred to immunodeficient B6.RAG or NOD.RAG recipients that
are immunized and boosted with the test stimulus NP33-KLH. B) Classically defined CD122+
CD8 Tregs (black triangles) from KLH-activated B6 mice readily suppress the anti-NP8 IgG
response as compared to mice receiving CD122- non-CD8 Tregs (black squares) or no CD8 T
cells (black circles) as a control. C) In comparison, classically defined CD122+ CD8 Tregs
(white triangles) from KLH-activated NOD mice fail to suppress the anti-NP8 IgG response over
mice receiving CD122- non-CD8 Tregs (white squares) or no CD8 T cells (white circles). As
compared to CD8 Treg sufficient B6 mice (back circles), CD8 Treg deficient NOD mice (white
circles) generate a greater anti-NP8 IgG response when immunized and boosted with the haptencarrier NP33-KLH (D) as well as a greater anti-C3H IgG1 alloantibody response when
allochallenged with 20e6 MHC-mismatched C3H splenocytes (E). N=3-5 mice per group,
****p<0.0001, ns = non-significant, by semi-logarithmic linear regression analysis followed by
y-intercept and slope curve comparison or two-way ANOVA followed by Sidak’s multiple
comparisons post-test.
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lymphocytes and CD4+CD25- T cells from matched, antigen-naïve B6 or NOD strains (CD4
Tregs were not transferred to limit suppression to the transferred CD8 T cell populations). These
animals were immunized and boosted with the original test stimulus (Nitrophenyl-Keyhole
Limpet Hemocyanin [NP-KLH], a T-cell dependent hapten-carrier) and the relative suppression
of the high-affinity anti-NP IgG response was compared between mice receiving CD8 Tregs or
non-CD8 Tregs. Whereas classically defined B6 CD8 Tregs suppressed the generation of highaffinity anti-NP8 IgG antibodies in recipient RAG mice as previously reported (Figure 3.1B),
NOD CD8 Tregs failed to suppress this antigen-specific antibody response (Figure 3.1C).
As wild-type NOD mice possess non-functional, classically defined CD8 Tregs, I
hypothesized that these mice would generate exaggerated antigen-specific antibody responses
when immunized. Compared to CD8 Treg sufficient B6 mice, NOD mice generated a
significantly greater high-affinity anti-NP8 IgG antibody response after immunization and
boosting with the hapten-carrier NP-KLH (Figure 3.1D). Alternatively, when immunized
intravenously with 20 million MHC-mismatched splenocytes from C3H mice (H-2k), NOD mice
(H-2g7) generated a 7-fold (day 7) and 8-fold (day 14) greater anti-C3H IgG1 antibody response
than CD8 Treg sufficient B6 mice (H-2b) (Figure 3.1E).

Diabetes-prone NOD mice are profoundly deficient of TFH targeting Ly49+ CD8 Tregs
As the most specific population of TFH-targeting CD8 Tregs has been reported to reside
within the Ly49F fraction of classically defined CD8 Tregs124, I explored whether NOD mice
possess an altered pool of Ly49F+ CD8 Tregs as compared to CD8 Treg sufficient B6 mice.
Strikingly, NOD mice possess an extremely diminished pool of Ly49E/F+ CD8 Tregs (Figure
3.2A), possessing nearly 11-fold fewer splenic Ly49+ CD8 Tregs at 8 weeks of age as compared
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Figure 3.2. Diabetes-prone NOD mice are profoundly deficient of TFH targeting Ly49+
CD8 Tregs. A) Wild-type, 8-week old NOD mice possess 11-fold fewer splenic TFH targeting
Ly49+ CD8 Tregs (CD8α+CD122+Ly49E/F+) as compared to non-autoimmune, age-matched
B6 mice. B) Whereas healthy B6 mice maintain a relatively robust population of Ly49+ CD8
Tregs as they age, NOD mice progressively lose this protective population as they age toward
diabetes. C) The observed Ly49+ CD8 Treg deficiency in NOD mice extends to additional
lymphoid compartments including the bone marrow, inguinal lymph nodes, cervical lymph
nodes, and pancreatic lymph nodes. D) Ly49+ CD8 Tregs in NOD mice divide at a rate three
times lower than their B6 counterparts as determined by their Ki67 positivity. Although agematched NOD mice possess similar percentages of Ly49+ CD8 Treg target TFH cells (E), TFH
cells in NOD mice demonstrate a 2.5-fold higher proliferative rate (F), which may account for
my observation that CD4 TFH cells vastly outnumber Ly49+ CD8 Tregs in NOD mice
approximately 87 to 1 (G). N=3-5 mice per group, *p<0.05, **p<0.01, ****p<0.0001, ns = nonsignificant, by two-way ANOVA followed by Sidak’s multiple comparisons post-test or
student’s t-test.
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to the healthy controls. As allelic differences in the Ly49 locus exist between B6 and NOD
strains208, I tested numerous anti-Ly49F targeting clones in B6 and NOD prior to choosing this
specific clone for analysis (Figure 3.3); specifically, the anti-Ly49E/F clone CM4 bound unique
populations of CD8 T cells and NK cells in B6 and NOD mice.
Whereas non-autoimmune B6 mice maintain a comparatively robust population of
splenic Ly49+ CD8 Tregs throughout their lifetime, NOD mice progressively lose Ly49+ CD8
Tregs as they age as determined by both percentage and total cell number (Figure 3.2B).
Moreover, this deficiency extends to additional immune tissue compartments in NOD mice
including the bone marrow, inguinal lymph nodes, cervical lymph nodes, and pancreatic lymph
nodes (Figure 3.2C). This global Ly49+ CD8 Treg deficiency in NOD mice may in part be due
to the lower proliferative capacity of these cells as determined by their baseline Ki67 positivity.
Nearly 5% of B6 CD8 Tregs are Ki67+ whereas only 1.5% of NOD Ly49+ CD8 Tregs are
positive for this marker of cellular division (Figure 3.2D), suggesting a limitation in available
stimulatory factors.
As Ly49+ CD8 Tregs target the action of TFH cells, I explored whether splenic TFH cell
populations differed between these two strains. B6 and NOD mice harbored similar percentages
of ICOS+PD-1+ splenic TFH cells at 8 weeks of age (Figure 3.2E). However, I observed that
TFH cells in NOD mice divide at a 2.5-fold greater rate as determined by their Ki-67 positivity
(Figure 3.2F). Accordingly, regulation of these cells may be compromised as TFH cells
outnumber Ly49+ CD8 Tregs 87:1. In healthy, non-autoimmune B6 mice the ratio of TFH cells
to Ly49+ CD8 Tregs was 6:1 (Figure 3.2G).
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Figure 3.3. The Ly49E/F clone CM4 binds TFH targeting Ly49+ CD8 Tregs in NOD mice.
Although NOD mice possess the largest Ly49 haplotype of any known mouse strain, many of the
available anti-Ly49 antibody clones fail to detect Ly49 expression in the NOD mouse due to
allelic differences. Accordingly, I tested multiple antibody clones that detect Ly49F to enumerate
the most potent population of CD4 TFH targeting CD8 Tregs in NOD mice. Specifically, I
determined that the anti-Ly49E/F clone CM4 binds a unique population of CD8 T cells and NK
cells in NOD mice, whereas the anti-Ly49C/I/F/H clone 14B11 and anti-Ly49F clone HBF-719
fail to detect these populations in this T1D prone strain.
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Macrophages from NOD mice inadequately trans-present and upregulate IL-15
The decrease in Ly49+ CD8 Treg proliferation in NOD mice suggested a lack of
stimulation or growth supporting factors. I therefore examined whether various populations of
Antigen Presenting Cells (APCs) failed to provide adequate survival signals for this regulatory
cell population. Notably, work by Kim et. al.124 revealed that B6 mice deficient in IL-15, the
requisite cytokine for CD8 T memory cells and NK cells, lack a splenic population of
CD122+Ly49+ CD8 Tregs. However, these animals do retain a small population of
CD122+Ly49- CD8 T cells, suggesting that they can sustain a modest population of classical
CD8 T memory cells despite the absence of IL-15. Thus, I next questioned whether IL-15
transpresentation by Ly49+ CD8 Treg supporting cells in NOD mice was dysfunctional.
Unlike traditional gamma-chain dependent cytokines such as IL-2, IL-15 is
transpresented by its high-affinity receptor (IL-15Ra) to neighboring cells209. Thus, as a readout
for IL-15 transpresentation, I compared the relative expression of surface IL-15Ra on splenic and
bone marrow resident APCs at baseline between B6 and NOD strains. Splenic and bone marrow
resident macrophages (CD11b+F4/80+) in NOD mice expressed approximately 2-fold less IL15Ra at baseline (Figure 3.4A). As CD8 Tregs are activated during episodes of ongoing
immunity, I determined whether NOD macrophages increased IL-15 transpresentation during
stimulation. Whereas splenic and bone marrow resident B6 macrophages demonstrated
approximately 150% and 50% upregulation of surface IL-15Ra after 48 hours of immune
stimulation with Poly[IC], respectively, splenic and bone marrow resident NOD macrophages
upregulated surface IL-15Ra only 75% and 20% over baseline levels (Figure 3.4B).
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Figure 3.4. Macrophages from NOD mice inadequately transpresent and upregulate IL-15.
A) Baseline IL-15 transpresentation, as measured by relative surface IL-15 Receptor alpha
expression (IL-15Ra), is significantly reduced on splenic and bone marrow resident NOD
Macrophages (MΦs) as well as bone marrow resident NOD Conventional Dendritic Cells
(cDCs). B) Splenic and bone marrow resident Macrophages from NOD mice fail to upregulate
IL-15Ra expression to the same extent as B6 Macrophages when stimulated with 10μg of the
TLR3 agonist Poly[IC]. N=3-5 mice per group, *p<0.05, **p<0.01, by two-way ANOVA
followed by Sidak’s post-test or Student’s t-test.
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NOD Ly49+ CD8 Tregs adequately transduce IL-15 mediated survival signals
In addition to the reduced IL-15 availability in the NOD system, Ly49+ CD8 Tregs in
this T1D-prone setting could fail to thrive due to inadequate IL-15 signal transduction, which
proceeds via the JAK3/STAT5 system210. To evaluate IL-15 signaling dynamics in splenic
Ly49+ CD8 Tregs, I determined relative STAT5 phosphorylation in B6 and NOD Ly49+ CD8
Tregs in response to IL-15/IL-15Ra superagonist (IL-15C) exposure. Surprisingly, NOD Ly49+
CD8 Tregs phosphorylated STAT5 to the same extent as B6 Ly49+ CD8 Tregs when exposed to
increasing IL-15C concentrations in the ex vivo setting for 30 minutes (Figure 3.5A). To further
define IL-15 mediated signaling dynamics between B6 and NOD Ly49+ CD8 Tregs, I explored
STAT5 phosphorylation kinetics over time by exposing B6 and NOD splenocytes to 100, 1000,
and 10000 pM concentrations of IL-15C. Similar to my previous finding, IL-15C mediated
STAT5 phosphorylation in Ly49+ CD8 Tregs did not differ between strains (Figure 3.5B).
Additionally, to determine whether Ly49+ CD8 Tregs signal differently in the whole animal
setting, I injected B6 and NOD mice with the maximal dose of IL-15C, which was calculated to
achieve a 10000pM concentration at a whole animal blood volume of 2mL. Strikingly, both B6
and NOD Ly49+ CD8 Tregs robustly upregulated STAT5 phosphorylation nearly 15-fold 60
minutes after injection (Figure 3.5C). Despite similar overall pSTAT5 MFI levels between IL15C stimulated B6 and NOD Ly49+ CD8 Tregs, I did observe a slight bimodality in the pSTAT5
response in stimulated NOD Ly49+ CD8 Tregs. Thus, unlike B6 Ly49+ CD8 Tregs, there may
exist a subpopulation of NOD Ly49+ CD8 Tregs that may not respond as robustly to extrinsic
IL-15C stimulation.
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Figure 3.5. NOD Ly49+ CD8 Tregs adequately transduce IL-15 mediated survival signals.
A) Within whole plated splenocytes, B6 and NOD Ly49+ CD8 Tregs phosphorylate STAT5 at
Y694 to the same extent when exposed ex vivo to increasing concentrations of the IL-15C
superagonist for 30 minutes. B) B6 and NOD Ly49+ CD8 Tregs phosphorylate STAT5 with
similar time kinetics when exposed ex vivo to either 100, 1000, and 10000pM of IL-15C. Of
note, NOD CD8 Tregs demonstrate statistically lower pSTAT5 levels 30 and 60 minutes after
stimulation with the maximal 10000pM concentration of IL-15C (right panel). C) When exposed
i.v. to 1μg of in vivo stable IL-15C for 60 minutes (calculated to reach 10000pM in a 2mL blood
volume), both B6 and NOD Ly49+ CD8 Tregs increase pSTAT5 levels 15-times over animals
injected with saline as a control. N=3-5 mice per group, *p<0.05, **p<0.01, ***p<0.005, ns =
non-significant by two-way ANOVA followed by Sidak’s multiple comparisons post-test.
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In vivo administration of IL-15C robustly expands NOD Ly49+ CD8 Tregs and partially
rescues their suppressive function
NOD Ly49+ CD8 Tregs sufficiently transduce IL-15 mediated survival signals via
STAT5 phosphorylation. Therefore, I explored whether systemically administered IL-15C would
expand NOD Ly49+ CD8 Tregs, and moreover, whether these expanded cells would be
functionally activated. In vivo administration of IL-15C robustly expanded Ly49+ CD8 Tregs,
increasing total Ly49+ CD8 Treg numbers 15-fold in B6 mice and 612-fold in NOD mice
(Figure 3.6A).
To determine whether these IL-15C expanded NOD Ly49+ CD8 Tregs were functionally
rescued, I utilized the CD8 Treg suppression assay described above (Figure 3.1A). Donor NOD
mice were immunized with KLH and CD8 Tregs were expanded via concomitant IL-15C
administration (1μg/day for 7 days). Recipient immunodeficient NOD.RAG mice then received
either IL-15C expanded Ly49+ CD8 Tregs, IL-15C expanded Ly49- non-CD8 Tregs, or no CD8
T cells as a control. These mice then received naïve B cells and CD4+CD25- T cells, as well as
the NP-KLH test stimulus. Whereas IL-15C activated Ly49- non-CD8 Tregs failed to suppress
the antigen-specific anti-NP8 IgG antibody response over mice receiving no CD8 T cells, IL-15C
activated Ly49+ CD8 Tregs suppressed the antibody response (Figure 3.6B). However,
equivalent numbers of transferred IL-15C activated Ly49+ CD8 Tregs in the NOD setting did
not suppress the antibody response as completely as non-IL-15C activated Ly49+ CD8 Tregs in
the B6 setting (Figure 3.6C), perhaps due to limited IL-15 availability in recipient NOD.RAG
mice as compared to B6.RAG mice.
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Figure 3.6. In vivo administration of IL-15C robustly expands NOD Ly49+ CD8 Tregs and
partially rescues their suppressive function. A) When injected with 2μg of in vivo stable IL15C for 4 consecutive days, B6 and NOD Ly49+ CD8 Tregs expand robustly. B) IL-15C
activated Ly49+ CD8 Tregs (white triangles) from NOD mice immunized with KLH partially
suppress the anti-NP8 IgG response as compared to mice receiving Ly49- non-CD8 Tregs from
the same donor mouse (white squares) or mice receiving no CD8 T cells as a control (white
circles). C) In comparison, non-activated Ly49+ CD8 Tregs from CD8 Treg sufficient B6 mice
that did not receive concomitant IL-15C activation (black triangles) robustly suppress the antiNP8 IgG response as compared to mice receiving Ly49- non-CD8 Tregs from the same donor
mouse (black squares). N=3-5 mice per group, suppression assays shown are representative of
three independently repeated experiments. ****p<0.0001, ns = non-significant, by semilogarithmic linear regression analysis followed by y-intercept and slope curve comparison or
two-way ANOVA followed by Sidak’s multiple comparisons post-test.
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IL-15C activated Ly49+ CD8 Tregs delay diabetes transfer
I next assessed whether IL-15C activated NOD Ly49+ CD8 Tregs could alter diabetes
progression. Immunodeficient recipients were injected with either 5e4 CD122- CD8 T cells, 5e4
classically defined CD122+ CD8 Tregs, or 5e4 IL-15C expanded Ly49+ CD8 Tregs from prediabetic NOD mice. Two days later, all mice received 5e6 CD8-depleted diabetic splenocytes
purified from hyperglycemic NOD mice. Mice receiving IL-15C expanded Ly49+ CD8 Tregs
also received a single 1μg injection of IL-15C to maintain CD8 Treg activation. Whereas
immunodeficient mice receiving non-activated CD122- CD8 T cells or classically-defined
CD122+ CD8 Tregs developed diabetes by 4 weeks on average (MST - 3.9 weeks and 4.1
weeks, respectively, no statistical difference), progression to overt hyperglycemia took on
average 10.4 weeks in mice receiving as few as 5e4 IL-15C activated Ly49+ CD8 Tregs (Figure
3.7A). Mice receiving IL-15C activated Ly49+ CD8 Tregs possessed the greatest percentage of
splenic Ly49+ CD8 Tregs (CD122+Ly49+, Figure 3.7B) and the smallest percentage of splenic
CD4 TFH cells (ICOS+PD-1+, Figure 3.7C).

IL-15 deficient mice lack CD8 Tregs, mount an enhanced alloantibody response, and resist
transplant tolerance induction
Hitherto, my data demonstrate that B lymphocytes are a key barrier to transplant
tolerance induction in autoimmune NOD mice (Chapter II), and moreover, that failure to regulate
aberrant B cell function via CD8 Tregs permits islet immunity in this strain (Chapter III). As
complementary data suggest that naturally occurring, IL-15 dependent CD122+ CD8 Tregs can
delay skin and islet allograft rejection125, I next questioned whether intact CD8 Treg control of
the CD4 TFH/GC B cell axis was essential to attenuating the alloresponse and establishing
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Figure 3.7. IL-15C activated Ly49+ CD8 Tregs delay diabetes transfer. A) A single injection
of 5e4 Ly49+ CD8 Tregs FACS purified from pre-diabetic NOD mice receiving 1μg of in vivo
stable IL-15C for 7 days (white circles) delay diabetes onset 2.6-fold longer than mice receiving
either 5e4 CD122+ CD8 T cells (white diamonds) or 5e4 CD122- CD8 T cells (white squares)
from untreated, naïve pre-diabetic NOD mice. NOD.RAG mice in all arms received 5e6 CD8depleted splenocytes from hyperglycemic NOD mice 2 days prior to CD8 T cell infusion. On the
day of CD8 T cell transfer, NOD.RAG mice receiving IL-15C activated CD8 Tregs also received
a 1μg injection of in vivo stable IL-15C to maintain CD8 Treg activation. One week after
diabetes onset, mice receiving IL-15C activated Ly49+ CD8 Tregs possessed the largest
population of splenic Ly49+ CD8 Tregs (B) and most condensed population of target CD4 TFH
cells (C). N=5-10 mice per group, significance determined by Log-Rank test or one-way
ANOVA followed by Tukey’s post-test, where appropriate.
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long-term transplant tolerance. As to avoid any immune aberrancies perpetuated by an
autoimmune background, I chose to examine this question in non-autoimmune B6 mice as this
strain is susceptible to transplant tolerance induction and possesses an otherwise functional
population of CD8 Tregs. Herein, I first explored whether the genetic absence of the CD8 Treg
survival cytokine IL-15 altered the CD8 Treg-TFH-GC B cell immune axis in otherwise nonautoimmune, tolerance susceptible B6 mice. As compared to their IL-15 sufficient syngeneic
counterparts, IL-15 deficient B6 mice (B6.IL-15-/-) lacked splenic CD122+Ly49+ CD8 Tregs and
demonstrated concomitant expansions of their splenic CD4 TFH (PD-1+Bcl-6+) and GC B cell
(IgM-Fas+) populations (Figure 3.8A). Accordingly, these findings may in part explain why IL15 deficient B6 mice develop aggravated EAE as compared to their IL-15 sufficient
counterparts211.
Thus, hypothesizing that a loss CD8 Tregs and concomitant expansion of immunogenic
CD4 TFH and GC B cell populations would lead to an enhanced transplant response, I
subsequently determined whether the absence of IL-15 altered how otherwise non-autoimmune
mice respond to alloantigenic challenge. B6 and B6.IL-15-/- mice were immunized with 30e6
MHC-mismatched C3H splenocytes. Although allochallenge increased both the frequency and
proliferation of CD4 TFH cells in both strains, allochallenged B6.IL-15-/- mice generated a
higher frequency of CD4 TFH cells than their allochallenged IL-15 sufficient counterparts
(Figure 3.8B). IL-15 deficiency further resulted in a greater production of anti-C3H IgG1
alloantibody (Figure 3.8B). Overall, these data suggest that in the absence of IL-15, a loss of
CD8 Tregs may permit an over exuberant CD4 TFH response that promotes enhanced GC B cell
antibody production.
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Figure 3.8. IL-15 deficient mice lack CD8 Tregs, mount an enhanced alloantibody response
and resist transplant tolerance induction. A) IL-15 deficiency results in a near complete loss
of CD8 Tregs and concomitant expansion of target CD4 TFH cells and Germinal Center B cells.
(*p<0.05, ***p<0.001 by Student’s t-test). B) Although allochallenge increased both the
frequency and proliferation of CD4 TFH cells in both strains, allochallenged B6.IL-15-/- mice
generated a higher frequency of CD4 TFH cells than their allochallenged IL-15 sufficient
counterparts. Moreover, IL-15 deficiency resulted in increased anti-C3H IgG1 alloantibody titers
following allochallenge (&p<0.05 by Two-way ANOVA followed by Sidak’s multiple
comparisons post test). C) To determine whether CD8 Tregs were a potential target of antiCD45RB therapy, CD45RB isoform levels were compared between naïve (CD122-Ly49-),
memory (CD122+Ly49-), and regulatory (CD122+Ly49+) splenic CD8 T cell populations.
Overall, CD8 Tregs expressed the highest levels of anti-CD45RB. (#p<0.05, ##p<0.0001 by OneWay ANOVA followed by Tukey’s multiple comparisons post test). Moreover, anti-CD45RB
induced CD8 Tregs to proliferate to a greater extent than other CD8 T cell populations. D) To
determine whether IL-15 dependent CD8 Tregs were required during anti-CD45RB mediated
tolerance induction, chemically diabetic IL-15 sufficient and deficient recipients were
transplanted with C3H islet allografts then left untreated or received a standard 7-day course of
anti-CD45RB. Although IL-15 deficiency delayed islet allograft rejection in untreated recipients
(orange trace vs. green trace), this cytokine was absolutely required for long-term tolerance
induction mediated by this therapy (pink trace vs. blue trace, significance determined by Logrank test).
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As anti-CD45RB treatment activates and expands graft-protective CD4 Tregs109, I next
questioned whether CD8 Tregs were also targets of this tolerance inducing therapy. Accordingly,
I first examined CD45RB isoform expression on splenic CD8 T cell populations in nonautoimmune, WT B6 mice. In comparison to their naïve (CD122-Ly49-) and memory
(CD122+Ly49-) CD8 T cell counterparts, CD8 Tregs (CD122+Ly49+) expressed the highest
levels of the CD45RB isoform (Figure 3.8C). To determine whether such increased expression
on CD8 Tregs conferred a functional outcome during anti-CD45RB mediated tolerance
induction, WT B6 mice received a standard 7-day course of anti-CD45RB. Overall, antiCD45RB induced CD8 Tregs to proliferate to a greater extent than other CD8 T cell populations
as measured by Ki67 positivity (Figure 3.8C). Therefore, I hypothesized that anti-CD45RB
mediated CD8 Treg enhancement would be critical to long-term transplant tolerance induction.
Accordingly, diabetic IL-15 sufficient B6 and IL-15 deficient B6.IL-15-/- recipients were
transplanted with C3H islet allografts and were left untreated or administered a standard 7-day
course of anti-CD45RB. Although untreated IL-15 deficient recipients took twice as long to
reject their islet allografts, CD8 Treg deficient B6.IL-15-/- mice were completely resistant to antiCD45RB mediated tolerance induction (Figure 3.8D).

Discussion
CD8 Tregs are a newly defined population of regulatory cells that check the germinal
center response, prevent dangerous epitope spreading, and halt autoimmunity202. Overall, little is
known concerning CD8 Treg mediated control of T1D progression. However, one study by Wu
and colleagues demonstrated that vaccination with peptides derived from Myelin Basic Protein
(1-9NacMBP or p227) fully protected NOD mice from developing diabetes via activation of
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intermediate affinity Qa-1[HSP60 loaded]/TCR restricted CD8 Tregs212. Possessing an ability to
discriminate self from non-self, these CD8 Tregs inhibited the expansion of Insulin B9:23
peptide loaded cells while permitting the expansion of HEL loaded target cells. Thus, when
activated, CD8 Tregs can functionally protect NOD mice from diabetes. However, as activation
of CD8 Tregs was essential in promoting the diabetes-protective capacity of these cells, it can be
inferred that in an otherwise unperturbed state, NOD CD8 Tregs either lack or lose their diabetes
protective function over time. Overall, the mechanisms contributing to CD8 Treg failure in T1D
have yet to be defined.
I have determined that at baseline, T1D-prone NOD mice lack a functional population of
classically defined CD44+CD122+ CD8 Tregs; this deficiency may account for my observation
that NOD mice develop excess antibody responses during antigenic challenge. Recently, the
most potent population of TFH-targeting CD8 Tregs was identified within the Ly49F positive
fraction of these classically defined CD44+CD122+ CD8 Tregs. Interestingly, the Ly49F
isoform of the NK cell family of Ly49 inhibitory receptors is believed to interact with Qa-1124,
which is required for CD8 Treg development and is linked to the diabetes risk locus Idd24. This
locus has further been connected to the prolonged immune response in NOD mice213, which is an
expected biological consequence of defective CD8 Treg function.
Additional genetic analysis has revealed that NOD mice possess the largest Ly49
haplotype of any known mouse strain208. The Ly49 locus in NOD mice contains an
overabundance of activating receptors whose function has been linked to diabetes progression.
This locus resides in the diabetes susceptibility Idd6 region on chromosome 6 in NOD mice.
NOD mice congenic for the B6 chromosomal region D6 Mit 254 to D6 Mit 14 (NOD.NK1.1
mice) have reduced diabetes incidence214. Although the authors suggest improved NK/NKT cell
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performance as a mechanism of disease protection, introduction of the Ly49 locus from B6 mice
may also restore Ly49+ CD8 Treg function in this NOD congenic strain, although this possibility
has not been studied. Thus, although NOD mice possess an extremely polymorphic Ly49 locus,
my ability to rescue the antibody suppressive function of these Ly49+ CD8 Tregs and activate
them to confer diabetes protection suggests that Ly49 does identify CD8 T cells in NOD with the
capacity to regulate islet immunity and antibody production.
In addition to the use of Ly49 as a functional marker for CD8 Tregs, a recent report
highlighted the potential role of the Programmed Death Receptor 1 (PD-1) in CD8 Treg
mediated suppression of the allograft response. These PD-1+CD44+CD122+ CD8 Tregs from
B6 mice delayed rejection of Balb/C skin allografts via an IL-10 dependent mechanism126. As
TFH cells also express components of the PD-1/PD-1L cellular exhaustion pathway123, CD8 Treg
expression of PD-1 may allow direct TFH cell targeting. In a cytometry-based screening analysis
of Ly49+ CD8 Tregs in NOD mice, I detected no expression of PD-1 on CD44+CD122+ CD8 T
Cells. This finding is corroborated by a report that wild-type NOD mice lack PD-1+CD122+
CD8 Tregs, which in turn, permitted enhanced islet effector function by their PD-1-CD122+
CD8 T cell counterparts215. As my results demonstrate functional rescue of Ly49+ CD8 Tregs by
the novel IL-15C superagonist, future studies could investigate whether treatment with IL-15C
restores PD-1 expression on and/or IL-10 secretion by CD122+ CD8 T cells in wild-type NOD
mice.
As CD8 Tregs require IL-15 for their survival, I next explored whether IL-15
inadequacies in the NOD system contributed to the deficiency of these cells. Herein, I
determined that NOD macrophages inadequately trans-present the CD8 Treg-requisite cytokine
IL-15. In 2010, Suwanai et al216 reported that NOD mice possess a defective IL-15 allele, which
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underlies this strain’s NK cell functional deficiency. Exogenous administration of low doses of
IL-15C to the diabetes-protected BDC2.5/NOD mouse preferentially expanded NK cells, which
broke islet cell tolerance and rapidly precipitated diabetes. The authors reported no expansion of
CD44+CD122+ CD8 T cells, suggesting that in contrast to the high doses of IL-15C used to
expand CD8 Tregs in my study, low doses of IL-15C may favor the expansion of diabetespromoting cells rather than their disease-protective regulatory cell counterparts. In fact, NOD
mice demonstrate reduced disease incidence when they genetically lack IL-15217 or are treated
with an anti-IL-15Rb blocking antibody218. Thus, although disruption of the IL-15 axis in these
systems could interrupt residual Ly49+ CD8 Treg function, I hypothesize that the already
profoundly diminished pool of IL-15 Ly49+ CD8 Tregs would be unaffected by any additional
loss of IL-15. It was further reported, however, that in the absence of IL-15 dependent NK cells,
administration of IL-15 to NOD mice prevented disease219. Moreover, in the non-autoimmune B6
setting, co-administration of IL-15 with naturally occurring naïve CD122+ CD8 Tregs prolonged
foreign islet allograft survival125. Thus, I hypothesize that activating CD8 Tregs with IL-15C
specifically, and not their pathogenic IL-15 dependent counterparts, affords disease protection in
the NOD setting.
Patients with T1D have been reported to possess non-functional peripheral blood resident
CD8 Tregs220 as well as a unique TFH cell phenotype (described above)197 that may result from
this dysfunction. Specifically, CD8 Tregs from patients with T1D failed to eliminate isletspecific Glutamic Acid Decarboxylase [GAD]-reactive CD4 T cells via TCR-restricted
interactions with the non-classical MHC Class Ib molecule HLA-E (the human homologue of
murine Qa-1) expressed by target cells. In related clinical studies, patients with recent onset T1D
responding positively to anti-CD3 therapy (Teplizumab) demonstrated an expanded pool of
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circulating central memory like CD8 T Cells194. In fact, CD8 T cells isolated from the peripheral
blood of patients treated with Teplizumab possess restored regulatory function as compared to
CD8+ T cells isolated from patients treated with a control IgG221. These reprogrammed CD8 T
Cells upregulated the expression of the regulatory cell identifier GITR, a marker that I also
determined to be upregulated on classically defined CD8 Tregs from B6 and NOD mice. Thus,
anti-CD3 may reprogram CD8 T cells from an effector to an islet-protective regulatory
phenotype. In fact, I have additionally determined that NOD mice treated with a single 50μg
injection of anti-CD3 demonstrate a 10-fold expansion of Ly49+ CD8 Tregs seven days later.
In the final portion of Chapter III, I determined that IL-15 deficient mice lack CD8 Tregs,
a cellular deficiency which may account for my observation that these mice harbor enhanced
frequencies of immunogenic CD4 TFH and GC B cells, mount an enhanced alloantibody
response, and resist transplant tolerance induction. It is important to note however that CD122+
NK cells also depend on the cytokine IL-15 for their survival222. Thus, from the data presented
above it remains to be determined whether the enhanced alloresponse and resistance to
transplantation tolerance characteristic of IL-15 deficient mice is due to a functional absence of
CD8 Tregs, CD122+ NK cells, or a combination of both cell populations.
This question is highly relevant in that NK cells are active participants in
allorecognition223. Human NK cells express a unique combination of genetically encoded Killer
Immunoglobulin Receptors (KlRs) that scan target cells for the presence of self-MHC-I. In the
absence of self-MHC-I expression, NK cells are licensed to lyse target cells via a perforin, a
process referred to as the “missing self hypothesis.” As KlR/MHC interactions are similarly
restricted by MHC haplotype, NK cells can be licensed to target cells expressing foreign MHCs.
Evidence for NK cell mediated killing of donor APCs was first demonstrated by Yu and
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colleagues in which skin allografts from DBA/2 (H2-d) mice were transplanted onto either T/B
cell deplete B6.RAG-/- mice or T/B/NK cell deplete B6.RAG-/-γc-/- mice (both H2-b)224. Whereas
donor APC recovery 2 weeks after transplantation was nearly undetectable in NK cell replete
RAG-/- recipients, donor APCs were readily detectable in NK cell deplete RAG-/-γc-/- recipients.
Direct allorecognition and destruction of donor APCs by NK cells is believed to further augment
the T cell mediated indirect alloresponse by creating “seed” allopeptides for host APCs223.
Accordingly, the absence of NK cells in untreated IL-15 deficient islet graft recipients could
explain, in part, the 2-fold delay in allograft rejection in that NK cell alloantigen seeding failed to
initiate the indirectly alloreactive T cell pool in these mice.
Moreover, an elegant series of experiments performed by Ronald Gill’s laboratory
demonstrated that NK cells are essential during DST + anti-CD40L or anti-LFA1 mediated
tolerance induction225. NK cell mediated tolerance induction relied on host MHC Class I
expression as well as perforin expression by these innate immune cells. Whether anti-CD45RB
similarly requires NK cells to mediate its tolerogenic effects remains to be determined. To
directly prove whether failed tolerance induction in IL-15 deficient mice is directly attributable
to an absence of CD8 Tregs or NK cells, experiments in which specific antibody mediated
depletion of either cell population is performed prior to transplant tolerance induction are
currently underway. Alternatively, the Cantor laboratory recently developed a unique mouse
strain in which CD8 Tregs cannot ligate and eliminate their target TFH cells123; a point mutation
in this strain’s Qa-1 molecule (D227K) prevents CD8 Treg TCR engagement with Qa-1 and
leads to widespread autoimmunity. Using this strain, the requisite role of CD8 Tregs during
transplant tolerance could be more directly addressed. Overall, understanding whether and how
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CD8 Tregs promote transplant tolerance could one day arm clinicians with an novel means to
selectively control the transplant response.
In conclusion, I demonstrate that NOD mice lack a functional population of classically
defined CD44+CD122+ CD8 Tregs, a dysfunction that may result from a severe deficiency of
the Ly49+ CD8 Tregs that target TFH cells. Despite reduced IL-15 availability in the NOD
system, these Ly49+ CD8 Tregs respond adequately to IL-15, can be restored numerically and
functionally with a novel IL-15C superagonist, and can prevent diabetes transfer. Moreover, I
have determined that IL-15 deficiency imparts a generalized resistance to transplant tolerance
induction highlighting a potential role for newly defined CD8 Tregs in control of the transplant
response. Overall, IL-15 may activate CD8 Tregs in T1D and transplantation, thereby offering
new paradigms for using CD8 Tregs as biomarkers for disease progression or as a novel cellbased therapy (Figure 3.9).
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Chapter Findings

Model Figure

- T1D prone NOD mice possess non-functional,
classically defined CD122+ CD8 Tregs.
- NOD mice possess significantly diminished numbers
of TFH targeting Ly49+ CD8 Tregs.
- NOD Macrophages inadequately transpresent the
CD8 Treg survival cytokine IL-15.
- NOD CD8 Tregs adequately transduce IL-15
mediated survival signals and expand robustly during
exogenous IL-15 administration.
- IL-15 expanded NOD CD8 Tregs possess restored
suppressive function and delay diabetes transfer.
- IL-15 deficient B6 mice lack CD8 Tregs, mount an
enhanced alloantibody response, and resist
transplant tolerance induction.

Future Work
- Determine whether diabetes-protected NOD mice
possessing the B6-derived, Ly49 locus (NOD.B6Idd6)
possess restored CD8 Treg suppressive function.
- Assess the role of IL-10/PD-1 in NOD CD8 Tregs.
- Determine whether the diabetes protective agent
anti-CD3 restores CD8 Treg suppressive function in
NOD mice.
- Determine the role of Qa-1 restricted CD8 Tregs in
the T1D prone NOD environment.
- Assess whether failed transplant tolerance
induction in B6.IL-15-/- mice is due to loss of CD8
Treg vs. NK cell presence/function.
- Define whether NOD CD8 Treg failure contributes
to transplant tolerance resistance in this strain.

Figure 3.9. Chapter III – findings and future work.
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CHAPTER IV

HEMATOPOIETIC STEM CELL MOBILIZATION IS NECESSARY BUT NOT
SUFFICIENT FOR TOLERANCE IN ISLET TRANSPLANTATION

Scientific Goal
In Chapters II and III, I demonstrate that B cell restraint of graft-protective CD4 Treg
function, as well as failed CD8 Treg regulation of the immunogenic TFH-GC B cell axis,
respectively, represent key barriers to successful transplant tolerance induction. In that the
lymphopenic environment characteristic of NOD mice permits the unregulated expansion of
immunogenic B lymphocyte clones, I next questioned whether failures at the earliest stage of B
lymphocyte development, the Hematopoietic Stem Cell (HSC) niche, further contribute to the
generalized resistance to transplant tolerance characteristic of this autoimmune strain. In Chapter
IV, I explore the hypothesis that transplant tolerance induction requires sufficient mobilization of
the HSC niche. Overall, my findings indicate that the HSC compartment plays an underrecognized role in the establishment and maintenance of immune tolerance and this role is
disrupted in diabetes-prone NOD mice. Understanding the stem cell response to immune
therapies in ongoing human clinical studies may help identify and maximize the effect of
immune interventions for T1D.

Introduction
Long-term success in islet transplantation has been difficult to achieve in recipients with
T1D. To date, less than half of patients with T1D undergoing this procedure maintain insulin
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independence after three years165. The induction of permanent immune tolerance would
immensely enhance the outcome of beta cell replacement strategies by protecting the restored
islet cell mass from immune destruction. Like the experience in human recipients, animal models
of T1D are extraordinarily resistant to transplantation tolerance (as demonstrated in my previous
chapters). Even though transplantation tolerance is readily induced in non-autoimmune mice,
neither islet nor other organ allografts have shown stable long-term acceptance when
transplanted in T1D-prone NOD recipients143,144,226.
The most successful attempts to induce transplant tolerance in animal models of T1D
have included bone marrow transplantation (BMT) as part of the regimen227. Extending
observations that irradiated NOD mice reconstituted with Hematopoietic Stem Cells (HSCs)
from the diabetes-resistant B10.BR and Balb/c strains are protected from diabetes228, Li and
colleagues subsequently found that reconstitution of irradiated, diabetic NOD mice with B10.BR
bone marrow at the time of matched B10.BR islet allografting rendered these mice permanently
tolerant to these transplanted islet allografts229. Similar BMT regimens have also demonstrated
some potential in maintaining islet tolerance in patients with T1D. In the context of recent onset
T1D, non-myeloablative clinical trials exploring the role of autologous stem HSC infusion have
demonstrated some success in restoring insulin independence, increasing C-peptide levels, and
decreasing HgA1c levels in recipients230,231. Within the context of islet transplantation, however,
a single study found that patients receiving islet infusions alongside donor-matched HSC
transplantation all succumbed to graft rejection within one year after immunosuppression
withdrawal232. Specifically, the authors attribute their findings to poor recipient/donor chimerism,
which they attribute to the fact that patients did not undergo myeloablation prior to this therapy.
Although patients with lympho-hematological malignancies undergoing myeloablation +
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allogeneic BMT have later achieved permanent solid organ graft tolerance in the absence of
immunosuppression233, the potential risk of GVHD remains hard to justify over exogenous
insulin administration in patients with clinically-manageable T1D.
Overall, it is likely that addition of allogeneic bone marrow creates a state of
microchimerism that facilitates the engraftment of matched organs. In addition to the
presentation of novel antigens, the introduced bone marrow also contributes to the formation of
new cells from hematopoietic stem cell progenitors. The degree to which stem cell progenitor
activity contributes to tolerance induction is not well defined.
Recent studies have suggested that bone marrow resident hematopoietic stem cells
(HSCs) are not the quiescent cells that have long been envisaged but are instead the master
control center of the immune response. In response to a variety of infectious stimuli and cytokine
milieus, HSCs are now known to generate a robust effector cell response while maintaining a
protective state of immune homeostasis234,235. I therefore hypothesized that HSCs play a critical
role during the establishment of allograft tolerance by regulating the immune response to the
organ transplant.
In Chapter IV, I observe that HSC’s are mobilized during tolerance induction with antiCD45RB in healthy, non-autoimmune B6 mice but not during treatment of T1D-prone NOD
mice, which resist transplantation tolerance. Depleting HSCs or inhibiting their mobilization
prevented the establishment of tolerance to islet allografts. I observed that the poor mobilization
in NOD mice relates to HSC overexpression of CXCR4, which otherwise maintains these
pluripotent progenitors in their bone marrow niche. Targeted HSC mobilization improved graft
outcomes in NOD mice suggesting that clinical therapies should measure the HSC response and
attempt to enhance it in order to maximize immune tolerance in T1D.
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The tolerance-inducing agent anti-CD45RB promotes HSC mobilization that is necessary
to establish transplant tolerance
Transplant tolerance inducing agents are often partially immune depleting. Thus, I
hypothesized that the hematopoietic stem cell (HSC) compartment would respond to this loss of
lymphocytes following anti-CD45RB therapy; mobilization in the marrow leads HSCs to leave
their quiescent niche and begin to proliferate in situ. To my knowledge this hypothesis has not
been directly investigated nor has it been studied in the T1D-prone NOD setting. B6 and prediabetic NOD mice were left untreated or received a standard 7-day course of anti-CD45RB. On
day 8, marrow Lineage Negative, c-Kit+Sca-1+ [LSK] stem cells were identified by flow
cytometry; these cells were negative for lineage markers and positive for Sca-1 and c-Kit as
illustrated in Figure 4.1A. Anti-CD45RB enhanced B6 stem cell frequency by 30% (Figure
4.1B). In contrast, anti-CD45RB treatment had no effect on HSC frequency in NOD mice
(Figure 4.1B).
Because there is no absolute standard for identification of HSCs by cell surface markers,
I confirmed the suspected increase in HSC mobilization with a functional assay. To this end,
HSC activation was assessed by a colony forming cell (CFC) assay in which bone marrow from
anti-CD45RB treated B6 mice developed nearly twice as many colonies per 5000 plated bone
marrow cells (BMC) as compared to control (Figure 4.1C). Thus, the tolerogenic agent antiCD45RB activates bone marrow stem cells in tolerance-susceptible B6 mice.
To determine whether this change in stem cell activity affected tolerance induction, I next
depleted HSCs during tolerance induction with ACK2 treatment. Streptozotocin-treated, diabetic
B6 mice received a single 500μg dose of ACK2 prior to the day of islet allografting and
initiation
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Figure 4.1. Tolerance Induction Requires Stem Cell Mobilization. A and B) Hematopoietic
stem cells were identified as LSK cells by staining with a pan-lineage kit to identify lineage
negative (Lin-) cells that were then analyzed for expression of c-Kit and Sca-1 (Lin- cells shown
in plots). Treatment with anti-CD45RB (100μg/day on days 0, 1, 3, 5, and 7) led to an increase in
LSK cells in B6 marrow as quantified in panel B relative to untreated mice. The frequency of
stem cells in the control group was set to 1 in each experimental repetition (*p<0.005 by t-test, 5
independent experiments, n=14 for ctrl and anti-CD45RB). Treatment of NOD mice with the
same regimen of anti-CD45RB led to no change in LSK frequency (p=ns by t-test, 3 independent
experiments, n=6 for ctrl and anti-CD45RB). C) To verify increased HSC activity in B6 mice, a
colony-forming assay was performed. 5000 bone marrow cells from anti-CD45RB treated or
untreated B6 mice were plated for 7 days in methylcellulose culture medium and colonies were
counted. Marrow from anti-CD45RB treated mice produced more than double the colonies
(&p<0.0001 by One-way ANOVA, 3 independent samples per condition in 6 replicates each,
repeated twice). D) HSC’s were depleted by a single 500μg injection of ACK2 (Tocris
Bioscience, Bristol, United Kingdom) one day prior to transplantation. On day 0, chemically
diabetic B6 mice were transplanted with allogeneic C3H islets and treated with a standard 7-day
course of anti-CD45RB. Depletion of HSC’s prior to anti-CD45RB therapy led to more rapid
rejection in some recipients.
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of anti-CD45RB therapy. Animals depleted of HSCs demonstrated a decrease in tolerance
induction with more rapid loss of their islet transplants (Figure 4.1D). Because the ACK2
therapy is short lived, HSCs likely recovered during treatment, which may have limited the
effect. I next sought to determine how HSCs were mobilized in order to target the pathway more
effectively.

The effect of anti-CD45RB is not directly on HSCs but rather on osteoblasts
I considered that the differences in the response of the two strains could relate to
differential expression levels of CD45RB on the cell surface of HSCs. I therefore analyzed
CD45RB expression on LSK marrow cells by flow cytometry. Neither B6 nor NOD HSCs
demonstrated CD45RB expression (Figure 4.2A). In comparison, a significant portion of lineage
positive cells in both strains expressed the CD45RB isoform (Figure 4.2A). Thus, I concluded
that tolerogenic agent anti-CD45RB mobilizes HSCs through an indirect mechanism.
The HSC niche is governed in part by osteoblasts, which are derived from the
macrophage lineage and would be expected to express CD45RB236. As expected, osteoblasts
isolated and cultured from B6 mice expressed Rank-L and Osteocalcin (assessed by flow
cytometry; these studies were performed in collaboration with Yuantee Zhu, an MD/PhD student
in the lab of Florent Elefteriou). Additionally, cultured osteoblasts expressed the CD45RB
isoform (Figure 4.2B). To demonstrate that osteoblast expression of CD45RB was functionally
relevant, I compared the response of cultured B6 osteoblasts to G-CSF, which is known to
mobilize HSCs through an osteoblast-dependent mechanism237, and anti-CD45RB. In assessing
gene expression changes over untreated control cells (Table 2), I found that both agents
downregulated osteoblast CXCL12 expression, which should facilitate HSC mobilization.
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Figure 4.2. Anti-CD45RB targets Osteoblasts. A) Analysis of bone marrow resident HSCs
(upper panel) from both B6 and NOD mice showed that neither expressed significant levels of
the CD45RB isoform. In comparison, a significant portion of Lin+ bone marrow cells in both
strains expressed CD45RB (lower panel). B) Cytometric analysis of cultured osteoblasts from B6
mice demonstrate expression of Rank-L and osteocalcin as expected. Moreover, these osteoblasts
express CD45RB (gray: isotype control). C) Cultured osteoblasts were treated with G-CSF
(R&D, Minneapolis, MN), anti-CD45RB, or left untreated (control) to determine whether the
expressed CD45RB was functional. As compared to untreated osteoblasts, G-CSF and antiCD45RB treated osteoblasts downregulated the expression of CXCL12, which normally retains
HSCs in their niche. Other osteoblast activation markers were also slightly downregulated, but
osteopontin was maintained indicating viable cells.
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Gene

Forward (5’ to 3’)

Reverse (5’ to 3’)

CXCL12
Osteocalcin
Rank-L
Alkaline Phosphatase
Osteopontin
Collagen 1a
GAPDH

TGCATCAGTGACGGTAAACCA GTTGTTCTTCAGCCGTGCAA
CCGGGAGCAGTGTGAGCTTA TAGATGCGTTTGTAGGCGGTC
CACCATCAGCTGAAGATAGT
CCAAGATCTCTAACATGACG
ATCTTTGGTCTGGCTCCCATG
TTTCCCGTTCACCGTCCAC
GATGATGATGACGATGGAGACC CGACTGTAGGGACGATTGGAG
GAGCGGAGAGTACTGGATCG GTTCGGGCTGATGTACCAGT
TCACCACCATGGAGAAGGC
GCTAAGCAGTTGGTGGTGCA

Table 2. Primers used to evaluate osteoblast gene expression.
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Despite downregulating several other osteoblast specific functional genes, these cells maintained
expression of osteopontin indicating cell survival (Figure 4.2C).

Sympathectomy

prevents

HSC

mobilization

by

anti-CD45RB

and

abrogates

transplantation tolerance
Osteoblast dependent mobilization of HSCs following G-CSF can be prevented by
sympathectomy237, which may also be relevant to nervous system dysfunction in candidate
transplant recipients with T1D238,239. To determine whether HSC mobilization induced by antiCD45RB was similarly inhibitable, B6 mice were chemically sympathectomized with 6hydroxydopamine (6-OHD, 100mg/kg/dose on day -4 and 250mg/kg/dose on day -2) before
initiation of a standard 7-day course of anti-CD45RB therapy starting on day 0. Bone marrow
resident LSK cells were analyzed on day 8. Consistent with Figure 4.1, anti-CD45RB treatment
alone activated HSC mobilization (Figure 4.3A). Pretreatment with 6-OHD ablated antiCD45RB mediated HSC mobilization (Figure 4.3A).
Because sympathectomy prevented HSC mobilization, I determined whether it also
prevented tolerance induction. Following a similar dosing strategy, chemically diabetic B6 mice
were sympathectomized with 6-OHD, transplanted with C3H islets, and administered antiCD45RB for 7 days. Overall, sympathectomy significantly diminished anti-CD45RB mediated
tolerance induction with only one recipient demonstrating long-term transplant survival (Figure
4.3B).
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Figure 4.3. Sympathectomy Blocks HSC Mobilization and Tolerance Induction. A) B6 mice
were chemically sympathectomized with 6-hydroxydopamine (6-OHD, Sigma Aldrich, St.
Louis, MO) on days -4 (100mg/kg) and -2 (250mg/kg) relative to the initiation of a standard 7day course of anti-CD45RB. The marrow LSK cell response was then measured on day 8. As
previously shown, anti-CD45RB induced a significant increase in the percent of LSK cells.
Sympathectomy itself had no effect on baseline HSC levels whereas it completely abolished antiCD45RB mediated LSK response (p<0.01 by One-way ANOVA followed by Tukey’s multiple
comparisons post-test: *p<0.05 anti-CD45RB vs. 6-OHD/CD45, *p<0.05 anti-CD45RB vs.
Control). B) Sympathectomized or control mice received allogeneic C3H islet transplants and
were left untreated or treated with anti-CD45RB. Sympathectomy itself had no effect on
rejection kinetics. Tolerance induction by anti-CD45RB was abrogated by prior sympathectomy
(*p<0.001 by Log-rank test).
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Blockade of excess CXCR4 enhances NOD HSC mobilization and extends islet transplant
survival
I further investigated whether enhanced HSC mobilization would augment islet
transplantation in the setting of T1D. Treatment of B6 and NOD mice with G-CSF, which acts
with the sympathetic nervous system to modulate osteoblast-mediated HSC retention237, was
highly effective in B6 mice but exhibited only a modest effect on NOD LSK cells (Figure 4.4A).
In addition to the role of the sympathetic nervous system (SNS)-marrow axis, HSCs are retained
in their quiescent niche by their expression of CXCR4. Flow cytometry analysis demonstrated
significantly higher CXCR4 expression on NOD than B6 LSK cells (Figure 4.4B). Targeting
CXCR4 with AMD3100 (100μg/day subcutaneous injections for 5 days) resulted in robust HSC
mobilization in NOD that exceeded the B6 response (Figure 4.4C). My data complement clinical
findings demonstrating that patients with T1D respond poorly to G-CSF mediated HSC
mobilization yet appropriately respond to AMD3100 mediated HSC mobilization240.
I next determined whether HSC mobilization supported improved islet allogeneic
transplant survival in NOD mice. Treatment with AMD3100 alone prior to transplantation led to
a nearly 7-fold prolongation over anti-CD45RB NOD recipients receiving C3H islet allografts
(Figure 4.4D, p<0.05). Addition of anti-CD45RB to the AMD3100 pretreatment led to a further,
albeit slight increase in allograft survival. However, permanent tolerance induction was not
observed suggesting that NOD immune cells resist tolerance induction at multiple steps.

Discussion
My data suggest that proper HSC mobilization and sympathetic innervation are prerequisites for tolerance induction during islet transplantation. Persons with established T1D are
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Figure 4.4. Targeting CXCR4 Enhances HSC Mobilization and Extends Islet Allograft
Survival in NOD mice. A) B6 and NOD mice were left untreated or treated with G-CSF
(250μg/kg/day for 5 days in 8 divided doses). Spleens were harvested 2-3 hours after the last
dose. Whereas B6 mice demonstrated a robust increased in LSK cells following G-CSF
treatment, little change was seen in NOD mice (*p<0.001 by Two-way ANOVA followed by
Sidak’s multiple comparisons post-test). B) NOD bone marrow resident LSK cells demonstrated
significantly greater CXCR4 expression than B6 LSK cells as measured by flow cytometry
(*p<0.05 by t-test). C) Blockade of CXCR4 with AMD3100 (100μg/day for 5 days,
subcutaneous injections, Sigma Aldrich, St. Louis, MO) led to significantly increased LSK cell
frequencies in the spleens of NOD mice (*p<0.05 by Two-way ANOVA followed by Sidak’s
multiple comparisons post-test). D) Islet transplantation following pretreatment with AMD3100
(100μg/day on days -4, -3, -2, -1, and 0 relative to the day of transplant) in NOD mice led to a
significant prolongation in islet survival, which was further extended by addition of antiCD45RB although permanent tolerance was not achieved (p values determined by Log-rank
test). E) A schematic of the bone marrow HSC niche indicating the presumed action of antiCD45RB on osteoblasts and the contribution of the sympathetic nervous system (1), as well as
the ability of CXCR4-CXCL12 blockade to bypass these steps and promote mobilization in
NOD mice (2).
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well known to have disturbed sympathetic function238,239. These disruptions have been
specifically linked to inadequate HSC mobilization in patients with T1D, which others have
linked to increased risk for cardiovascular disease238. My data suggest that this disruption will
impede their responses to immune therapies. Whether persons at risk for T1D have sympathetic
dysfunction is less well studied; however, one group determined that patients close to disease
onset exhibit some level of autonomic dysfunction suggesting that decrements in the SNSimmune axis may contribute to diabetes progression143,226. In the NOD mouse, diabetes has also
been correlated with the development of autonomic dysfunction241. In addition, multiple nervous
system antigens have proven to be the targets of the autoimmune attack242-244.
My studies in Chapter IV add to these limitations by identifying that T1D prone NOD
mice resist SNS-dependent, G-CSF mediated mobilization of HSCs. Furthermore, I determined
that excess expression of CXCR4 on NOD HSCs may contribute to failures of bone marrow
responsiveness that may in part perpetuate loss of immunologic tolerance; this finding
complements previous findings that 1) CXCL12 levels are enhanced in NOD bone marrow, 2)
NOD HSCs demonstrate enhanced chemotaxis to CXCL12, and 3) CXCR4/CXCL12 blockade
with AMD3100 prevents diabetes in NOD mice245. Similar to work published by Fiorina and
colleagues, my data confirm that targeting CXCR4 with AMD3100 leads to islet allograft
prolongation246. In both studies, administration of this agent at the time of transplantation failed
to induce permanent allograft tolerance. My work is unique however, in that I connect the HSC
mobilization to transplant tolerance induction.
In relating these findings to my observations in Chapter II and III, a number of groups
have in part defined how a dysregulated HSC niche in NOD mice may later propagate unchecked
anti-islet T and B effector cell function. In 2008, Leng and colleagues found that excess
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CXCL12 in NOD bone marrow enhances both naïve T cell and CD4 Treg recruitment to this
niche245. Although yet to be proven, the authors speculate that CXCL12 driven accumulation of T
cells in the bone marrow may perpetuate a state of peripheral lymphopenia that permits an
otherwise unchecked homeostatic proliferation of islet reactive T cells. Extending these
observations, it may be speculated that this mechanism fosters the unregulated expansion of antigraft effector T cells in NOD mice that are consequently resistant to anti-CD45RB mediated
transplant tolerance induction. Furthermore, it is well documented that NOD HSCs demonstrate
enhanced engraftment potential over HSCs from other diabetes-protected strains247. Such HSC
retention is directly attributable to the Idd9 risk locus. Although NOD mice that possess the
B10.Idd9.3 locus from diabetes resistant B10 mice (termed NOD.B10.Idd9.3 mice) are protected
from diabetes due to enhancements in islet-protective CD137+ CD4 Tregs and reductions in the
diabetogenic capacity of CD4 T effector cells, NOD.B10.Idd9.3 mice are no more permissive to
anti-CD40L mediated transplant tolerance induction than their WT NOD counterparts226. Overall,
determining which combinatorial genetic factors prevent HSC mobilization in NOD mice may
reveal new targets to restore transplant tolerance in this otherwise resistant strain.
As HSC mobilization may underlie the potential for tolerance induction, measuring the
HSC response could represent a new opportunity to identify responder and non-responders to
clinical T1D immune therapy. Moreover, it would be anticipated that HSC activity would be a
prominent feature of bone marrow transplantation (BMT). In part, HSC enhancement could
explain the success of BMT in the NOD model in terms of diabetes prevention and islet allograft
potentiation. Furthermore, HSC enhancement may explain the promising preliminary clinical
results of autologous transplantation in human T1D. However, the contribution of HSC
mobilization has not been examined in detail in any of these settings. My data suggest that
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approaches to enhance HSC activity could foster the success of other immune therapies. In
addition, my data indicate that tolerance induction is a multi-step process beginning at the level
of the HSC. Achieving immune tolerance in T1D will likely necessitate targeting multiple
immune pathways with separate therapies.
Overall, my data in Chapter IV suggest that HSC mobilization is a required step in
tolerance induction that fails in T1D (Figure 4.5). Improving HSC mobilization improves graft
survival but there remain additional obstacles that must also be addressed to obtain durable
transplantation tolerance. Nonetheless, further investigation of the hematopoietic progenitor
response during T1D prevention and reversal trials may yield additional insight into fundamental
aspects of the immune response that lead to beta cell loss.
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Chapter Findings

Model Figure

- The tolerogenic therapy aCD45RB enhances
Hematopoietic Stem Cell (HSC) mobilization in
tolerance susceptible B6 mice but not in tolerance
resistant NOD mice.
- Partial HSC depletion impedes transplant tolerance
induction in B6 allograft recipients.
- aCD45RB targets osteoblasts to downregulate the
HSC retaining cytokine CXCL12.
- Chemical sympathectomy blocks aCD45RB
mediated HSC mobilization and impedes transplant
tolerance induction.
- Targeting CXCR4 enhances HSC mobilization and
extends islet allograft survival in NOD mice.

Future Work
- Dissect which genetic determinants contribute to
enhanced HSC retention in NOD mice.
- Characterize the progression of inadequate SNS
function in NOD mice over the course of disease
development.
- Determine whether augmenting HSC mobilization
enhances tolerance induction in susceptible strains
(e.g. G-CSF administration).
- Assess whether the dysregulated IFNγ response in
NOD mice contributes to inadequate HSC
mobilization required of transplant tolerance.

Figure 4.5. Chapter IV – findings and future work.
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CHAPTER V

LUPUS PRONE MICE RESIST IMMUNE REGULATION AND TRANSPLANT
TOLERANCE INDUCTION

Scientific Goal
Inadequate regulation of T-B cell collaboration (Chapter II and III), as well as insufficient
HSC mobilization (Chapter IV) pose a substantial barrier to transplant tolerance induction in
autoimmune T1D. Whether other forms of autoimmunity characterized by similar dysregulations
in T-B cell collaboration impede transplant tolerance induction remains to be determined, despite
the fact that autoimmune disease represents a significant indication for clinical transplantation. In
Chapter V, I explore the hypothesis that resistance to CD4 and CD8 T regulatory cell
suppression in Systemic Lupus Erythematosus (SLE) poses a stringent barrier to transplant
tolerance induction. Understanding the cellular and molecular aberrancies that contribute to loss
of self-tolerance in alternative models of autoimmunity may reveal targetable mechanisms by
which the autoimmune environment may be modulated to achieve transplant tolerance.

Introduction
Autoimmune Systemic Lupus Erythematosus (SLE), a disease that affects up to 150 in
100,000 individuals248, is driven by unchecked collaboration between autoreactive T and B
lymphocytes. These deleterious immune interactions manifest in the production of tissuedestructive autoantibodies and generalized inflammation, which can result in permanent damage
to multiple organs including the kidney, skin, joints, vessels, lungs, heart, and nervous system.
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Although it remains impossible to predict those patients who will progress to clinical SLE, there
exists a strong genetic component to this disease. In general, no single genetic polymorphism
alone accounts for clinical SLE manifestations. However, mutations in innate immune mediated
signaling pathways (C1q, IFNα related signaling molecules IRF5, STAT4, IRAK1, TLR7),
adaptive immune mediated signaling pathways (PTPN22, PD-1, LYN, BLK, FcγRII/II), as well
as specific HLA haplotypes (HLA-DR2/3) place individuals at higher risk of disease249.
Furthermore, a number of non-genetic factors (i.e. environmental cues) play a role in disease
pathogenesis as there exists only a 14-57% disease concordance rate between monozygotic
twins250. Associated triggers include UV exposure, sulfa drugs, certain tetracycline/penicillin
derived antibiotics, infection, trauma, and pregnancy. There currently exists no cure for SLE.
Physicians will prescribe regiments of immunosuppression including glucocorticoids,
mycophenolate, cyclophosphamide, azathioprine, or cyclosporine during disease flares with the
goal of preventing organ damage. The biologic agents Belimumab (anti-BLyS, which inhibits the
B cell survival factor BAFF) and Rituximab (anti-CD20, which depletes B cells) are routinely
used clinically. New agents including Tofacitinib (a JAK3/STAT5 signaling inhibitor, which
inhibits T cell activation) and Toclizumab (anti-IL-6R, which blocks immunogenic IL-6
signaling) are currently in clinical trials. Despite the promising efficacy of these new agents
however, a significant number of patients are now known routinely “escape” the benefits of these
drugs251, suggesting that these agents do not confer true immunologic tolerance.
If inadequately controlled pharmacologically, immune complex deposition and T cell
activation can drive glomerular injury to cause Lupus Nephritis, which in 2004, accounted for
approximately 1.1% of all cases of End Stage Renal Disease (ESRD) in the United States.
Accordingly, of the 17,106 kidney transplants performed in 2014 in the US, 446 cases were due
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to lupus-related ESRD based on Organ Procurement and Transplantation Network (OPTN) data
as of April 1, 2015. Yet despite intense immunosuppression regimens, patients with SLE remain
at risk for Recurrent Lupus Nephritis (RLN) in their kidney grafts, a scenario that places patients
at a 4-fold higher risk of organ rejection252. In fact, 1 out of every 9 renal transplants in patients
with SLE related ESRD were retransplants directly attributable to RLN (OPTN). Complementing
these findings, nearly half of patients with T1D receiving islet transplants require a second islet
reinfusion just one year after receiving their initial graft165. Overall, achieving graft tolerance in
the highly immunogenic autoimmune environment requires overcoming both recurrent
autoimmunity against the grafted tissue as well as alloimmunity propagated by foreign tissue
antigens.
Despite a significant body of work defining tolerance induction in mice and additional
evidence that autoimmunity poses a substantial barrier to allograft tolerance253, tolerance
induction in the setting of lupus is poorly understood. It remains unanswered how underlying
autoimmunity contributes to graft rejection and to what degree these barriers can be generalized.
In contrast to the NOD mouse, there exist many models of murine lupus in which one could
explore the transplant response. Characteristic of the outbred NZBxNZW (BWF1), MRL-Faslpr,
BXSB.Yaa, NZM2328, and NZM2410 strains is a propensity to develop fatal lupus nephritis254.
As these strains age they develop high titers of autoantibodies directed at nucleic acid
derivatives. Subsequent renal immune complex deposition ensues leading to glomerulonephritis.
Similar to human SLE, murine lupus is a multifactorial disease in which a number of genetic risk
alleles act in concert to precipitate loss of T and B cell mediated self-tolerance.
Accordingly, numerous groups have explored whether inadequate CD4 Treg function
permits disease pathogenesis in these murine models of SLE255. In the context of BWF1 lupus,
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neonatal CD4 Treg depletion via the depleting agent PC61 results in rapid development of
nephritis with concomitant increases in IL-6 and IFNγ production256. Alternatively, transfer of ex
vivo IL-2/TGFβ expanded CD25+CD62LHI CD4 Tregs attenuates disease when administered
after the earliest signs of proteinuria257. Thus, from these studies it can be inferred that SLE mice
possess a potentially functional pool of protective CD4 Tregs that may later fail to adequately
prevent disease pathogenesis.
Building on these observations, Wilhelm and colleagues recently demonstrated that CD4
Tregs from lupus-prone NZM2410 congenic B6.SLE123 mice were able to suppress the
proliferation of syngeneic, non-autoimmune B6 effector T cells258. Interestingly however,
effector T cells from these lupus-prone mice failed to be suppressed by CD4 Tregs from either
lupus-prone or non-autoimmune syngeneic mice. In other words, disease progression in these
lupus-prone B6.SLE123 mice may be characterized by an evolving effector T cell resistance to
CD4 Treg mediated suppression. Complementing these findings, the Mathis laboratory
demonstrated that effector T cells from NOD mice also resist Treg mediated suppression259,
thereby suggesting a shared immunologic phenotype across different forms of autoimmunity.
From a clinical standpoint, Venigalla and colleagues observed that CD4+CD25- effector T cells
from patients with active SLE were less sensitive to autologous CD4 Treg mediated suppression
(CD4+CD25+CD127-) as compared to the patients with inactive SLE260. Furthermore, patients
with SLE undergoing Rituximab mediated B cell depletion demonstrate increases in CD4 Treg
frequencies261, thereby highlighting the deleterious role that other types of effector cells play in
restraining CD4 Tregs in this disease (an observation complementing my hypothesis explored in
Chapter II). Overall, determining whether SLE is in part perpetuated by effector cell resistance to
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CD4 Treg mediated suppression and/or intrinsic CD4 Treg dysfunction remains an active area of
investigation.
In addition to the protective role of CD4 Tregs, CD8 Tregs are absolutely essential for
preventing lupus-like pathology in murine models. Pioneering work by the Harvey Cantor
laboratory demonstrated that genetic elimination of the CD8 Treg restriction element Qa-1 in
otherwise non-autoimmune prone B6 mice results in high dsDNA autoantibody titers and renal
immune-complex deposition123. Mechanistically, these CD8 Tregs eliminate Qa-1 expressing T
Follicular Helper (TFH) Cells via perforin. If unchecked, unrestrained CD4 TFH cells can lead to
an uncontrolled Germinal Center B cell response characteristic of autoantibody production.
Murine CD8 Tregs express CD44, CD122, and the NK-receptor Ly49, depend on the expression
of the master transcription factor Helios, and require STAT5 signal transduction to elicit their
suppressive function119,124. From a clinical standpoint, a number of reports have documented
various numerical and functional CD8 Treg deficiencies in patients with SLE262. However, as
there exists no canonical phenotype of CD8 Tregs in the human setting, the extent to which these
cells contribute to clinical SLE remains to be defined.
In Chapter V, I examine immune regulation and tolerance induction in a fully penetrant
model of lupus, the B6.SLE123 mouse (a model developed by Edward Wakeland, UTSW, which
harbors the lupus-promoting NZM2410 congenic regions SLE1, SLE2, and SLE3 but is
otherwise congenic to non-autoimmune B6 mice263). As non-autoimmune B6 mice are otherwise
susceptible to transplant tolerance induction, choice of this model allowed me to explore the
specific contribution of these lupus-promoting loci in the induction of transplant tolerance.
Herein, I determined that B6.SLE123 mice, unlike wild-type B6 mice, resist anti-CD45RB
mediated tolerance induction to foreign islet allografts, which I have studied to limit the
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contribution of recurrent autoimmunity. Mechanistically, effector CD4 T and B cells from this
strain resist suppression mediated by both CD4 T Regulatory Cells (CD4 Tregs) and CD8 T
Regulatory Cells (CD8 Tregs). Overall, my findings demonstrate that resistance to immune
regulation in the autoimmune lupus setting may pose a stringent barrier to transplant tolerance
induction and provide a new model for investigation of this clinical challenge.

Lupus prone B6.SLE123 mice possess expanded splenic CD4 TFH and Germinal Center B
cells, fluctuating CD4 Treg and CD8 Treg populations, and generate an exaggerated
alloantibody response
Lupus-prone mouse strains harbor expanded and activated populations of effector CD4 T
and B cells which promote the generation of autoantibodies and the generalized inflammation
characteristic of human SLE. T follicular helper (TFH) cells, which promote the activation and
expansion of germinal center (GC) B cells, may be prominent in active autoimmunity196 and are
required for SLE progression in Roquinsan/san (sanroque) mice264. Thus, as expected, 5-month old
B6.SLE123 mice harbored 7-times as many splenic PD-1HIBcl-6+ TFH cells and 13-times as
many Fas+IgM- Germinal Center B Cells as compared to age-matched B6 controls (Figure 5.1A).
Both CD4 T Regulatory Cells (CD4 Tregs) and CD8 T Regulatory Cells (CD8 Tregs)
attenuate the germinal center reaction before it results in tissue-destructive immunity123,200. I
investigated whether lupus-prone B6.SLE123 possessed altered populations of these regulatory
cells. Although B6.SLE123 mice possessed slightly increased percentages of CD4 Tregs and
CD8 Tregs at 5-months (Figure 5.1A), immune regulation may be severely compromised in
these lupus-prone mice as TFH cells outnumber CD4 Treg and CD8 Treg populations 0.7:1 and
3.3:1, respectively. In comparison, target TFH cells are in an approximately 0.09:1 and 0.3:1
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ratios with CD4 Tregs and CD8 Tregs in the background non-autoimmune B6 strain (p=0.04 by
Mann-Whitney test). I also note that CD4 Tregs in B6.SLE123 mice demonstrate decreased
levels of CD25 expression (B6.SLE123: MFI of 249±5vs. B6: MFI of 401±9, p<0.001 by
student’s t test), a phenotype which has been observed in patients with SLE265. Finally, although
aged B6.SLE123 mice possess significantly increased numbers of CD25+Foxp3+ CD4 Tregs as
compared to their 7.5 month-old B6 counterparts (B6.SLE123: 9.9±0.73% vs. B6: 5.6±0.29% of
CD4 T cells, p<0.001 by student’s t test), the number of CD122+Ly49+ CD8 Tregs is decreased
to nearly undetectable levels by 7.5 months of age (B6.SLE123: 0.56±0.24% vs. B6: 4.0±0.04%
of CD8 T cells, p<0.005 by student’s t test), a time at which these mice develop progressive
glomerulonephritis (Figure 5.1B).
To determine whether the expanded and potentially unregulated TFH and GC B cells in
lupus-prone B6.SLE123 mice resulted in enhanced alloimmunity, I immunized both B6 and
B6.SLE123 strains with MHC-mismatched C3H splenocytes (H-2k). Fourteen days after
immunization, lupus-prone mice generated significantly higher anti-C3H IgG2a, IgG2b, and
IgG3 alloantibody titers than non-autoimmune mice (Figure 5.1C).
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Figure 5.1. Lupus prone B6.SLE123 mice possess expanded splenic CD4 TFH and
Germinal Center B cells, fluctuating CD4 Treg and CD8 Treg populations, and generate an
exaggerated alloantibody response. A) 5-month old B6.SLE123 mice have expanded splenic
populations of CD4 TFH cells (CD4+PD-1HIBcl-6+), Germinal Center B cells (B220+Fas+IgM-),
CD4 Tregs (CD4+CD25+Foxp3+), and CD8 Tregs (CD8+CD122+Ly49+), as observed in the
contour plots. B) Compared to 7.5-month old B6 mice (top panels), similarly aged B6.SLE123
mice (bottom panels) possess an expanded population of splenic CD4 Tregs yet completely lack
CD8 Tregs, the latter of which may permit unchecked CD4/B cell immunity characteristic of
proliferative glomerulonephritis seen in lupus. C) B6.SLE123 mice (H-2b) generate an
exaggerated IgG2a, IgG2b, and IgG3 alloantibody response 14 days after immunization with
MHC mismatched splenocytes from C3H mice (H-2k). N=5 mice per strain. Significance was
determined by student’s t-test, *p<0.05.

116

Effector T Cells from Lupus prone mice resist CD4 Treg suppression of the IFNγ response
CD4 T effector cells from lupus prone B6.SLE123 mice resist CD4 Treg mediated
suppression of the proliferative response258. As IFNγ produced by activated CD4 T helper cells
directly augments IgG2b alloantibody production266 (cf Figure 5.1C), I questioned whether CD4
T effector cells from this lupus-prone strain would similarly resist CD4 Treg based suppression
of the IFNγ response. Naïve CD4 Tregs (CD4+CD25+) were sorted from B6 and B6.SLE123
mice by MACS and plated with MACS purified CD4 T effector cells (CD4+CD25-) from either
B6 or B6.SLE123 mice, along with the stimulus anti-CD3 and anti-CD28 in a crossover
platform. Although CD4 Tregs from B6.SLE123 mice suppressed IFNγ production by CD4 T
effector cells from B6 mice to similar levels as the B6 syngeneic system, CD4 Tregs from B6
mice failed to suppress IFNγ production by CD4 T effector cells from B6.SLE123 mice (Figure
5.2A; data presented herein was generated in collaboration with Amy Major and Ashley
Wilhelm, Vanderbilt University), indicating that B6.SLE123 CD4 Tregs were similarly
functional despite the slight decrease in CD25 MFI reported above.
To elucidate why CD4 T effector cells from these lupus prone mice resisted CD4 Treg
based suppression, I explored the response to TGFβ as this cytokine directly dampens the IFNγ
response via a CD4 Treg dependent mechanism267. Whole splenocytes from B6.SLE123 mice
activated in the presence of exogenous TGFβ showed resistance to suppression of IFNγ
production as compared to control (Figure 5.2B). This was supported by reduced pSMAD-2/3
expression (Figure 5.2C) in B6.SLE123 CD4 T cells when exposed to TGFβ. pSMAD-1/5/8
expression in response to BMP-4 (Figure 5.2D) stimulation was intact in B6.SLE123 CD4 T
cells indicating that the pSMAD defect was specific to the canonical TGFβ signaling pathway268.
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Figure 5.2. Effector CD4 T Cells from Lupus prone mice resist CD4 Treg mediated
suppression of the IFNγ response. A) B6.SLE123 effector CD4 T cells resist B6 CD4 Treg
mediated suppression of the IFNγ response. B) Plated B6.SLE123 splenocytes are resistant to
TGFβ mediated suppression of the IFNγ response. C) B6.SLE123 CD4+ T cells inappropriately
decrease SMAD2/3 phosphorylation when exposed to TGFβ; however these cells appropriately
phosphorylate SMAD1/5/8 in response to BMP-4 (D). N=3-5 mice per strain/condition.
Significance was determined by two-way ANOVA followed by Sidak’s multiple comparisons
post-test, or by Student’s t-test, where appropriate. (These data were generated in collaboration
with Amy Major and Ashley Wilhelm, Vanderbilt University).
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Effector CD4 T and B Cells from Lupus prone mice resist CD8 Treg mediated suppression
Extending my experimental crossover platform, I determined whether effector CD4 T and
B cells from B6.SLE123 mice also resisted CD8 Treg mediated suppression124. Donor B6 and
B6.SLE123 mice were immunized with KLH and CD8 Treg (CD8+CD122+Ly49+) and nonCD8 Treg (CD8+CD122+Ly49-) populations were purified via FACS. Immunodeficient
B6.RAG mice were then injected with either of these CD8 Treg or non-CD8 Treg populations,
along with MACS purified CD4+CD25- T and B220+ B cells from either antigen-naive B6 or
B6.SLE123 mice (Figure 5.3A). Recipient mice were immunized and boosted with the original
test stimulus NP-KLH and the high-affinity anti-NP antibody response was compared between
groups by ELISA. Whereas CD8 Tregs from both B6 and B6.SLE123 mice suppressed the highaffinity antibody response when targeting B6 CD4 T and B cells, target B6.SLE123 CD4 T and
B cells resisted suppression when transferred with either CD8 Tregs from either donor (Figure
5.3B). Thus, although B6.SLE123 CD8 Tregs are able to target effector cells from nonautoimmune mice, target effector cells from autoimmune lupus-prone mice resist CD8 Treg
mediated suppression, which could promote an unchecked antibody response.

Lupus-prone mice lack ongoing islet immunity yet resist anti-CD45RB mediated tolerance
induction to islet allografts
Anti-CD45RB induces permanent tolerance to foreign allografts via activation of antigenspecific, graft-protective regulatory cells95,109,114. After a 7-day course of anti-CD45RB, the
absolute number of splenic Foxp3+ CD4 Tregs expanded 1.74-fold in B6 mice and 1.76-fold in
B6.SLE123 mice and the percent of proliferating Ki67+ CD8 Tregs increased 2.28-fold in B6
mice and 1.48-fold in B6.SLE123 mice although the absolute number of CD8Tegs were
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Figure 5.3. Effector CD4 T and B Cells from Lupus prone mice resist CD8 Treg mediated
suppression. A) In vivo CD8 Treg suppression assay in which KLH-activated CD8 Tregs and
naïve CD4+CD25- T Cells / whole B220+ B Cells are transferred to immunodeficient B6.RAG
recipients that are immunized and boosted with the test stimulus NP-KLH. A similar crossover
platform was used as described in Figure 2A. B) CD8 Tregs from B6 and B6.SLE123 mice
potently suppress the high-affinity anti-NP8 IgG response when targeting non-autoimmune
CD4/B cells (upper panels). Effector CD4/B cells from lupus-prone B6.SLE123 mice resist
suppression when targeted by CD8 Tregs from either B6 or B6.SLE123 mice (lower panels).
N=5 mice per experimental group. Significance determined by performing a semi-logarithmic
linear regressional analysis followed by y-intercept and slope curve comparison.

120

unchanged in both. Statistically, there were no significant differences in anti-CD45RB mediated
Treg expansion between treated B6 and B6.SLE123 mice. Despite similar Treg expansion in
B6.SLE123 mice, I hypothesized that these lupus-prone mice would resist anti-CD45RB
mediated tolerance induction to foreign allografts as their regulatory cells would not control antigraft effector CD4 T and B cells. I performed islet allograft transplantation after determining that
B6.SLE123 mice lacked pre-formed anti-insulin IgG that would expose the graft to ongoing,
islet-specific immunity (Figure 5.4A). As a positive control, Non-Obese Diabetic (NOD) mice,
which resist anti-CD45RB mediated tolerance induction to islet allografts, possessed circulating
anti-insulin IgG. A 7-day course of anti-CD45RB induced long-term tolerance to MHCmismatched C3H islet allografts (H-2k) when transplanted into chemically diabetic nonautoimmune B6 mice (Figure 5.4B, Median Survival Time (MST) >100d vs. MST 13d in
untreated controls). However, when lupus-prone B6.SLE123 mice were transplanted with C3H
islets and administered anti-CD45RB, all recipients rejected their islet allografts by 40d (MST
21d) (Figure 5.4B). Thus, even in the absence of underlying organ-specific immunity, the
autoimmune setting of lupus is highly resistant to transplant tolerance induction.
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Figure 5.4. Lupus prone mice lack ongoing islet immunity yet resist anti-CD45RB mediated
tolerance induction to islet allografts. A) Unlike Type 1 Diabetes (T1D) prone NOD mice
(n=14) that develop islet-specific immunity, B6 (n=10) and B6.SLE123 (n=12) mice lack
circulating anti-insulin IgG (serum prepared from 8-week old mice). Supernatant from the
hybridoma mAb125 (anti-insulin IgG producing) was used a positive control. “No 1°” represents
plates coated without serum (negative control). B) Despite lacking islet-specific autoimmunity,
lupus-prone B6.SLE123 mice are completely resistant to anti-CD45RB mediated tolerance
induction to C3H islet allografts (open squares, n=8, MST 21d). Anti-CD45RB therapy induces
long-term tolerance in non-autoimmune B6 mice (closed squares, n=13, MST>100d) whereas
untreated B6 mice rapidly reject C3H islet allografts (closed circles, n=6, MST 13d).
Significance was determined by the Log-Rank test.
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Discussion
SLE is a complex immunologic disease that results in permanent, multi-organ
dysfunction. Lupus Nephritis represents a significant cause of ESRD in the US, culminating in
approximately 500 renal transplants and 50 re-transplants each year (OPTN). Thus, attenuating
autoantibody production and lymphocyte activation before kidney damage results remains a
critical barrier to preventing lupus-related ESRD. In Chapter V, I demonstrate that lupus-prone
B6.SLE123 mice, despite having no islet-specific immunity, are completely resistant to antiCD45RB mediated tolerance induction to islet allografts. As this therapy activates graftprotective regulatory cells, I relate this strain’s resistance to my observation that effector cells
from these mice are highly resistant to both CD4 Treg and CD8 Treg mediated suppression. As
future studies move towards linking this resistance to graft rejection directly, it will be vital to
understand how Tregs of both the CD4 and CD8 class interact with each other to regulate the
immune response to transplant antigens.
In the non-autoimmune setting, the Germinal Center reaction is tightly checked by
regulatory T lymphocytes (Tregs)200. However, there exists conflicting evidence on the
suppressive capacity of CD4 Tregs in the murine setting of lupus. Whereas CD4 Tregs from
lupus-prone (NZBxNZW)F1 mice demonstrated similar suppressive capacity as CD4 Tregs from
non-autoimmune Balb/c mice, CD4 Tregs from another lupus-prone strain, MRL/MpJFas(lpr/lpr)J mice, demonstrated reduced suppressor function when compared to CD4 Tregs
from non-autoimmune CBA/J mice257,269. However, these experimental platforms utilized noncongenic strains as controls. To more accurately define the suppressive capacity of lupus-derived
CD4 Tregs, I utilized a B6 congenic system, the B6.SLE123 mouse, in which three lupuspromoting genetic regions from the lupus-prone strain NZW2410 have been introduced: SLE1,
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which permits the loss of nuclear antigen tolerance; SLE2, which lowers B cell activation
threshold; and SLE3, which enhances T cell activation263. Using a crossover platform, I
demonstrate that CD4 Tregs from B6.SLE123 mice possess similar suppressive capacity as CD4
Tregs from B6 mice when targeting effector CD4 T cells from non-autoimmune B6 mice. I
further determined that target CD4 T effector cells from B6.SLE123 mice resist suppression by
B6 CD4 Tregs, a finding which complements previous studies demonstrating a similar effector
cell resistance to regulation observed in NOD mice.
Importantly, not all models of lupus possess effector cell resistance. Lupus-prone BAFFTg mice, which overexpress the cytokine BAFF similar to some SLE patients, possess expanded
CD4 Tregs and regulation-sensitive T effector cells. When transplanted with islets, these mice
are partially permissive to long-term allograft tolerance137, further suggesting that effector cell
resistance in the B6.SLE123 model contributes to failed tolerance. The opportunity for genetic
dissection in the SLE123 system should permit isolation of the cellular mechanism by which
effector cells resist regulation in future studies. In particular, recent work by Wong et. al.
demonstrates that B6 congenic mice harboring only the SLE1b sublocus possess expanded
populations of TFH/GC B cells that generate autoantibodies270, which may relate to my finding
of excess alloantibody production. As chronic alloantibody represents a growing cause of latestage organ rejection, further dissection of the contribution of each SLE region may provide new
opportunities to control this barrier to long-term transplant success271.
Whereas CD8 Treg control of the germinal center response in lupus is less well defined,
CD8 Tregs from the lupus-prone B6.SB-Yaa/J mouse strain did not suppress the high-affinity
antibody response when targeting non-autoimmune B6 target CD4/B cells124. Although my
evidence demonstrates that CD8 Tregs from B6.SLE123 mice maintain suppressive capacity
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when targeting non-autoimmune B6 target cells, disease progression in these strains are driven
by different genetic factors. Notably, duplication of TLR7 in B6.SB-Yaa/J mice may promote the
generation of TLR7HI dendritic cells that favor expansion of non-CD8 Treg memory cells (CD8
Tmem - CD122+Ly49-) thereby overriding the generation of protective CD8 Tregs
(CD122+Ly49+)124. In comparison, lupus in the SLE123 system is driven by genetic material
from the NZW2410 strain that permits over-activation of CD4/B effector cells that resist CD8
Treg mediated suppression. Despite these conflicting observations, defective CD8 Treg
suppression due to either CD8 Treg intrinsic dysfunction or extrinsic resistance may permit the
unchecked germinal center reaction characteristic of lupus and T1D (cf Figure 3.1C).
In addition to the above barriers, patients with SLE possess circulating autoantibodies
directed against the heterodimeric CD94/NKG2 complex272. This complex, which is expressed on
the surface of NK cells, interacts with the non-classical MHC class Ib molecule HLA-E on target
cells. A number of these autoantibodies are known to enhance CD94/NKG2-HLA-E interactions
between NK cells and their targets. CD8 Tregs also bind HLA-E, or its murine analog Qa-1, on
target TFH cells123; therefore, these autoantibodies may favor deleterious NK-HLA-E
interactions and thereby impede protective CD8 Treg-HLA-E interactions.
One important caveat of these studies is that islet allografts were placed in the kidneys of
lupus-prone B6.SLE123 recipients, an organ that is prone to immune mediated tissue damage
due to immune complex deposition and subsequent glomerulonephritis. Thus, it could be
speculated that the failed tolerance induction observed in this strain was simply due to
heightened, non-specific immunity at the site of transplantation rather than a specific failure of
this strain’s immune network to be rendered tolerant to allografted tissue. To obviate this
potentially confounding factor, all transplant recipients were aged 8-12 weeks, a window that
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precedes the earliest signs of renal immune complex deposition and glomerulonephritis by 3
months. To further confirm this strain’s generalized resistance to transplant tolerance induction,
however, future studies could infuse islet allografts into the recipient’s liver via portal vein
injection273. As the liver is generally not subject to lupus pathology, this site could further
confirm my described findings.
In conclusion, lupus-prone B6.SLE123 mice resist CD4 Treg and CD8 Treg based
immune regulation, which may account for my observation that these mice have expanded
germinal center resident TFH and GC B cells that contribute to an exaggerated alloresponse.
Although B6.SLE123 mice lack ongoing islet autoimmunity, these mice are completely resistant
to tolerance induction to foreign islet allografts (Figure 5.5). Efforts to promote tolerance to renal
allografts in lupus should focus on eliminating or reprogramming anti-graft effector lymphocytes
that resist T cell mediated regulation. Introduction of the B6 congenic B6.SLE123 lupus-prone
mouse offers a new model in which resistance to immune regulation and transplant tolerance
induction can be mapped to specific cell types and/or genetic loci. In sum, I provide a new
platform in which researchers can mechanistically dissect the transplant response in SLE.
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Chapter Findings

Model Figure

- Lupus prone B6.SLE123 mice possess expanded
CD4 TFH and GC B cells, as well as fluctuating CD4
Treg and CD8 Treg populations.
- B6.SLE123 mice mount an exaggerated
alloantibody response.
- B6.SLE123 CD4 T effector cells resist CD4 Treg
mediated suppression of the IFNγ response.
- B6.SLE123 B/CD4 T effector cells resist CD8 Treg
mediated suppression of the antibody response.
- B6.SLE123 mice lack ongoing islet immunity yet
resist transplant tolerance induction to islet
allografts.

Future Work
- Assess whether B6.SLE123 mice possess
autoantibodies that block Qa-1 mediated CD8 Treg
suppressive function and/or enhance Qa-1 mediated
NK target cell interactions.
- Determine whether heightened, non-specific
autoimmunity at the site of allograft placement
represents a barrier to transplant tolerance.
- Determine whether effector T cell resistance to
Treg mediated suppression directly contributes to
the observed resistance to transplant tolerance in
lupus-prone B6.SLE123 mice

Figure 5.5. Chapter V – findings and future work.
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CHAPTER VI

AN ENHANCED IL-6 RESPONSE AND HEIGHTENED IMMUNOMETABOLISM
CONTRIBUTE TO TOLERANCE RESISTANCE IN LUPUS-PRONE MICE

Scientific Goal
As demonstrated in Chapter V, effector T cells from lupus-prone B6.SLE123 mice resist
CD4 and CD8 Treg mediated immune regulation and transplant tolerance induction to foreign
islet allografts despite possessing no underlying islet-specific autoimmunity. Accordingly,
determining the degree to which each NZM2410 derived congenic region renders these mice
resistant to transplant tolerance may reveal specific genetic regions that control susceptibility to
immune tolerance. In fact, many of these genetic regions overlap with known Idd risk loci in
NOD mice. Thus, findings from these studies may reveal specific aberrancies in T and B
collaboration that lead to transplant tolerance resistance across numerous autoimmune
conditions. In Chapter VI, I explore the hypothesis that the NZM2410 derived SLE1, SLE2, and
SLE3 regions each impart tolerance resistance via unique immunologic disturbances. Via such
genetic distillation, I explore the roles of an exuberant IL-6 response and heightened glycolytic
function as barriers to transplant tolerance in the setting of murine lupus.

Introduction
In an attempt to identify the minimal genetic regions required for SLE disease
progression, Edward Wakeland demonstrated that just three small genetic regions derived from
the lupus-prone NZM2410 strain could transfer fulminant disease to otherwise non-autoimmune
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B6 mice263. NZM4120 derived regions included the SLE1 risk locus from Chromosome 1 (154197 Mb), the SLE2 risk locus from Chromosome 4 (50-129 Mb), and the SLE3 risk locus from
Chromosome 7 (50.7-124 Mb). One hundred percent of these B6 congenic mice, termed
B6.SLE123 mice, succumb to fatal glomerulonephritis. Immunologically, B6.SLE123 mice
develop high titers of anti-chromatin and dsDNA autoantibodies whose presence leads to renal
immune complex deposition and subsequent renal damage. Interestingly however, single
congenic B6.SLE1, B6.SLE2, and B6.SLE3 mice do not develop fulminant disease. Extensive
immunophenotyping of these single congenic strains has since revealed that SLE1 mediates loss
of nuclear antigen tolerance, SLE2 lowers B cell activation thresholds, and SLE3 lowers T cell
activation thresholds. Further dissection of each of these congenic regions by creating
subcongenic mice (e.g. B6.SLE1a [Chr1: 170-173 Mb], B6.SLE1b [Chr1: 173-174 Mb],
B6.SLE1c [Chr1: 190-197 Mb], and B6.SLE1d [Chr1: 175-188 Mb]) has additionally pinpointed
the genes directly leading to specific T and B cell aberrancies. Known immunologic phenotypes
conferred by each of these congenic and subcongenic regions are reviewed in Table 3270,274-294.
Overall, determining how each of the NZM2410 derived congenic regions contributes to
the failed transplant tolerance induction observed in B6.SLE123 may reveal the minimal loci that
cause this disruptive effect. These studies in the B6.SLE mice will be highly significant in that
many genetic loci for SLE are shared with NOD mice, which similarly resist transplant tolerance
induction. Moreover, many of these genetic risk regions are syntenic to human disease loci
(Figure 6.1) and thus offer potential avenues to improve clinical transplantation outcomes in
patients with autoimmunity. Not only will these studies reveal targetable immunologic T and B
cell abnormalities that could restore transplant tolerance in B6.SLE123 and NOD mice, but also
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Table 3. Immunological phenotypes of NZM2410 congenic and subcongenic B6 mice.
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Bxs2–BXSB

Sle1–NZM2410
NZBc1–NZB

Bxs3–BXSB
Sle16–129
Mag-MRL/MpJ
Idd5.4b-NOD
Sle2–NZM2410
Adnz1-NZM2328
NZBc4L-NZB
Idd11-NOD
Idd9.1-NOD
Sle5–NZM2410

Lmb3-MRL

Idd7-NOD

Sle3–NZM2410
Lmb3-B6-Faslpr/Scr
Idd27-NOD

Murine Lupus
Susceptibility Region

Homologous Human Region
Linked to Patients with SLE

Candidate Genes in Regions
Shared by Mice and Humans

Sle1

Chr1q21-23

FcgRII, FasL, CD3Z chain, H3 Histone, Serum Amyloid Protein, CReactive Protein, CD48

Sle1

Chr1q31-32

Complement-component-4-binding protein, CR2, CD45

Sle1

Chr1q41-42

TGFB2, ADPRT (ADP-ribosyltransferase factor-1)

Sle2

Chr9p22

IFNa

Sle3

Chr11p15

Trim21

Figure 6.1. Genetic overlap of risk alleles shared between tolerance resistant B6.SLE123
and NOD mice. Each of the NZM2410 derived congenic regions overlap with known insulin
dependent diabetes risk loci in NOD mice (Idd intervals) and also overlap related regions in
other autoimmune strains. The mouse gene regions are syntenic to some identified human risk
regions supporting future clinical impact of key findings.
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provide a new platform from which the regions that control immune tolerance can be genetically
distilled.
In Chapter VI, I first determine the extent to which each NZM2410 derived congenic
region renders B6.SLE123 mice resistant to transplant tolerance induction. Upon determining
that introduction of the SLE1 locus alone renders otherwise susceptible B6 mice fully resistant to
transplant tolerance induction, I go on to explore the hypothesis that enhanced IL-6 production
and signal transduction in B6.SLE123 mice represents a targetable barrier to transplant tolerance
in these NZM2410 congenic lupus-prone strains. Although antibody blockade of the IL-6
Receptor during anti-CD45RB mediated tolerance induction restored some level of tolerance in
single congenic B6.SLE1 mice, blockade of this receptor as well as its downstream signaling
pathway failed to extend allograft survival in triple congenic B6.SLE123 mice. Thus, extending
findings that blocking enhanced CD4 T cell metabolism in B6.SLE123 mice prevents lupus
pathology295, I demonstrate that overcoming dysregulated CD4 T cell metabolism in B6.SLE123
via glycolytic blockade mice significantly extends islet allograft survival in these otherwise
tolerance resistant mice. Through use of genetically distilled models of murine lupus, my studies
in Chapter VI define specific immunologic barriers that impede transplant tolerance in the setting
of autoimmunity and set the stage for future investigation.

Single congenic lupus-prone mice resist transplant tolerance induction to varying degrees
As demonstrated in Chapter V, lupus-prone B6.SLE123 mice are fully resistant to antiCD45RB mediated transplant tolerance induction to foreign islet allografts despite possessing no
underlying islet autoimmunity. However, the extent to which each NZM2410 derived congenic
region contributes such transplant tolerance resistance has remained undefined. Accordingly,
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single congenic B6.SLE1, B6.SLE2, and B6.SLE3 recipient mice were rendered chemically
diabetic, transplanted with C3H islet allografts, and administered a standard 7-day course of the
tolerance inducing agent anti-CD45RB (Figure 6.2). B6.SLE1 mice completely resisted
transplant tolerance induction and rejected islet allografts with similar kinetics as their triple
congenic B6.SLE123 counterparts (green trace). Although B6.SLE3 recipients demonstrated a
MST similar to B6.SLE123 and B6.SLE1 mice, 2 of these recipients achieved long-term
transplant tolerance (purple trace). The NZM2410 derived SLE2 region conferred the least level
of tolerance resistance in that these mice demonstrated a MST of 61d (orange trace). Therefore,
the individual perturbations of immunity conferred by each congenic region are sufficient to
disrupt transplantation tolerance but to different degrees. Accordingly, I next sought to determine
whether a known immunologic aberrancy perpetuated by the SLE1 locus (as shown in Table 3)
contributes to the failed tolerance induction observed in B6.SLE123 mice.

Temporary blockade of enhanced IL-6 signaling partially restores transplant tolerance in
B6.SLE1 mice but fails to extend allograft survival in B6.SLE123 mice
In elucidating a specific immunologic aberrancy that perpetuates dysregulated T-B cell
collaboration in B6.SLE123 mice, work by Wan and colleagues recently demonstrated that
heightened levels of IL-6 in B6.SLE1 mice renders this strain’s effector T cells resistant to CD4
Treg mediated suppression277. Specifically, dendritic cells from B6.SLE1 mice produce higher
levels of IL-6 during immunogenic challenge, which when blocked by anti-IL-6 antibodies,
restored CD4 Treg suppression of effector T cells. Thus, having determined that introduction of
the SLE1 locus alone renders otherwise tolerance susceptible B6 mice fully resistant to

133

Graft Survival

Percent Islet
Graft Survival

100
80
60
40
20
0

0

20

40

60

80

100

Days Post Transplant
B6 + aCD45RB (n=13) - MST>100d
B6.SLE123 + aCD45RB (n=8) - MST 21d
B6.SLE1 + aCD45RB (n=7) - MST 20d
B6.SLE2 + aCD45RB (n=8) - MST 61d
B6.SLE3 + aCD45RB (n=7) - MST 24d
Figure 6.2. Single congenic lupus prone mice resist transplant tolerance induction to
varying degrees. To determine to what extent each NZM2410 derived congenic region
contributed to the complete transplant tolerance resistance observed in triple congenic
B6.SLE123 mice, single congenic B6.SLE1, B6.SLE2, and B6.SLE3 mice were transplanted
with C3H islet allografts and administered a standard 7-day course of anti-CD45RB. Overall,
B6.SLE1 mice completely resisted transplant tolerance induction and rejected islet allografts
with similar kinetics as their triple congenic B6.SLE123 counterparts (green trace). Although
B6.SLE3 recipients demonstrated a MST similar to B6.SLE123 and B6.SLE1 mice, 2 of these
recipients achieved long-term transplant tolerance (purple trace). Overall, the NZM2410 derived
SLE2 region conferred the least level of tolerance resistance in that these mice demonstrated a
MST of 61d (orange trace). Reliance on allograft tissue for maintenance of euglycemia in
recipients achieving >100d of tolerance was confirmed by unilateral nephrectomy of kidneys
containing graft tissue. All nephrectomized mice returned to hyperglycemia a day after surgery
confirming allograft tolerance.
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transplant tolerance induction, I first explored the hypothesis that an enhanced IL-6 response in
part contributes to the failed transplant tolerance induction in B6.SLE123 mice. Splenocytes
from B6 and B6.SLE123 mice were mixed with Mitomycin-C treated C3H splenocytes and IL-6
production was measured via ELISA 5 days later. As compared to B6 splenocytes, splenocytes
from B6.SLE123 mice generated nearly 3-fold higher levels of IL-6 during the alloresponse - a
response that did not differ significantly from B6.SLE123 cells undergoing maximal CD3/CD28
stimulation (Figure 6.3A). Thus, I next determined whether T cells from B6.SLE123 responded
differently to IL-6 stimulation, as this cytokine is known to drive pathogenic Th17 and TFH cell
differentiation as well as inactivate CD4 Treg suppressive function110. Splenocytes from B6 and
B6.SLE123 mice were exposed to increasing concentrations of IL-6 for 15 minutes and the
relative phosphorylation of STAT3 was compared between CD4 and CD8 T cells between each
strain. Overall, both CD4 and CD8 T cells from B6.SLE123 mice demonstrated enhanced
phosphorylation of STAT3 during maximal stimulation (Figure 6.3B).
From these observations, I hypothesized that blocking the IL-6 axis during anti-CD45RB
mediated tolerance induction could restore tolerance in otherwise resistant B6.SLE1 and
B6.SLE123 mice. Specifically, interrupting this axis would attenuate the differentiation of antigraft CD4 T effector cells while similarly restoring adequate CD4 Treg mediated suppression of
these same anti-graft effector T cells. Interestingly, administration of an anti-IL-6 Receptor-α
antibody on days -3, -1, 1, and 3 relative to the day of transplantation and initiation of antiCD45RB therapy significantly extended islet allograft survival in B6.SLE1 mice, in which 2/7
mice achieved long-term tolerance (Figure 6.3C, left panel). However, similar IL-6Rα blockade
failed to extend islet allograft survival in triple congenic B6.SLE123 mice undergoing antiCD45RB therapy (Figure 6.3C, right panel). Accordingly, I next sought to determine whether
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Figure 6.3. Temporary blockade of enhanced IL-6 signaling partially restores transplant
tolerance in B6.SLE1 mice but fails to extend allograft survival in B6.SLE123 mice. A) To
determine whether the heightened IL-6 response characteristics of B6.SLE1 mice extended to the
alloresponse, splenocytes from B6 and B6.SLE123 mice were incubated ex vivo with
Mitomycin-C treated C3H splenocytes. Overall, B6.SLE123 splenocytes produced nearly 3-fold
more IL-6 when exposed to allogeneic target cells. B) To determine whether B6.SLE123 mice
responded differently to IL-6, splenocytes from both strains were exposed to increasing
concentrations of recombinant IL-6 after which the relative phosphorylation of STAT3 (which is
directly down stream of the IL-6 Receptor) was compared between strains. Both CD4 and CD8 T
cells from B6.SLE123 mice demonstrated significantly enhanced phosphorylation of STAT3 at
the highest concentration of IL-6 (20ng/mL). C) Finally, to determine whether blocking the
action of IL-6 during anti-CD45RB therapy could render lupus prone mice susceptible to
transplant tolerance induction, B6.SLE1 and B6.SLE123 mice were administered 500μg of an
anti-IL-6R blocking antibody on days -3, -1, 1, and 3 relative to the day of transplantation and
initiation of anti-CD45RB treatment (day 0). Whereas IL-6R blockade significantly enhanced
allograft survival in B6.SLE1 mice with 2/7 recipients achieving permanent tolerance (left
panel), addition of this immunologic agent did not alter islet allograft rejection kinetics in
B6.SLE123 mice (right panel). (*p<0.05, **p<0.001 by Two-way ANOVA followed by Sidak’s
multiple comparisons post test; survival differences calculated by Log-rank test.)
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IL-6Rα blockade alone was sufficient to block IL-6 mediated signaling in B6.SLE123 CD4 and
CD8 T cells.

Enhanced IL-6 signaling blockade in B6.SLE123 mice fails to extend allograft survival
IL-6 is a unique proinflammatory cytokine in that it signals via two distinct
mechanisms296. Via the classical signaling paradigm, IL-6 first binds the membrane-bound, nonsignaling IL-Rα subunit (CD126), which then recruits and heterodimerizes with the gp130
signaling subunit to initiate JAK1/2-STAT3 phosphorylation. In addition to its membrane bound
form, a splice-variant of IL-6Rα results in the generation of a secreted and soluble IL-6Rα
molecule (sIL-6Rα). When bound to free IL-6, the sIL-6Rα/IL-6 complex can initiative gp130
trans-signaling independent of membrane-bound IL-6Rα, further perpetuating its effects. As
CD4 T cells from patients with SLE express increased levels of gp130297, I hypothesized that
enhanced IL-6 trans-signaling in B6.SLE1234 CD4 T cells may represent an additional barrier
that may need to be further overcome via downstream signaling blockade. Specifically, the antiIL-6Rα blocking antibody utilized may be unable to bind and subsequently block soluble sIL6Rα/IL-6 signal transduction.
Prior to IL-6 stimulation, B6 and B6.SLE123 splenocytes were exposed to the anti-IL6Rα blocking antibody, the JAK1/3 inhibitor Tofacitinib, the combination of both agents, or left
untreated as a control. Cells were then exposed to increasing concentrations of recombinant IL-6
for 15 minutes and relative levels of STAT3 phosphorylation were assessed within CD4 and
CD8 T cells. In both stains, each agent individually attenuated STAT3 phosphorylation when
cells were exposed to 2ng/mL of IL-6. However at the highest concentration of IL-6 (20ng/mL),
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only the combination of both agents was able to significantly attenuate STAT3 phosphorylation
in CD4 and CD8 T cells in both strains of mice (Figure 6.4A).
Accordingly, I hypothesized that enhanced IL-6 signaling blockade via the addition of
Tofacitinib298 to the anti-IL-6Rα + anti-CD45RB regiment may render fully resistant B6.SLE123
mice susceptible to transplant tolerance induction. Recipient B6.SLE123 mice received a
subcutaneous pump loaded with Tofacitinib (delivery rate of 30mg/kg/day placed during d -4 to
14) and anti-IL6Rα injections (500μg on d -3, -1, 1, 3) relative to the day of transplantation (day
0) and initiation of a standard 7-day course of anti-CD45RB. Overall, addition of both agents
failed to extend islet allograft survival over mice receiving anti-CD45RB alone (Figure 6.4B).

Glycolytic blockade via Metformin and 2-DG during anti-CD45RB mediated transplant
tolerance induction significantly extends islet allograft survival in B6.SLE123 mice
The above studies demonstrate that intense blockade of proximal IL-6 signaling during
the window of transplantation fails to restore transplant tolerance in B6.SLE123 mice.
Accordingly, I next sought to determine whether inhibiting a downstream effect of IL-6 could
render these mice susceptible to transplant tolerance induction. In addition to the canonical
effects of IL-6 mediated STAT3 signal transduction (which includes upregulating genes that
control survival [Bcl-XL, Bcl-2], proliferation [cMyc, Cyclin B/D1, Cdc2], cell adhesion
[ICAM-1], and cytokine production [IL-6, IL-11, IL-17, IL-17])296, emerging evidence has
demonstrated that STAT3 also increases cellular glycolysis via activation of HIF-1α299.
Mechanistically, HIF-1α pushes cells to increase glucose uptake (via upregulation of Glut1) and
undergo the Warburg effect (aerobic glycolysis) in which cells primarily utilize glycolysis in lieu
of oxidative phosphorylation for ATP production. In fact, CD4 T cells from B6.SLE1c mice
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Figure 6.4. Enhanced IL-6 signaling blockade in B6.SLE123 mice fails to extend allograft
survival. To determine why IL-6R blockade failed to extend islet allograft survival in triple
congenic B6.SLE123 mice, the extent to which anti-IL-6R blocked IL-6 signal transduction, as
well as alternative means to block IL-6 signaling were explored. A) Splenocytes from B6 and
B6.SLE123 mice were left untreated, or pre-incubated with 10μg/mL of anti-IL6R, 1μM of
Tofacitinib, or both agents. Splenocytes were then exposed to increasing concentrations of
recombinant IL-6 after which the relative phosphorylation of STAT3 was compared between
strains. During stimulation with 2ng/mL of IL-6, anti-IL6R, Tofacitinib, and the combination of
both agents successfully inhibited phosphorylation of STAT3. However at the highest dose of
IL-6 (20ng/mL), only the combination of both agents significantly attenuated STAT3
phosphorylation. B) To determine whether extended IL-6 blockade could render B6.SLE123
mice susceptible to anti-CD45RB mediated transplant tolerance induction, recipient mice
received a subcutaneous pump loaded with Tofacitinib (delivery rate of 30mg/kg/day placed
during d -4 to 14) and anti-IL6R injections (500μg on d -3, -1, 1, 3) relative to transplantation
and anti-CD45RB (d0). Overall, the addition of both agents failed to extend islet allograft
survival over mice receiving anti-CD45RB alone. (*p<0.001, by Two-way ANOVA followed by
Sidak’s multiple comparisons post test; survival differences calculated by Log-rank test.)
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demonstrate increased HIF-1α expression as compared to CD4 T cells WT B6 mice285.
Furthermore, as work by Yin and colleagues recently demonstrated that CD4 T cells from
disease-age B6.SLE123 mice demonstrate enhanced cellular glycolysis, a metabolic pathway
which promotes the generation of pathogenic T effector cells295, I next hypothesized that
enhanced CD4 T cell glycolysis in B6.SLE123 mice may in part contribute to this strain’s
resistance to transplant tolerance. Accordingly, I next explored whether the tolerance inducing
agent anti-CD45RB alters CD4 T cell glucose uptake in such a way to attenuate the generation of
effector T cells that precipitate graft rejection.
Twelve week old B6 and B6.SLE123 (pre-disease) mice were left untreated or received a
standard 7-day course of anti-CD45RB. On day 8, splenocytes were harvested and then exposed
to the fluorescent glucose analogue 2-NBDG. In the absence of any treatment, approximately
50% of CD4 T cells from both strains demonstrated significant uptake of 2-NBDG; thus in the
pre-disease state, I found that CD4 T cells from B6.SLE123 did not possess any enhancements in
glucose uptake that may favor glycolytic pathways. Interestingly however, whereas antiCD45RB treatment significantly decreased B6 CD4 T cell uptake of 2-NBDG by 60%, CD4 T
cells from B6.SLE123 mice resisted the effects of this agent in that glycolytic uptake was only
reduced by 20% (Figure 6.5A).
As the anti-metabolic agents 2-Deoxy-D-Glucose (2DG) and Metformin can reverse
lupus pathology in B6.SLE123 mice and prevent skin and cardiac allograft rejection in nonautoimmune B6 mice300, I questioned whether the addition of these drugs during anti-CD45RB
therapy could render otherwise resistant B6.SLE123 mice susceptible to transplant tolerance
induction. Mechanistically, I hypothesized that the addition of these agents would further
enhance anti-CD45RB mediated suppression of the CD4 T cell glycolytic response, thereby
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preventing the generation of anti-graft effector T cells. Accordingly, 12-week old B6.SLE123
mice were administered 2DG (5mg/mL) and Metformin (3mg/mL) in their drinking water on
days -7 to 14 relative to the day of C3H islet transplantation and initiation of anti-CD45RB
therapy (day 0). Overall, addition of these agents to the anti-CD45RB treatment regiment
extended allograft survival 2.5-fold over B6.SLE123 mice receiving anti-CD45RB alone (Figure
6.B). Although these studies are ongoing, 2/7 recipients have yet to reject their islet allografts 65
days after transplantation.

Discussion
The preliminary data presented in Chapter VI suggest that even a small contribution of
autoimmune genes (which alone do not precipitate detectable autoimmune pathology) may be
sufficient to prevent transplant tolerance. Using genetically distilled models of murine lupus, I
first determined that the NZM2410 derived congenic regions SLE1, SLE2, and SLE3 each
preclude anti-CD45RB mediated transplant tolerance induction to varying degrees. Overall, I
found that introduction of the SLE1 congenic region alone rendered otherwise susceptible B6
mice fully resistant to transplant tolerance induction. As the SLE1 locus is characterized by an
enhanced IL-6 response that renders effector T cells resistant to Treg mediated suppression277, I
subsequently determined transplant tolerance resistant B6.SLE123 mice 1) generate enhanced
IL-6 levels during allochallenge and 2) are hyper-reactive to IL-6 mediated signal transduction.
Accordingly, elucidating whether an exuberant IL-6 response renders these lupus-prone
mice resistant to transplant tolerance induction is highly warranted in that a number of groups
have highlighted the necessary but not sufficient role IL-6 plays in breaking transplant tolerance.
Using a model of cardiac transplantation in which exogenous administration of the TLR-9
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agonist CpG reliably breaks anti-CD40L mediated allograft tolerance via inactivation of CD4
Tregs, Chen and colleagues determined that both IL-6 and IL-17 were required for CpG’s
tolerance breaking effects301. Extending these findings, Wang and colleagues further
demonstrated that injecting IL-6 and IFNβ plasmids into recipient mice receiving cardiac
allografts could similarly break tolerance mediated by anti-CD40L302. IL-6’s allograft tolerance
breaking effects are in part attributable to Jagged2 signaling303, a Notch signaling family member
which when activated, increases IL-6 production and thereby renders effector T cells resistant to
CD4 Treg mediated suppression. Extending these findings, I hypothesized that a heightened IL-6
response driven by NZM2410 derived congenic region SLE1 may contribute to my observations
that B6.SLE123 mice resist transplant tolerance and CD4 Treg mediated suppression. Although
IL-6Rα blockade partially restored anti-CD45RB mediated transplant tolerance in single
congenic B6.SLE1 mice, this strategy failed to translate to the triple congenic B6.SLE123
setting. It may therefore be speculated that transient IL-6 blockade represents a modifiable
barrier in the B6.SLE1 setting; however, additional barriers must be overcome to restore
transplant tolerance susceptibility in the fully penetrant B6.SLE123 setting. It is important to
note that these studies are limited by the fact that IL-6 blockade was restricted to the window of
transplantation; thus, it remains to be addressed whether aberrant IL-6 signaling prior to
transplantation establishes an immune milieu that is resistant to transplant tolerance induction.
To more directly address this question, future studies could include backcrossing B6.IL-6-/- or
B6.IL-6Rα-/- mice with B6.SLE1 and B6.SLE123 mice prior to transplantation.
Exploring how IL-6 impedes tolerance in the setting of autoimmune lupus and
transplantation represents a unique opportunity in that the biologic agent Toclizumab (anti-IL6Rα) is currently undergoing phase I/II clinical trials in patients with SLE and those undergoing
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renal transplantation. Overall, this agent has demonstrated modest efficacy in suppressing lupus
related anti-dsDNA titers304 and has shown preliminary success in decreasing Donor-Specific
Alloantibody levels305. Although the mechanism by which Toclizumab attenuates disease
pathology in these clinical settings has yet to be elucidated, numerous groups have previously
shown that IL-6 renders effector T cells resistant to Treg mediated suppression277. Furthermore,
recent evidence indicates that IL-6 alters T cell metabolism in such a way to promote long-term
T cell activation. This past year, Yang and colleagues found that IL-6/IL-6R ligation drives
downstream phosphorylation of STAT3, which enhances mitochondrial membrane polarity
(MMP) in CD4 T cells306. Specifically, IL-6 enhances mitochondrial Ca2+ levels that ultimately
drive long-term IL-4 and IL-21 production in CD4 T cells. As these cytokines are characteristic
of CD4 TFH cells that drive the GC B cell response196, the rapid and sustained disease
improvements in RA patients undergoing Toclizumab therapy may in part be explained by
attenuation of IL-6 signaling that would otherwise perpetuate the Rheumatoid Factor TFH/GC B
cell response. Complementing these findings, IL-6 can directly prevent the generation of induced
Foxp3+ CD4 iTregs in the NOD setting307, further demonstrating the deleterious role of this
pathogenic cytokine across different autoimmune conditions. Overall, determining the
mechanisms by which IL-6 perpetuates aberrant T-B cell collaboration and resistance to Treg
mediated suppression may reveal new means to target and restore immunologic tolerance in
SLE, T1D, and transplantation.
In exploring alternative means to restore transplant tolerance susceptibility in the lupusprone B6.SLE123 setting, I next hypothesized that blocking potential downstream effects of
aberrant IL-6 mediated T cell activation may render these mice susceptible to transplant
tolerance induction. Specifically, I explored the role of heightened cellular metabolism as a
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potential barrier to transplant tolerance induction in that IL-6 is known to enhance cellular
glycolysis via activation of HIF-1α299, a molecule that is significantly upregulated in CD4 T cells
from B6.SLE1c mice285. As metabolic blockade using the agent 2DG and Metformin can reverse
lupus pathology295 and prevent skin and cardiac allograft rejection300, I subsequently determined
that administration of these metabolic agents during anti-CD45RB mediated tolerance induction
extended allograft survival 2.5-fold over B6.SLE123 mice receiving anti-CD45RB alone. At this
point however, I have yet to determine how metabolic blockade renders autoimmune lupus-prone
mice partially permissive to anti-CD45RB mediated transplant tolerance induction. However,
prior to determining that metabolic blockade via 2DG and Metformin significantly extends
allograft survival, Lee and colleagues first demonstrated that 2DG and Metformin specifically
dampen T cell glycolysis, oxidative phosphorylation, proliferation, and IFNγ production, while
concomitantly enhancing CD4 Treg numbers300. Accordingly, I plan to assess how T effector and
T regulatory cells respond to metabolic intervention in such a way that favors sustained
transplant tolerance. Using both in vivo and ex vivo MLR platforms, I am currently exploring
how the metabolic agents 2DG and Metformin alter the alloreactive T cell response and/or
pathogenic cytokine production (i.e. IL-6).
Beyond the context of transplantation, researchers have in part defined the metabolic
pathways that control T effector cell and Treg function. Work by the Rathmell laboratory
recently demonstrated that TH1 and Th17 effector cells rely primarily on glycolytic metabolism
whereas their T regulatory cell counterparts rely primarily on oxidative phosphorylation308.
Extending these observations, a landmark study published by Shrestha and colleagues this past
year found that Tregs require the AKT inhibitory protein Phosphatase and Tensin Homolog
PTEN to restrain deleterious TH1 and TFH function309. Specific ablation of PTEN in Tregs
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resulted in enhanced AKT and mTORC2 activity leading to loss of Treg stability and suppressive
function. Accordingly, determining the metabolic pathways and signaling networks that control
the fate of alloreactive T cells during the transplant response may reveal novel mechanisms that
could be targeted to restore transplant tolerance susceptibility in otherwise resistant B6.SLE123
mice. In exploring the role of CD4 T cell glycolytic function in the establishment of transplant
tolerance induction, I have recently obtained transgenic mice that selectively overexpress or are
functionally deficient of the glucose transporter Glut-1 in CD4 T cells310 (courtesy of Jeffrey
Rathmell, Vanderbilt University). These studies will define a specific role for CD4 T cell
glycolytic function in establishing and maintaining transplant tolerance in that these recipients
are otherwise free from any underlying autoimmunity. In exploring the role of the AKTmTORC2 signaling axis in transplant tolerance, our lab recently accrued preliminary data
demonstrating that anti-CD45RB downregulates AKT signaling in developing thymic CD4 Tregs
of tolerance susceptible B6 mice. Therefore, anti-CD45RB may promote the generation of
centrally derived, graft-protective CD4 Tregs via enhancement of the AKT-mTORC2 pathway;
future exploration of this signaling pathway is highly warranted in that permanent transplant
tolerance instilled by anti-CD45RB requires the generation of these thymically-derived CD4
Tregs114. Overall however, it has yet be to defined whether the AKT-mTORC2 axis is 1) required
for anti-CD45RB’s tolerance inducing effects, and/or 2) dysregulated in such a manner in the
B6.SLE123 environment that renders these mice resistant to transplant tolerance induction.
However, as CD4 T cells from disease-aged B6.SLE123 mice demonstrated increased phosphoS6 levels295 (a target directly downstream of mTORC2), disruptions in the CD4 T cell AKTmTORC2 axis may in part contribute to this strain’s resistance to transplant tolerance induction.
In Chapter VI, I introduce a genetically distilled model of transplant tolerance resistance
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in that introduction of the NZM2410 derived SLE1, SLE2, and SLE3 congenic loci individually
render otherwise susceptible, non-autoimmune B6 mice resistant to transplant tolerance
induction. Specifically, I begin to explore how an exuberant IL-6 response and aberrant cellular
metabolism perpetuated by these autoimmune derived loci alter the immune network in such a
way to resist the induction of transplant tolerance. Overall, identifying the specific genetic
components that control immunologic tolerance is of immense importance in that these studies
would provide for rationale approaches for the treatment of autoimmune disease and
transplantation.
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Chapter Findings

Model Figure

- Single congenic lupus prone mice (B6.SLE1,
B6.SLE2, and B6.SLE3) each resist transplant
tolerance to varying degrees.
- Temporary blockade of enhanced IL-6 signaling
partially restores transplant tolerance in B6.SLE1
mice but fails to extend allograft survival in
B6.SLE123 mice.
- Glycolytic blockade via Metformin and 2-DG during
aCD45RB induction therapy partially restores
transplant tolerance in B6.SLE123 mice.

Future Work
- Determine the requisite role of IL-6 as a barrier to
transplant tolerance in lupus prone mice by crossing
B6.IL-6-/- or B6.IL-6Ra-/- mice with B6.SLE1 and/or
B6.SLE123 mice.
- Explore the role of heightened IL-6 signaling in
lupus prone mice as it relates to Treg inactivation
and conversion to pathogenic effector T cells.
- Assess the contribution of altered immune cell
signaling in lupus prone mice as it relates to the
transplant response and tolerance induction.
- Dissect the role of enhanced immunometabolism
as a barrier to transplant tolerance in autoimmunity
using metabolic blockade and/or transgenic models
that disrupt various metabolic pathways.

Figure 6.6. Chapter VI – findings and future work.
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CHAPTER VII

DISCUSSION AND FUTURE DIRECTIONS

Overview
Organ transplantation represents a potential life-saving intervention for numerous forms
of autoimmunity that result in end organ destruction. However, the autoreactive immune system
poses a significant barrier to long-term graft tolerance in that an initial breach in the
immunologic mechanisms that maintain self-tolerance may result in an inability to later “learn”
how to tolerate foreign organ grafts when treated with tolerance-inducing therapy. To date, this
scenario has been best modeled in the autoimmune T1D prone NOD mouse in which no
tolerance inducing strategy has ever induced permanent allograft tolerance to any organ type in
the intact NOD immune system, including those organs not subject to pre-existing autoimmune
attack. In my thesis, I define cellular mechanisms that dysregulate T-B cell collaboration and
lead to transplant tolerance resistance in autoimmune backgrounds. In Chapter VII, I discuss the
potential implications of my findings, highlight new questions that arise from my data, and
outline future directions for my research (Figure 7). Ultimately, identification of specific
immunologic aberrancies in T-B cell collaboration will support rationale approaches to improve
clinical transplantation outcomes in patients with autoimmunity.
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Findings from Thesis

Model Figure

Future Directions

Chapter II
-B cell deficiency renders NOD
mice permissive to transplant
tolerance
-NOD B cells restrict the
generation of graft-protective
CD4 Tregs

Chapter II
-Evaluate the role of B cell
antigen-specificity, antigenpresentation, and alloantibody
production as a barrier to
transplant tolerance in NOD mice

Chapter III
-NOD mice possess nonfunctional
CD8 Tregs that permit islet
immunity
-IL-15 is required for transplant
tolerance

Chapter III
-Define whether NOD CD8 Treg
failure contributes to transplant
tolerance resistance in this strain
-Determine whether IL-15
dependent CD8 Tregs or NK cells
are required for transplant
tolerance

Chapter IV
-SNS-dependent HSC
mobilization is required for
transplant tolerance
-Overcoming enhanced CXCR4
mediated HSC retention in NOD
mice extends allograft survival

Chapter IV
-Determine whether the
dysregulated IFNg response in
NOD mice contributes to
inadequate HSC mobilization
required of transplant tolerance

Chapter V
-Lupus-prone B6.SLE123 mice
resist CD4 and CD8 Treg
mediated suppression
-Despite possessing no
underlying islet autoimmunity,
lupus-prone B6.SLE123 mice
resist transplant tolerance to islet
allografts

Chapter V
-Determine whether effector T
cell resistance to Treg mediated
suppression directly contributes
to the observed resistance to
transplant tolerance in lupusprone B6.SLE123 mice

Chapter VI
-Each NZM2410-derived lupuspromoting region (SLE1, SLE2,
SLE3) is sufficient to resist
transplant tolerance
-A heightened IL-6 response and
enhanced immunometabolism
contribute to transplant tolerance
resistance in lupus-prone mice

Chapter VI
-Further dissect the role of
enhanced immunometabolism as
a barrier to transplant tolerance
in autoimmunity

Figure 7. Summary of findings and future directions.
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The Janus-faced roles of B cells in transplant tolerance in autoimmunity
Although T cells represent the end-stage effectors of organ destruction in T1D and
transplantation, circulating islet autoantibodies175 and graft-reactive alloantibodies311 remain the
best clinical predictors of disease progression in their respective settings. These clinical
observations likely indicate that loss of B cell tolerance is central to disease progression and may
in fact, precede and directly perpetuate loss of T cell tolerance. In examining the role of B cells
in T1D progression, it is well appreciated that a life-long absence of B cells in NOD mice
protects this strain from developing diabetes176. Thus, I hypothesized that a generalized failure to
maintain adequate B cell tolerance may contribute to this strain’s resistance to transplant
tolerance induction. In Chapter II, I demonstrate that the autoimmune B lymphocyte
compartment represents a critical barrier to transplant tolerance induction in T1D-prone NOD
mice (Figure 7 – Row 1). Specifically, I found that B lymphocyte deficient NODμMT mice are
fully permissive to anti-CD45RB mediated, antigen-specific tolerance induction to islet
allografts. Mechanistically, the genetic absence of B cells permitted the expansion of graftprotective CD4 Tregs that were essential for imbuing transplant tolerance.
Although my findings complement those made by Lee and colleagues who demonstrated
that B cell deficiency in non-autoimmune B6 mice enhances transplant tolerance induction to
islet allografts84, the role of B lymphocytes in resisting or enhancing allograft tolerance is largely
dependent on the allograft type in question. In the context of cardiac transplantation, B
lymphocytes are instead required for establishing long-term transplant tolerance in nonautoimmune B6 mice133. In fact, B cells from these tolerant recipients can transfer cardiac
allograft tolerance to otherwise untreated transplant recipients, suggesting the potential role of B
Regulatory Cells (Bregs) in regulating anti-graft immunity. Overall, these seemingly
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contradictory findings likely indicate that B cells play both deleterious and protective roles in the
context of transplantation; thus, achieving durable transplant tolerance will require dampening
the graft-destructive functions of these cells while concomitantly enhancing their graftprotective, regulatory functions and determining whether these functions are segregated to
separate B lymphocyte subsets.
These data raise a number of questions yet to be explored. One, what role does the
autoimmune B cell compartment in NOD mice play in resisting allograft tolerance to organs not
subject to recurrent autoimmunity? It is well documented that autoimmune NOD mice resist
transplant tolerance to skin and cardiac allografts despite possessing no detectable autoimmunity
to these tissue types143,144. Two, do B cell sufficient NOD mice resist transplant tolerance due to
failures of B cell mediated regulation of the anti-graft response? BCR stimulated, IL-10
producing B cells can prevent diabetes progression in NOD mice312, suggesting that B cells from
this strain may possess masked regulatory potential capable of suppressing anti-graft immunity
although this concept has not been extended to transplantation in the NOD model. And three,
what is the role of the autoimmune B cell compartment in other autoimmune diseases in resisting
allograft tolerance? Although I determined in Chapter V (Figure 7 – Row 4) that lupus-prone
B6.SLE123 mice resist anti-CD45RB mediated tolerance induction to islet allografts (despite
possessing no underlying islet autoimmunity), it remains to be determined whether autoimmune
B cells in this setting mediate their barrier to transplant tolerance.
In addressing the first question, future studies will assess whether B cell deficient
NODμMT mice are susceptible to anti-CD45RB mediated tolerance induction to skin, cardiac, or
renal allografts. These studies will directly address the role of the autoimmune B lymphocyte
compartment in resisting transplant tolerance to allografts not subject to recurrent autoimmunity.

152

Although these grafts are not subject to recurrent autoimmunity in the NOD setting, these
allografts may pose additional barriers to transplant tolerance as they are composed of greater
numbers of alloantigen-dense tissue types capable of driving the indirect alloresponse. As NOD
mice demonstrate enhanced B cell mediated indirect alloimmunity as compared to their nonautoimmune counterparts150, these systems will address the role of alloantigen load as a barrier to
transplant tolerance in the setting of autoimmunity. From a mechanistic standpoint, the role of
autoimmune B cell antigen specificity, antigen presentation, and alloantibody production in the
context of skin, cardiac, or renal transplantation could be further addressed using the NOD.HEL
transgenic system, chimeric recipients depicted in Figure 2.9, or alloantibody-rich serum transfer
system (as described in Chapter II). Addressing how the autoimmune environment resists
transplant tolerance to organs subject to only alloimmunity is highly warranted in that a
significant number of patients with T1D require renal allografting due to disease-related ESRD
(OPTN), the pathogenesis of which is driven by microvascular damage in lieu of an autoimmune
process.
Although it remains to be determined whether autoimmune NOD mice possess B cells
capable of regulating the transplant response, high-throughput profiling of peripheral blood
samples has revealed a transcriptional signature of B lymphocyte gene expression that is strongly
associated with immunosuppression-free clinical operational tolerance97 (however, a direct
mechanistic role for Bregs in maintaining clinical operational tolerance has yet to be defined).
Thus, it may be speculated that B cell sufficient NOD mice resist transplant tolerance due to
inadequate B cell mediated allograft regulation. Although the genetic information that encodes B
cell related gene products is spread across numerous chromosomes, future studies could begin to
explore this question by creating NOD congenic or chimeric mice that possess B cell related
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gene products introduced from tolerance-susceptible B6 mice, whose B cells possess graftprotective regulatory function. In assessing the role of B cell antigen recognition, the B6
congenic regions encoding IgH (Chr12: 113258768-116009954Mb) and Igk (Chr6: 6755563670726754Mb) could be swapped with those encoded by the NOD genome. In assessing the role
of B cell antigen presentation, chimeric mice in which only the B cell compartment expresses B6
derived MHC Class I/II antigen presentation machinery could be generated using commercially
available NOD.H2b bone marrow donors313. Finally, as numerous reports have associated
dysregulated B cell mediated signal transduction with loss of tolerance in NOD mice, the B6
congenic regions encoding the B cell specific signaling components Bruton’s Tyrosine Kinase
[BTK] (ChrX: 134542334-134583623Mb) or CD19 (Chr7: 126408448-126415140Mb) could be
swapped with those encoded by the NOD genome. Interestingly, NOD mice possessing genetic
deficiencies of BTK314 and CD19315 are significantly protected from diabetes, and CD19
specifically falls within a yet to be assigned Idd region.
Furthermore, Tim-1 was recently described to be a marker of Bregs capable of
transferring long-term allograft tolerance in non-autoimmune mice134. In that an anti-Tim-1
activating antibody enhances transplant tolerance induction in tolerance susceptible B6 mice via
a Breg dependent mechanism, future studies could explore the role of Tim-1+ Bregs in
establishing transplantation tolerance in NOD mice. Overall, achieving transplantation tolerance
in the autoimmune T1D environment in an intact immune system, as remains an important preclinical goal, will likely require surmounting deleterious anti-graft function perpetuated by the
autoimmune B cell compartment while simultaneously enhancing the graft-protective, regulatory
properties of these cells.
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Determining whether B lymphocytes represent a generalizable barrier to transplant
tolerance across different autoimmune conditions remains to be determined. In addressing this
question, future studies will assess transplant tolerance in B cell deficient B6.SLE123, B6.SLE1,
B6.SLE2, and B6.SLE3 mice by intercrossing these strains with commercially available B6μMT
mice. Not only will these studies reveal whether B lymphocytes represent a key barrier to
transplant tolerance in the fully penetrant lupus setting (B6.SLE123 mice), but moreover, will
address the role of B cells in contributing to transplant tolerance resistance in the context of
genetically-isolated, autoimmune-derived genetic loci (Chapter VI – Figure 7 – Row 5). Via such
genetic distillation, use of these single congenic systems may reveal specific, targetable
molecular mechanisms by which B lymphocytes resist transplant tolerance in the context of
autoimmunity.
My findings in Chapter II provide new data demonstrating that the autoimmune B
lymphocyte compartment represents a substantial barrier to achieving transplant tolerance in the
setting of autoimmunity. However, the molecular mechanisms by which loss of B cell tolerance
in autoimmunity perpetuates a generalized resistance to transplant tolerance remain to be
determined. In exploring this concept, emerging data indicate that thymic-resident B cells play
an under recognized role in the selection of CD4 T cells. Mechanistically, not only do thymicresident B cells negatively select potentially autoreactive CD4 T cell clones (by upregulating the
expression of AIRE, expressing self-antigen in the context of MHC Class II, and providing
CD80 co-stimulation)316, these thymic resident B cells also positively select for Helios+Foxp3+
thymic CD4 Tregs via similar upregulation of MHC Class II317. As thymically-derived CD4
Tregs are required for permanent transplant tolerance induction114, it remains possible that
autoimmune B cells could deleteriously alter the centrally-derived Treg repertoire in such a way
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that later restricts the graft-protective function of these cells. Moreover, it could be speculated
that autoimmune, thymic-resident B cells inadequately prune the alloreactive CD4 T cell
repertoire thereby predisposing the autoimmune environment to heightened allograft immunity.
Because my data demonstrate that B cell deficient NOD mice possess an expanded
population of thymic-resident, diabetes-protective Vβ3+ CD4 Tregs189 (Figure 2.8), future
studies will explore the function of these clonotypic cells in establishing transplant tolerance.
Although not presented in my thesis, my lab recently discovered that NOD mice possess
expanded populations of thymic-resident B cells that possess enhanced ICOS-L expression.
Since ICOS plays a significant role in CD4 Treg function in diabetes progression318, dissecting
whether inappropriate ICOS-ICOS-L crosstalk between thymic-resident B cells and CD4 Tregs
may offer further clues as to why the autoimmune environment resists transplant tolerance.

Effector T cell resistance to Treg mediated suppression as a barrier to transplant tolerance
in autoimmunity
Although immunologic deletion, anergy, and ignorance each represent means by which
the immune system selects against potentially autoreactive T and B cell clones, these
mechanisms alone do not fully confer self-tolerance. This statement is supported by the fact that
patients with no detectable signs of autoimmunity often possess significant numbers of
autoreactive lymphocyte clones capable of targeting self-tissue. Overall, adequately regulating
these potentially autoreactive clones is essential in suppressing autoimmune pathogenesis. In that
a growing body of evidence over the past three decades has demonstrated that failed immune
regulation permits autoimmunity, I questioned whether these failures may further pose a barrier
to long-term transplant tolerance induction in these highly immunogenic settings.
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Complementing well established knowledge that CD4 Tregs actively regulate anti graftimmunity, emerging evidence suggests that a CD122+ subpopulation of CD8 T cells (termed
CD8 Tregs) may further aid in graft protection125. Thus, I hypothesized that the resistance to
transplant tolerance induction observed in NOD mice may in part be due to functional
deficiencies in CD8 Treg suppressive function. In Chapter III, I found that CD8 Tregs in
autoimmune prone NOD mice inadequately suppress the immunogenic TFH-GC B cell response,
a finding that may account for my observation that these mice generate an exaggerated
alloantibody response (Figure 7 – Row 2). In determining a putative role of CD8 Tregs in
maintaining long-term transplant tolerance, I subsequently determined that the absence of these
cells (imbued by a genetic absence of this cell’s survival cytokine IL-15) rendered otherwise
tolerance-susceptible B6 mice resistant to transplant tolerance induction. In further exploring the
role of failed immune regulation as a barrier to transplant tolerance induction, in Chapter V I
provide evidence that effector T cells from lupus-prone B6.SLE123 mice resist CD4 and CD8
Treg based suppression, a finding which may account for my observation that these mice resist
anti-CD45RB mediated transplant tolerance induction to foreign islet allografts (Figure 7 – Row
4). Overall however, it remains to be determined whether such resistance to Treg based
suppression directly perpetuates resistance to transplant tolerance in autoimmunity.
To explore this question in the T1D-prone NOD setting, future experiments will include
testing anti-CD45RB mediated transplant tolerance in NOD.RAG mice reconstituted with
effector CD4 T cells and CD4 Tregs sorted from either NOD (suppression resistant) or B6.H-2g7
(suppression susceptible259) donors. To explore this question in the lupus-prone B6.SLE123
setting, future experiments will include testing anti-CD45RB mediated transplant tolerance in
B6.RAG mice reconstituted with effector CD4 T cells and CD4 Tregs sorted from either B6
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(suppression susceptible) or B6.SLE123 (suppression resistant) donors. In either setting, a
similar crisscross platform will be used as described in Figure 5.2/3. It is important to note a
limitation of this adoptive cell transfer system in that immunodeficient recipients reconstituted
with mature lymphocytes resist pharmacologic induction of transplant tolerance due to the
unchecked

homeostatic

proliferation

of

transferred

cells319.

However,

since

these

reconstituted/treated recipients still demonstrate a prolonged time to allograft rejection as
compared to reconstituted/untreated allograft recipients, deviations from the baseline “tolerancesusceptible” condition (recipients receiving both CD4 T effector cells and CD4 Tregs from either
B6.g7 or B6 donors alone) could be used to assess the direct role of effector cell resistance to
Treg based suppression as a driver of transplant tolerance resistance.
Determining the molecular mechanisms by which effector T cells resist Treg based
suppression remains highly warranted in that such knowledge may not only help restore
transplant tolerance in autoimmunity, but moreover, may provide novel insight into the
mechanisms that permit loss of tolerance in autoimmunity. In exploring this concept within the
context of autoimmune T1D, it appears that the origin of effector cell resistance is not due to
ongoing autoimmunity as both T effector cells from 3 week old NOD mice as well as mature
CD4+CD8-CD24LO thymocytes resist Treg suppression259. It is speculated that dysregulated
signaling in NOD effector T cells may imbue these cells with a generalized resistance to Treg
suppression, although this hypothesis has yet to be confirmed. Accordingly, future dissection of
TCR signaling pathways during anti-graft immunity may reveal new mechanisms by which the
autoimmune environment resists transplant tolerance.
Within the context of SLE, it similarly remains to be defined why effector T cells in this
strain resist Treg mediated suppression. From a molecular standpoint however, it has been
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observed that effector T cells from lupus-prone mice increase Treg production of IL-17258.
Interestingly, it has been recently demonstrated that enhanced levels of IL-6 in the autoimmune
environment can directly lead to the loss of Foxp3 expression in CD25LOFoxp3+ Tregs (termed
exTregs)110. These exTregs subsequently transdifferentiate into pathogenic TH17 cells - a cell
population which directly enhances anti-graft immunity. Thus, it could be hypothesized that
effector T cells in the autoimmune SLE environment promote Treg inactivation, converting
otherwise graft-protective Tregs into graft-destructive TH17 cells. I found that B6.SLE123 mice
possess an overall reduction of CD25 expression in their CD4 Treg population (Chapter V), that
both CD4 and CD8 T cells from these mice are hyperresponsive to IL-6, and moreover that these
mice generate enhanced IL-6 levels during allochallenge (Chapter VI). Thus, it could be
speculated that the SLE environment (and by extension, other autoimmune conditions) resists
transplant tolerance due to CD4 Treg inactivation. Overall, determining the role of Treg
inactivation and conversion to pathogenic effector cell types could offer new knowledge
concerning the barriers to transplant tolerance in autoimmunity. As in vivo CD4 Treg fate
mapping models are available on both the B6110 and B6.SLE123 (courtesy of Amy Major,
Vanderbilt University) backgrounds, the role of CD4 Treg inactivation during transplant
tolerance can be directly addressed in both the tolerance susceptible and resistant environments.
In addition to the role of CD4 and CD8 Tregs, emerging evidence suggests that newly
defined CD4 TFH Regulatory (TFHR) Cells (Foxp3+Bcl-6+) aid in the suppression of the
immunogenic TFH-GC B cell response200. In determining whether these cells directly suppress
autoimmune phenotypes, Wu and colleagues recently found that TFHR deficient B6 mice
(Foxp3-Cre x flox/Bcl-6/flox) generate higher anti-dsDNA IgA titers during pristane-induced
lupus320. Although I did not directly explore the role of these cells in my dissertation, future work
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will include determining whether and how TFHR cells promote either self and/or graft tolerance
in the context of autoimmunity.

Targeting a single component of the immune system vs. the network as a whole
Within the context of autoimmunity, a number of groups have explored whether targeting
multiple components of the immune system may enhance allograft tolerance in NOD recipients.
In

fact,

the

most

potent

tolerance

inducing

strategies

(outside

of

conventional

immunosuppression regimens that are dosed continuously until rejection or those utilizing graft
matched BMT protocols that lead ultimately to GVHD) have included those that simultaneously
inhibit effector cell co-stimulation (via anti-CD40L) and enhance regulatory cell suppression (via
anti-CD45RB). Specifically, administration of the combination of these agents extends islet
allograft survival in NOD mice 2.5-fold over recipients receiving either therapy individually321.
However, it is important to note that permanent tolerance was never achieved in any of these
recipients. Thus, there still exists an immense need to discover and overcome a number of yet to
be determined barriers to transplant tolerance in the setting of autoimmunity.
This need formed the basis of my investigations in Chapter II in which I explored
whether a specific cell type mediated the generalized resistance to transplant tolerance observed
in NOD mice. My finding that B lymphocytes restrict the generation of graft-protective CD4
Tregs in NOD mice would support the hypothesis that attenuating autoreactive B cell function
while simultaneously enhancing CD4 Treg function may enhance transplant outcomes in
autoimmune NOD mice. In fact, transient B cell depletion prior to anti-CD40L mediated costimulation blockade has been found to extend islet allograft survival 4-fold in NOD mice vs.
those recipients receiving anti-CD40L alone83. However, an important caveat to these studies
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was that the anti-CD22/calicheamicin agent used in these studies did not fully deplete the B
lymphocyte compartment in recipient WT NOD mice. Thus, assessing whether therapies that
more effectively augment CD4 Treg function (i.e. anti-CD45RB) during enhanced B cell
depletion protocols could further render NOD mice susceptible to transplant tolerance induction
remains to be determined.
In further exploring how transplant tolerance is immunologically achieved, in Chapter IV
(Figure 7 – Row 3), I determined that HSC mobilization dependent on sympathetic nervous
system activity is a necessary component to anti-CD45RB mediated transplant tolerance
induction. In that anti-CD45RB alone failed to mobilize HSCs in tolerance resistant NOD mice, I
found that the CXCR4 antagonist AMD3100 could overcome the enhanced HSC retention
characteristic of this strain. When this agent was administered either alone or in combination
with anti-CD45RB, NOD recipients receiving islet allograft demonstrated 6- and 7-fold
extensions in islet allograft survival. Overall, these data suggest that HSC mobilization during
transplantation is a critical step in achieving long-term transplant tolerance. Because failures to
properly mobilize HSCs may contribute to transplant tolerance resistance in autoimmunity, these
findings lend credence to exploring the efficacy of additional agents that enhance HSC
mobilization during clinical transplantation. Along these lines, a recent clinical trial found that
G-CSF mediated HSC mobilization reduced the incidence of acute rejection episodes and
decreased allograft vasculopathy in patients receiving cardiac allografts322. Furthermore, as
ATG/G-CSF treatment protocols have recently demonstrated modest success in maintaining islet
survival in patients with recent onset T1D323, these clinical findings and my data presented in
Chapter IV lend credence to the fact that effective HSC mobilization may be a critical
component in achieving transplant tolerance in autoimmunity.
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Overall, HSC mobilization and activity is necessary to generate a robust and proper
effector response while maintaining immune homeostasis235. Extending these findings, my data
suggest that during the transplant response the HSC niche plays a key role in determining the
tolerant outcome. In infectious literature, IFNγ plays an important role in modulating the HSC
compartment234. Although somewhat paradoxical, IFNγ is also required for anti-CD40L/CD28
mediated transplant tolerance to skin and cardiac allografts in non-autoimmune mice324.
Although IFNγ generally plays a harmful role in autoimmune T1D325, inadequate IFNγ function
may further relate to a failure to act on the HSC compartment, thereby contributing to the
generalized resistance to transplant tolerance observed in NOD mice. Future studies will explore
whether dysregulated IFNγ mediated mobilization of the HSC niche contributes to transplant
tolerance resistance in autoimmune recipients.
In exploring new avenues to achieve transplant tolerance in the absence of conventional
immunosuppression, recent evidence has demonstrated that blocking T cell metabolism may
offer a novel means by which allograft rejection can be prevented300. Although these recent
studies utilized a model in which continuous administration of the anti-metabolic agents
Metformin, 2-Deoxy-D-glucose, and 6-Diazo-5-Oxo-L-Norleucine prevented cardiac allograft
rejection, the authors did note that these agents can effectively attenuate the expansion of IFNγ
producing T effector cells while concomitantly increasing CD4 Treg numbers. As CD4 T cells
from B6.SLE123 mice possess enhanced metabolic function including roles for heightened
cellular glycolysis and mitochondrial oxidative metabolism295, in Chapter VI I explored whether
temporary metabolic modulation of CD4 T cell function during anti-CD45RB therapy could
render B6.SLE123 mice susceptible to transplant tolerance induction. I hypothesized that
metabolic conditioning during anti-CD45RB mediated tolerance induction would enhance the
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inactivation of anti-graft effector T cells while augmenting the generation of graft-protective
CD4 Tregs. In fact, I found that the addition of the anti-metabolic agents Metformin and 2Deoxy-D-Glucose significantly extended allograft survival in otherwise tolerance resistant
B6.SLE123 mice. Although the exact mechanism of graft protection in this setting remains to be
determined, future studies will include assessing how the tolerance inducing agent anti-CD45RB
alters specific metabolic parameters in both effector and regulatory T cell populations in both
transplant susceptible (B6) and resistant strains (B6.SL123, B6.SLE1, B6.SLE2, B6.SLE3 and
NOD). While outside the context of solid-organ transplantation, recent work by Nguyen and
colleagues demonstrated that alloreactive T cells in GVHD rely primarily on aerobic
glycolysis326. Glycolytic blockade via inhibition of mTORC1 or PFKFB3 ameliorated
alloreactive T cell mediated GVHD morbidity and mortality. As these molecules are directly
downstream of PTEN, a molecule required for CD4 Treg suppressive function, beneficially
targeting the PTEN-PI3K-AKT-mTOR pathway in alloreactive T cells that favors Treg function
may offer a novel means by which enhancing transplant tolerance in autoimmunity could be
achieved as part of a multi-agent, tolerance-inducing strategy.

Heterologous immunity as barrier to transplant tolerance in autoimmunity
Non-specific immunologic insult represents a significant barrier to transplant tolerance in
the clinical setting; acute rejection events are often associated with unrelated pathogenic
infections327. Although the molecular mechanisms driving such “heterologous immunity” during
transplantation have yet to be determined, Adams and colleagues found that the transfer of either
CD8 effector or central memory T cells from mice previously infected with LCMV could rapidly
precipitate skin allograft rejection in otherwise tolerance-susceptible syngeneic recipients
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(mediated by DST + MR1 mediated co-stimulation blockade)328. Specifically, the exposure to
LCMV generated a cross-reactive, alloreactive memory CD8 T cell pool capable of driving
allograft rejection. Whether such exposure led to the activation of alloreactive cells via molecular
mimicry (in that a viral bound self MHC resembled self-peptide bound to foreign MHC) or by
bystander activation remains to be determined.
It can be speculated that heterologous immunity, driven instead by autoreactive T and B
lymphocytes in lieu of a pathogenic agent, could represent a barrier to transplant tolerance in
autoimmunity. In these autoimmune milieus, inappropriately activated autoreactive T and B
lymphocytes could in theory promiscuously activate bystander alloreactive T cells (which
constitute 5-10% of T cell repertoire30) that would later resist transplant tolerance induction.
Alternatively, these same autoreactive T and B lymphocytes that target self-antigen may generate
a memory T cell pool capable of cross-reacting with allogeneic graft tissue. Regardless of
whether these alloreactive T cells are generated by bystander activation or molecular mimicry,
my data in Chapter III and V demonstrate that autoimmune NOD and B6.SLE123 are unable to
adequately control the immunogenic CD4 TFH-GC B cell axis, an axis which when
inappropriately regulated, results in the outgrowth of antigen non-specific GC B cells as
determined by Linterman and colleagues200. Although inappropriately activated GC B cells in
NOD and B6.SLE123 mice generate autoantibodies directed at islet and nuclear proteins,
respectively, it remains to be determined whether these autoimmune mice also possess antibodies
capable of cross-reacting with allogeneic tissue prior to transplantation although this was not
observed in my baseline alloantibody measures prior to stimulation. However, as my data
demonstrate that both NOD and B6.SLE123 mice generate enhanced antibody and specifically
alloantibody titers during immunization, it can be inferred that these autoimmune environments
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are genetically predisposed to generating heightened GC B cell responses which are potentially
capable of generating highly immunogenic, graft-reactive alloantibodies. Genetic sequencing and
comparative analysis of the TCRs and BCRs emerging from the alloresponse may offer insight
into whether and how the autoimmune environment is skewed toward generating a heightened
alloresponse.

Transplant tolerance as a dynamic, ongoing, and highly regulated process
In Chapter II, I determined that allograft tolerance in B cell deficient NODμMT mice is
an ongoing, antigen-specific, and highly regulated state mediated by graft-protective CD4 Tregs.
Although I found that infusion of graft-inexperienced, naive T cells from NOD mice failed to
precipitate rejection in tolerant NODμMT recipients (thereby suggesting that graft-protective
CD4 Tregs actively prevent the anti-graft function of naïve T cells), it remains to be determined
whether these same graft-protective CD4 Tregs could overcome the aggressive memory T cell
response characteristic of this strain. Accordingly, future studies could include infusing memory
T cells from rejecting NODμMT or NOD mice into tolerant NODμMT allograft recipients. In the
event that these anti-graft memory cells precipitated rejection, these findings may reveal a new
barrier to transplant tolerance in the autoimmune setting - specifically a failure to regulate the
allograft memory response.
In exploring the role of graft memory in the context of transplant tolerance, Miller and
colleagues recently determined that in non-autoimmune settings, the memory of graft regulation
dominates over the memory of graft rejection. Using a model in which anti-CD40L mediated
cardiac allograft tolerance was broken by Listeria infection, the authors determined that
placement of a second matched graft after pathogen clearance was accepted indefinitely without
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further treatment329. The restoration of graft tolerance was directly attributable to CD4 Tregs in
that anti-CD25 mediated depletion of this cell population rapidly precipitated rejection of second
matched cardiac allografts.
These findings implicate that the memory of graft regulation can override the memory of
graft rejection; although graft tolerance can be transiently overridden during inflammation, this
state can re-emerge after inflammation has ceased. Extending these findings, it is well
documented that breakthrough lupus nephritis in renal allografts can directly lead to acute
rejection events and subsequent graft failure252. From these studies, it could be argued that
immunosuppression at the earliest signs of acute rejection should entail not only those agents
capable of halting effector T cell function, but those that concomitantly enhance graft-protective
regulatory cell function. In that graft tolerance is an ongoing and highly regulated immunologic
process, determining how to specifically enhance graft regulation during episodes of unrelated
immunologic insult may offer new insights into achieving clinical operational tolerance.

Innate immune cells: a potential barrier to transplant tolerance in autoimmunity?
Within the B6.SLE123 setting, the SLE1 locus directly perpetuates an enhanced DC
derived IL-6 response, a cytokine whose effects directly render T effector cells resistant to Treg
mediated suppression277. Although blockade of the IL-6 signaling axis partially restored
transplant tolerance in B6.SLE1 mice (Chapter VI), it remains to be determined whether
additional aberrancies in DC function contribute to my observation that B6.SLE123 mice resist
transplant tolerance induction (Chapter V). Interestingly, Wan and colleagues documented that
B6.SLE123 DCs undergo reduced apoptosis and induce greater CD4 T cell proliferation despite
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possessing reduced levels of MHC Class II and the co-stimulatory molecules CD40, CD80, and
CD86277.
Accordingly, further dissection of the role of DCs in establishing transplant tolerance in
the setting of autoimmune lupus is highly warranted in that a number of reports have recently
documented that infusion of tolerogenic DCs can attenuate lupus pathology via enhancements in
CD4 Treg function330. Similar to exploring whether the genes responsible for resistance to
transplant tolerance in B6.SLE123 mice are perpetuated by dominant or recessive genetic
polymorphisms (as extended from the transplant studies involving F1 B6 x NOD mice – see
below), future studies will include testing transplant tolerance in F1 B6 x B6.SLE1, B6 x
B6.SLE2, and B6 x B6.SLE3 recipients. Overall, determining why the autoimmune environment
remains resistant to transplantation tolerance demands exploring the entirety of the immune
network, including a role for those cells of the innate immune system.
Although it is well documented that autoimmune NOD mice possess a number of DC
deficiencies (whose inadequate function may in part further explain why in the absence of B
cells NOD mice are permissive to transplant tolerance – Chapter II) it remains to be determined
whether failures in the DC system further challenge the establishment of long-term transplant
tolerance in the setting of autoimmunity, especially in light of recent data demonstrating that
DCs can directly participate in allorecognition. Interestingly, B6 x NOD F1 recipients similarly
resist anti-CD40L mediated transplant tolerance induction despite not progressing to diabetes331.
Although these F1 mice possess restored NK and Macrophage function in comparison to WT
NOD mice, these F1 offspring still retain deficiencies in their DC compartment. Specifically,
DCs in both F1 and WT NOD mice possess abnormalities in maturation and express higher
levels of the CD4 T cell co-stimulatory molecule CD86. Such DC deficiencies in the NOD
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setting may in part render these mice resistant to transplant tolerance induction due to enhanced
CD4 T cell activation. As G-CSF mediated diabetes prevention in NOD mice induces a DC
dependent enhancement of islet-protective CD4 Tregs332, these data warrant further exploration
into the role of DCs in establishing transplant tolerance to allogeneic tissue grafts in NOD mice.
In that I found a decreased propensity of conventional BMDCs to express the CD8 Treg survival
factor IL-15 in NOD mice (Chapter III), such intrinsic DC failures may further perpetuate
failures in generating those graft-protective regulatory necessary of instilling immunologic
transplant tolerance in the context of autoimmunity.

Towards reliably achieving Clinical Operational Tolerance
Although permanent transplant tolerance is readily achieved in small animal models via a
variety of agents (see Pharmacologically Induced Transplant Tolerance), there currently exist no
agents or protocols that reliably induce Clinical Operational Tolerance (COT) in human graft
recipients. Accordingly, over the past two decades researchers have focused on advancing trials
of preclinical agents to obtain COT. Some of the earliest trials included those exploring the
efficacy of T cell costimulation blockade during transplantation using anti-CD40L therapy. Upon
Kirk’s discovery in 1999 that anti-CD40L monotherapy induced long-term renal allograft
survival in Rhesus Macaques, as well as prevented any signs of acute rejection333, a humanized
form of anti-CD40L (BG9588) quickly entered clinical trials. Unfortunately however, Kirk’s
Phase I/II clinical was terminated early; not only did BG9588 monotherapy demonstrate poor
efficacy in that 5/7 renal transplant recipients presented with signs of acute rejection, a number
of recipients presented with life-threatening thromboembolic events334. Through a series of
follow up experiments, it was later determined that human platelets, unlike their murine
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counterparts, express the FcγRIIa through which bound anti-CD40L immune complexes induce
platelet activation and aggregation335. Although these initial results came as a shock to the
transplant community, these studies highlighted the challenge, importance, and necessity of
discovering differences between the preclinical and human immune systems that may hinder safe
and successful translation of novel transplant agents. In light of these results, a number of
researchers are actively modifying humanized anti-CD40L antibodies via means of Fc
elimination/modification with the overall goal of efficiently interrupting the CD40-CD40L axis
while avoiding platelet aggregation336.
Along similar lines, translational efforts to evaluate the clinical utility of the tolerance
inducing agent ant-CD45RB raise additional challenges in the quest of realizing COT. In a fullyMHC mismatched renal allograft model between Cynomolgus monkeys, two-week monotherapy
of a humanized form of anti-CD45RB (clone: 6G3) resulted in a 4-fold extension of MSTs (27
days) over untreated recipients as well as 2/8 recipients reaching >200 and >300 days of stable
graft function337. In comparison, groups receiving FK506 monotherapy dosed until rejection all
rejected with a MST of 27 days, a time that did not differ significantly from recipients receiving
anti-CD45RB monotherapy. Although anti-CD45RB therapy never reached clinical transplant
trials due to the untimely death of the study’s Principal Investigator, studies such as these raise
important questions concerning rational translation of new transplant agents. Specifically, what
is the bar required for a new transplant agent to move to clinical trials? Does the new agent’s
efficacy need to meet or exceed that of currently utilized immunosuppression agents? Although
the agent may not significantly exceed the efficacy of a currently available agent, how does one
account for the potential reduction of side effects offered by the new agent in evaluating its
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potential clinical utility? Although there is no specific answer to these questions, these issues
represent ongoing challenges to translational transplant scientists.
In addition to anti-CD40L and anti-CD45RB therapy, numerous other preclinical
tolerance-inducing agents have since entered non-human primate and clinical trials (including
but not limited to anti-ICAM-1, anti-CD80/86, CTLA-4Ig, FTY720, and Tofacitinib)334. As
informed from the anti-CD40L monotherapy trial however, these subsequent trials have switched
to a design wherein these experimental agents (or a placebo control) are administered alongside
conventional immunosuppression in order to maximize overall graft and patient survival and
safety. Such trial design now raises the additional challenge of evaluating the individual efficacy
of each trial agent. Does the confounding factor of generalized immunosuppression reduce or
enhance the effects of the trial agent in question? To what extent must the trial agent improve
graft and patient survival over administration of conventional regimens alone to justify its
clinical utility? Are there additional benefits that the trial agent offers over conventional
immunosuppression? Recent results from a 2016 report in the New England Journal of Medicine
shed light on the challenge of answering these questions. Vincenti and colleagues demonstrated
that administration of CTLA4-Ig (Belatacept) in place of Cyclosporine (alongside concomitant
Basiliximab, MMF, and glucocorticoids) reduced overall risk of renal graft loss and death by
43% at 7 years after transplantation338. In assessing overall survival rates at 7 years, addition of
Belatacept decreased risk of death from 14% to 9% and risk of graft loss from 10% to 5%.
Interestingly however, patients receiving Belatacept in place of Cyclosporine also demonstrated
significantly improved estimated Glomerular Filtration Rates (eGFR) at 7 years (65 vs. 45
mL/min/1.73m2). Although addition of Belatacept statistically improved transplant outcomes, it
remains to be determined whether these improvements justify its widespread clinical adoption at
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an additional cost of $21,000 per year339. Ultimately, these studies may help usher in new agents
that improve graft and patient survival odds. However, there now exists the additional challenge
of parsing out the isolated immunological effects of these agents as well as determining whether
or not they truly increase ones odds of achieving COT over standard therapy or rather, simply
modify one’s general state of immunosuppression.
Finally, it is interesting to note that within the approximately 100 cases of human renal
transplant recipients demonstrating Clinical Operational Tolerance (COT) there now exist 8
documented COT transplant recipients with a history of autoimmune disease340. Although my
data demonstrate that the murine autoimmune T1D and SLE environments represent a stringent
barrier to anti-CD45RB induced transplant tolerance, it remains to be determined the degree to
which clinical autoimmunity precludes COT or represents a modifiable barrier. Furthermore, it
remains unknown whether specific types of clinical autoimmunity and their specific immune
dysregulations represent unique or generalizable barriers to COT. In that past efforts have
revealed a unique B cell signature in COT renal transplant recipients without any history of
underlying autoimmune disease (see Transplant Tolerance in the Clinic), profiling this unique
clinical cohort of COT transplant recipients with underlying autoimmunity represents an exciting
opportunity to discover specific immune signatures that may differ 1) between COT transplant
recipients with or without autoimmunity, 2) between COT transplant recipients and rejecting
transplant recipient with autoimmunity, and 3) between COT transplant recipients with different
forms of underlying autoimmunity. Overall, studying these unique cohorts of COT transplant
recipients represents an unprecedented opportunity to enhance our understanding of which
immune pathways and networks dictate immune tolerance to both self and transplanted tissue.
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Conclusions
Achieving transplant tolerance in the autoimmune environment will require targeting
multiple immunologic dysregulations in T-B cell collaboration that drive the aggressive antigraft response. At a biologic level, my findings newly reveal the necessity of overcoming B
lymphocyte mediated restriction of CD4 Treg function, failed HSC mobilization, and enhanced T
cell metabolism in achieving transplant tolerance. At a cellular level, my dissertation
demonstrates that specific failures in CD4 and CD8 Treg mediated suppression of the effector
cell response in autoimmune T1D and SLE may contribute to a generalized resistance to
transplant tolerance observed in these strains. Overall, identification of and surmounting the key
dysregulations in T-B cell collaboration that permit loss of tolerance in autoimmunity may one
day help realize the full clinical potential of transplantation as a cure for autoimmune disease.
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CHAPTER VIII

MATERIALS AND METHODS

Animals
The Institutional Animal Care and Use Committee (IACUC) at Vanderbilt University approved
all procedures carried out during this study. Mice were housed in a specific-pathogen free facility
at Vanderbilt University and maintained by Vanderbilt’s Division of Animal Care (DAC).
Specific mouse strains used in these studies, along with their MHC haplotypes, immunologic
phenotypes, genetic alterations, and sources are listed in Table 4. Mice were purchased from The
Jackson Laboratory (Bar Harbor, ME) or Taconic Biosciences (Hudson, NY) or kindly donated
by the investigators listed in Table 4. Prior to use, all mouse genotypes were confirmed by PCR
using primers published by the strain’s donating investigator.

Lymphoid cell preparation
Per IACUC standards, mice were euthanized via isoflurane overdose followed by cervical
dislocation. Lymphoid organs of interest (spleens, thymuses, and pancreatic, inguinal, renal, and
cervical lymph nodes) were surgically removed and then placed in ice-cold Phosphate Buffered
Saline (PBS). To free lymphocytes from tissue their surrounding tissue stroma, lymphoid organs
were crushed with the plunger end of a 1cc tuberculin syringe (BD, San Jose, CA) through 70μm
pore size cell sieves (Thermo-Fisher Scientific, Waltham, MA) into 50mL conical tubes. Cell
sieves were then washed three times with ice-cold PBS into the same 50mL conical tube to
ensure maximal cell recovery. Isolated cells were then spun at 550g for 3 minutes and the
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Table 4. Animal strains used in dissertation.

Strain (Shortened Strain Name)
MHC Haplotype Immunologic Phenotype/Purpose for Study
Source/Stock Number
BALB/cJ (BALB/c)
d
MHC Mismatched Islet Donor
JAX - 000651
C3H/HeJ (C3H)
k
MHC Mismatched Islet Donor
JAX - 000659
C57BL6/J (B6)
b
Non-autoimmune (Control)
JAX - 000664
C57BL/6NTac-IL15tm1Imx N5 (B6.IL-15-/-)
b
CD8 Treg Deficient (Non-autoimmune Control)
Taconic - 4269
B6.129S7-Rag1tm1Mom/J (B6.RAG)
b
T and B Cell Deficient (Non-autoimmune Control)
JAX - 002216
B6.NZM-Sle1NZM2410/Aeg Sle2NZM2410/Aeg Sle3NZM2410/Aeg/LmoJ (B6.SLE123)
b
Fully Penetrant SLE
JAX - 007228
B6.NZM-Sle1NZM2410/Aeg/LmoJ (B6.SLE1)
b
Partially Penetrant SLE
Donated by Edward Wakeland, UTSW
B6.NZM-Sle2NZM2410/Aeg/LmoJ (B6.SLE2)
b
Partially Penetrant SLE
Donated by Edward Wakeland, UTSW
B6.NZM-Sle3NZM2410/Aeg/LmoJ (B6.SLE3)
b
Partially Penetrant SLE
Donated by Edward Wakeland, UTSW
NOD/ShiLtJ (NOD)
g7
T1D Prone
JAX - 001976
NOD.129S7(B6)-Rag1tm1Mom/J (NOD.RAG)
g7
T and B Cell Deficient T1D Prone
JAX - 003729
NOD.129S2-Ighmtm1Cgn/Dvs (NODuMT)
g7
B Cell Deficient T1D Prone
JAX - 003903
NOD/ShiLtJ-H2-Ab1em1Ygch/J (NOD.H2-Ab-/-)
g7
MHC Class II Deficient T1D Prone
JAX - 027057

resulting cell pellet was lysed of contaminating Red Blood Cells via ACK Lysis Buffer for 5
minutes. The lysis buffer was then quenched via dilution with PBS. Isolated cells were then
centrifuged, resuspended in 10 mL of PBS, and counted via an Automated Cell Counter
(BioRad, Hercules, CA). Cells were stored on ice until further analysis.

Bone marrow preparation
Following euthanasia, murine tibias and femurs were removed and surrounding muscle tissue
was dissected away. Tibial and femural epiphyses were then cut with bone cutting scissors and
bone marrow was flushed from the resulting long-bone diaphysis using a 22-gauge needle
attached to a 5mL syringe filled with ice-cold PBS. The isolated bone marrow was then filtered
over a 70μm cell sieve and cells were further processed as described in Lymphoid Organ
Preparation.

Peripheral Blood Mononuclear Cell (PBMC) preparation
Mice were first anesthetized with a single intraperitoneal (i.p.) injection of a Ketamine/Xylazine
solution diluted in 0.9% normal saline (15mg/dL Ketamine, 3mg/mL Xylazine) dosed at 7.5μl/g.
Upon confirmation of full anesthesia via toe-pinch, mice were bled retro-orbitally using a
heparinized Natelson blood collecting tube. 200μL of the blood sample was then mixed with
3mL of room temperature HBSS (without calcium or magnesium) and placed into a 15mL
conical tube. Samples were then underlaid with 2mL of a 1.077 g/mL Histopaque solution
(Sigma Aldrich, St. Louis, MO) via a Pastuer Pipette and then spun at 1800rpm for 30 minutes.
Cells floating above the Histopaque layer (PBMCs at the buffy coat) were then removed via
pipette and stored on ice until further analysis.
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Conventional flow cytometry
Lymphocytes were plated at a concentration of 1 million cells per well in 96 well V-bottom
plates. Plates were then centrifuged at 550g for 3 minutes, supernatants discarded, and cells were
stained in a 50ul volume of FACS Buffer (PBS + 0.1% sodium azide + 3% Fetal Bovine Serum)
composed of various panels of fluorophore-conjugated antibodies purchased from either BD
Biosciences, San Jose, CA or eBioscience, San Diego, CA. Extracellular fluorophore-conjugated
antibodies used included: B220(RA3-6B2), CD3ε(145-2C11), CD4(RM4-5), CD8α(53-6.7),
CD25(7D4),

CD122(TM-B1),

CD279/PD-1(J43),

CD11b(M1/70),

CD11c(N418),

CD34(RAM34), CD44(IM7), CD45(30-F11), CD45RB(C363.16A), CD49b(DX5), CD19(6D5),
CD95/Fas(Jo2),

CD254/RANKL(IK22/5),

CXCR4(2B11),

CXCR5(2G8),

c-Kit(2B8),

F4/80(BM8), GITR(DTA-1), H2-Kb(AF6-88.5.5.3), H-2Kd(SF1-1.1.1), H-2Kk(36-7-5), IAb(KH74), I-Ak/g7(10-3.6), ICOS (C398.4A), IgM(II/41), IL-15Ra(DNT15Ra), Ly6C/G(RB68C5), Ly49C/F/I/H(14B11), Ly49E/F(CM4), Ly49C/F/I/H(14B11), Ly49F(HBF-719), Ly49G2(4D11),

Osteocalcin(polyclonal),

Sca-1(D7),

TCRβ(H57-597),

TCRVβ2(B20.6),

TCRVβ3(KJ25), TCRVβ4(KT4), TCRVβ5.1/2(MR9-4), TCRVβ6(RR4-7), TCRVβ7(TR310),
TCRVβ8.1/2(MR5-2),
TCRVβ11(RR3-15),

TCRVβ8.3(1B3.3),
TCRVβ12(MR11-1),

TCRVβ9(MR10-2),
TCRVβ13(MR12-3),

TCRVβ10b(B21.5),
TCRVβ14(14-2),

TCRVβ17a(KJ23), TER-119. Lymphocytes were stained at 4°C for 30 minutes, washed with
FACS buffer, transferred to 5mL round bottom tubes, and kept at 4°C until analysis. For
intracellular protein analysis, cells were fixed and permeabilized prior to staining via a 30
minutes soak at 4°C in a saponin/PFA based buffer purchased from eBioscience
(Foxp3/Transcription Factor Staining Buffer Set). The following intracellular fluorophoreconjugated antibodies were used to stain cells for 30mins at 4°C after fixation/permeabilization:
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Bcl-6(K112-91),

Foxp3(FJK-16s),

Helios(22F6),

Ki67(SolA15),

pSMAD2/3(D27F4),

pSMAD1/5/8(D5B10). All samples were acquired on a BD LSRFortessa Flow Cytometer and
analyzed by FlowJo software (TreeStar, Ashland, OR).

Cytokine stimulation assays and phosphoflow cytometry
For ex vivo signaling assays, splenocytes were exposed to increasing concentrations of either the
IL-15C superagonist (1, 10, 100, 1000, 10000 pM, eBioscience, San Diego, CA) or recombinant
IL-6 (0.2, 2, 20 ng/mL, eBioscience, San Diego, CA) for various periods of time (0, 5, 10, 15,
30, 60 minutes) in Cell Culture Media (DMEM + 10%FBS + 1% Penicillin/Streptomycin)341. For
some conditions, cells were preincubated for 30 minutes at 37°C with either the JAK3 specific
inhibitor Tofacitinib (1μM, SelleckChem, Houston, TX) or an anti-IL-6R antibody (10μg/mL,
BioXCell, West Lebanon, NH) to inhibit JAK mediated phosphorylation of either STAT5 or
STAT3. Cells were then fixed with 1% PFA, permeabilized with 100% ice cold methanol, and
pSTAT levels were assessed by staining cells with a primary anti-pSTAT5[Y694](C11C5) or
anti-pSTAT3[Y705](D3A7) rabbit antibody, followed by a secondary anti-rabbit Fab2-Alexa647
conjugate (Cell Signaling Technologies Danvers, MA). Specific CD4 and CD8 T cell
populations were further identified by staining with various combinations of the extracellular
fluorophore-conjugated antibodies listed above in the Conventional Flow Cytometry methods
section. For in vivo signaling assays, mice were i.v. injected with 1μg of an in vivo stable IL-15C
complex or saline as a control207. To generate an in vivo stable IL-15C complex, carrier free IL15 (eBioscience, San Diego, CA) was incubated with the high affinity IL-15 Receptor alpha
chain-Fc complex (R&D Systems, Minneapolis, MN). One hour after IL-15C or saline injection,
spleens were immediately fixed with 1% PFA, permeabilized with methanol, and pSTAT5
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signaling assessed342. As previously described, all samples were then acquired on a BD
LSRFortessa Flow Cytometer (BD, San Jose, CA) and analyzed by FlowJo software (TreeStar,
Ashland, OR).

Magnetic Activated Cell Sorting (MACS)
In general, depletion or enrichment of B, CD4 T effector, CD4 Treg, or CD8α T cell populations
was achieved by following the kit instructions provided by Miltenyi Biotec (San Diego, CA). For
positive selection, isolated lymphocytes were resuspended in MACS Buffer (PBS + 0.5%FBS +
1%Pen/Strep) and then incubated with the following monoclonal antibodies pre-conjugated to
magnetic microbeads [B cells: anti-B220(RA3-6B2), CD4 T cells: anti-CD4(L3T4), CD8 T
cells: anti-CD8(Ly-2)]. For untouched negative selection, cells were incubated with the
following biotin-conjugated antibody cocktails pre-mixed and supplied by Miltenyi [B cells:
anti-CD43(Ly48), anti-CD4(L3T4), anti-Ter-119; CD4 T cells: anti-CD8α, anti-CD11b, antiCD11c, anti-CD19, anti-B220, anti-CD49b, anti-CD105, anti-IAβ, anti-Ter119, and antiTCRγ/δ; CD8α T cells: anti-CD4, anti-CD11b, anti-CD11c, anti-CD19, anti-B220, anti-CD49b,
anti-CD105, anti-IAβ, anti-Ter119, and anti-TCRγ/δ]. Cells were washed and then mixed with
magnetic microbeads pre-conjugated to an anti-biotin antibody. All magnetically labeled cell
populations were then run over an LS column attached to a QuadroMACS Miltenyi Magnetic
Stand and flow-throughs of interest were collected and counted. Isolation of CD4 T effector cells
(CD4+CD25-) and/or CD4 T Regulatory cells (CD4+CD25+) was achieved by further labeling
negatively selected CD4 T cells with an anti-CD25-PE antibody followed by incubation with
anti-PE magnetic microbeads. Purity of the MACS sorted cell populations ranged from 90-95%
as determined by flow cytometry.
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Fluorescence Activated Cell Sorting (FACS)
Immediately following lymphocyte preparation, cells were resuspended in MACS Buffer and
then stained with various panels of fluorophore-conjugated extracellular antibodies (listed in
Conventional Flow Cytometry methods) to identify cell populations of interest. After staining,
cells were resuspended at a concentration of 20 million cells per mL in MACS Buffer and then
sorted via a BDFACSAriaIII (BD, San Jose, CA) housed, maintained, and operated by the
Vanderbilt Flow Cytometry Core. T lymphocytes were sorted using a 70μm nozzle at a rate of 20
million cells per hour. Purity of the FACS sorted cell populations ranged from 97-100%.

Histology
For Formalin-Fixed, Paraffin Embedded (FFPE) histology, all samples were fixed overnight in a
10% formalin solution. Samples were then submitted to the Vanderbilt Translational Pathology
Shared Resource (TPSR) for paraffin embedding, sectioning, and staining of tissue samples. In
most cases, core services were provided for H&E, insulin, CD4, and Foxp3 staining of tolerant
islet allografts using protocols developed and carried out by the TPSR. For fluorescent IHC,
excised islet grafts were first fixed in a 4% PFA/PBS solution for 2 hours at room temperature
and then soaked overnight at 4°C in a 30% sucrose/PBS mixture. Tissues were then frozen in
OCT, cut into 6μm thick sections using a CryoStat, and then mounted on slides. Sections were
fixed and permeabilized with a 1%FCS/1%Triton-X100 solution and islet graft tissue was
identified using a primary rabbit polyclonal anti-insulin antibody followed by an anti-rabbit
Fab2-Alexa488 (Cell Signaling Technologies, Danvers, MA) and infiltrating lymphocyte
populations were identified using pre-conjugated anti-CD3-PE(145-2C11, BD), anti-CD4eFluor570(4SM95, eBio), and anti-CD25-APC(PC61.5, eBio) antibodies. After staining, all
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sections were mounted with Fluoromount-G with DAPI (eBio) and imaged using a Nikon Epifluorescence upright optical microscope at 20x.

Anti-Insulin IgG ELISA
To detect circulating anti-insulin IgG, 96-well MaxiSORP plates (eBioscience, Sand Diego, CA)
were coated overnight at 4°C with 1 mg/mL human insulin (Sigma Aldrich, St. Lious, MO)
diluted in Borate Buffered Saline. Mouse serum was diluted 1/100 in ELISA blocking buffer
(PBS + 10%FBS + 0.05% Tween-20). Supernatant from the hybridoma mAb125, which
produces anti-insulin IgG (kindly provided by Tom Thomas, Vanderbilt, Nashville, TN) was
used as a positive control. Specific binding was verified by competition with 100μg/mL of free,
unbound human insulin343. All samples were then counter-stained using a total anti-mouse IgGbiotin conjugated antibody mixed with Streptavidin-HRP (SouthernBiotech, Birmingham, AL)
and developed with Pierce 1-Step Ultra TMB ELISA solution (ThermoFisher Scientific,
Waltham, MA) followed by quenching with 2M HCl. Plates were then read at 450nm absorbance
using a BioTek Automated Plate Reader (Winooski, VT).

Ex vivo Mixed Lymphocyte Reaction (MLR)
One million splenocytes from B6 or B6.SLE123 mice (H-2b) were resuspended with one million
Mitomycin-C pre-treated (50μg/mL, Sigma-Aldrich, St. Louis, MO) C3H splenocytes (H-2k) in
CCM and incubated for 5 days in 96-well flat-bottom, tissue-cultured treated plates. Supernatants
were then isolated and IL-6 and IFNγ levels were assessed as described in the Cytokine ELISAs
section.
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Cytokine ELISAs
IL-6 and IFNγ ELISA kits were purchased from BD Biosciences (San Jose, CA) and their
instructions followed. Briefly, 96-well MaxiSORP plates (eBioscience, San Diego, CA) were
coated overnight at 4°C with either an anti-IL-6 or anti-IFNγ capture antibody diluted at 1:250 in
a freshly prepared Sodium Carbonate Buffer, pH 10. Plates were then blocked with ELISA
blocking buffer (PBS + 10%FBS + 0.05% Tween-20), incubated with serum samples (neat), and
counterstained with anti-IL-6 or anti-IFNγ biotin conjugated antibodies mixed with StreptavidinHRP. Plates were then developed and read following the methods described in the anti-insulin
ELISA methods section.

2-NBDG glucose uptake assay
Whole splenocytes from B6 and B6.SLE123 mice were plated at a concentration of 1 million
cells per well in 96-well V-bottom plates in glucose-free CCM and cultured for 1 hour at 37°C.
Cells were then supplemented with 30μM of the fluorescent glucose analogue 2-NBDG
(Thermo-Fisher Scientific, Waltham, MA) and cultured for a further 30 minutes at 37°C.
Splenocytes were then stained for antibodies directed against CD4 and analyzed by the methods
described in the Conventional Flow Cytometry section.

Colony Forming Cell assay
Methylcellulose colony-forming (CFC) assays were performed via standard methods using
materials from R&D Biosystems (Minneapolis, MN)(10). In brief, 5000 bone marrow cells from
B6 and NDO mice were resuspended in IMDM/2%FBS at a 1:10 ratio with methylcellulose
complete media containing human Epo (5IU/mL) and mouse IL-3 (10ng/mL), IL-6 (10ng/mL),
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and SCF (50ng/mL). Cells were cultured for 8 days and colonies were counted by a blinded
observer.

Osteoblast isolation, culture, and functional analysis by flow and RT-PCR
Bone marrow cells were differentiated to osteoblasts as previously described using 50μg/mL
ascorbic acid and 5mM beta-glycerophosphate (Sigma Aldrich, St. Louis, MO). Cultured
osteoblasts were exposed to 100ng/mL rmG-CSF (R&D), 50μg/mL anti-CD45RB (BioXCell,
West Lebanon, NH), or media alone (control) for 24 hours. Cells were analyzed by flow
cytometry or RT-PCR (for primer sets used see Table 2). Individual gene expression was
normalized to GAPDH and relative gene expression changes were calculated using the 2-ΔΔCt
method.

Ex vivo CD4 Treg suppression assay
CD4+CD25- effector T cells and CD4+CD25+ Tregs were isolated from B6 or B6.SLE123
spleens using a CD4+CD25+ regulatory T cell isolation kit (Miltenyi, San Diego, CA). Effector
CD4 T cells and CD4 Tregs were resuspended in Cell Culture Media (DMEM + 10%FCS +
1%Pen/Strep) and plated in 96 well tissue-culture treated, round-bottom plates (Corning Inc.,
Corning, NY) at Treg:T effector ratios ranging from 1:2 to 1:8258. Cells were stimulated with
anti-CD3 (1 µg/ml, 145-2C11, BD, San Jose, CA) and anti-CD28 (1 µg/ml, 37.51, BD, San Jose,
CA) and incubated for 72h. For TGFβ suppression assays, splenocytes were incubated with antiCD3/CD28 (1 mg/ml) +/- 10 mg/ml TGFβ (R&D Systems, Minneapolis, MN) for 72h.
Phosphorylation of the TGFβ signaling components SMAD within TGFβ stimulated CD4 T cells
was assessed using antibodies directed at pSMAD2/3(D27F4) or pSMAD1/5/8(D5B10) (Cell
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Signaling Technologies, Danvers, MA). Supernatants were collected and analyzed for IFNγ by
ELISA (BD, San Jose, CA). The percent suppression was calculated as follows: [(IFNγ
production in each condition/IFNγ T effector cells only)*100].

In vivo CD8 Treg suppression assay
CD8 Treg donor mice were injected intraperitoneally (i.p.) with 100 mg of NP33-KLH
(BioSearch Technologies, Petaluma, CA) emulsified in Complete Freund’s Adjuvant (Sigma
Aldrich, St. Louis, MO). Seven days later, splenic CD8+ T cells were isolated magnetically
(MACS) (Ly-2, Miltenyi, San Diego, CA) and then sorted fluorescently (FACS) to select for
CD8 Treg (CD8+CD122+Ly49+) and non-CD8 Treg (CD8+CD122+Ly49-) populations (BD
FACsAria III). In some cases, classically-defined CD8 Tregs (CD8+CD122+) and non-CD8
Tregs (CD8+CD122-) were also sorted via FACS for other analyses. FACS-sorted CD8 Tregs or
non-CD8 Tregs were then i.v. injected into recipient RAG mice. Reconstituted RAG mice then
received MACS purified splenic B Cells (2 million) and CD4+CD25- T Cells (1 million) from
naïve, unimmunized donors. Mice were injected i.p. with 100 mg of NP33-KLH/CFA. Ten days
after initial immunization, mice were boosted with 50 mg of NP33-KLH emulsified in Incomplete
Freund’s Adjuvant (Sigma Aldrich, St. Louis, MO). Seven days after boosting, the anti-NP8 IgG
response was measured via ELISA (NP8-BSA, BioSearch Technologies, Petaluma, CA; anti-IgG
[goat anti-mouse polyclonal] was purchased from Southern Biotech (Birmingham, AL) over a
Log2 serum dilution. This experimental assay was adapted from work published by the Cantor
group (Harvard, MA) and is depicted in Figure 3.1A124.
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Alloimmunization and alloantibody titer analysis
Twenty million splenocytes from Major Histocompatibility Complex (MHC) mismatched C3H
mice (H-2k) were intravenously injected (i.v.) into recipient B6 and B6.SLE123 mice (H-2b) or
NOD mice (H2-g7). Sera was isolated on days 0, 7, 14, 21, and 28 and incubated with target
C3H splenocytes at a 1:25 dilution. Splenocytes were stained with antibodies directed at
CD3e(145-2C11), IgM(II/41), IgG1(A85-1), IgG2a(m2a-15F8), IgG2b(m2b-25G4), and IgG3
(SB76b) (Southern Biotech, Birmingham, AL). The Median Fluorescence Intensity (MFI) of
bound mouse Ig on target C3H CD3 T cells was used to assess relative alloantibody titer.

Adoptive transfer of diabetes
Immunodeficient NOD.RAG mice received i.v. injections of 5-10 million CD8 T cell depleted
MACS splenocytes from diabetic NOD mice (blood sugars >300mg/dL). Blood glucose levels of
recipient NOD.RAG mice were recorded every 3 days via an AccuChek Blood Glucose Monitor
(Roche Diagnostics, Basel Switzerland). Two consecutive blood glucose levels > 250mg/dL
were used to denote diabetes onset.

Streptozotocin induced diabetes
Fasting mice were injected with at a single dose of 180-225mg/kg Streptozotocin (Sigma
Aldrich, St. Louis, MO) dissolved in ice-cold Sodium Citrate Buffer (pH 4.5), as previously
described344. Two days after injection, blood glucose levels were checked via an AccuChek
Blood Glucose Monitor (Roche Diagnostics, Basel Switzerland). Only those mice with blood
glucose levels > 300mg/dL were included in islet transplantation studies.
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Donor islet harvest
Eight to ten week old female Balb/c (H-2d) or C3H (H-2k) donor mice were euthanized via
isoflurane overdose followed by cervical dislocation (of note, only female islets donors were
used to avoid reactivity to the male H-Y antigen)345. A V-shaped incision through the skin and
muscle layers was then made on the ventral side of the mice starting at the pubis and extending
toward the axilla. Using cotton-tipped swabs, the intestines were then reflected to the mouse’s
left side to reveal the posterior aspect of the stomach and duodenum. Under a Nikon dissecting
microscope, a curve-tipped hemostat was then clamped across the duodenum over the Ampulla
of Vater through which the Common Bile Duct empties its contents. A 0.5inch, 30 gauge needle
attached to 5mL syringe filled with 3-4mL of an ice cold 0.5mg/mL Collagenase P (Roche,
Basel, Switzerland) solution diluted in HBSS (with calcium and magnesium) was then inserted
into the Common Bile Duct at the confluence of the Cystic Duct and Hepatic Duct. Upon visual
confirmation of successful catheterization, 3-4mLs of the HBSS/Collagenase P solution was
injected to inflate the pancreas. The inflated pancreatic tissue was then carefully dissected away
from the surrounding tissue and place in a 15mL conical tube containing 7mL of the
HBSS/Collagenase P solution. Inflated pancreases were then manually disrupted via a 6-minute
hand shake in a 37°C water bath followed by a 2-minute hand shake at room temperature. The
Collagenase-P solution was then quenched with HBSS (with calcium and magnesium)
supplemented with 3%FCS, washed three times with the same solution, underlaid with 2.5mL of
a 1.077 g/mL Histopaque solution (Sigma Aldrich, St. Lious, MO) via a Pastuer Pipette, and then
centrifuged at 1850rpm for 16 minutes. Islets floating above the Histopaque layer (the
dissociated acinar tissue having spun to the bottom of the conical tube) were then removed via
transfer pipette, hand picked by pipette, placed into Islet Culture Media (RPMI1640 w/
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glutamine + 10%FBS + 1% Pen/Step), and cultured overnight at 37°C/5%CO2 in a cell culture
incubator.

Islet transplantation and anti-CD45RB mediated tolerance induction
Sub-capsular renal islet transplantation was carried out as previously described133. Briefly,
chemically diabetic mice (on either the B6[H2-b] or NOD[H2-g7] backgrounds) were
transplanted with at minimum 400 female MHC-mismatched C3H(H2-k) or Balb/c(H2-d) islets
under their left kidney capsule. Cultured islets suspended in 37°C Islet Culture Media were
delivered to anesthetized mice using a 1cc tuberculin syringe fitted with a beveled PE50 tube.
Treated mice were injected with 100μg of anti-CD45RB antibody (BioXCell, West Lebanon,
NH) on days 0, 1, 3, 5, and 7 after transplantation. In some cases, mice also received the
following agents to alter tolerance induction: the CD4 Treg depleting anti-CD25 (PC61,
BioXCell, West Lebanon, NH, 500μg spaced 5 days apart), the HSC-depleting antibody ACK2
(Tocris Biosciences, Bristol, UK, 500μg on day -1), an anti-IL-6R blocking antibody (BioXCell,
West Lebanon, NH, 500μg on days -3, -1, 1, and 3), the CXCR4 antagonist AMD3100 (SigmaAldrich, St. Louis, MO, 100μg on days -4, -3, -2, -1, 0), the anti-sympathetic agent 6-OHD
(Sigma-Aldrich, St. Louis, MO, 100mg/kg on day -4 and 250mg/kg on day -2), the JAK3
inhibitor Tofacitinib (SelleckChem, Houston, TX), delivered by a subcutaneous Alzet Osmotic
Pump implanted on day -5 (Model AP2002; 14 day delivery at 0.5μl/hr, filled with a 50% water /
50% DMSO Tofacitinib solution at 50mg/mL), or drinking water supplemented with the antimetabolic agents 2-deoxy-D-gluocse (5mg/mL, Sigma Aldrich, St. Lious, MO) and Metformin
(3mg/mL, Enzo Life Sciences, Farmingdale, NY) given from days -7 to 14. Successful islet
engraftment was confirmed by a blood glucose reading of <140 mg/dL the day after
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transplantation and graft rejection was recorded when recipient mice demonstrated glucose
readings above 250 mg/dL on 2 consecutive days. Recipient blood glucose readings were
recorded every 3 days.

Survival nephrectomy and islet re-transplantation
Mice demonstrating greater than 100 days of tolerance to islet allografts were anesthetized with a
Ketamine/Xylazine solution and anesthesia was confirmed by toe-pinch. A dorsal incision was
made over left flank and an incision was made through both skin and muscle layers using fine
tipped scissors. Surgical adhesions formed from the initial transplantation surgery were carefully
dissected away using micro-vannas scissors until the islet-graft containing kidney was fully free
from surrounding tissue. A pair of straight-tipped hemostats was then clamped across the renal
vessels of the kidney and a 6-0 silk suture was used to permanently ligate the renal vessels using
4 alternating surgeon-knots under the hemostats. The graft kidney was then cut away using a
number 11 scalpel blade above the hemostat, which was then stored in a 10% formalin solution
for histology. The hemostats were then unclamped slowly to ensure successful ligation prior to
closure. A 5-0 absorbable suture was then used to close the muscle layer using a continuous
running pattern and the skin incision closed via dermal staples. A rapid return to hyperglycemia
(blood glucose > 250mg/dL) by day 2 was used to confirm islet graft function vs. endogenous
beta cell regeneration. To test whether animals were in fact tolerant to the original allograft, mice
were retransplanted in their contralateral kidney with either a MHC-matched [C3H(H2-k)] or 3rd
party MHC-mismatched [Balb/c(H2-d)] islet allograft in the absence of any further treatment
following the methods described above. Blood sugars were recorded every 3 days and blood
glucose readings >250mg/dL on 2 consecutive days were used to denote rejection.
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Generation of chimeric mice and bone marrow transplantation
Seven days prior to irradiation, recipient NOD.RAG mice were given drinking water
supplemented with 100μg/mL Neomycin and Polymyxin B antibiotic solution (XGEN
Pharmaceuticals, Horseheads, NY). On the day of bone marrow transplantation, recipient
NOD.RAG mice were whole body-irradiated with a low-dose of 400 rads using a Radioactive
Cesium source. 6-8 hours after irradiation, recipient mice were anesthetized with a
Ketamine/Xylazine solution and then received an i.v. injection of a total of 5 million T and B cell
MACS depleted bone marrow cells. Recipient groups included NOD marrow only, NODμMT
marrow only, NODμMT (80%) + NOD (20%) marrow, or NODμMT (80%) + NOD.H2-Ab-/(20%) marrow177. Eight weeks after bone marrow transplantation, PBMCs from these
transplanted mice were analyzed via flow cytometry to evaluate reconstitution efficiency (Figure
2.9). Only fully reconstituted mice were used in further islet transplantation experiments.

Statistics
Statistical analysis was performed with GraphPad Prism V6 (La Jolla, CA), using the student’s ttest for comparison of two normally-distributed conditions. One or two-way ANOVA followed
by Bonferroni post-test was used to compare multiple groups. In cases of non-normally
distributed data, data was compared by a Mann-Whitney Test for two conditions or by a KruskalWallis Test for multiple groups. Analysis of the anti-NP response was analyzed via performing a
semi-logarithmic linear regression analysis followed by y-intercept and slope curve comparison.
Diabetes onset or islet graft rejection was graphed as Kaplan Meier curve and compared by Logrank statistical analysis. Error bars denote the Standard Error of the Mean. Statistical
comparisons with p-values <0.05 were deemed significant.
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