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Abstract

This review focuses on our recent studies involving non-myeloablative bone marrow
transplantation as an approach to inducing organ allograft tolerance across MHC barriers in non-
human primates and in patients. The clinical studies are focused on mechanisms of tolerance
involved in a protocol carried out at Massachusetts General Hospital in HLA-mismatched
haploidentical combinations for the induction of renal allograft tolerance. These studies, in which
chimerism was only transient and GVHD did not occur, suggest an early role for donor-specific
regulatory T cells in tolerance induction, followed by partial and gradual deletion of donor-
reactive T cells. A high throughput sequencing approach to identifying and tracking a significant
portion of the alloreactive T cell receptor repertoire has demonstrated biological significance in
transplant patients and pointed to clonal deletion as a long-term tolerance mechanism in these
recipients. More recently, we adapted this sequencing method to optimally identify the donor-
specific regulatory T cell (Treg) repertoire. Interrogation of the early post-transplant repertoire
demonstrated expansion of donor-specific Tregs in association with tolerance. The kidney itself
plays a key role in tolerance induction in the above patients, who had only transient chimerism.
Non-human primate studies indicate that other organs, including the heart, the lungs and the liver,
are less readily tolerated following a period of transient mixed chimerism. Our efforts to extend
the reach of mixed chimerism for tolerance induction beyond the kidney are therefore focused on
the addition of recipient Tregs to the protocol. This approach has the potential to enhance
chimerism while further reducing the risk of GVHD.

Keywords

Mixed chimerism; allograft rejection; donor-specific tolerance; clonal deletion; regulatory T cells;
kidney; liver

Corresponding Author: Megan Sykes, MD, Columbia Center for Translational Immunology, 650 West 168t Street, Black Building,
1512, (Mailbox 127), New York, NY 10032, Tel: 212.304.5696 Fax: 646.426.0019 megan.sykes@columbia.edu.

Conflict of Interest:

M.S. is chairman of the scientific advisory board of ITB-MED AB, Inc. All other authors have declared that no conflict of interest
exists.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sykes and Griesemer

Page 2

Introduction

Studies of combined kidney/bone marrow transplantation (CKBMT) across HLA barriers in
patients without malignant disease at MGH?: 2 built on translational studies in murine
models, non-human primates and patients with hematological malignancies. Studies in the
murine model of mixed chimerism induction aimed to achieve allograft tolerance3 and
required treatment with depleting anti-CD4 and anti-CD8 mAbs, low-dose (3 Gy) TBI and
thymic irradiation, which was needed to eliminate intrathymic alloreactivity that otherwise
rejected donor progenitors as they entered the thymus, precluding a donor contribution to
central deletional tolerance of newly-developing thymocytes#—6. A modification of this
model for the treatment of hematologic malignancies in mice involved mixed chimerism
induction as a platform for delayed donor lymphocyte infusion (DLI), which mediate potent
graft-vs-leukemia (GVL) effects without causing graft-vs-host disease (GVHD) in the
absence of inflammatory stimuli induced by conditioning’~2. We had found that such
inflammation provided a critical checkpoint for trafficking of GVH-reactive T cells to the
recipient’s epithelial GVHD target tissues, where they cause diseasell: 12. This approach
was extended into clinical studies in patients with refractory hematologic malignancies in
whom all other treatment modalities failed and was associated with remarkable tumor
responses and even cures in patients with bulky, refractory lymphomas and myelomas3-19.
These potent anti-tumor effects most likely reflected the ability of recipient-derived
professional antigen-presenting cells (APCs) to trigger GVH alloreactivity, which is
associated with improved GVL effects compared to those elicited in full chimeras lacking
recipient APCs8: 17, 20-2223, 24 Thys, the strategy of using mixed chimerism as a platform to
achieve potent GVL effects without GVHD was successfully translated into the clinic, both
in the HLA-identical and HLA-mismatched settings. These studies provided seminal
demonstrations that: 1) durable mixed chimerism could be achieved with hon-myeloablative
conditioning in humans, even with HLA-mismatched donors13-19, albeit not as reliably as
desired; 2) durable or transient mixed chimerism achieved under these conditions could
occur without GVHD13-19, though not as reliably as desired; 3) transient chimerism
achieved across HLA barriers with one of these regimens was reliably NOT associated with
GVHD, providing a key safety feature that permitted exploration of this approach for
CKBMT in patients without malignant disease; and 4) delayed DLI could convert mixed to
full chimerism, even across HLA barriers, without inducing GVHD13-19, though not as
reliably as desired.

Early efforts were made to translate the non-myeloablative tolerance protocol used for
allograft tolerance in mice to a large animal, non-human primate model2>. In our view,
intermediate large animal models, which model the hurdles to tolerance induction in patients
quite faithfully, are ethically necessary before embarking on clinical trials of early
immunosuppression withdrawal, which denies the patient standard-of-care anti-rejection
treatment. Importantly, these early studies showed that a high proportion (about 60-70%) of
animals receiving non-myeloablative CKBMT achieved long-term tolerance to their kidney
grafts, despite the transient nature of their chimerism?2® 26, Meanwhile, the non-
myeloablative mixed chimerism/DLI studies in patients with hematologic malignancies had
been extended to a group of patients with renal failure due to multiple myeloma and an
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available HLA-identical sibling donor. These first human CKBMT studies revealed that both
transient and durable mixed chimerism could be associated with tolerance to donor
kidneys2’29, Remarkably, those patients with transient chimerism, like others in the
lymphoma trials discussed above, often enjoyed remarkable tumor responses!®: 27 28,
suggesting that the initial engraftment followed by rejection of donor marrow could elicit
anti-tumor immunity, a hypothesis that we tested and confirmed in the murine model30-33,

Thus, clinical studies in patients with hematological malignancies provided key safety and
efficacy data that permitted a trial of HLA-mismatched related donor CKBMT in patients
with renal failure and no malignant diseasel: 2 34. These were the first trials to successfully
achieve allograft tolerance in a high proportion of patients with HLA-mismatched donors: of
10 patients, 7 were successfully removed from immunosuppression for periods of more than
5 to now more than 15 years without rejection. Three patients in the first iteration of the
protocol returned to immunosuppressive therapy at 5 to 8 years for low-grade chronic
rejection in two cases and recurrent membranoproliferative glomerulonephritis in a third.
The three patients who were not successfully removed from immunosuppression included
one early kidney graft loss due to preformed donor-specific antibodies (such patients were
subsequently excluded from the trial and rituximab was added to the conditioning protocol),
an early thrombomicroangiopathy and one acute cellular rejection shortly after
immunosuppression withdrawal®: 2: 34,

Mechanisms of tolerance in CKBMT recipients

In recipients of HLA-mismatched CKBMT in the absence of malignant disease, donor-
specific unresponsiveness or hyporesponsiveness was always observed in bulk mixed
lymphocyte reaction (MLR) and cell-mediated lympholysis (CML) assays after the
transplant and following immunosuppression withdrawal®: 35 36, Limiting dilution assays
(LDA) can be informative not only in quantifying an alloresponse but also in pointing to
suppressive mechanisms via a “sawtooth” pattern, in which responses paradoxically increase
as responder cell numbers are diluted, reflecting the presence of a suppressive cell
population present at lower concentration than the responding cells37: 38, This pattern was
not observed in long-term HLA-mismatched CKBMT recipients36, arguing against a
suppressive mechanism in the maintenance of donor-specific unresponsiveness and kidney
allograft tolerance. Consistently, while some anti-donor responsiveness could be revealed by
Treg depletion in the first year in some HLA-mismatched CKBMT recipients, long-term (>1
year) MLR and CML responses were not enhanced by depletion of Tregs3®. These results
implicated other mechanisms in the long-term tolerance seen in these patients. The persistent
donor-specific unresponsiveness in CKBMT recipients contrasts sharply with the
reappearance of anti-donor reactivity /n vitro after loss of chimerism in recipients of
hematopoietic cell transplants alone with similar regimens3?, pointing to a role for the
kidney allograft itself in maintaining tolerance in HLA-mismatched CKBMT recipients.

As mentioned above, 1 of 10 patients in our haploidentical CKBMT trial had acute cellular
rejection after immunosuppression was withdrawn and eventually lost his allograft.
Surprisingly, this patient showed robust donor-specific unresponsiveness in MLR and CML
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assays both before and after the rejection3®, indicating that these functional assays cannot be
relied upon to specify a tolerant state.

Recipients of non-myeloablative, anti-CD2 (siplizumab)-based, HLA-mismatched
hematopoietic cell transplant recipients without a kidney demonstrated enrichment for
FOXP3+CD25+CTLA4+ cells among the CD4+ T cells recovering early post-transplant3.
Similar results were observed in CKBMT recipients with the siplizumab-based regimen,
where the enriched CD25+ cells were shown to be CD127- and to correlate with Treg-
specific demethylated region (TSDR) demethylation levels, indicating that they are Tregs*C.
Tregs comprised up to 80% of CD4 T cells in the first week post-transplant and gradually
declined to baseline percentages over the first year. Absolute concentrations of circulating
Tregs recovered to near pre-transplant baseline levels within weeks, in contrast to non-Treg
CD4 counts, which took >1 year to recover to baseline levels*C. In one patient but not the
others, TCR sequencing of post-transplant CD4+CD25highCD127- T cells suggested that
significant conversion to Tregs of pre-transplant CD4 non-Tregs had occurredC. Phenotypic
analyses following CKBMT revealed high levels of Treg proliferation early post-transplant,
suggesting expansion in response to peripheral lymphopenia induced by conditioning and/or
donor antigen. Whether the observed early presence of “resting”-type Tregs*! expressing
CD31 early post-transplant reflects an early wave of emigration from the thymus or simply
reflects selective preservation of this Treg subset following conditioning is uncertain, as
most Tregs subsequently showed an activated phenotype.

We were able to assess the role of Tregs in the donor-specific hypo- or unresponsiveness in
some patients. As mentioned above, persistent anti-donor reactivity was revealed within the
first year in some patient samples by depleting Tregs or non-T cells3. However, after this
timepoint, depletion of Tregs did not enhance anti-donor reactivity in any patients. This
result suggested that either deletion or anergy of donor-reactive T cells had occurred over
time. Notably, some protocol renal allograft biopsies in these patients contained non-
destructive lymphoid clusters that were greatly enriched for FoxP3 expressionl, suggesting
that Tregs may play an important local role within the graft in the pathway to tolerance.

Assessing the role of clonal deletion in tolerant patients: a new approach to analyzing the
human alloresponse

Following the development of commercially-available platforms for high-throughput
sequencing of human TCRp hypervariable (CDR3) regions, we hypothesized that a large
component of the alloreactive T cell repertoire might be identified by sequencing sorted
recipient cells that divided in response to donor antigens in an MLR performed prior to
transplant, and that these clones could then be tracked post-transplant as a way of discerning
the role of deletion in long-term tolerance in CKBMT recipients. Host-vs-Graft (HVG)
alloreactive clones were identified as those that expanded in a pre-transplant CFSE-MLR
compared to their frequency in the unstimulated CD4 or CD8 T cell pool at the same time.
By sampling post-transplant blood and using a uniform frequency threshold for detection of
clones to normalize for variability in sample size over time, we were able to compare the
frequency of circulating donor-reactive T cells prior to and at various times following
transplantation. All tolerant patients showed a significant decline in the number of
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circulating donor-reactive CD4 and CD8 clones following the transplant. In contrast, the
patient who failed to achieve tolerance despite receiving the same CKBMT regimen did not
show any reduction in the number of circulating donor-reactive T cell clones36, despite
showing donor-specific unresponsiveness /n vitro. These results suggested that the TCR
tracking approach was more specific in identifying tolerance than the functional assays3.
Furthermore, two conventional kidney transplant recipients studied in the same way showed
significant increases in the number of circulating donor-reactive CD4 T cell clones following
their transplant3®.

The kinetics of loss of circulating donor-specific T cells were somewhat variable among
tolerant patients and in some cases suggested an initial expansion of donor-reactive clones
before their eventual deletion. Since the regimen used for CKBMT involved extensive
peripheral T cell depletion with siplizumab and cyclophosphamide, it was not surprising that
comparison of pre- and post-transplant repertoires of these patients revealed considerable
turnover of T cells36. Conventional transplant recipients, one of whom had received ATG to
treat rejection following the transplant, also showed considerable repertoire turnover over
the period of one year and nevertheless showed expansion of pre-existing donor-reactive
TCRs. Thus, the loss of donor-reactive clones in tolerant patients might be part of a global T
cell depletion process. However, the rate of disappearance of donor-reactive CD8 (but not
CDA4) clones in some cases exceeded that of non-donor-reactive clones. In some instances,
donor-reactive CD4 clones initially showed selective expansion compared to all pre-
transplant clones38. Given the high level of repertoire turnover in these patients, these results
suggest that donor antigen drives the selective expansion of donor-reactive T cells under the
lymphopenic conditions produced by conditioning. The loss of donor-reactive clones in
tolerant patients may therefore be the consequence of both global T cell depletion and the
tolerance-inducing conditions that cause their attrition over time. Of note, protocol biopsies
did not reveal enrichment of donor-reactive TCR sequences in the grafts, which were free of
rejection and did not contain significant infiltrates.

The studies described above strongly suggested that biologically relevant clones are
identified as donor-reactive with our TCR sequencing-based approach. Studies in intestinal
transplant recipients have further validated the biological relevance of this method, as TCRs
identified as donor-reactive were shown to dominate among recipient-mappable TCRs in the
allograft itself during rejection episodes*2. Furthermore, GVH-reactive TCR sequences, also
identified with pre-transplant lymphocytes, were found to expand in the graft mucosa in
association with replacement of donor APCs with those of the recipient*2. The use of this
technique has provided novel insight into events within the graft itself and the interplay
between HvG and GVH alloreactivity in intestinal transplant recipients*2. The approach
deserves exploration in both additional solid organ transplants and in hematopoietic cell
transplantation, where it could enhance the tissue diagnosis and provide insight into the
pathogenesis of GVHD.

In view of the above studies in human transplant recipients validating the biological
significance of TCR sequences identified as alloreactive by our method, we have pursued
this approach to obtain a deeper understanding of the human alloresponse*3. While there
have been many estimates of the number and proportion of the T cell repertoire recognizing
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a given set of alloantigens, our method provided an opportunity to actually quantify this
response. However, we observed that a large proportion of alloreactive TCRs are present in
the circulation at very low frequency, suggesting that any given sample is likely to be of
insufficient size to allow detection of most of these clones. We therefore developed an
extrapolation methodology that took into account the “unseen species” and were able to
estimate the cumulative frequency of alloreactive T cells against any extensively HLA-
mismatched donor to be in approximately the 0.5%—5% range for both CD4 and CD8 T
cells#3. Moreover, the alloreactive repertoire was highly specific for each unique allogeneic
donor and its diversity correlated directly with the degree of HLA mismatching between the
responder and the stimulator. The low frequency of most individual alloreactive clones in the
circulation suggested that they included mainly naive T cells. Indeed, very few sequences
among a panel of “public” virus-specific TCRs were detected among the alloreactive
sequences detected in our studies*3. Collectively, these results argue against the notion that
the alloresponse reflects predominantly a cross-reaction with heterologous pathogen-reactive
T cells and instead suggest that almost any TCR is likely to show alloreactivity against some
allogeneic donor if a sufficiently large panel could be tested.

More recently, we have adapted the TCR sequencing approach to the detection and fate
tracking of donor-specific Tregs, an effort that was needed in order to determine whether the
Treg expansions seen early post-transplant in CKBMT recipients were indeed donor-
specific. This was a challenging question, as the low abundance of Tregs in peripheral blood
made detection of donor-specific Tregs in a given sample likely to be inefficient. Indeed,
when we interrogated CFSE-low CD4 cells proliferating in MLRs for the presence of
sequences that mapped to the sorted Treg fraction of unstimulated T cells in the same
sample, we found that only a very small fraction of proliferating cells were in fact Tregs*.
However, by expanding Tregs with activated donor B cells, we were able to detect a much
broader repertoire of Tregs that had high specificity for that donor and potent suppression of
anti-donor reactivity*4. By subjecting CKBMT recipients’ pre-transplant Tregs to this
method to identify a significant proportion of the donor-specific Treg repertoire, then
interrogating post-transplant specimens for these sequences, we were able to demonstrate
that donor-specific Tregs were indeed expanded in the circulation of tolerant patients, but
not in that of the patient who failed tolerance induction, at 6 months post-transplant*4. These
results strongly implicate donor-specific Tregs in the tolerance achieved in CKBMT
recipients.

Extending allograft tolerance beyond the kidney: Non-human primate studies

As noted above, the kidney plays an active role in promoting tolerance in CKBMT recipients
with transient chimerism. The use of a regimen promoting transient chimerism across HLA
barriers in these studies was supported by monkey studies demonstrating the efficacy of
tolerance induction with this approach?®. However, studies of lung, heart and islet
transplantation in this monkey model have shown that these organs and tissues are less able
to promote tolerance in combination with BMT that leads to transient chimerism#>-4°. For
this purpose, we believe that induction of durable mixed chimerism will be essential. The
approach we have taken to achieve this goal involves infusion of polyclonal recipient Tregs
that are expanded and cryopreserved prior to transplantation and infused shortly after the
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BMT. Polyclonal recipient Tregs had shown efficacy in promoting durable chimerism in a
murine model®® and this approach held the promise of enhancing the durability of
chimerism without increasing the risk of GVHD, in contrast to other approaches to
improving HLA-mismatched hematopoietic cell engraftment. Our initial studies with this
approach demonstrated its potential in the monkey model, achieving more prolonged
chimerism, including donor T cells, and, remarkably, allowing acceptance without
immunosuppression of a donor kidney grafted 4 months after the bone marrow transplant®2.
This achievement demonstrated robust tolerance and contrasted with concurrent and
historical controls not receiving Tregs, which uniformly reject donor kidneys grafted so long
after BMT®L 52, However, success with this regimen was limited by CMV reactivation,
which occurred uniformly during the initial period when the animals were treated with
cyclosporine and which (along with its treatment) had a deleterious effect on donor marrow
engraftment®L. Switching the single agent immunosuppression given for this short initial
period (2 months) from cyclosporine to rapamycin has helped to alleviate this problem (P.
Alonso-Guallart et al, manuscript in preparation). While many challenges remain, some of
which reflect particular challenges in the use of expanded cynomolgus monkey Tregs,
studies in progress have confirmed the tolerance-promoting effect of Tregs in this setting and
we are optimistic about the clinical potential of this approach.

Because rodent studies have indicated that the liver is a particularly tolerogenic organ®3-56,
we hypothesized that the transient chimerism regimen that achieved tolerance in renal
allograft recipients (without Treg infusion) would also be successful in promoting liver
allograft tolerance. Before testing this in patients, however, we believed it was critical to test
this approach directly in the monkey model and therefore took up the challenge of
establishing a cynomolgus monkey liver transplant model®’. Much to our surprise, despite
the achievement of robust, transient multilineage chimerism, donor liver grafts were
uniformly rejected (S. Chaudhry et al, manuscript submitted). However, when we modified
the regimen to include robust /7 vivo depletion of donor and recipient T cells while
excluding donor marrow infusion, we achieved transient lymphoid chimerism (from
passenger cells in the liver) and long-term liver allograft survival with only a short (2
months) course of immunosuppression (E. Berglund et al, manuscript in preparation).
Studies are in progress to refine this protocol and better understand the immune interactions
at play while we are considering a clinical protocol based on this approach. These
observations underscore the importance and utility of non-human primate studies before
embarking on clinical trials of tolerance induction.

Conclusions

Ultimately, we aim to achieve durable mixed chimerism without GVHD to induce long-term
deletional tolerance to all types of organs and to islet allografts. In view of the proof of
principle that this can be achieved in a handful of patients with haploidentical donors3: 19,
this is a realistic goal. We are optimistic about the potential of expanded recipient Tregs to
promote durable chimerism and look forward to further pre-clinical and clinical refinements
of this approach.
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APC antigen-presenting cell
BMT bone marrow transplantation
CKBMT combined kidney and bone marrow transplantation
CML cell-mediated lympholysis
DLI donor leukocyte infusions
GVHD graft-vs-host disease
GVL graft-vs-leukemia/lymphoma
LDA limiting dilution analysis
LGVHR lymphohematopoietic graft-vs-host response
MiHA minor histocompatibility antigen
MLR mixed lymphocyte reaction
TBI total body irradiation
TCR T cell receptor
Treg regulatory T cell
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