Early expansion of donor-specific Tregs in
tolerant kidney transplant recipients
Thomas M. Savage, … , Yufeng Shen, Megan Sykes
JCI Insight. 2018;3(22):e124086. https://doi.org/10.1172/jci.insight.124086.
Research Article

Immunology

Transplantation

Allograft tolerance, in which a graft is accepted without long-term immunosuppression,
could overcome numerous obstacles in transplantation. Human allograft tolerance has been
intentionally induced across HLA barriers via combined kidney and bone marrow
transplantation (CKBMT) with a regimen that induces only transient chimerism. Tregs are
enriched early after CKBMT. While deletional tolerance contributes to long-term tolerance,
the role of Tregs remains unclear. We have optimized a method for identifying the donorspecific Treg repertoire and used it to interrogate the fate of donor-specific Tregs after
CKBMT. We expanded Tregs with several different protocols. Using functional analyses
and T cell receptor sequencing, we found that expanding sorted Tregs with activated donor
B cells identified the broadest Treg repertoire with the greatest potency and donor specificity
of suppression. This method outperformed both alloantigen stimulation with CTLA4Ig and
sequencing of CFSElo cells from the primary mixed lymphocyte reaction. In 3 tolerant and 1
nontolerant CKBMT recipients, we sequenced donor-specific Tregs before transplant and
tracked them after transplant. Preexisting donor-specific Tregs were expanded at 6 months
after CKBMT in tolerant patients and were reduced in the nontolerant patient. These results
suggest that early expansion of donor-specific Tregs is involved in tolerance induction
following CKBMT.
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Allograft tolerance, in which a graft is accepted without long-term immunosuppression, could
overcome numerous obstacles in transplantation. Human allograft tolerance has been intentionally
induced across HLA barriers via combined kidney and bone marrow transplantation (CKBMT) with
a regimen that induces only transient chimerism. Tregs are enriched early after CKBMT. While
deletional tolerance contributes to long-term tolerance, the role of Tregs remains unclear. We have
optimized a method for identifying the donor-specific Treg repertoire and used it to interrogate the
fate of donor-specific Tregs after CKBMT. We expanded Tregs with several different protocols. Using
functional analyses and T cell receptor sequencing, we found that expanding sorted Tregs with
activated donor B cells identified the broadest Treg repertoire with the greatest potency and donor
specificity of suppression. This method outperformed both alloantigen stimulation with CTLA4Ig
and sequencing of CFSElo cells from the primary mixed lymphocyte reaction. In 3 tolerant and 1
nontolerant CKBMT recipients, we sequenced donor-specific Tregs before transplant and tracked
them after transplant. Preexisting donor-specific Tregs were expanded at 6 months after CKBMT
in tolerant patients and were reduced in the nontolerant patient. These results suggest that early
expansion of donor-specific Tregs is involved in tolerance induction following CKBMT.
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Outcomes in organ transplantation are currently challenged both by rejection and the toxicities of the
immunosuppression used to prevent it. Transplantation without the need for chronic immunosuppression, a state known as tolerance, would overcome both challenges. Human allograft tolerance has been
intentionally induced across HLA barriers via combined kidney and non-myeloablative bone marrow
transplantation (CKBMT), an approach designed to induce a state of mixed donor and recipient hematopoietic chimerism. This approach was used in 2 Immune Tolerance Network–sponsored clinical trials
(NKDO3 and ITN036ST), each including 5 recipients with haploidentical related donors, and 7 of the
10 patients were tolerant to their allograft for at least 5 years (1–3). In rodent models, mixed chimerism was durable, and tolerance depended on intrathymic deletion of donor-reactive T cells (4). Mixed
chimerism was transient in the human trials (1, 5), however, suggesting that other mechanisms were
involved in tolerance.
Treg-mediated suppression of the anti-donor immune response is one possible mechanism. Tregs
were enriched after transplant in biopsies of the grafted kidney relative to conventionally grafted kidneys
(1) and were strikingly enriched in the circulation early after transplant, comprising up to 75% of circulating CD4+ T cells at 2 weeks (6, 7). Furthermore, in vitro data suggested a role for suppression by Tregs
in tolerance up to 1 year after transplant but not later (6), when deletional tolerance appeared to play a
significant role (8). The precise role and fate of donor alloantigen-specific Tregs, however, was unclear.
In this study, we aimed to identify and assess the expansion of donor-specific Tregs following CKBMT.
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For this purpose, we sought to develop a T cell receptor sequencing–based approach to identifying
donor-specific Tregs prior to transplant. Individual T cells have a single T cell receptor β chain (TCRβ) and
1 or 2 α chains. Sequencing of the CDR3 region of the TCRβ chain, therefore, approximates identification
of T cell clones, allowing tracking of T cell clones with antigen specificity. Identification of donor-specific
Tregs is challenged by the relatively small number of Tregs in the circulating pool, constituting approximately 1%–5% of CD4+ T cells, of which only a small fraction would be expected to have donor specificity (9–11). We therefore first optimized identification of the donor-specific Treg repertoire by comparing
several methods previously developed to expand donor-reactive T cells or Tregs, namely the CFSE–mixed
lymphocyte reaction (CFSE-MLR) (8), culture of sorted Tregs with activated donor B cells (12), and MLRs
in the presence of CTLA4Ig (13–15). We then interrogated samples from 4 CKBMT subjects using these
methods, and we found that donor-specific Tregs expanded at 6 months after CKBMT in each tolerant
subject but were reduced as a proportion of CD4+ T cells in the nontolerant subject studied. These results
support a role for early expansion of donor-specific Tregs in the induction of tolerance after CKBMT.

Results
Optimal identification of a donor-specific Treg repertoire. Since Tregs are present in the circulation at low concentrations, and the number of these cells in a blood sample is limited, our first goal was to determine whether
a method of T cell expansion using allogeneic donor stimulators could optimize identification of the repertoire of donor-specific Tregs. In 3 healthy controls, we compared several methods of expanding allogeneic
donor-specific Tregs, from which we sequenced the TCRβ repertoire (Figure 1). For insight into whether Tregs were preexisting or induced from conventional T cells with each method, we performed TCRβ
sequencing on unstimulated FACS-sorted cell populations to define the Treg (CD4+CD25+CD127–) and
CD4+non-Treg (CD4+CD25–) repertoires (Figure 1A). We have previously developed a method for identifying donor-reactive TCRβ sequences through the pretransplant bulk CFSE-MLR (Figure 1B) that we validated in CKBMT patients and intestinal transplant recipients (8, 16): donor-reactive TCRβ sequences are
defined as ≥5-fold expanded in the CFSE-MLR compared with the unstimulated CD4 repertoire and have
a frequency of ≥10–4 in the CFSElo sample, criteria we chose to exclude possible bystander proliferation of
high-frequency T cell clones. Different criteria for defining donor-reactive sequences were explored and did
not significantly influence results, so these previously defined criteria (8) were retained. “CFSE-MLR Treg”
denotes the sequences that are: (i) identified as CD4 donor-reactive via the CFSE-MLR; and (ii) detected
in the unstimulated Treg repertoire (Figure 1B). To expand donor-specific Tregs, we generated activated
donor B cells via culture of donor peripheral blood mononuclear cells (PBMCs) with irradiated 3T3 cells
expressing CD40L in the presence of cyclosporin A and IL-4 (12). These B cells were used as stimulators
in a culture of FACS-sorted Tregs and exogenous IL-2 (12). We performed TCRβ sequencing on sorted
CD4+CD8–CD25+CD127– cells from day 16 of the Treg culture (Figure 1C); these cells are termed “Tregs
with activated donor B cells.” Finally, CD4+CD25+ cells from a primary MLR under cover of CTLA4Ig
(first developed with abatacept and now using belatacept) are being used in Treg infusion trials and have
been shown to have donor-specific suppressive activity (13–15). Restimulations enhance the potency of
these donor-specific Tregs (13, 14). Thus, we also performed TCRβ sequencing on FACS-sorted recipient
CD4+CD8–CD25+CD127– cells following a primary 3-day MLR with CTLA4Ig (“CTLA4Ig MLR”) and
after a 5-day donor restimulation without CTLA4Ig (“Restimulated CTLA4Ig MLR”) (Figure 1D).
CTLA4Ig MLR identifies the largest and most diverse Treg TCRβ repertoire, while a limited number of Tregs
proliferate in the bulk CFSE-MLR. We compared the size and diversity of the TCRβ repertoires derived
from Tregs expanded with each method. Sequencing data for each sample are summarized in Supplemental Table 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.124086DS1. Sequences from each expanded population that were detected within unstimulated
Treg and CD4+ non-Treg populations are described as “mapping” to the Treg and non-Treg populations,
respectively. The primary CTLA4Ig MLR identified the greatest number of unique TCRβ sequences (n
= 57,605; 92,312; 42,189) and the greatest number that mapped to the unstimulated Treg repertoire,
while the restimulated CTLA4Ig MLR identified the second greatest number of unique sequences (n =
25,357; 18,513; 22,482) and number that mapped to the unstimulated Treg repertoire (Figure 2, A and B,
and Supplemental Table 2). The culture of Tregs with activated donor B cells identified the third greatest number of unique sequences (n = 4,841; 8,211; 3,177) and number that mapped to the unstimulated
Treg population. The smallest repertoire was identified via the CFSE-MLR Treg method (n = 8; 43; 21);
insight.jci.org   https://doi.org/10.1172/jci.insight.124086
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Figure 1. Methods to identify the donor-specific Treg repertoire. (A) TCRβ sequencing was performed on unstimulated Tregs and CD4+ non-Tregs from PBMCs to
establish the unstimulated Treg and non-Treg repertoires. (B) Bulk CFSE-MLRs were performed to identify the CD4 donor-reactive repertoire — defined as unique
TCRβ sequences expanded ≥5-fold from unstimulated CD4 samples and with frequency ≥10–4 in the CFSElo sample — which was compared with the unstimulated Treg repertoire from A to determine the “CFSE-MLR Treg” repertoire. (C) Activated (act.) donor B cells were generated, with representative flow cytometry
staining demonstrating activation, then irradiated to culture with sorted Tregs. (D) Primary and restimulated CTLA4Ig MLRs were performed as shown.

the bulk CFSE-MLR identified many more non-Treg sequences than Treg sequences, as expected. Thus,
the other Treg expansion methods identified many additional Treg TCRβ sequences not found via the
CFSE-MLR. To gain further insight into the origin of the CD4+CD25+CD127– cells in each culture, we
summed the frequencies from each culture of sequences that mapped to unstimulated Treg and CD4+ nonTreg populations (Figure 2C). As expected, in the total CD4 donor-reactive repertoire identified through
the CFSE-MLR, the sequences mapping to the unstimulated non-Treg population had a higher cumulative frequency than those that mapped to the unstimulated Treg population. The TCRβ repertoires identified through culture of Tregs with activated donor B cells and from the primary CTLA4Ig MLR had
greater sum frequencies mapped to the Treg than the non-Treg repertoires, suggesting that preexisting
insight.jci.org   https://doi.org/10.1172/jci.insight.124086
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Figure 2. Comparison of donor-specific TCRβ repertoires in healthy controls. (A) Proportional Venn diagrams of the CFSE-MLR Treg repertoire (yellow),
culture of Tregs with activated donor B cells (blue), and restimulated (Restim.) CTLA4Ig MLR (red), where n denotes the number of unique TCRβ sequences identified via each method; for the CFSE-MLR Tregs, n is stated among the total number of CD4 donor-reactive sequences. (B) Number and (C) sum
frequency of sequences in stated methods mapping to the unstimulated (Unstim.) Treg and CD4+ non-Treg repertoires. (B and C) “Donor-reactive” refers
to the total CD4 donor-reactive repertoire identified through the CFSE-MLR. (D) Clonality and (E) R20 of each method. Clonality ranges from 0 (each
sequence has equal frequency) to 1 (a single clone). R20 is the proportion of clones that occupy 20% of the sum frequency when the clones are ordered
from highest to lowest frequency; a low R20 indicates clonal dominance. (F–J) Jenson-Shannon divergence (JSD) of the top 100 unique TCRβ sequences
ranked by frequency in each method compared with the TCR repertoire identified via (F) unstimulated Tregs, (G) CFSE-MLR Treg repertoire, (H) culture of
Tregs with activated donor B cells, (I) primary CTLA4Ig MLR, and (J) restimulated CTLAIg MLR. (A–J) Data from 3 independent healthy controls.

Tregs are substantially expanded and enriched using these methods. In contrast, the sum frequency of
sequences mapping to the non-Treg population was greater than that mapping to the Treg population
in the restimulated CTLA4Ig MLR repertoire, suggesting that considerable induction of Tregs from
conventional T cells or expansion of conventional T cells had occurred with this method. We determined repertoire diversity by 3 different measures, including clonality, R20 (the proportion of clones
that occupy 20% of the sum frequency when the clones are ordered from highest to lowest frequency;
insight.jci.org   https://doi.org/10.1172/jci.insight.124086
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a low R20 indicates clonal dominance), and the slope of the abundance plots (17). The results of all 3
measurements showed reduced diversity and increased clonal dominance in the TCRβ repertoire identified
through the Treg culture with activated donor B cells relative to the restimulated CTLA4Ig MLR; both of
these were less diverse and more clonally dominated than the unstimulated Treg repertoires and the primary CTLA4Ig MLR repertoires (Figure 2, D and E, and Supplemental Figure 1). Thus, these data indicate
that the primary and restimulated CTLA4Ig MLRs provide the largest and most diverse TCRβ repertoires
and identify the most preexisting Tregs, but the restimulated CTLA4Ig MLR may also considerably expand
conventional T cells and/or induce Tregs from conventional T cells, while the Treg culture with activated
donor B cells favors expansion of a more limited repertoire of preexisting Tregs.
The primary CTLA4Ig MLR repertoire resembles that of unstimulated Tregs, while other methods identify largely
divergent repertoires. We next sought to distinguish whether the methods identified common dominant clones
or whether each expanded different T cell clones. Some TCRβ sequences were common to the CFSE-MLR
Tregs, the Tregs expanded with activated donor B cells, and the restimulated CTLA4Ig MLR repertoires,
and much of the CFSE-MLR Treg repertoire was detected via the other methods (Figure 2A and Supplemental Table 3). Common TCRβ sequences, however, were generally of low frequency in each method,
although the primary CTLA4Ig MLR and the unstimulated Treg repertoires appeared to share a large number of high-frequency sequences (Supplemental Figure 2). We quantified the divergence of the repertoires
to each other and to the unstimulated Treg repertoire using the Jensen-Shannon divergence (JSD), which
ranges from 0 for identical samples to 1 for completely different samples. We focused on the top 100 TCRβ
sequences ranked by frequency for each method to account for possible divergence due to sampling error.
The unstimulated Treg repertoire diverged greatly from the CFSE-MLR Tregs, Treg culture with activated
donor B cells, and the restimulated CTLA4Ig MLR repertoires, consistent with donor-specific enrichment,
but did not diverge markedly from the primary CTLA4Ig MLR (Figure 2, F and J). The expansion methods
identified repertoires that were largely distinct from each other, including substantial divergence between
the primary and restimulated CTLA4Ig MLRs (Figure 2, G–J). Finally, we assessed whether there were
common dominant sequences. Among the most frequent 10 sequences in each method, shared sequences
were only observed between the CFSE-MLR Tregs and the Treg culture with activated donor B cells; 0, 2,
and 0 sequences were overlapping between these methods in healthy controls 1, 2, and 3, respectively. Thus,
shared dominant sequences were generally not identified across the methods.
Tregs expanded with activated donor B cells are more potent specific suppressors of the anti-donor response than
those from the restimulated CTLA4Ig MLR. We characterized the cultures by comparing their phenotype and
functionality. We observed lower Foxp3 expression among CD4+CD25+CD127– cells in the restimulated
CTLA4Ig MLR than in the other cultures and unstimulated Tregs (Figure 3, A and B), suggesting that
Tregs were induced from conventional T cells and/or conventional T cells expanded in this culture, consistent with the higher cumulative frequency in these cultures of sequences mapping to the unstimulated
non-Treg than Treg populations (Figure 2C).
In vitro suppression assays were carried out using cells generated from healthy control 1 (Figure 3, C and
D, and Supplemental Figure 3). Primary CTLA4Ig MLRs were not assayed due to the large cell numbers
required, and healthy controls 2 and 3 were not assayed due to limited cell numbers. CD4+CD25+CD127–
cells from the culture of Tregs with activated donor B cells and the restimulated CTLA4Ig MLR demonstrated specific suppression of responses to the original stimulating donor but only weak suppression of
responses to HLA-mismatched third party (Figure 3C). Both were more potent than unstimulated Tregs in
suppressing anti-donor responses, but Tregs expanded with activated donor B cells were more potent than
those derived from the restimulated CTLA4Ig MLR (Figure 3D).
Altogether, our healthy control analysis suggests that although the expansion of Tregs with activated
donor B cells identifies a less diverse repertoire than the restimulated CTLA4Ig MLR, the former provide
more potent donor-specific suppression and include fewer Tregs that convert from conventional T cells
during the culture period. Both of these Treg expansion methods identify larger TCR repertoires than that
identified via the CFSE-MLR. On this basis, we identified the culture of Tregs with activated donor B cells
as the optimal method for detecting the donor-specific Treg repertoire for tracking.
Repertoire comparisons of donor-specific Tregs expanded by different methods in CKBMT recipients are largely similar to those in healthy controls. We next compared the repertoires from unstimulated sorted Tregs, bulk CFSEMLRs (8), Tregs expanded with activated donor B cells, and restimulated CTLA4Ig MLRs on pre-transplant
samples of 4 ITN036ST CKBMT patients, the only subjects in the 2 trials (NKDO3 and ITN036ST) from
insight.jci.org   https://doi.org/10.1172/jci.insight.124086
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Figure 3. Tregs cultured with activated donor B cells have higher Foxp3 expression and are more suppressive of donor-specific responses in vitro. (A) Representative Foxp3 stain of an unstimulated Treg sample prior to FACS sorting, gated on CD3+CD4+CD8– cells. (B) CD25+CD127– percentage among CD4+ cells and
Foxp3 expression among CD4+CD25+CD127– cells from 3 independent healthy controls at the end of each assay assessed by flow cytometry. (C) With either donor
or HLA-mismatched third-party T cell–depleted PBMC stimulation, inhibition of CFSE-labeled fourth-party CD3+ T cell proliferation by sorted CD4+CD25+CD127–
cells from healthy control 1 at the end of each expansion. (D) Comparison of potency of anti-donor suppression as in C, with unstimulated Treg data summarizing 3 experiments, including from healthy control 1. (C and D) Mean ± SEM. Experiment performed in triplicate. (D) *P < 0.05, **P < 0.01, ***P < 0.001 for
comparison of Tregs with activated (w/ act.) donor B cells to restimulated CTLA4Ig MLR (2-tailed t test).

whom samples were available. Subjects 1, 2, and 4 were tolerant, and subject 5 was nontolerant, having rejected the graft at 10 months after CKBMT after the withdrawal of immunosuppression. Sequencing data for
each sample are summarized in Supplemental Table 4. We did not analyze the primary CTLA4Ig MLRs in
the CKBMT patients, as their TCRβ repertoires were expected to be substantially similar to the unstimulated
Treg repertoires (Figure 2F), and these assays required large numbers of cells. The restimulated CTLA4Ig
MLR again identified the greatest total number of unique TCRβ sequences and the greatest number that
mapped to the Treg population (Figure 4, A and B, and Supplemental Table 5). The second greatest number
of such sequences was identified among Tregs expanded with activated donor B cells, and the CFSE-MLR
Treg method identified the smallest repertoire. As expected, greater numbers of TCRβ sequences mapped
to the unstimulated non-Treg than Treg populations in the bulk CFSE-MLR in 3 of 4 subjects (subjects 1,
2, and 4) (Figure 4B). In all Treg expansion methods, greater numbers of TCRβ sequences mapped to the
unstimulated Treg than non-Treg repertoires (Figure 4B and Supplemental Table 5). In the total donorreactive CD4 repertoire identified via the CFSE-MLR, the sum frequency of sequences mapping to the nonTreg population was greater than that mapping to the Treg population in each subject (Figure 4C). With the
exception of subject 1, the repertoires identified via culture of Tregs with activated donor B cells and the
restimulated CTLA4Ig MLR had greater sum frequencies of sequences mapping to the Treg than non-Treg
populations (Figure 4C). In the restimulated CTLA4Ig MLR assays, the percentage of CD4+ cells that were
CD25+CD127– was substantially lower in 3 of 4 CKBMT patients (Figure 4D) than in the healthy controls
(Figure 3B). Foxp3 expression among CD25+CD127– cells was greater than 60% in 3 of the 4 patients in both
the culture of Tregs with activated donor B cells and the restimulated CTLA4Ig MLR (Figure 4D). Thus,
while Treg expansion may have been reduced or outcompeted by conventional T cells in the restimulated
CTLA4Ig MLRs, the CD25+CD127– cells expanded by both methods included existing Tregs to a greater
extent than induced Tregs or expanded conventional T cells.
insight.jci.org   https://doi.org/10.1172/jci.insight.124086
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Figure 4. Repertoire comparisons in CKBMT patients. (A) Proportional Venn diagrams of the repertoires, where n = the number of unique TCRβ sequences
in each method; for the CFSE-MLR Tregs, n is stated among the total CD4 donor-reactive repertoire. (B) Number and (C) sum frequency of sequences in
stated methods mapping to the unstimulated Treg and CD4+ non-Treg repertoires. (B and C) “Donor-reactive” refers to the total CD4 donor-reactive repertoire identified through the CFSE-MLR. (D) CD25+CD127– percentage among CD4+ cells and Foxp3 expression among CD4+CD25+CD127– cells at the end of
each assay. (E) Clonality and (F) R20 of each method. (G–J) JSD of the top 100 unique TCRβ sequences ranked by frequency comparing each method.

insight.jci.org   https://doi.org/10.1172/jci.insight.124086
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Figure 5. Preexisting donor-specific Tregs expand in tolerance. (A) Tregs detected with activated donor B cells among the total CD4 repertoire as a
fraction of all clones (Clone Fraction) and by cumulative frequency. Clone fraction and cumulative frequency are defined as the number of unique TCRβ
sequences and the number of reads corresponding to the method in the total CD4 sample, respectively, divided by the total number of unique sequences and the total number of reads at the given time point, respectively. Labeled n corresponds to the number of unique TCRβ sequences identified as
donor-specific Tregs in the subject. *P < 0.05, **P < 0.01, ***P < 0.001, reduction or increase in clone fraction compared with before transplant (2-sided
Fisher’s exact test). (B) Fold change in the clone fraction and cumulative frequency relative to before transplant. Open symbols, statistically significant
reduction or increase by clone fraction compared with before transplant (P < 0.05, 2-sided Fisher’s exact test). (C) Sequences in the circulation from the
repertoire of Tregs expanded with activated donor B cells that map to the pre-transplant unstimulated Tregs (left) and pre-transplant unstimulated nonTregs (right) as a proportion of the cumulative frequency of all sequences mapping to this method in the circulation at the indicated time after transplant.
(D) Fold expansion of preexisting donor-specific Tregs (repertoire identified via culture of Tregs with activated donor B cells that maps to pre-transplant
unstimulated Treg repertoire) among CD4 repertoire by clone fraction and cumulative frequency compared with fold expansion of pre-transplant-identified
unstimulated Tregs at 6 months after transplant relative to before transplant.

The repertoire of Tregs expanded with activated donor B cells was the least diverse and showed the
most clonal dominance, while the restimulated CTLA4Ig MLR repertoire was more diverse and showed
only marginally more clonal dominance than the unstimulated Tregs (Figure 4, E and F). Much of the
repertoire of donor-specific Tregs identified by CFSE-MLR was detected via the other methods, but the
repertoires identified by the other methods were otherwise divergent from each other in the CKBMT subjects (Figure 4, G–J, and Supplemental Table 6), similar to our healthy control analysis (Figure 2, F–J). One
exception was the TCRβ repertoire identified via the restimulated CTLA4Ig MLR for nontolerant subject
5, which showed only minor divergence from the unstimulated pre-transplant Treg TCRβ repertoire.
Early in vivo expansion of donor-specific Tregs identified before transplant by Treg expansion with activated donor
B cells correlates with tolerance. Via in vitro functional assays, we previously identified a role for Tregs in
anti-donor hyporesponsiveness up to 1 year after transplant in some (subject 1) but not all (subjects 2 and
5) of the CKBMT patients in ITN036ST (6). We also observed a striking enrichment of Tregs early after
insight.jci.org   https://doi.org/10.1172/jci.insight.124086
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transplant by FACS and TCRβ repertoire analysis in all subjects (6, 7). We thus sought to assess the fate of
the donor-specific Treg TCRβ sequences identified before transplant in pre- and post-transplant samples.
Within the total CD4 repertoire, the repertoire identified by culture of pre-transplant Tregs with activated donor B cells occupied an increased fraction of circulating unique CD4 clones (“clone fraction”) in
tolerant subjects 1 and 2 and an increased sum frequency among circulating CD4 cells (“cumulative frequency”) in tolerant subjects 1 and 4 at 6 months after transplant relative to before transplant (Figure 5A).
In nontolerant subject 5, in contrast, the clone fraction occupied by this population was unchanged, and the
cumulative frequency decreased at 6 months after transplant (Figure 5A). Thus, of the 3 tolerant patients,
3 showed donor-specific Treg expansion by clone fraction and/or cumulative frequency at 6 months, but
there was no increase in the nontolerant subject by either measure. This repertoire was represented below
pre-transplant levels at later time points in the circulating CD4 pool of tolerant subjects (Figure 5B), when
Tregs did not contribute to anti-donor hyporesponsiveness in vitro (6).
Expansion of preexisting Tregs rather than induced Tregs with donor specificity in tolerant patients. We next evaluated the extent to which donor-specific Tregs in circulation after transplant were preexisting Tregs (map
to the pre-transplant unstimulated Tregs) or were among Tregs found to be induced in the in vitro culture
methods (map to the pre-transplant unstimulated non-Tregs). In tolerant subjects, the contribution to circulating sequences of induced Tregs detected via culture of Tregs with activated donor B cells was reduced
after compared with before transplant, while the contribution of preexisting donor-specific Tregs detected with this method increased after transplant (Figure 5C). Similar conclusions applied to Tregs detected among the total CD4 populations, i.e., expansion of preexisting and reduction of Tregs found before
transplant to be inducible by activated donor B cells (Supplemental Figure 4). In contrast, the preexisting
donor-specific Tregs identified by the B cell expansion method were reduced among total circulating CD4
cells in the nontolerant subject (Supplemental Figure 4A). Together, these data suggest that an expansion
of preexisting Tregs with donor specificity, rather than the induction of Tregs from non-Tregs with donor
specificity, is associated with tolerance.
Donor-specific Treg expansion is antigen driven and does not only reflect global Treg enrichment after transplant.
We next compared the donor-specific Treg repertoire to the total Treg population, which is expanded early
after transplant in CKBMT recipients, as we have described previously (6, 7). Among total CD4 cells in
circulation, we compared the expansion at 6 months after transplant, relative to before transplant, of preexisting donor-specific versus total unstimulated pre-transplant sorted Treg sequences. The fold increase in
the preexisting donor-specific Tregs was greater than that in total pre-transplant Tregs by clone fraction in
subjects 1 and 2 and by cumulative frequency in subjects 1 and 4 (Figure 5D), suggesting antigen-driven
expansion of donor-specific Tregs in each of the 3 tolerant patients. Relative numbers of donor-specific
Tregs were unchanged by clone fraction and reduced by cumulative frequency in subject 5, while total
Tregs detected before transplant occupied an increased proportion of total CD4 cells by both measures.
In summary, preexisting donor-specific Tregs identified via the culture of Tregs with activated donor B
cells expanded in the circulating pool early after transplant in tolerant patients beyond the level of global
Treg expansion. In the nontolerant subject, donor-specific Tregs were unchanged by clone fraction and
reduced by cumulative frequency despite global enrichment of Tregs.
Expansions of Tregs identified by the CFSE-MLR and restimulated CTLA4Ig MLR do not correlate with tolerance. Our tracking analysis allowed us to interrogate the biological relevance of the TCRβ repertoires
identified by the other methods. Within the total CD4 repertoire, the CFSE-MLR Treg repertoire expanded
at 6 months after transplant by clone fraction in all subjects and by cumulative frequency in subjects 1, 4,
and 5, and was persistently expanded in subject 1 at later time points (Supplemental Figure 5, A and B).
The restimulated CTLA4Ig MLR Treg repertoire expanded by clone fraction and cumulative frequency
at 6 months in all subjects, returning to pre-transplant levels at later time points (Supplemental Figure 5,
C and D), consistent with changes in the total Treg population (7). These data suggest that the fate of the
CFSE-MLR Treg and restimulated CTLA4Ig MLR repertoires does not correlate with tolerance, that these
methods do not identify the biologically relevant repertoire, and that the restimulated CTLA4Ig MLR repertoire in circulation largely reflects the unstimulated Treg repertoire.
CD4+4-1BB+CD40L– cells among Tregs expanded with activated donor B cells have repertoires similar to the entire
population. 4-1BB+CD40L– expression on CD4+ cells has been reported to identify activated antigen-specific Tregs that are highly suppressive in response to alloantigen stimulation (18) and associated with
antigen-specific tolerance in humans (19, 20). We detected a CD4+4-1BB+CD40L– population only after
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restimulating the Treg culture with activated donor B cells (data not shown). This population was Foxp3+
and similarly specific and potent in suppressing the anti-donor response as the CD4+CD25+CD127– cells
from the culture (Supplemental Figure 6, A–C). In the CKBMT patients, the CD4+4-1BB+CD40L– cells
were purely Foxp3+, while the bulk CD4+CD25+CD127– cells had lower Foxp3 expression (Supplemental
Figure 6A). The CD4+4-1BB+CD40L– repertoire was similar to the CD4+CD25+CD127– repertoire from
the Treg culture with activated donor B cells in healthy controls and in the CKBMT patients, however
(Supplemental Figure 6D). These repertoires were also similar in size as well as measures of diversity and
oligoclonality, and the CD4+CD25+CD127– cells similarly had higher sum frequencies of preexisiting Tregs
than non-Tregs mapping to the unstimulated repertoire (Supplemental Table 2, Supplemental Table 5, and
Supplemental Figure 6, E–G). Tracking this repertoire in circulation of CKBMT recipients yielded results
similar to those obtained by analysis of the bulk repertoire of Tregs expanded with activated donor B cells
(Supplemental Figure 7). We observed significant expansion by clone fraction in all tolerant subjects of the
donor-specific CD4+4-1BB+CD40L– cells (Supplemental Figure 7A), however, while only observing significant expansion by clone fraction in subjects 1 and 2 when analyzing the bulk population (Figure 5A). In
sum, these data suggest that the CD4+4-1BB+CD40L– population and the bulk CD4+CD25+CD127– population in the Treg culture with activated donor B cells provide similar information.

Discussion
Donor-specific Tregs have been shown to promote transplant tolerance in rodent models, but their analysis in
tolerant human patients is challenged by the expected small number of alloantigen-specific Tregs sampled in
a typical blood specimen. We have attempted to optimize the detection of donor-specific Tregs by deep TCR
sequencing and tracked the fate of this repertoire in human CKBMT recipients. Our data point to a role for
antigen-driven expansion of donor-specific Tregs early after transplant in tolerant CKBMT recipients.
The optimal donor-specific Treg repertoire was identified via culture of FACS-sorted Tregs with activated donor B cells in healthy controls and in CKBMT patients. While Tregs proliferate in the CFSE-MLR,
the repertoire detected with this method is limited by its small size. A substantial fraction of this repertoire,
however, overlapped with the other methods of donor-specific Treg identification. Although the restimulated CTLA4Ig MLR repertoire was diverse and included the largest number of preexisting Tregs (Figures
2–4), the method appears to induce Tregs from conventional T cells or include conventional T cells, with
a significant population showing reduced Foxp3 expression. Tregs detected with this method, moreover,
were less potent in suppressing anti-donor responses than those obtained by expanding Tregs with activated donor B cells, consistent with the lower suppressive capabilities of induced Tregs. Furthermore, in
the CKBMT subjects, the fate of the restimulated CTLA4Ig MLR Treg repertoire in circulation did not
correlate with tolerance, as it expanded and contracted in parallel with the nonspecific total Treg expansion
we observed previously (7). The shorter duration of CTLA4Ig MLR cultures compared with the culture of
Tregs with activated donor B cells (3 and 8 days versus 16 days) may partially explain the lack of substantial
donor-specific enrichment in the former. The TCRβ repertoire detected via culture of Tregs with activated
donor B cells identified more preexisting Tregs than non-Tregs, and the cells showed the strongest and most
specific suppression of anti-donor responses in vitro. Importantly, post-transplant expansion of this repertoire in the circulating pool was associated with tolerance. In subject 5, who failed to achieve tolerance on
the same protocol, donor-specific Tregs identified by this method occupied a reduced cumulative frequency
among total CD4 cells at 6 months after transplant compared with before transplant, despite the overall
expansion of Tregs detected by flow cytometry and TCRβ sequencing analysis (6, 7). Collectively, our
results suggest that expansion with activated donor B cells identifies the most biologically relevant (in the
context of tolerance induction with our protocol) and donor-specific TCRβ repertoire.
A converse 4-1BB upregulation and CD40L downregulation pattern has been reported to identify
activated antigen-specific Tregs (18). The repertoire we detected in this population was largely similar to
the bulk CD4+CD25+CD127– repertoire expanded with activated donor B cells. Additional approaches
using allogeneic B cells for donor-specific Treg expansion include stimulation of naive CD4 T cells (21) or
MACS-sorted Tregs (22, 23) with the mTOR inhibitor rapamycin to prevent conventional T cell expansion.
Such methods, however, start with a less pure Treg population than that involving FACS-sorted Tregs, as
used elsewhere (12) and here. In a liver transplant study, infusion of cells from a 2-week MLR with antiCD80/CD86 antibody, an approach similar to the CTLA4Ig MLRs performed elsewhere (13–15) and here,
promoted tolerance induction in 7 of 10 liver transplant recipients (24). The Treg repertoire associated with
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this approach was not analyzed, but it may include the induction of Tregs from conventional CD4 cells, as
we observed in the healthy control restimulated CTLA4Ig MLRs here.
Sequencing of the T cell receptor is challenged by replication concerns, as results may vary due to technical (sequencing the same sample) and biological (sampling the subject) errors. Our previous studies (8)
have demonstrated high reproducibility of the alloreactive repertoire detected against the same donor using
blood samples drawn as much as a year apart for normal donors. When comparing the repertoires from
each method, we focused on the top 100 TCRβ sequences to minimize sampling error, and observed striking similarity between the primary CTLA4Ig MLR and the unstimulated Treg repertoires despite experimental manipulation in the MLR. We sequenced both the bulk CD25+CD127– cells and 4-1BB+CD40L–
cells from the culture of Tregs with activated donor B cells, and likewise observed similar results between
the repertoires. Although we were unable to directly address biological reproducibility in the current study,
these results suggest that technical replication error was minimal.
In the healthy controls, our data suggested induction of Tregs from conventional T cells in the
restimulated CTLA4Ig MLRs. We did not observe a similar pattern in the CKBMT patients, however,
as Foxp3 expression and sum frequencies mapping to unstimulated Tregs were higher than those mapping to unstimulated non-Tregs. Our data from the primary CTLA4Ig MLR in healthy controls were
consistent with nonspecific expansion of preexisting Tregs. Although these observations may have
implications for Treg therapies, our analyses were not aimed at developing or identifying an optimal
cell product for infusion.
Our previous studies suggested a role for suppression early after CKBMT in tolerance (6), and in this
study we were able to interrogate the possible role of donor-specific Tregs through TCRβ tracking. Preexisting donor-specific Tregs identified by expansion with activated donor B cells and detected in the sorted
pre-transplant Treg repertoire expanded at 6 months after transplant in tolerant patients despite extensive
repertoire turnover (8) but were reduced in the nontolerant patient, consistent with a role for donor-specific Tregs in inducing tolerance. The cumulative frequency of these Tregs within the total CD4 repertoire
decreased at 6 months after transplant in subject 2, which correlates with our previous failure to detect
Treg-mediated suppression early after transplant in this patient (6), but was accompanied by an expansion
of donor-specific Tregs by clone fraction. This apparent discrepancy might be explained by donor-specific
Treg clonal proliferation, increasing the likelihood of detecting such clones by clone fraction, and entry
into the graft, mediating protection but reducing the number of these cells detected in the circulation by
cumulative frequency. Preclinical and clinical studies leading to this CKBMT protocol, furthermore, have
suggested a role for the kidney allograft in tolerance (6, 25–27), and rodent models identify intragraft accumulation of donor-specific Tregs as essential to tolerance (28–31).
Donor-specific Treg expansion could be explained by relative sparing of Tregs during the conditioning for
the transplant accompanied by antigen-driven expansion in a lymphopenic host. The T cell–depleting agent
used in the conditioning regimen, siplizumab, is a targeted anti-CD2 therapy that spares Tregs relative to
memory T cells (M.A. Podestà et al., personal communication), and is thought to contribute to early enrichment of Tregs following CKBMT in this regimen (7). We demonstrate here that greater expansion of preexisting donor-specific Tregs than total Tregs occurred in all 3 tolerant patients, suggesting that antigen-driven
expansion of donor-specific Tregs and not just global Treg expansion is responsible for donor-specific Treg
enrichment. By focusing on pre-transplant-identified Tregs, our analysis was not confounded by substantial
post-transplant de novo generation of Tregs and the post-transplant induction of Tregs from non-Tregs (7).
Consistently, we observed that preexisting donor-specific Tregs appear to expand in tolerant patients and
did not observe much contribution of Treg induction from conventional donor-reactive T cell clones. The
expansion of preexisting donor-specific Tregs in tolerant subjects, therefore, may reflect the relative sparing
of preexisting Tregs by siplizumab in the induction protocol (M.A. Podestà et al., personal communication)
combined with antigen-driven expansion early after transplant in a lymphopenic recipient. As the T cell repertoire undergoes extensive turnover and total donor-reactive T cell clones are reduced in tolerant subjects after
CKBMT (8), the expansion of donor-specific Tregs is unlikely to be related to T cell turnover. Indeed, the
opposite direction of changes in donor-specific total CD4 cells (8) and Tregs at 6 months after transplant suggests that there is a markedly reversed donor-specific ratio of Tregs to conventional T cells in tolerant patients.
Donor-specific Tregs may be involved in tolerance following CKBMT in a variety of ways. Tregs
promote exhaustion of CD8+ T cells (32), can lyse T effector cells (33–35), and can induce infectious tolerance to donor antigens in rodent models (29). Our previous results suggested that tolerance in CKBMT
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recipients involves gradual partial deletion of donor-reactive T cell clones long-term; in contrast, we did
not observe reductions in donor-reactive clones in nontolerant subject 5 (8). Taken together, these results
suggest that the early expansion of donor-specific Tregs may promote conventional donor-reactive T cell
anergy and ultimate deletion, whereas the reduction in preexisting donor-specific Tregs in nontolerant
subject 5 allowed the persistence of donor-reactive conventional T cells.
Tracking of the donor-specific Treg repertoire may prospectively identify patients in whom immunosuppression can be successfully withdrawn. Notably, donor-specific Treg repertoire analyses via culture
of Tregs with activated donor B cells distinguished the tolerant and nontolerant subjects at 6 months after
transplant, when all subjects were still on immunosuppression (1–3). Furthermore, total donor-reactive
T cell clones were not significantly reduced in the circulation of tolerant subject 4 or nontolerant subject
5 at this early time point (8), when donor-specific Treg analyses already distinguished these 2 patients.
Total Tregs were shown to be increased in operationally tolerant kidney (36–38) and liver (39) transplant
recipients. In particular, memory natural Tregs are increased in operationally tolerant kidney transplant
recipients (36), a phenotype that donor-specific Tregs would be expected to acquire after the transplant.
Total Tregs are also expanded following a different tolerance induction protocol in HLA-identical kidney
transplants (40). In each study, however, it remains unclear whether such cells were donor-specific Tregs;
the assay developed here may allow such questions to be addressed.
Our study is limited by the number of patients studied and will require further validation in larger
patient populations. The patients studied here all underwent a specific tolerance induction protocol, including siplizumab, and further analyses in patients undergoing different immunosuppression protocols will
be of interest. The lack of expansion of donor-specific Tregs in nontolerant subject 5 despite the overall
Treg expansion suggests that Treg sparing is not the only reason for donor-specific Treg expansion in the
patients who achieve tolerance. Further exploration of the effects of induction therapy and maintenance
immunosuppression on donor-specific Tregs will be of interest, as will the fate of donor-specific Tregs in
Treg infusion clinical trials. Further application of the assays described here may be limited by the large
number of pre-transplant cells required.
In summary, we have developed an assay to identify the donor-specific Treg repertoire before transplant
and then track it in post-transplant blood samples. We obtained evidence for the specific expansion of preexisting donor-specific Tregs in tolerant subjects, whereas they were reduced in the subject who failed to
achieve tolerance. Our approach to identifying donor-specific Tregs prior to transplant avoids dependence
on post-transplant functional assays, which have failed to distinguish tolerant and nontolerant subjects (6).
This approach has provided mechanistic insights into tolerance achieved via transient mixed chimerism,
implicating the early expansion of donor-specific Tregs.

Methods
Sample acquisition. Healthy control blood samples were purchased from the New York Blood Center as buffy
coats or were obtained from healthy volunteers and processed via a Ficoll density gradient to obtain PBMCs
and cryopreserved per the standard laboratory protocol. Laboratory investigations were performed on subjects 1, 2, 4, and 5 of study ITN036ST, which included for-protocol PBMC collections before and after transplant. The clinical protocol and clinical results for ITN036ST have been described in detail previously (3, 7).
Briefly, subjects 1, 2, and 4 were successfully weaned from immunosuppression in the first year after transplant and have been maintained immunosuppression-free in the absence of rejection for more than 7 years;
subject 5 rejected the graft 10 months after transplant, after the withdrawal of immunosuppression (2, 3).
Flow cytometry. Analytic flow cytometry was performed on a Fortessa or LSR II (BD Biosciences), and
FACS was performed on a BD Influx cell sorter. Cultures were assessed for their phenotype with anti-CD3
(clone OKT3; catalog 317324; BioLegend), CD4 (SK3; 563550; BD Biosciences), CD8 (SK1; 557834; BD
Biosciences), CD25 (M-A251; 565096; BD Biosciences), CD127 (HIL-7R-M21; 560822; BD Biosciences),
CTLA-4 (14D3; 46-1529-41; eBioscience), Foxp3 (236A/37; 12-4777-42; eBioscience), CD40L (24-31;
310820; BioLegend), and 4-1BB (4B4-1; 550890; BD Biosciences) antibodies at the beginning and end of
assays. FlowJo software (TreeStar Inc.) was used for analysis. Sorting of unstimulated CD4 and CD8 samples
was performed as described previously (8). Unstimulated Treg (CD4+CD25+CD127–) and CD4+ non-Tregs
(CD4+CD25–) were sorted as follows: PBMCs were thawed and rested overnight at 37°C with 200 IU/
ml IL-2 in CFSE-MLR medium (see CFSE-MLRs below) at a concentration of 3 × 106 cells/ml. In the
morning, cells were counted before staining with anti-CD3 (clone OKT3; catalog 552852; BD Biosciences),
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CD4 (OKT4; 80-0048-t100; Tonbo Biosciences), CD25 (BC96; 302606; BioLegend), CD127 (HIL-7R-M21;
562436; BD Biosciences) and FACS sorting into MLR medium.
DNA isolation and sequencing. Genomic DNA was isolated from sorted cell populations using the QIAGEN DNeasy Blood and Tissue Kit as per the manufacturer’s instructions. DNA was frozen at –20°C and
shipped on dry ice to Adaptive Biotechnologies for high-throughput TCRβ CDR3 sequencing.
CFSE-MLRs. Bulk MLRs, termed here CFSE-MLRs, were performed with CFSE-labeled responder
PBMCs and violet V450–labeled stimulator PBMCs as described previously (8). Briefly, whole “recipient” and
“donor” PBMCs were thawed and labeled with CFSE and violet V450 dye, respectively. Donor PBMCs were
irradiated (35 Gy), and recipient and donor PBMCs were cocultured at a final concentration of 1 × 106 recipient and 1 × 106 donor PBMCs per ml CFSE-MLR medium (AIM-V supplemented with 5% AB heat-inactivated human serum [Gemini Bio-Products], 0.01 M HEPES, and 50 mM 2-mercaptoethanol) in a humidified
37°C, 5% CO2 incubator. After 6 days, cells were harvested and stained with anti-CD3 (OKT3; BD Biosciences), CD4 (OKT4; Tonbo Biosciences), and CD8 (SK1; BD Biosciences) and FACS-sorted.
Treg culture with activated donor B cells. To generate activated donor B cells, a modified version of a
previously published (12) protocol was used. Donor PBMCs were cultured for 10 days with irradiated
(46 Gy) human CD40L-expressing 3T3 cells, provided by Qizhi Tang. Donor PBMCs were plated at a
concentration of 62,500/ml donor B cells to 250,000/ml irradiated (46 Gy) 3T3-CD40L cells with 1 μg/
ml cyclosporin A (Sigma-Aldrich), 8 ng/ml IL-4 (PeproTech), and 5 μg/ml ganciclovir (Sigma-Aldrich)
in 2 ml medium (X-Vivo-15 with Recombinant Transferrin Hematopoietic Serum-Free Culture Medium
[Thermo Fisher Scientific] supplemented with 100 U/ml human insulin and 10% heat-inactivated human
serum) per well in 6-well plates (Thermo Fisher Scientific). Additional medium was added on days 2 and
4 to double the volume, maintaining concentrations of additives. The culture was restimulated on day 7
by harvesting the nonadherent cells and resuspending them at a final concentration of 1 × 106/ml with
100,000/ml irradiated 3T3-CD40L cells and 8 ng/ml IL-4 and 5 μg/ml ganciclovir. Donor B cell cultures
were phenotyped with anti-CD19 (clone HIB19; catalog 302224; BioLegend), CD80 (L307.4; 557227; BD
Biosciences), CD86 (2331; 555656; BD Biosciences), and HLA-DR (L243; 307644; BioLegend) on days
0 and 10. Unstimulated Treg sorts as described above were then performed on cryopreserved recipient
PBMCs using antibodies to CD4, CD25, and CD127, and Tregs were cultured with irradiated (30 Gy) activated donor B cells in the presence of IL-2 (300 IU/ml) in X-VIVO 15 medium (Lonza) supplemented with
10% heat-inactivated human serum, as described previously (12), using the number of Tregs in a previously
described plating scheme (41). IL-2 (300 IU/ml) was added to the culture assuming complete consumption
on days 2, 5, 7, 9, 11, and 14. The Treg culture was restimulated on day 11 with activated donor B cells (30
Gy) at a concentration of 1 Treg to 4 B cells; to identify the most donor-specific repertoire, we restimulated
with activated donor B cells rather than anti-CD3/CD28 beads. On day 16, cells were FACS-sorted into
CD4+CD8–CD25+CD127– and CD4+CD8–4-1BB+CD40L– populations using antibodies identified above.
CTLA4Ig MLRs. MLRs under cover of CTLA4Ig were performed as described previously (15). Briefly,
recipient and donor PBMCs were thawed, and donor PBMCs were irradiated (35 Gy) and then resuspended
1:1 at 1 × 106 each per ml in medium (RPMI-1640 with l-glutamine [Thermo Fisher Scientific], supplemented with 10,000 IU/ml penicillin-streptomycin, 0.01 M HEPES, and 10% heat-inactivated human serum).
Following a 72-hour culture with CTLA4Ig (belatacept, McKesson Pharmaceutical) at 40 μg/ml, cells were
harvested. For the primary CTLA4Ig MLR, cells were stained and FACS-sorted with anti–HLA-A2 (catalog FH0037; One Lambda), HLA-B8 (FH0536A; One Lambda), or HLA-B12 (FH0066; One Lambda),
which distinguished donor and recipient cells, and anti-CD4, -CD8, -CD25, and -CD127 as above, and
then DNA extraction was performed on recipient+CD4+CD8–CD25+CD127– cells. For the restimulated
CTLA4Ig MLR, after the 3-day culture the total cells were washed twice and then restimulated at 1 cell
to 1 irradiated donor PBMC (35 Gy) without CTLA4Ig for 5 days, before FACS-sorting of recipient+CD4+CD8–CD25+CD127– cells and then either DNA extraction or use in a functional suppression assay.
Suppression assays. For stimulator cells, CD3 depletion was performed by MACS as per the manufacturer’s
instructions (Miltenyi Biotec) on donor and HLA-mismatched third-party PBMCs. These stimulators were
labeled with violet V450 dye as described previously (8) and irradiated (35 Gy). Comparing suppression of
proliferation to donor versus third-party stimulation by each method allowed analysis of specificity, while
comparing the suppression of proliferation to donor stimulation by each method allowed analysis of potency.
For responders, fourth-party T cells were isolated by MACS no touch T cell isolation kit (Miltenyi Biotec)
as per the manufacturer’s instructions and labeled with CFSE as described previously (8). The recipient and
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fourth-party were chosen for differential HLA-A2 expression, and 80,000 fourth-party T cells were placed in
each well of a round-bottom 96-well plate. Sorted Tregs were used in varying concentrations. Each well contained 80,000 responder fourth-party T cells labeled with CFSE; a corresponding number of Tregs derived from
culture of Tregs with activated donor B cells, the restimulated CTLA4Ig MLR, or unstimulated Tregs (40,000
in wells for 1 Treg to 2 responders, 20,000 for 1 Treg to 4 responders, and decreasing with reduced ratios of
Tregs to responders); and an equal number of donor or third-party T cell–depleted PBMCs to total T cells in
each well, resulting in 1 T cell per 1 antigen-presenting cell (120,000 stimulators for 1 Treg to 2 responders,
100,000 for 1 Treg to 4 responders, and decreasing as number of Tregs decreased) (Supplemental Figure 3).
Experiments were plated in triplicate, each well containing 200 μl CFSE-MLR media. Following a 6-day culture, assays were assessed on a BD Fortessa for CFSE dilution of the fourth-party T cells with anti–HLA-ABC
APC (clone DX17; catalog 5555555; BD Biosciences), HLA-A2 PE (BB7.2; 558570; BD Biosciences), and
CD3, CD4, and CD8 as above.
TCRβ sequencing analysis. The TCRβ sequencing data were retrieved from Adaptive Biotechnologies
immunoSEQ software. PCR amplification, read sequencing, and mapping, with bias correction and internal controls, were performed by Adaptive Biotechnologies, returning tabulated read and/or template
counts corresponding to unique productive CDR3 sequences across all samples. Sequencing data are
available at https://clients.adaptivebiotech.com/pub/savage-2018-jciinsight. Unique productive TCRβ
sequences were defined in healthy controls and ITN036ST subject 4 by CDR3 nucleotide sequence, as
the same PCR primers were used for sequencing of all samples; and in ITN036ST subjects 1, 2, and 5
by CDR3 amino acid sequence with associated Vβ and Jβ genes, as different PCR primers were used for
different samples of the same patient (as Adaptive adjusted its primer pairs over time), preventing comparison of nucleotide sequences within each patient. From these, sample read or template counts across
unique productive TCRβ sequences were normalized to frequency of detection. To account for sorting
error and possible ambiguous TCRβ sequences, CD4 and CD8 samples were compared, unstimulated
Treg samples were compared with CD4+ non-Treg and CD8 samples, and unstimulated CD4+ non-Treg
samples were compared with unstimulated Treg and CD8 samples: sequences present in both populations at a high to low frequency ratio ≤2:1 were removed from analysis. Those present at a ratio >2:1
were assigned to the population with the greater frequency of that sequence. After this adjustment, tables
containing clonal expression frequencies were compiled and renormalized. When samples had multiple
sequencing runs, the runs were first adjusted individually for sorting error, and then sequences from the
multiple runs were pooled. Donor-reactive TCRβ sequences were defined by ≥5-fold expansion in the
CFSElo sample compared with unstimulated pre-transplant cells and frequency of ≥0.01% in the CFSElo
sample. Diversity was measured by clonality (S ≡ 1 − Hobs/Hmax), where Hmax is the entropy (H ≡ Σpi log2
pi, where pi is the frequency of clone i) of a repertoire with the same number of clones, each having
exactly the same frequency. JSD was calculated as described elsewhere (42). TCRβ repertoire analysis
was performed in R and Rstudio using standard commands. Slopes of abundance plots were calculated
using code adapted from that described previously (17). Scatter plots of repertoire overlap were generated using the Adaptive immunoSEQ analyzer. R codes are available in the file “donor-specific Treg analysis.r” at https://github.com/Aleksobrad/TCR-analysis. Computational and statistical analyses were
otherwise performed as described previously (8).
Statistics. Two-tailed t tests and Fisher’s exact tests were used as stated in the figure legends. A P value
less than 0.05 was considered significant. Figures were created in GraphPad Prism (GraphPad Software).
EulerAPE (43) and Inkscape were used to generate proportional Venn diagrams.
Study approval. Written informed consent was obtained from all participants. The study protocols
were approved by the Massachusetts General Hospital and Columbia University Medical Center Institutional Review Boards.
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