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Introduction

Transplantation provides lifesaving organs to patients with end-
stage organ failure and lifesaving hematopoietic cell grafts to indi-
viduals with malignant or nonmalignant hematologic disorders. The
success of these transplants depends on potent nonspecific immu-
nosuppressive therapy to prevent graft rejection and graft-versus-
host disease (GVHD). Alloimmune T cells are the backbone of the
human adaptive immune response to transplants of organs, cells,
and tissues from other humans, which are referred to as allogeneic.
This alloimmune response is the central immune response in solid
organ transplantation and hematopoietic stem cell transplantation
(HSCT), in both host-versus-graft and graft-versus-host responses.
Fundamental questions about the alloimmune response have chal-
lenged immunologists since research in transplantation began. The
response to allogeneic major histocompatibility complex (MHC), or,
specifically in humans, human leukocyte antigens (HLAs), differs
from responses to more classical antigens, such as those derived
from pathogens or self, because of'its extraordinary strength and the
apparent size and diversity of the alloreactive repertoire. The alloim-
mune T cell repertoire against a given allogeneic MHC haplotype has
been estimated to constitute 1%-10% of the entire T cell population.
The studies leading to these widely cited values usually relied on in
vitro or in vivo functional assays (1-12). While such studies, along
with understanding of mechanisms of allorecognition, suggest-
ed that the alloreactive repertoire was likely to be vast, methods of
actually quantifying it were not available at the time. Here we review
the immunology of the alloimmune T cell response in transplanta-
tion and discuss how emerging approaches based on T cell receptor
(TCR) sequencing may provide new insights into this response.

Types of allorecognition
Allorecognition in vivo can be divided into three separate catego-
ries: direct, indirect, and semidirect pathways (refs. 13, 14, and Fig-
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Alloimmune T cells are central mediators of rejection and graft-versus-host disease in both solid organ and hematopoietic
stem cell transplantation. Unique among immune responses in terms of its strength and diversity, the T cell alloresponse
reflects extensive genetic polymorphisms between allogeneic donors and recipients, most prominently within the major
histocompatibility complex (MHC), which encodes human leukocyte antigens (HLAs) in humans. The repertoire of alloreactive
T cell clones is distinct for every donor-recipient pair and includes potentially thousands of unique HLA/peptide specificities.
The extraordinary magnitude of the primary alloresponse and diversity of the T cell population mediating it have presented
technical challenges to its study in humans. High-throughput T cell receptor sequencing approaches have opened up new
possibilities for tackling many fundamental questions about this important immunologic phenomenon.

ure 1). T cells reacting directly to alloantigens presented by donor
antigen-presenting cells (APCs) mediate the “direct” alloresponse.
This response is classically associated with acute rejection (15),
is known for its unique strength, and is expected to be diverse. Its
potency is responsible for the strength of the primary alloresponse
detected by mixed lymphocyte and cell-mediated lympholysis reac-
tions without prior priming in vivo or in vitro. The indirect allore-
sponse, in contrast, resembles more typical immune responses in
which T cells recognize self-APCs presenting peptides on self-HLA
molecules; however, the peptide originates from donor MHC anti-
gens or other polymorphic proteins. Chronic rejection is thought
to include a major role for indirect allorecognition, as donor APCs
in the graft are replaced by those of the recipient over time. Indi-
rect allorecognition can, for example, induce graft vasculopathy in
an experimental model (16). Moreover, alloantibodies are strongly
associated with chronic rejection, and their production is facilitated
by cognate interactions between alloreactive B cells with immuno-
globulin receptors that bind donor HLA molecules and internalize
them, resulting in focused presentation to indirectly alloreactive T
cells that recognize peptides from the same allogeneic HLA mole-
cules and help antibody production by those B cells (17).

The clinical significance of the semidirect immune response
is beginning to emerge. In semidirect allorecognition, intact allo-
geneic HLA/peptide complexes that have been transferred from
donor cells to recipient cells, a process sometimes referred to as
“cross-dressing,” activate T cells (18). A recent study in rodents
suggests that unexpectedly high numbers of recipient APCs
acquire donor MHC molecules via microvesicles (exosomes)
during the transplantation process, supporting a role for the semi-
direct pathway in rejection (19).

The human alloresponse measured in vitro involves CD4 and
CD8 cells in both naive and memory T cell compartments (20, 21).
Greater HLA mismatching would be expected to increase the diver-
sity of the alloreactive repertoire, but studies directly addressing
this question are lacking. Because memory T cells may not require
costimulation for activation and persist at higher frequencies in
the circulation than naive T cells, assays may be biased toward the
detection of alloreactive memory T cells. However, while the role
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of cross-reactive memory T cells in mediating allograft rejection
has been emphasized in animal studies (22-26), murine studies
(27-29) have shown that effector memory CD4 cells have reduced
ability to induce GVHD while maintaining graft-versus-leukemia
effects. Additionally, recent clinical study results (30) are consis-
tent with a role for naive T cells in inducing GVHD.

The relative contribution of CD4 and CD8 cells, direct and
indirect pathways, and naive and memory T cells to an allore-
sponse is likely to depend on a number of variables, including
the extent and class of HLA mismatching, infectious exposures,
and many others, all of which contribute to the complexity of the
human alloresponse.

Remarkable strength of the alloresponse

The exceptional potency of the alloresponse predominantly reflects
the extraordinary polymorphism of the mammalian MHC, com-
bined with the primary role of these molecules in presenting anti-
gens to TCRs. MHC molecules, or, specifically in humans, HLAs,
present antigens in the form of peptides that are seen by uniquely
rearranged TCRs. The multiple “classical” HLA loci that can pres-
ent peptide antigens (HLA-DR, -DQ, and -DP class II antigens and
HLA-A and -B class I antigens), combined with this polymorphism,
result in hundreds of alleles that permit robust individual immune
responses to diverse pathogens and, on a population level, help to
avoid species destruction by a particular pathogen (31).

While the extent of HLA matching clearly correlates with
organ transplant outcomes (32-34), the vast majority of organ
transplants are performed across HLA barriers. In contrast, until
recently the need for close HLA matching was of primary impor-
tance in HSCT, as the risk of severe GVHD was very high when
major HLA barriers were traversed (35). This situation has been
somewhat alleviated by the use of HLA-mismatched cord blood
transplantation and, more recently, by the use of post-transplant
cyclophosphamide to reduce GVHD risk following HLA-mis-
matched transplantation (36, 37). Efforts are also ongoing to
rationally identify low-risk “permissive” HLA mismatches based
on which amino acid residues most affect peptide binding (38).
While we emphasize alloreactivity against HLA polymorphisms in
this Review because HLA barriers are typically traversed in solid
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Figure 1. Pathways of allorecognition. Sche-
matic illustration of the three major pathways of
allorecognition: direct, indirect, and semidirect.
In the direct pathway, donor antigen-present-
ing cells (APCs) interact directly with recipient

T cells. In indirect recognition, recipient APCs
present processed donor allogeneic peptides to
recipient T cells, similar to more typical immune
responses. In the semidirect pathway, recipient
APCs acquire donor HLA molecules that present
peptides directly to recipient T cells.

organ transplantation, the hundreds of “minor” histocompatibil-
ity antigens resulting from presentation by shared HLA alleles
of polymorphic peptides from non-MHC proteins are collective-
ly significant, resulting in GVHD in 30%-50% of HLA-identical
HSCT recipients despite immunoprophylaxis (39).

Explaining the high frequency of MHC-
alloreactive T cells

The ability to detect primary anti-MHC alloresponses in vitro and
the potent rejection responses induced by allogeneic MHC indi-
cate that these are unusually powerful immune responses. Evi-
dence suggests that this potency may arise from the combination
of inherent MHC recognition by the TCR structure, positive selec-
tion by low-affinity interactions with self-MHC/peptide complex-
es, and the inherent cross-reactivity/flexibility of TCR interac-
tions with MHC/peptide complexes. Indeed, many studies point
toward a germline affinity of TCRs for MHC (40-43). The low
level of anti-self-reactivity in the normal peripheral T cell reper-
toire is believed to be dependent on the panoply of self-MHC/pep-
tide complexes that contribute to thymic deletion of T cells whose
receptors bind with relatively high affinity to those complexes.
There is no such negative selection for T cells recognizing alloge-
neic MHC/peptide complexes. Thus, the TCR repertoire that is
positively selected for low affinity to self-MHC/peptide and, by
cross-reaction, receives higher affinity signals from foreign pep-
tides presented by self-MHC, also has the potential to interact with
high affinity to allogeneic MHC/peptide complexes. While some
studies support the notion that the allo-MHC molecule alone is a
major target of allorecognition (44, 45), there is ample evidence
that the combination of the allo-MHC and peptide underlies direct
allorecognition (46-52), consistent with the notion of high-affinity
cross-reactivity with allo-MHC/peptides of TCRs with low affin-
ity for self-MHC/peptide. The ability of TCRs to recognize mul-
tiple different MHC/peptide combinations, or degeneracy, could
explain a diverse, cross-reactive T cell alloresponse (53, 54). It has
been suggested that alloreactive T cells may be able to bind dif-
ferent portions of allo-MHC than of self-MHC and this structural
flexibility in TCR binding may be a major contributor to the allo-
reactive potential of both CD4 and CD8 T cells (55-58). Diverse



The Journal of Clinical Investigation

FACS sorting:
CD4* and CD8"* T cells
Donor  Recipient X
blood blood |
.
________ I_ - = w
—_— 1
:
i CD8
1
1
FACS sorting:
CFSE MLR CFSE-low CD4* and CD8* T cells

@ y
©
Number of cells

CFSE-labeled responder cells
Violet-irradiated stimulator cells

REVIEW SERIES: TRANSPLANTATION

Circulating
T cell repertoire

High-throughput TCRp

CDR3 sequencing

Thousands of unique
CDR sequences
(clones), e.g.,

Vo5 CASSFLDRGTWGYTF..J,
V,, 0o CASSLAVSYEQYF...J .,
V00 -CATRTGGQETQYF...J , .,
V,,.-CASSRQYSLTDTQYF...J
V0. CASSKPGQRAEQYF...J .,

“Fingerprint” of alloreactive
T cell repertoire

rTYrrYyYY
rTYYryYyYryY

T
T

Figure 2. Defining a “fingerprint” of the alloresponse via TCR sequencing. From peripheral donor and recipient blood, unstimulated T cells and alloreac-
tive T cells, isolated via FACS of CFSE-low cells in a recipient antidonor MLR, undergo high-throughput TCRp CDR3 sequencing. Computational processing
enables definition of a “fingerprint” of the alloreactive T cell population for any potential donor-recipient pair.

MHC/peptide complexes may have structural mimicry from the
“point of view” of the TCR (49). Some evidence also suggests that
alloreactive T cells are enriched for those expressing two distinct
TCRs due to the presence of two different rearranged o chains,
thereby increasing the potential for cross-reactivity (59, 60).
Cross-reactivity of pathogen-reactive TCRs is likely to explain
the contribution of memory T cells to alloreactivity in recipients
lacking prior exposure to alloantigens because of transfusion,
pregnancy, or transplantation itself. Indeed, murine studies have
demonstrated the ability of virus-reactive T cells to block toler-
ance induction due to broad-based cross-reactive alloimmunity
(25, 26). EBV- and herpes simplex virus-specific clones have
been shown to also react to allogeneic HLA in humans, particu-
larly within the CD8 compartment (21, 61-65); it has even been
suggested that nearly half of the TCRs specific to a given virus
may also have alloreactivity (66). Furthermore, these viral pep-
tide-specific TCRs may have “public” sequences shared between
individuals with the same presenting HLA allele (67-70). Notably,
cytokine production and other measures of T cell function are not
always identical in response to viral antigen and cross-reactive
HLA alloantigens (21), perhaps because of differing TCR affinities
for different ligands. The notion that T cells that are cross-reactive
to pathogens encountered during life are significant contributors
to the alloresponse is consistent with the apparent importance of
memory T cells in mediating allograft rejection (71-73). However,
as discussed above, the apparent dominant role of naive T cells
in GVHD (27, 29, 30) calls this notion into question, and because
naive human T cells acquire the memory phenotype under lymph-
openic conditions (74), studies showing a role for “memory” cells

in rejection under such circumstances should be interpreted with
caution. Thus, additional work is needed to fully understand the
role of cross-reactive pathogen-specific T cell memory in the
human alloresponse.

Diversity of alloreactive TCRs

T cell clones each have a unique nucleotide sequence encoding the
TCR hypervariable region that determines antigen specificity. In off
T cells, a heterodimer results from the pairing of TCR a chains and
B chains (75). Though different portions of both the o and f chains
play integral roles in determining antigen specificity, it is the com-
plementarity-determining 3 region (CDR3) (76) that undergoes
somatic recombination of variable (V), diversity (D), and joining
(J) genes, along with insertion of nontemplated nucleotides, which
leads to the tremendous CDR3 diversity and thus TCR diversity of
the millions of T cell clones in an individual (77, 78).

While most primary peptide antigen-specific immune responses
reflect recognition by a small number of TCRs, early studies demon-
strated remarkable diversity of VP usage contributing to the allore-
sponse against a single MHC allelic difference, suggesting that the
overall alloreactive repertoire was broad (79, 80). Similarly, measure-
ment of the distribution of lengths of TCR CDR3s, known as spec-
tratyping, confirmed the broad repertoire of alloreactive TCRs (81).

Methods for measuring the alloresponse

Estimates of the size of the alloreactive T cell repertoire have,
until recently, relied on functional assays, including bulk mixed
lymphocyte reactions (MLRs) (82) and cell-mediated lympholysis
(CML) assays, as well as more quantitative limiting diluting assays
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(LDAs). In MLR assays (83, 84), the donor or stimulator cells are
irradiated (one-way MLR) and cocultured with recipient lympho-
cytes for 5-7 days, and responses to alloantigens are measured by
T cell proliferation, either via incorporation of radioactive thymi-
dine into the nucleic acids of dividing cells or using the dilution
of intravital dyes such as CFSE and flow cytometry (85, 86). CML
assays are similar to MLR assays, except the readout is killing of
labeled donor target cells or cell surface expression of CD107a,
reflecting granule exocytosis. In LDAs, precursor frequencies of
antigen-specific cells are estimated via secretion of cytokines or
cytotoxicity after activation in culture with progressively diluted
concentrations of responder cells while the number of allogeneic
stimulator cells remains constant; using a model based on the
Poisson distribution, one can extrapolate the frequency of anti-
gen-specific cells, including alloreactive cytotoxic and helper T
cells. Finally, the enzyme-linked immunospot assay (ELISPOT)
assay can be used to measure cytokine-producing cells respond-
ing to alloantigens, and rapid responses have been used to indicate
the presence of allosensitized T cells (87, 88). While all of these
assays provide valuable information about the function of alloim-
mune T cells, none of them actually identify alloreactive T cells
independently of their function. MHC/peptide tetramers enable
identification and isolation of distinct antigen-specific T cell pop-
ulations for detailed functional and structural analysis (89), but
the tremendous number of putative HLA /peptide combinations
potentially recognized by alloreactive T cells precludes such an
approach to studying the broad alloresponse.

Before the advent of high-throughput approaches, TCR clo-
notyping enabled identification and tracking of small numbers of
alloreactive TCRs in transplant recipients. Michalek et al. identi-
fied a single allospecific clone in a donor antirecipient pretrans-
plant MLR in a patient who had received a hematopoietic stem
cell transplant from an allogeneic donor with one HLA-DRB1
mismatch (90). Tracking of this clone in the peripheral blood over
time via PCR revealed an expansion in frequency at the time of
GVHD and frequency reduction with steroid treatment. While the
clone served as a marker, the studies of this clone did not capture
events affecting the entire alloreactive repertoire.

In view of the limitations of the methods described above,
we recently developed a high-throughput TCR sequencing-based
approach for studying the human alloresponse. The emergence
of high-throughput techniques for sequencing millions of TCR
hypervariable regions in parallel (77) has made it possible to mea-
sure alloimmune T cells in a new way, permitting identification
and tracking of thousands of alloreactive TCRs in the presence
of any degree of HLA mismatching. Our approach to identifying
and tracking a “fingerprint” of the donor-specific T cell repertoire
involved combining the CFSE-MLR with high-throughput TCR
sequencing (ref. 91 and Figure 2). The technique entails cocul-
ture of pretransplant recipient and irradiated donor mononuclear
cells labeled with different fluorescent dyes for 6 days, followed
by extraction of genomic DNA (gDNA) from sorted recipient CD4
and CD8 T cells that proliferate in response to donor antigens
and thereby dilute their CFSE dye. This gDNA is then subjected
to high-throughput TCRp CDR3 sequencing along with gDNA
extracted from unstimulated sorted pretransplant CD4 and CD8
T cells. Comparison of the pretransplant stimulated and unstim-
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ulated sequences permits designation of those TCRs whose fre-
quencies increase markedly in the MLR as alloreactive, thereby
defining a “fingerprint” of the recipient antidonor T cell repertoire
that typically includes thousands of unique TCR CDR3 sequenc-
es. These clones can then be tracked in the peripheral circulation
after transplant without the need for further functional assays or
knowledge of alloreactive HLA /peptide specificities.

This TCR sequencing approach provided an unprecedented
ability to determine the fate of donor-specific T cells in a cohort of
tolerant combined kidney and bone marrow transplant (CKBMT)
recipients (91). Expansion of circulating antidonor TCRs in nontol-
erant kidney transplant recipients demonstrated the biological rel-
evance of the clones identified as donor-specific via this technique.
By interrogating the post-transplant circulating T cell pool of TCRs,
we obtained evidence that donor-reactive T cells were clonally
reduced in the tolerant recipients and not in nontolerant recipients.
While previous studies assessed general changes in TCR Vp usage
and spectratypes over time after transplant (92, 93), this was the
first study to specifically track particular TCRs that were identified
as donor-reactive and compare their fate with that of those identi-
fied as non-donor-reactive. The latter provide an indication of over-
all T cell turnover resulting from induction and immunosuppressive
therapy. Our observations led us to conclude that the presence of
donor antigen during the period of lymphopenia following induc-
tion therapy drove the early expansion of donor-specific T cells (91).
This finding is consistent with murine studies showing that rapid
lymphopenia-driven proliferation is largely antigen-driven (94, 95).

This approach can also be used to gain a window into events
in the allograft itself. TCR sequencing of post-transplant biopsies
from tolerated allografts of CKBMT recipients revealed similar
sequence dominance to that observed in the peripheral circulation
at the same time, including a paucity of donor-reactive clones. In
view of the absence of infiltrates observed histologically, these
results suggest that the sequences obtained may have been from T
cells in the kidney microvasculature (96).

We also applied this technique to sequential surveillance
biopsy specimens in a cohort of intestinal transplant recipients
and thereby gained new insights into human transplantation
biology and mucosal immunology. Contrary to the dogma that
T cell infiltrating rejecting allografts are largely bystanders (97),
rejection episodes were associated with marked predominance
of host-versus-graft-reactive (HVG-reactive) clones among
TCR sequences identifiable as recipient in origin, demonstrat-
ing that bystander T cells are not a major component of T cell
infiltrates during rejection. Since intestinal grafts come with
large donor lymphoid loads and can be associated with GVHD,
we identified the graft-versus-host (GVH) alloreactive T cell fin-
gerprint as well, using pretransplant donor lymphocytes stimu-
lated with recipient APCs. Remarkably, the grafts demonstrated
marked expansion of GVH-reactive T cells in association with
early replacement of the major graft myeloid cell compartment
by cells of recipient origin. These recipient myeloid cells likely
served as APCs that expanded GVH-reactive T cells within the
graft (98). These GVH-reactive T cells may have contributed to
the peripheral blood T cell chimerism that was associated with
reduced rejection rates in these patients, usually without GVHD
(99). We also found that the balance of GVH and HVG clones



The Journal of Clinical Investigation

within the graft after transplant correlated with rejection-related
outcomes and that alloreactive T cell populations ultimately
became a major component of the tissue-resident T cell rep-
ertoire in the gut, even extending to the native host intestine.
Collectively, these studies, which combined the TCR tracking
approach with multicolor flow cytometry, provided evidence that
tissue-resident memory T cells transferred in the human intesti-
nal allograft are derived from circulating donor central memory
cells and that their repopulation after transplantation is largely
driven by antigen reactivity, including infiltrating HVG clones
and expanding tissue-resident GVH-reactive T cells (98). The
persistence of expanded HVG clones as tissue-resident memory
T cells in the graft may pose a constant risk of rejection and may
help to explain the high rejection rates of grafts containing muco-
sal tissue, such as the intestine and the lung.

The study discussed in the preceding paragraph illustrates the
power of the alloreactive TCR tracking approach to help elucidate
events within the tissues following transplantation and further
validates the biological significance of TCR sequences identified
as alloreactive by this method. A similar approach could be useful
in the setting of HSCT, where the enumeration of GVH-reactive
clones within the GVHD target tissues could, perhaps in conjunc-
tion with analyses of such clones in the circulation, provide a new
kind of alloantigen-specific diagnostic and prognostic information.

While there are several strategies for identifying T cells reac-
tive to alloantigens, the CFSE-MLR used in our studies lends itself
well to sequencing analysis, as FACS can be used to isolate allore-
active T cell populations for sequencing (91, 100). Upregulation of
CD154 in the presence of anti-CD40 antibody during coculture is
another potential technique, especially for CD4 cells, along with
other methods to identify allospecific TCRs in MLRs (101-103).

Technical considerations
The studies discussed above provide strong evidence that clones
identified as alloreactive via the MLR/TCR sequencing approach
are biologically significant in patients. The definition of alloreac-
tive clones has been based on consideration of several factors. The
first is that highly abundant nonalloreactive clones resulting from
clonal expansions in response to pathogens encountered in vivo
may proliferate as bystanders in the MLR and thus be included
in the CFSE-low population. For this reason, we compare the
sequencing results from the CFSE-low stimulated cells with those
of the unstimulated circulating cell populations at the same time,
permitting the addition of a “fold-expansion” (in CFSE-low ver-
sus unstimulated populations) criterion for designation of CFSE-
low cells as alloreactive. Notably, the significance of the relative
decline in donor-specific clones in tolerant a patient increased as
we increased our fold-expansion criteria for defining alloreactive
clones (91), suggesting that the more strongly alloreactive clones
were more likely to be deleted than those with weaker reactiv-
ity. Furthermore, the chance of detecting clonal expansion of
donor-reactive clones in nontolerant patients following transplant
was not significantly altered by adjustment of the fold-expansion
criterion for defining these clones (91).

In our view it is important to perform FACS on unstimulated
and CFSE-low CD4 and CD8 T cell populations to allow separate
analysis of their TCR repertoires, as the direction of changes in
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circulating alloreactive CD4 and CD8 clones during rejection may
be different, as suggested in our early study (91). Furthermore,
identification of the subset to which circulating or lymphoid tissue
T cells belong before transplant provides additional information
about clones identified in unsorted specimens from, for example,
tissue biopsies (96, 98). However, because FACS is not without
error, it is important to perform postsequencing data processing to
eliminate ambiguous clones (those present at similar frequencies
in sorted CD4 and CD8 populations) and to reassign mis-sorted
clones (those that are clearly present at much greater frequency in
one subset than the other).

One of the unexpected findings from our sequence-based
analysis of alloreactive T cells was that, although such clones
are numerous, they are generally present at low or undetectable
frequency in the unstimulated circulating pool (our unpublished
observations). Thus, the fold expansion of many alloreactive
clones detected in MLR would be considered infinite, as these
clones are not detected in the sequenced unstimulated popula-
tion. In order to avoid including clones of this kind that may have
expanded less than the requisite fold expansion to be defined as
alloreactive, a minimum frequency threshold is included in the
stimulated population based on the threshold for reliable detec-
tion of a clone in the unstimulated population.

Clearly, the ability to define alloreactive clones and detect
expansions and reductions in these clones following transplant
is highly dependent on the sample size of pretransplant unstimu-
lated T cell populations. As any sample identifies only a fraction
of the total TCR repertoire, these numerical considerations are
enormously important for the interpretation of data. With the
depth of sequencing available using the “deep sequencing” plat-
form by Adaptive Biotechnologies, we were able to demonstrate
a high level of overlap of clones identified as responsive to a giv-
en donor using different pools of responder cells drawn from the
same volunteer up to a year apart (91). This observation is con-
sistent with our observation (91) and those of others (77, 92,104)
that the circulating TCR repertoire is quite stable over time in a
given individual, but also indicates that the clones we identify as
alloreactive from a blood draw are sufficiently abundant to have
a high probability of being detected within another similar-sized
pool of T cells from a later blood draw. This technical aspect is
critical for interpretation of serial samples assessing the fate of
alloreactive clones over time. Obtaining sufficient sensitivity
for the detection of low-frequency clones in unstimulated T cell
populations is especially important for drawing statistically valid
conclusions regarding loss of alloreactive T cell clones following
transplant. In contrast, expansions of alloreactive clones can be
detected in small samples such as biopsy specimens (98); howev-
er, the ability to identify these expansions and hence the sensitiv-
ity of the assay is highly dependent on having a robust CFSE-low
and unstimulated sequence set before transplant from which to
identify a maximal number of alloreactive clones. Additionally,
the integral role of bioinformatics expertise in these analyses
must be emphasized.

The TCR sequencing approach we have developed focuses
on tracking alloreactive clones defined before transplantation
(91). While this approach has the advantage of not depending
on post-transplant functional assays in the setting of immu-
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nosuppression and possible anergy-inducing conditions that
may affect in vitro cell proliferation, it has the disadvantage of
failing to identify T cells that develop de novo after transplant,
which may be donor-reactive. This method could also miss the
impact of cross-reactive T cell clones that are present before
transplant at too low a frequency for detection in CFSE-MLR,
and that expand in response to post-transplant infections (105).
It will therefore be important to develop strategies for identi-
fying post-transplant alloreactive clones; similarly, combining
sequencing results with additional functional assays and/or
focusing on phenotypic subpopulations such as Tregs will pro-
vide important insight into the functional nature of the allore-
active T cell population. However, our observation that most
alloreactive clones are present at very low frequency in the
unstimulated repertoire argues against the notion that most
alloreactivity reflects the activity of pathogen-reactive memory
T cells that cross-react to alloantigens. While it is possible that
by excluding pathogen-reactive clones that are dominant in the
T cell repertoire with our fold-expansion criterion, we miss the
contribution of such clones to the alloresponse, these clones are,
by definition in our assay, relatively weak in their cross-reaction
to the donor. Rarity of such cross-reactions could explain the
ability to diminish GVHD by depleting naive T cells and trans-
ferring only memory T cells in HSCT recipients (30). However,
the depletion of “naive” cells in the cited study was based only
on CD45RA expression, and therefore also included depletion
of the memory subset known as T effector memory RA* (TEM-
RA) cells and of T memory stem cells. It is also possible that
prominence of “memory” T cells in allograft rejection studies
(106,107) may in fact reflect T cells that have adopted the mem-
ory phenotype as a result of lymphopenia-associated expansion
(74), which is in fact driven by donor alloantigens and therefore
is biased toward the expansion of formerly naive donor-reactive
T cells. Future studies involving assignment of alloreactive T
cells before transplant to sorted naive, memory, and Treg sub-
sets separated by cell sorting will help to elucidate the role of
each cell type following transplantation.

Another limitation of the MLR/TCR sequencing-based
alloreactivity assay is that it focuses primarily on the direct
pathway of allorecognition. While we typically start with whole
peripheral blood mononuclear cell responder populations in the
CFSE-MLR in order to permit indirect alloresponses, specific
modifications of the assay are needed to explicitly distinguish
indirectly from directly alloreactive TCRs with this approach.
While the focus of our assay only on the p chain of the TCR may
be seen as another limitation, single-cell approaches needed to
identify ap TCR pairs currently do not allow the high-through-
put work flow needed for the types of tracking studies we per-
form, though future technological advances (108) and compu-
tational approaches (109) to off TCR pairing may permit such
analyses. While strong HLA mismatches are associated with
vigorous CFSE-MLR results, the extent of proliferation is much
less in the nearly or fully HLA-matched setting (refs. 90, 110,
and our unpublished observations), despite the presence of
clinically important alloantigens. Development of refined tech-
niques for the closely HLA-matched setting will therefore also
be important, particularly for HSCT.
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Clinical implications and future directions
As TCR sequencing assays for tracking alloreactive T cell popu-
lations mature, potential clinical applications abound. While the
tolerant CKBMT cohort described by Morris et al. (91) is a unique
population and comparable tolerant transplant populations are
limited, there are many other potential biomarker applications for
tracking donor-specific TCRs in transplant patients. Tracking of
these clones in the circulation, biopsies, and urine specimens may
ultimately be used to aid in decisions to increase or de-escalate
immunosuppressive therapy, to diagnose or even predict rejec-
tion, and to monitor responses to antirejection therapy. Perhaps
most tantalizing is the potential to identify the rare operationally
tolerant kidney transplant recipient in whom immunosuppression
could be safely withdrawn or to predict success or failure of struc-
tured immunosuppression weaning in liver transplant recipients.
The need for biomarkers for this purpose is acute, and alloreactive
TCR tracking is unique in its specificity for donor antigen reac-
tivity; thus, further investigation of the potential of this approach
is warranted. Defining the impact of particular immunosuppres-
sive regimens on alloreactive clones may help tailor immunosup-
pression and provide invaluable information about how different
immunomodulating agents directly affect donor-specific clones.
TCR sequencing approaches could increase our understand-
ing of the role of HLA disparity in determining the size, diver-
sity, quality, and ontogeny of this uniquely large repertoire. A
critical evaluation of the role of pathogen-specific TCRs that are
cross-reactive to allo-MHC is needed to determine the extent to
which such cross-reactivity drives the alloresponse (66). As the
importance of TCR sequencing approaches emerges, the utility
and accessibility of analytic tools will simultaneously expand,
which is an integral component of accurately understanding the
vast amount of data high-throughput techniques provide. More-
over, as the throughput of single-cell transcriptional analysis
improves, it should ultimately be possible to carry out single-cell
high-throughput TCR sequencing in combination with transcrip-
tional analysis, thereby defining function for TCRs identified by
paired o and B chains.

Conclusions

Alloreactive T cells play a central role in transplantation: they
are key mediators of tolerance, rejection, and GVHD. Questions
remain about the role of various allorecognition pathways in
allograft rejection in vivo and about the mechanisms by which
naive and memory T cells may become alloreactive. Some of the
many fundamental questions that remain include the relative con-
tributions of naive and memory cells to rejection and GVHD, how
HLA disparity influences the diversity of the alloresponse, and
how different clinical protocols and pharmacologic agents may
directly target each of these parameters. Though great strides have
been made in characterizing this large and diverse population, the
use of high-throughput TCR sequencing opens a new window
for investigating many of these questions. Refinements in func-
tional assays to identify specific alloreactive T cell populations
along with improvements in sequencing technologies will further
advance our understanding of the mechanisms of alloreactivity,
with important clinical implications. Carefully designed clinical
studies to investigate the diagnostic and predictive value of allore-
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active TCR expansion and contraction in the systemic circulation,
the graft, and the urine could ultimately provide refined nonin-
vasive diagnostic capacity and enhance our ability to personalize

immunosuppressive regimens.
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