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Abstract

Alloreactive T lymphocytes are the primary mediators of allograft rejection. The size and diversity
of the HLA-alloreactive T cell repertoire has thus far precluded the ability to follow these T cells
and thereby to understand their fate in human transplant recipients. This review summarizes the
history, challenges, and recent advances in the study of alloreactive T cells. We highlight the
historical development of assays to measure alloreactivity and discuss how high-throughput T cell
receptor (TCR) sequencing-based assays can provide a new window into the fate of alloreactive T
cells in human transplant recipients. A specific approach combining a classical /in vitro assay, the
mixed lymphocyte reaction, with deep T cell receptor sequencing is described as a tool to track the
donor-reactive T cell repertoire for any specific HLA-mismatched donor-recipient pair. This assay
can provide mechanistic insights and has potential as a non-invasive, highly specific biomarker for
rejection and tolerance.

Introduction

When transplant immunologists began to study and quantify alloreactive lymphocytes, the
cells presumed responsible for organ rejection, the number of cells was described as
“inordinate,”! as the number of lymphocytes responding to the cells of another individual
was found to be more than an order of magnitude larger than that of previously characterized
antigen-specific responses. Now, more than half a century later, the clinical importance of
alloreactive T cells and their fundamental role in transplantation are clear; however, the size
and diversity of the alloreactive T cell repertoire have rendered a full understanding of this
response somewhat elusive. In this review, we summarize the history, challenges, and recent
advances in the study of alloreactive T cells. We highlight the emergence of fundamental
concepts and discuss how high-throughput T cell receptor (TCR) sequencing-based assays
may provide a new window into tolerance and rejection in human transplant recipients.
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The Mixed Lymphocyte Response

The need for an /n vitro surrogate of the transplant rejection response has existed since
transplantation entered clinical practice. The hope for such an assay is that it could predict
rejection episodes and identify tolerant patients. The oldest and most widely used in vitro
functional assay in transplantation immunology is the mixed lymphocyte reaction (MLR).
The MLR largely measures proliferation of T cells activated by the direct pathway of
allorecognition, in which T cells are directly activated by allogeneic antigen-presenting cells
(APCs). This is in contrast to the indirect pathway, in which T cells are activated by
autologous APCs presenting peptides derived from polymorphic proteins of an allogeneic
donor in the groove of their major histocompatibility complex (MHC) heterodimers. The
magnitude of the direct alloresponse is unusually strong, whereas the magnitude of the
indirect response more closely resembles that of the response to other polymorphic proteins.
In contrast to most types of antigen-specific responses, direct MLR responses do not require
priming in order to be measurable, reflecting their markedly greater magnitude.

The clinical importance of alloreactive T cells activated directly by the presence of
allogeneic APCs transplanted in the graft is obvious in the immediate post-transplant period,
but the endothelial and parenchymal cells of the allograft may express donor human
leukocyte antigen (HLA) molecules that could activate directly alloreactive T cells at any
time.23 Another more recently-described allorecognition pathway is the semi-direct
pathway,* in which recipient cells can present donor-HLA molecules directly on their
surface that are acquired via a process known as trogocytosis, thereby possibly triggering T
cells that are directly alloreactive.® Taken together, there is compelling support for the
importance of directly alloreactive lymphocytes in the immunologic response in
transplantation.

The first MLR documented in the literature appeared in 1963 in an abstract from Bain et al.
in the Federation Proceedings.  Inspired by the incidental observation via time-lapse
cinematography of mitosis induced by the co-culture of blood samples from two different
patients,” the investigators set up a co-culture of cells from two individuals and after five
days pulsed the samples with radioactive thymidine, enabling the identification of allo-
activated cells undergoing DNA synthesis. The finding of human lymphocytes reacting
against each other in culture was published shortly thereafter in 1963 by Hirschhorn et al,
demonstrating enlargement and cell division of the alloreactive lymphocytes.8 The potential
use of the MLR for studying the immune reaction or histocompatibility between donor and
recipient in the context of transplantation was immediately recognized.® Furthermore, Bain
at al. showed that the extent of cell division occurring in MLRs of monozygotic twins was
markedly reduced compared to unrelated individuals, suggesting a possible genetic
underpinning to histocompatibility.10 Shortly thereafter, studies in rodents and humans with
known histoincompatibility supported the notion that MLR proliferation depends, at least
partially, upon MHC differences.11:12

Concurrently, extensive work was performed to illuminate fundamental features of the
cellular response in the MLR.13.14 The difficulty in accurately quantifying alloreactive T
cells has been recognized since the publication of the mixed lymphocyte reaction!®, as
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specific culture conditions and methodologies markedly affected the outcome. Consistent
with earlier studies, 16 however, the finding that arose again and again was the large number
of lymphocytes of one person responding to those of another.1:17-19 Despite the
acknowledged limitations of these early estimates, a range of 1-10% of the entire T cell
repertoire?0 is often described as alloreactive, though the evidence from the early MLR
studies themselves point to a range of 0.5-3%. Several additional studies using
complementary approaches supported this approximation: 4.5-12% in an /n vivo graft-
versus-host model in mice; 21-23 1-29% alloreactive cytotoxic T lymphocyte precursors via
limiting dilution assays in mice.24

On the origin and diversity of alloreactive T cells

A myriad of hypotheses arose to explain why and how there might be such a large
population of alloreactive cells.125-27 While much remains to investigate, there is
compelling evidence for the role of both the foreign MHC molecule and the peptide
presented, though the relative contribution of each for different clones may not be
equivalent.20:28-30 Although humans certainly did not evolve to mount an immune response
in the context of organ transplantation, the germline T cell repertoire has been shown to be
strongly enriched for MHC recognition.3! Because the processes of positive and negative
selection in the thymus take place after TCR «a and 5 chain rearrangements have occurred, T
cells developing in the thymus have the potential to recognize a diversity of potential HLA
types; given the inherent cross-reactivity/degeneracy of TCR recognition due to the
rotational flexibility of the TCR/MHC-peptide interface,32-3% alloreactivity can be thought
of as the consequence of selection for weak recognition of self MHC-peptide complexes in
the thymus in combination with selection against strong recognition of those same
specificities36=39 Some clones exiting the thymus as naive T cells may in fact be more
strongly reactive to allogeneic HLA alleles, but have sufficient cross-reactivity to self-HLA/
peptide complexes to survive positive selection.*0 While this inherent MHC-reactivity may
help explain the large proportion of naive alloreactive T cells, alloreactive memory cells may
reflect a combination of previous exposure of an individual to alloantigens, such as during
pregnancy, as well as cross-reactivity of pathogen-specific memory T cells that emerge in
response to a viral or bacterial infection.3%:41-43 The connection between alloreactivity and
viral-reactive T cells began with experiments focused on T cells reactive to Epstein Barr
virus (EBV); such studies have demonstrated that there are even public TCRs shared across
individuals of the same HLA-type that cross-react to EBV and specific foreign HLA
molecules.*1 A more recent hypothesis to help explain the large size of the alloreactive T
cell population is that T cells expressing two different TCRs simultaneously—specifically
two distinct alpha chains paired with the same beta chain—may have a particular propensity
for allorecognition, with support from studies in mice and humans, 444

The large number and diversity of T cell clones that recognize allogeneic MHC has
presented a challenge for the identification of alloreactive T cells. The antigen specificity of
the millions of unique T cells circulating in a healthy human adult at any given time arises
primarily from the amino acid sequence of the third complementarity-determining region
(CDR3) of the variable regions of the a and  chains that form the heterodimer of the af
TCR: the extensive variation in the precise CDR3 region emerges from somatic
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recombination of variable (VB), diversity (DB), and joining (JB) genes encoding the B-chain
and Va and Ja of the a-chain, with even further variation created by the insertion of
additional nucleotides within these regions.46:47

Early studies investigating alloreactive repertoire diversity in mice failed to identify
dominant usage of a particular TCR VJ3 gene in alloreactive T cell populations, even when
directed against only a three amino acid difference in one MHC molecule.#8-50
Spectratyping, which examined distribution of CDR3 lengths within each V-JB family51,
suggested the activation of many TCRs, with a near-Gaussian distribution among multiple
VB families in human and rat cells responding in MLRs,>2 consistent with previous studies
focusing on smaller, more targeted alloreactive populations®3. Thus, it was surmised that the
alloreactive repertoire is highly diverse. Only recent advances in gene sequencing
capabilities have made the study of this enormously diverse T cell population technically
feasible.

Utility of the CFSE MLR

The original MLR technique measured cell division in the MLR via the incorporation of
radioactive thymidine. This assay measures the amount of total cell division at any given
time, but does not indicate how many times a cell has divided and, most importantly, only
provides a snapshot of cell division over a short period of time. Since kinetics of division
may differ for different T cell clones, it is reasonable to assume that not all cell division is
captured with this assay. In 1994, Lyons and Parish published the use of the fluorescent dye
carboxyfluorescein diacetate succinimidyl ester (CFSE) to study cell division:>4 because
CFSE binds covalently to intracellular amines, when a cell divides in half the CFSE dye
divides in half with it and thus the fluorescence intensity of the daughter cells are half that of
the original parent cell.5® With histograms of CFSE fluorescence intensity, individual CFSE
peaks correspond to a given number of cell divisions. This information can be used to
quantify the precursor frequency of the T cells that divide in an MLR.56 The CFSE MLR
enabled the phenotypic characterization and physical isolation of alloreactive cells by flow
cytometry and fluorescence-activated cell sorting (FACS), respectively. The assay has the
advantage of capturing divided cells regardless of the kinetics of cell division, in contrast to
radioactive thymidine assays, which only capture cells dividing during the period of the
thymidine pulse.

Suchin et al. used CFSE MLR approach to compare alloreactive T cell frequencies obtained
in in vitro MLRs versus in vivo adoptive cell transfer in mice. While their in vitro
experiments yielded a frequency of 4.61 +/- 2.22%, three different /n vivo models gave a
range of 0.71% to 21.05%, depending on how they defined the denominator of the total
number of potential responder cells.5” Macedo et a/. used the CFSE MLR with other
phenotypic markers to confirm a more than decade-old observation that both naive and
memory cells contribute to the alloresponse.>® Furthermore, they demonstrated that known
EBV-reactive CD8 T cells were cross-reactive to alloantigens in healthy controls. While the
findings in this work are valuable, the specific precursor frequency values must be
interpreted cautiously, as the calculations did not account for the potentially extensive cell
death among non-dividing cells in culture and thus may result in overestimations.
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Existing tools for tracking alloresponses in vivo

The first surrogate for alloreactive clones that could be tracked /7 vivo in mice was built
upon the observation that certain V3 families were deleted in the thymus of specific strains
of mice due to the presence in their genomes of endogenous superantigens that are the
products of endogenous retroviruses and bind outside the binding groove of distinct MHC
class 11 molecules.59:60 This approach was used to demonstrate intra-thymic deletion as a
major mechanism of tolerance in full chimeras prepared with myeloablative conditioning®!
and in mixed chimeras prepared with non-myeloablative conditioning.52 Subsequently, the
development of alloreactive transgenic TCRs allowed tracking of individual allospecific
clones in vivo, demonstrating intrathymic deletion of T cells expressing the TCR and its
MHC ligand.53 This approach has allowed the kinetics of the graft-versus-host alloresponses
to be delineated 54 and to confirm an intrathymic deletional mechanism of tolerance in
mixed allogeneic chimeras® These studies are most informative when TCR transgenic
alloreactive cells represent a measurable fraction of T cells on the backdrop of a normal
polyclonal T cell repertoire.86-68

Humans present a far greater challenge for investigating alloreactive T cells than animal
models because the /n vivo techniques described above cannot be employed in humans, for
obvious reasons. The main strategies, therefore, have been: (1) to study a small population of
donor-reactive T cells with known HLA-peptide complex reactivity via tetramers, soluble
MHC-peptide multimers with a fluorescent tag®® or (2) to use /n vitro functional assays.

The use of tetramers in the study of transplant patients is most relevant in the setting of
HLA-identical transplantation, where peptides from minor histocompatibility antigens (HA)
are used to form tetramers with HLA molecules that are shared between the donor and
recipient. Because minor HA are of clearest relevance in the absence of HLA disparity, these
tetramers have been most useful in hematopoietic cell transplantation, which is commonly
performed in the HLA-identical or closely-matched setting 79-72 Using tetramers specific for
the HLA-type of the patient and the known minor histocompatibility antigen, specific
alloreactive T cells have been tracked in the transplant setting.”® The greatest limitation in
the use of tetramers to study alloreactive clones is that it requires knowing exactly the HLA-
peptide specificities of interest. Given the enormous number of potential allogeneic MHC-
peptide combinations in HLA-mismatched transplantation and the inability to predict
immunodominant responses, such a strategy is not feasible.

Efforts to correlate in vitro assays and transplant outcomes

Soon after development of the MLR, studies began in an effort to correlate /n vitro results
with outcomes in skin transplantation in humans 74 and non-human primates’® and
ultimately to evaluate the role of the MLR as a possible tool for predicting immunological
compatibility pre-transplant for kidney transplantation.”® However, the correlation of clinical
outcomes with Jin vitro functional assays in general has been disappointing.”’6 In addition
to the MLR, these traditional assays include the cell-mediated lympholysis assay and
limiting dilution assays (LDA) to quantify cytotoxic T lymphocyte precursors and
interleukin-2-producing helper T lymphocytes. The LDA was evaluated as a tool to quantify
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directly and indirectly allospecific T cells in association with outcomes of bone marrow and
solid organ transplantation.87-89 Although a significant correlation was observed between
graft-versus-host (GVVH)-reactive IL-2-producing cell frequencies in the donor and the
subsequent development of GVH disease (GVHD) in the HLA-identical transplant setting,
the LDA results overlapped considerably between individuals who did and did not develop
GVHD.% While correlations with solid organ transplant outcomes have not been
consistent,%1:92 the assay provided evidence for a role for the indirect pathway in chronic
rejection.?3 Heeger er al. developed the cytokine enzyme linked immunosorbent spot
(ELISPOT) assay,?*9° in which recipient and donor cells are co-cultured just as in the MLR
and alloreactivity is measured as a function of interferon-y expression. While initial single-
center and retrospective studies focused on correlations with clinical outcomes in kidney
transplantation, predictive value remains low for the individual patient®6-98 and the most
recent clinical trial results show no clear correlation between ELISPOT reactivity and early
post-transplant outcomes.9® Nevertheless, the assay may ultimately prove useful in helping
to personalize immunosupressive therapy.100 ELISPOT assays measure the activity of
memory cells, which is a limitation given that the alloreactive repertoire is a combination of
naive and memory cells. A somewhat technically challenging assay known as the #rans vivo
delayed-type hypersensitivity assay involves the injection of recipient cells and donor
antigens into the footpads of immunodeficient mice with donor-reactivity assessed via
swelling of the mouse footpad; its results have been used to implicate regulatory or
suppressive mechanisms of tolerance in transplant patients.83.101-104 A recent approach
identifies alloreactive T cells via upregulation of CD154 (CDA40 ligand) in a modified MLR
in which donor and recipient cells are mixed in the presence of anti-CD40 antibody to
stabilize surface CD154 expression.19° Results of this measurement of cytotoxic memory T
cells pre- or post-transplant have been correlated with outcomes and with proliferative
responses in pediatric liver transplant studies; 196 however, similar to the other assays
discussed, this approach has not been shown to predict outcomes for the individual patient.

The functional studies described are all limited by the particular culture conditions provided,
which can never replicate the /n vivo setting. Unresponsiveness of donor-reactive clones /in
vitro may be due to deletion, anergy, or suppression of the anti-donor response. While
suppression can be teased out in limiting dilution assays or by removal of putative
suppressive populations, there has not previously been a good way of distinguishing deletion
from anergy as mechanisms of unresponsiveness of human T cells /n vitro. Given that
anergy is a relative term that may in fact reflect the failure of the culture conditions to
provide critical factors such as important cytokines, it is hardly surprising that /n vitro assays
have been poorly predictive of in vivo outcomes for the individual.

An impressive amount of research has aimed to develop biomarkers of tolerance and
rejection. Though beyond the scope of this paper, these approaches have included, but are
not limited to, phenotypic studies via flow cytometry particularly focused on regulatory
markers,107-110 assays measuring T cell activation,}11112 and gene expression and
proteomic signatures in blood and urine.113-124 \While many of these tests show promise,
with one exception showing strong ability to predict acute cellular rejection, 12> most have
not yet been shown to accurately predict tolerance or rejection for the individual patient. All
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of these biomarkers measure correlations with pathogenic processes, such as inflammation
or T cell activation in general, rather than assessing the specific anti-donor T cell response.

Before the high-throughput sequencing era, more standard clonotyping methods were used
in efforts to identify alloreactive TCRs in the setting of HLA-identical hematopoietic cell
transplantation. These weak MLRs did not reproducibly identify immunodominant clones
that could be expected to contribute to GVHD.128 Michalek et a/. used an MLR to identify a
single alloreactive clone of unknown peptide-specificity in a patient who underwent
allogeneic hematopoietic stem cell transplantation for acute myelogenous leukemia with
only one HLA allele mismatch from the graft donor; tracking of this this clone via
quantitative PCR post-transplant revealed a marked increase in frequency that correlated
with clinical GVHD.127 Ex vivo “pruning” or removal of alloreactive CD4 cells, defined by
those T cells proliferating in a CFSE-MLR, delayed rejection of skin and cardiac allografts
in an adoptive transfer model in mice,128:129 demonstrating the relevance of the CFSE MLR
for allograft rejection in this model.

The use of high-throughput TCR CDR3 sequencing to track the specific

anti-donor response in humans

We have recently developed a high-throughput TCR sequencing-based approach that
overcomes some of the limitations discussed above by specifically identifying the donor-
reactive T cell repertoire before transplant and then tracking those clones following the
transplant, without relying on any functional readout. A pre-transplant CFSE MLR is
performed with FACS sorting of the recipient T cells dividing in response to the donor.
Genomic DNA is extracted from this divided cell population and from unstimulated
recipient T cells at the same time. High throughput sequencing of TCR p chain CDR3
regions in both populations is then used to generate a “fingerprint” of the alloreactive T cell
repertoire specific for that patient’s donor. The fate of thousands of clones identified as
donor-reactive is traced in the peripheral circulation over time after transplantation, without
the requirement for any post-transplant functional assay.”8

The need for such an approach arose in our efforts to understand the mechanisms of
tolerance in recipients of combined kidney and bone marrow transplantation at the
Massachusetts General Hospital: 7 of 10 patients achieved tolerance, as defined by the
successful withdrawal of immunosuppression without organ rejection for periods of
years.130-132 The results of mechanistic studies performed on cells from these patients
implicated a possible role for regulatory T cells early post-transplant, but not long-
term.133.134 |n all of the tolerant patients, /7 vitro assays revealed unresponsiveness or hypo-
responsiveness of the donor-reactive T cells post-transplant, with recovery of third party
responses; however, these results could not differentiate between two key mechanistic
possibilities: either the donor-reactive T cells that persisted were rendered inactive or
anergic, resulting in the observed lack of anti-donor reactivity, or the anti-donor T cells had
been deleted from the recipient T cell repertoire. Given that chimerism was very transient,
lasting at most a few weeks in these patients, 130131133 straightforward central deletion
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could not readily explain tolerance on a long-term basis as it did in mouse studies.13> We
therefore sought to develop an assay that could specifically distinguish anergy from deletion.

The advent of high-throughput T cell receptor sequencing provided the opportunity to
develop such an assay. TCR deep sequencing enabled the generation of catalogs of the
thousands of individual clones proliferating specifically in response to donor stimulation.
These clones were defined by the unique nucleotide sequence of the CDRS3 region of their
TCR B chains. For the first time, what had been presumed to be an enormous number of T
cell clones reactive against allogeneic HLA-peptide complexes in humans could be
individually delineated. Figure 1 schematically describes our assay for defining a fingerprint
of the alloreactive T cell repertoire and the general findings from our studies in six transplant
patients, including four recipients of combined kidney and bone marrow transplants
(CKBMT), three of whom achieved tolerance, and two conventional kidney transplant
patients. The findings in this small series of patients validated the /n vivo biological
significance of the T cell clones defined as alloreactive by this new method and provided
mechanistic insights into the tolerance achieved in three of the CKBMT recipients. The
evidence for their significance includes the post-transplant expansion of the number of
clones defined as donor-reactive circulating in two conventional transplant patients, despite
extensive repertoire turnover, demonstrating that the same clones that were defined as donor-
reactive in the MLR respond /n vivoto donor antigens.’8. Additionally, we observed a lack
of expansion and statistically significant reductions in the number of circulating donor-
reactive clones compared to pre-transplant over time only in the three tolerant patients. In
the context of the studies already performed to investigate the mechanisms of tolerance in
this unique cohort of patients, the TCR sequencing approach provided an unparalleled
insight into the mechanisms at play. In view of the very transient nature of the chimerism
detected in these patients, the role of the kidney itself in promoting tolerance, the possible
early role of regulatory cells suggested by functional studies'34 and the enrichment for
FOXP3+ cells in the graft, 130 we speculate that repeated encounter of donor-reactive T cells
with donor antigen in the rich capillary bed of the immunologically quiescent environment
established in the kidney following CKBMT ultimately leads to deletion of these T cells.

One of the unique aspects of this TCR sequencing approach is that it specifically addresses
the donor-specific T cell repertoire. Other human TCR sequencing studies performed to date
have focused only on changes within the entire peripheral blood repertoire.136:137 The TCR
sequencing results also allowed us to study the extent of T cell turnover and compare the
relative number of donor-reactive and non-donor-reactive clones persisting over time post-
transplantation. This analysis permitted assessment of the contributions of: (1) the T cell
depleting conditioning regimen that non-specifically eliminated many T cells; (2) antigen-
driven expansion of the donor-reactive clones in the early post-transplant setting of
lymphopenia-induced proliferation (LIP); and (3) the progressive antigen-driven deletion of
donor-reactive clones. We interpret the outcome of our study to implicate a role for all three
factors in determining the number of donor-reactive clones detected after transplantation.

Figure 2 presents an example of the marked difference in the post-transplant changes in the
CD4 anti-donor T cell repertoire between a tolerant and non-tolerant subject. It is visually
obvious from this presentation that there is a “thinning” of donor-reactive clones in the
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tolerant patient, whereas there is an increase in the number of circulating donor-reactive
clones in the non-tolerant subject at the same time about one and a half years post-
transplant. While the tolerant subjects showed a loss of donor-reactive clones over time post-
transplant,, the allograft seemed to provide strong antigenic pressure for expansion of pre-
existing donor-reactive clones in conventional transplant recipients, despite considerable
repertoire turnover induced by their immunosuppressive regimens.’® These contrasting
results implicate a role for the allograft itself rather than simply non-specific T cell depletion
in the decline of donor-reactive clones in the tolerant patients. Most importantly, the loss of
donor-reactive clones aligned more closely with tolerance induction than any other assay.
This finding is particularly striking in Subject 5, who failed to achieve tolerance despite
receiving the CKBMT regimen. Remarkably, this patient showed robust donor-specific
unresponsiveness in all /n vitro functional assays, including MLR, CML and LDA, clearly
illustrating the unreliability of post-transplant functional assays in specifying tolerance.’®
The post-transplant /n vitro unresponsiveness in this subject suggests that the donor-reactive
clones in this subject may have been anergic, raising the possibility that the infection
preceding the rejection in this patient triggered the re-activation of these alloreactive cells.

On the other hand, in one tolerant patient who, like the others, showed a significant post-
transplant decline over time in clones defined pre-transplant as donor-reactive, a measurable
post-transplant MLR persisted. This MLR permitted clonal analysis of post-transplant
donor-reactive T cells. The clones contributing to this post-transplant alloresponse showed
very little overlap with the donor-reactive clones identified in the pre-transplant MLR and
showed no significant overall increase or decrease in number post-transplant. 7 Since this
patient accepted the donor kidney without long-term immunosuppression, these results
suggest that, in contrast to the pre-transplant MLR, the post-transplant MLR did not identify
sufficient numbers of biologically relevant clones in the context of the tolerance mechanisms
that had been established in the patient.

It can be informative to examine both the number of donor-reactive clones and the frequency
of those clones using the alloreactive TCR tracking approach. A comparison of the
frequency distribution of donor-reactive clones pre- and post-transplant can be seen in
Figure 2: interestingly, in the non-tolerant patient there is an increase in the proportion of
relatively abundant CD4 donor-reactive T cell clones post-transplant, a trend that is not seen
for the persisting donor-reactive clones in the tolerant patient, for which the frequency
distribution is similar compared to pre-transplant. This increase in frequency of circulating
donor-reactive clones in a non-tolerant kidney transplant recipient provides further support
for the biological relevance of the clones identified in the pre-transplant MLR and the
potential clinical utility of tracking them.

Strengths and limitations of the TCR sequencing approach

Many questions remain to be explored in terms of understanding the assay’s potential and
limitations. Considerable overlap was detected in alloreactive repertoire from normal donors
against the same stimulator tested at times two weeks or one year apart. However, the level
of this overlap was generally greater for CD4 clones than CD8 clones.”® Overall, the
clonality of the unstimulated CD8 T cell repertoire was greater than that of CDA4 cells in our

Transplantation. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

DeWolf et al.

Page 10

studies’®, and this may reflect occupation of larger amounts of CD8 repertoire “space” by
oligoclonal expansions of CD8 cells, resulting in a smaller effective CD8 repertoire size in a
given sample and hence greater sampling error.

The background frequency of a given clone and the number of T cells in each sample
determines the chance of detecting a clone in two different blood samples. Since any given
blood draw captures only a fraction of the T cells actively in circulation at any given time,
large cell numbers are necessary not only in the set-up of the pre-transplant MLR to identify
the greatest possible number of donor-reactive clones, but perhaps more importantly in the
sequencing of unstimulated peripheral blood sample populations, particularly when deletion
of alloreactive clones is suspected. For the MLR, although a large starting pool of clones is
essential, the antigen-driven expansion permits repeated detection of the same top clones.
We have demonstrated considerable overlap in the alloreactive repertoires in MLRs from the
same responder-stimulator pair performed as far as one year apart as well as relative stability
of the overall TCR repertoire in this period.”® The overlap in alloreactive repertoires
observed in independent blood samples is consistent with estimates of repertoire size and T
cell pool size that suggest there are many thousands of copies of each T cell clone in the
circulating repertoire at a given time.#7:138 |n the unstimulated setting, proof of deletion
necessitates analysis of enough cells to provide statistical power to say that a clone is truly
not there, rather than merely not detected. In addition to setting a frequency “threshold” of
detection based on these power calculations, our studies required a particular fold expansion
in frequency in MLR compared to unstimulated T cells in order to avoid assignment as
donor-reactive of highly abundant non-donor-specific clones sorted into the CFSE-low pool.
Emerson et al. used a similar approach to study TCR usage in human MLRs.13% We also
required a minimum frequency threshold in the alloreactive T cell pool to help ensure that
the clones we define as alloreactive are not proliferating primarily due to a bystander effect.
As the sequencing protocols improve and the number of patients studied increases, we
expect the precise fold-expansion and minimum frequency cut-offs to evolve.

While the requirement for only peripheral blood is a benefit in terms of minimizing
invasiveness, conclusions are currently limited to the repertoire of circulating T cells.
Identification of these alloreactive clones within the allograft is likely to provide further
evidence for the biological relevance of these clones and expand the potential utility of this
approach as a biomarker of tolerance and rejection. It should also be noted that another
potential improvement to the assay would be the distinction of indirectly donor-reactive cells
from those that are directly alloreactive. The current assay is likely to primarily capture
directly alloreactive T cells clones, which are expected to dominate the MLR even when
recipient APCs are present in addition to those of the donor. Separate identification and
tracking of indirectly reactive clones would allow assessment of this critical component of
the alloresponse, which is thought to play a major role in chronic rejection and alloantibody
responses. Specific tracking of donor-reactive regulatory T cells is an additional area of
interest for future development of this assay. While the current assay does not distinguish
between functionally distinct subsets of T cells, additional FACS sorting parameters to
capture alloreactive T cell subsets with cytotoxic function and particular cytokine production
patterns could be developed.
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There has been considerable interest in the possibility that infection shapes the alloreactive
repertoire both acutely and in the post-infectious setting. While there are many examples in
the literature of T cells that cross-react on viral antigens and alloantigens,36 the remarkable
stability we have observed of the alloreactive repertoires of normal donors over time argues
that major shifts in the alloreactive repertoire may not occur following common infections
and vaccinations. In this regard, the “fold expansion” criterion for defining alloreactive
clones in the MLR is important in excluding clonally expanded T cells that accumulate in
the normal adult repertoire, presumably in response to infection, and that may appear in the
CFSE-low population by virtue of their abundance, with minimal overall increase in
frequency compared to unstimulated T cells. In general, the frequencies of donor-reactive
clones detected in our transplant recipients do not reach levels that can be considered
“immunodominant”, either pre- or post-transplant (e.g. Figure 2),’® arguing against changes
resulting from cross-reactivity against infectious agents. It is theoretically possible that
during an acute infection, a dominant T cell population might dilute alloreactive clones,
rendering the detection of alloreactive clones less statistically likely in that setting. On the
other hand, the specificity for the alloresponse of the alloreactive TCR tracking assay may
help to differentiate infection from rejection, which can create a diagnostic challenge and
may be indistinguishable using other types of biomarkers.

From a logistical perspective, the alloreactive TCR tracking approach is quite simple, as
only functional assay necessary is the pre-transplant MLR. The availability of pre-transplant
donor and recipient lymphocytes is critical for this assay. All post-transplant studies require
only peripheral blood, from which fresh or cryopreserved PBMCs can be stained with three
antibodies and sorted for genomic DNA extraction from the relevant cell subsets. The cost of
deep sequencing is currently the most prohibitive aspect of the assay, though this is expected
to diminish over time. Although it markedly increases the cost, we have elected to sort and
sequence CD4 and CD8 cells separately in our studies, as this allows additional mechanistic
information about tolerance and rejection to be obtained. Because changes in the CD4 and
CD8 T cell repertoires do not always occur exactly in parallel, we would have missed key
differences if we had not studied the subsets independently.

An alloreactive TCR tracking system that does not rely on post-transplant functional assays
is advantageous in avoiding the interpretation of donor-specific unresponsiveness as
tolerance. Indeed, the unresponsiveness observed in functional assays in a patient who failed
to achieve tolerance’® suggests that such donor-specific unresponsiveness may reflect a
fragile state of T cell “anergy” that may even be an artifact of the /n vitro culture conditions.
However, since new alloreactive clones likely are likely to emerge post-transplant,
identification and tracking of those T cells could also provide important insights and
assistance in managing immunosuppression.149 New anti-viral clones may emerge over the
post-transplant period as the post-transplant immune system adapts to viral antigens that
themselves may be changing,4 and new anti-donor clones may also develop post-
transplant, However, our data suggest that donor-reactive clones detected in the pre-
transplant repertoire, which encounter the allograft early, often under lymphopenic
conditions, expand under the antigenic pressure of the graft and thereby remain important
throughout the post-transplant course, despite eventual turnover of the non-donor-reactive
repertoire.142
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A limitation to consider at this time, as we found in our study and others have noted,12% is
that a weak pre-transplant MLR may result in the identification of too few donor-reactive
clones, thus limiting the power for statistical comparisons. Furthermore, CDR3 sequencing
is currently restricted to the p chain of the TCR, thereby risking that two T cell clones with
different a chains might not be differentiated because of the same TCRp sequence. Improved
technologies are already being developed that could overcome this shortcoming.

A new tool for understanding the alloreactive T cell repertoire

The combination of the CFSE MLR with TCR sequencing provides an entirely new
approach to tackle the original questions of Bain, Bach, and Wilson in assessing the size and
diversity of the alloreactive T cell repertoire. While many technical challenges remain as key
assay parameters continue to be investigated, the great potential of this approach in readily
apparent. In our study,’® we quantified the alloreactive repertoire size and diversity of
healthy control responder-stimulator pairs. The cumulative frequencies of T cells reacting to
an allogeneic donor were in the 0.3-2.3% range in unstimulated blood, and these increased
into the 47.9-80.4% range in the allostimulated population. Since we have found that donor-
reactive clones are, overall, not particularly abundant (7.e. not clonally expanded) in the
unstimulated repertoire, their likelihood of being detected in a small unstimulated T cell
sample is quite small, necessitating the use of larger samples, ideally containing at least one
million CD4 and CD8 cells and the use of statistical analyses to compare the chances of
detecting pre-existing donor-reactive versus hon-donor-reactive clones over time.

The TCR sequencing approach also provides an unprecedented level of resolution for
describing alloreactive T cell repertoire diversity. As discussed earlier in this paper, previous
studies of TCR VP gene usage*®-20 and CDR3 length distributions of each TCR V-JB
family 51-53 suggested a high level of diversity in the alloresponse, but did not permit more
detailed analyses. The high throughput CDR3 sequencing assay provides an opportunity to
define the nature of the alloresponse in more detail.

Several different quantitative approaches can be used to quantify T cell repertoire diversity
with robustness towards varying sample size. These include entropy, clonality (normalized
entropy), and Simpson’s Index, all of which investigate different aspects of T cell repertoire
composition. Both the number of unique clones and the frequency of those clones are
integral components of repertoire diversity, and several types of analysis are needed to tease
out the distinct contributions of these two elements. The Simpson’s Index is sensitive to
changes in frequency of dominant clones as clones are weighted by their frequency, rather
than their log frequency as they are in entropy and clonality. When the repertoire is
dominated by highly frequent clones, Simpson’s Index may help show key aspects of the
data that are not apparent in comparisons of clonality.

Aside from measuring diversity within a given T cell population, comparisons across
populations are of considerable interest with respect to the overlap in both the identity and
frequency. Scatter plots comparing two repertoires may qualitatively help compare
repertoires. The Jaccard Index has been used as a type of quantitative Venn diagram, purely
comparing the number of unique clones overlapping between two populations.143 More
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advanced tools include the Jensen Shannon Divergence and Morisita-Horn similarity
index, 140 both of which take into account the frequency of clones in a population to help
assess the overall divergence or similarity, respectively, between two repertoires. As the use
of high-throughput TCR sequencing expands, so will the analytic tools for understanding
and comparing the different aspect of T cell repertoire composition.

On the future of TCR sequencing in transplantation

There is great interest in generating a tool to identify those transplant patients who have
developed operational tolerance to their allografts, either intentionally or spontaneously.
Such patients could be spared the panoply of deleterious side-effects of long-term
immunosuppression if a reliable assay of this nature existed. Indeed among long-term liver
transplant recipients who are free of rejection, as many as 20% (and a higher percentage of
children) may be operationally tolerant, and yet there is currently no definitive tool to detect
those individuals.144145 TCR sequencing and tracking of the donor-reactive repertoire may
prove useful for distinguishing operationally tolerant from non-tolerant patients and
prospective trials to address this hypothesis are warranted.

Another key avenue for future investigation is the use of TCR sequencing in the diagnosis
and/or prediction of rejection. Across the field of transplantation, strategies are lacking to
successfully anticipate and recognize rejection episodes. Before a rejection episode there
might be an increase in donor-specific clones in the circulation and/or within the allograft
itself. Evaluation of this hypothesis in clinical studies might not only lead to the
development of less invasive diagnostic tools and predictors of rejection but might also
provide novel mechanistic insights into the role of T cells in acute and chronic rejection.

Conclusion

Although the formidable size and diversity of the directly alloreactive T cell repertoire has
been a major challenge for transplant immunologists and physicians, the development of
high-throughout TCR sequencing has transformed our ability to understand this response.
Combining the classical MLR with T cell sequencing to define a fingerprint of the donor-
reactive T cell repertoire for any specific HLA-mismatched donor-recipient pair has
provided an unprecedented level of resolution for studying the fate of alloreactive clones in
association with clinical outcomes. This approach has yielded mechanistic insights in a
tolerant kidney transplant cohort and shows potential as a tool for differentiating tolerant and
non-tolerant patients, meriting evaluation in additional cohorts of transplant recipients.
Though much remains to be understood about how to use this new assay for identifying and
tracking alloreactive clones, including both graft-versus-host and host-versus-graft, in the
appropriate settings, its tremendous promise for elucidating mechanisms of tolerance and
rejection are clear, particularly as the sequencing technology and accessibility improves.
With this new window into the human alloreactive T cell repertoire, many of the
fundamental questions about the nature of this enigmatic population may soon have a more
definitive answer.
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Figure 1.
Schematic of the technique and findings presented in “Tracking donor-reactive T cells:
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