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Key Points

• The proportion of Treg
cells is increased in
patients with mixed
chimerism after SCT
and acts to suppress
the alloreactive immune
response.

•Host and donor cells
both contribute to the
expanded Treg cell
pool in this setting.

Transplantation is an effective treatment ofmany clinical disorders, but themechanisms that

regulate immunological tolerance are uncertain and remain central to improving patient

outcome. Hemopoietic stem cell transplantation (SCT) often establishes “mixed chimerism”

in which immune cells from both the donor and patient coexist in vivo in a setting of

immunological tolerance. We studied immune function in 69 patients within 2 months

following SCT; 37 were fully donor and 32 displayed mixed chimerism. The proportion of

T regulatory (Treg) cells was increased during mixed chimerism and comprised equal

numbers of donor and host-derived regulatory cells. This was associated with a tolerogenic

PD-L11 profile on dendritic cells. Importantly, effector T cells from patients with mixed

chimerism exhibited reduced cytotoxicity against host target cells in vitro, but this was

restored following depletion of CD41 Treg cells. These data show that Treg cells play a major

role in sustaining immunological tolerance during mixed chimerism. These insights

should help to guide novel interventions to improve clinical transplantation.

Introduction

The ultimate goal of transplantation immunology is the generation of tolerance to allogeneic tissue in the
absence of long-term immunosuppression and with intact third-party immunity. Operational tolerance
was first demonstrated in fraternal bovine twins that shared a placental circulation and was termed
“mixed hemopoietic chimerism.”1 Active induction of mixed chimerism (MC) to promote tolerance
toward donor antigens was achieved by transplanting allogeneic hemopoietic stem cells into neonatal
mice,2 but the establishment of MC to facilitate allogeneic transplantation in adult humans has proven
to be a significant challenge.3-8

Clinical regimens to induce MC rely on reduced-intensity conditioning protocols together with T-cell
depletion or costimulatory blockade, which reduce host resistance without eliminating host hemopoiesis.6-8

However, the mechanisms that mediate chimeric tolerance in this setting remain undefined. Studies
within patients have shown that MC does not have to be maintained indefinitely or allografts to be
tolerated long-term,9 which suggests that thymic (central) deletion of alloreactive T cells is not sufficient
to explain sustained chimerism in this setting, despite a major role in murine models.10 Indeed, studies
have suggested that suppression mediated by regulatory T cells or monocytoid cells11 or the induction
of peripheral anergy9,12 may be more important.

MC is observed frequently following reduced-intensity conditioned allogeneic hemopoietic stem cell
transplantation (allo-HSCT) for hematological malignancies,13-17 particularly when in vivo T-cell depletion is
incorporated into the conditioning regimen.18-22 T-cell depletion is used in this setting to suppress the
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alloreactive immune response and reduce the risk of graft-versus-
host disease (GVHD). However, allo-reactive immune responses
also underlie the graft-versus-leukemia effect, and because
disease relapse remains the major clinical challenge in allo-HSCT, it
is imperative that the degree of T-cell depletion is titrated according
to clinical risk.23,24

In this study, we investigated the mechanisms of immune tolerance
in a cohort of patients with stable mixed T-cell chimerism originating
early posttransplant. We show that T regulatory (Treg) cells, derived
from both the patient and the donor, play the dominant role in
suppression of alloreactive immune responses in this setting. These
findings suggest a range of potential options to modulate immune
tolerance in the early posttransplant period.

Materials and methods

Study participants

Patients with acute myeloid leukemia undergoing reduced-intensity
conditioned allo-HCT between 2013 and 2017 were eligible
for investigation (supplemental Table 1). All patients received
10 mg/d alemtuzumab from day 25 pre-HSCT for 5 days,
fludarabine (30 mg/m2 for 5 days), melphalan (140 mg/m2 for
1 day), and posttransplant cyclosporin A for GVHD prophylaxis.
Antimicrobial prophylaxis and viral monitoring were carried out
according to standard institutional policies. Analyses of peripheral
bloodmononuclear cell (PBMC) and T-cell chimerismwere performed
at 50 days posttransplant as described previously.19

Flow cytometry

PBMCs were isolated by density gradient centrifugation using
lymphocyte cell separation media (Cedarlane). Cell populations
were analyzed using multiparameter flow cytometry (supplemental
Table 2 antibody list). Mononuclear cells were stained with antibodies
on ice for 20 minutes, protected from light, washed in MACs buffer
(Sigma-Aldrich), and compared with unstained controls. For Treg
analysis, cells were surface stained and then fixed, permeabilized,
and stained for intranuclear FoxP3 expression using the eBioscience
FoxP3/Transcription factor staining buffer set (Thermofisher). An
example gating strategy for Treg cells is shown in supplemental
Figure 1A. Dead cells were discriminated using propidium iodide
(BD Biosciences) or fixed viability dyes (eBioscience). Data were
acquired on a Gallios flow cytometer (Beckman Coulter) and ana-
lyzed using Kaluza, version 1.3, software. Absolute T-cell counts
were calculated by multiplying the percentage of T cells (from
all lymphocytes) by the clinically derived lymphocyte count obtained
from the same bleed (3109/L).

Detection of KDM5D messenger RNA

To assess the composition of host and donor cellular compart-
ments, 1 3 106 post-HSCT PBMC were cell surface–stained
and subjected to the PrimeFlow RNA assay (eBioscience) per
the manufacturer’s instructions. A b-2M housekeeper probe and
a customized KDM5D probe (to discriminate between male and
female cells) were used in all analyses, whereas a FoxP3 probe
was added to assess Tregs. To gain sensitivity, target probe
hybridization was extended to 3 hours, whereas preamplification,
amplification, and label probe hybridization steps were extended
to 2 hours each. Examples of the gating strategy and control
experiments are shown in supplemental Figure 1B-C.

Post-HSCT T-cell responses to HLA-DR1

cell stimulation

In vitro coculture was adapted from Jedema et al.25 Stimulator
HLA-DR1 cells were enriched from pre-HSCT patient PBMC
samples (.90% purity) using anti-HLA-DR magnetic beads (Miltenyi
Biotech). These were irradiated (30 Gy) to prohibit proliferation and
alteration of the final stimulator:effector cell ratio. T cells (.98%
purity) were obtained using negative magnetic selection (Stem Cell
Technologies, Cambridge, United Kingdom) from post-HSCT PBMCs.
For patients displaying MC, T cells were also depleted of CD25
expressing Tregs, using anti-CD25 magnetic beads (.95% pure;
Miltenyi Biotech). T cells were labeled with 10 mM/1 3 106 cells
Violet cell tracer (VCT; Invitrogen) for 20 minutes at 37°C. The
reaction was stopped by adding RPMI 1640 media containing 10%
fetal calf serum. After 2 washes, 1 3 105 T cells were cultured at a
1:1 ratio with HLA-DR1 stimulator host cells in RPMI 1640 media
supplemented with penicillin and streptomycin, L-glutamine, and
10% fetal calf serum. Cultures were set up in triplicate and
incubated at 37°C for 5 days. Upon harvest, death was assessed
with propidium iodide, and the number of stimulator and responder
cells assessed in comparison with a known quantity of Accu-Chek
counting beads (Molecular Probes, Invitrogen). An index of in vitro
cytotoxicity, defined as the percentage of remaining stimulator
patient-derived HLA-DR1 cells divided by the percentage of
remaining responder posttransplant VCT1 T cells, was then
generated. An example of the gating strategy is shown in
supplemental Figure 2A. The relative survival of HLA-DR1

antigen-presenting cells (APCs) and T cells during culture is
shown in supplemental Figure 2B.

Statistical analyses

Summarizedmeans of grouped data were analyzed by 2-way analysis of
variance (ANOVA) with post hoc Tukey tests. One-way ANOVA or
Kruskal-Wallis tests with post hoc Dunn tests compared means across
3 groups; unpaired Student t tests, Mann-Whitney U analyses, and
Wilcoxon matched pair signed rank tests did likewise across 2 groups.
Analyses were undertaken using Prism software (GraphPad). The
effect of chimerism on overall survival was estimated using the
Kaplan-Meier method and log-rank test. Chimerism was treated as a
baseline variable using a landmark analysis. The effect of chimerism
on time-to-event outcomes with competing risks (relapse and GVHD)
was estimated by the Gray method. These calculations were
performed with R 2.14.1 (the R project for Statistical Computing).

Study approval

Clinical data and samples were obtained following written informed
consent (in accordance with the Declaration of Helsinki) to the
Biological Correlates of Stem-cell Transplantation study and
approved by the South Birmingham Research Ethics Committee
(no. Q5/1Q2707/175).

Results

MC is established following T cell–depleted allo-HSCT

A total of 69 consecutive patients undergoing reduced-intensity
conditioned allo-HSCT for the treatment of acute myeloid leukemia
was recruited into the study; blood samples were taken at 4 to
8 weeks after transplant. The proportion of donor and host cells
within both the PBMC and T-cell compartments was measured
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using variable number of tandem repeats–specific polymerase
chain reaction. The detection limit of the assay was 1%; as
such, $99% donor chimerism was considered to be “fully donor,”
whereas #98% donor chimerism constituted MC.

Thirty-seven patients (54%) were fully donor in both the PBMC and
T-cell fractions (full chimerism [FC]), whereas 32 patients (46%)
demonstrated MC in PBMC and/or T cells (Figure 1A). The degree
of chimerism varied within MC patients, although the percentage
of donor cells in the PBMC fraction was generally greater than the
T-cell fraction. Indeed, the ratio of donor to host T cells was 1.2:1,
indicating similar proportions of donor and host-derived T cells
within patients at this early time point. Interestingly, this pattern of
T-cell MC was stable, and no patients spontaneously converted
to FC within the first 6 months (Figure 1B-C). Donor lymphocyte
infusions were administered at 6 months if MC persisted, according
to institutional protocol. No differences in the proportion of CD561

natural killer cells or CD191 B cells were seen within the 2 groups
(data not shown).

DCs are less activated and express a tolerogenic

PD-L11 phenotype in patients with MC

Dendritic cells (DCs) are pivotal in priming immune responses;
to interrogate the mechanisms that may regulate MC, we initially
investigated the phenotype of CD11c1 conventional (cDC) and
CD1231 plasmacytoid DC (pDC) in relation to chimerism.

The ratio of cDC to pDC was 2.5:1 in FC and MC patients
(Figure 2A). CD86 is a marker of activation on DC, and a markedly
reduced proportion of CD861 DC was observed in patients
with MC compared with those with FC (MC 58% vs FC 81%;
P 5 .0068; Figure 2B).

PD-L1 and PD-L2 play important roles in the promotion of
tolerogenic function by DC and impair T-cell immunity to minor
histocompatibility antigens with subsequent attenuation of the
graft-versus-leukemia response.26-28 Interestingly, PD-L1 expres-
sion was twice as high on DC from patients with MC compared
with those with FC (41% vs 18%, P5 .0052; Figure 2C). This was
most pronounced in cDC (P 5 .0053; Figure 2D), although a
similar trend was also observed within the pDC subset. Expression
of PD-L2 did not vary between different groups (4.3% FC vs 7%
MC; Figure 2C).

A challenge in clinical studies has been to directly visualize donor or
host cells to assess the effect of chimerism on individual immune
lineages. To accomplish this, we used PrimeFlow RNA in patients
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Figure 1. PBMC and T-cell donor chimerism following HSCT. (A) Bubble

chart demonstrating PBMC and T-cell donor chimerism levels at day 50 posttrans-

plant. The area of each bubble represents the number of events. The first group

(n 5 37, red), displayed FC, in which both PBMC and T-cell donor chimerism

was $99%. The second group (MC, n 5 32, blue) demonstrated MC in both PBMC

and T-cell fractions (PBMC and T-cell chimerism #98%). The pattern of PBMC

donor chimerism up to day 365 according to donor chimerism at day 50 posttrans-

plant. PBMC chimerism remained stable at complete (or near complete) donor

chimerism in patients who demonstrated FC by day 50 posttransplant. In contrast,

Figure 1. (continued) PBMC donor chimerism remained significantly lower in those

found to have MC at day 50, even beyond the initiation of donor lymphocyte infusion

(DLI) at day 180 (****P , .0001; 2-way ANOVA, with post hoc Tukey test, mean,

and standard error shown for all data points; FC, n 5 37; MC, n 5 32). (B) The

pattern of T-cell donor chimerism up to day 365 according to donor chimerism at

day 50 posttransplant. (C) T-cell chimerism remained stable at complete (or near

complete) donor chimerism for the first 100 days in patients who demonstrated

FC by day 50 posttransplant, but displayed an average drop of 10% by day 180.

In contrast, T-cell donor chimerism remained significantly lower in those found to

have MC at day 50 with a trend toward partial correction following instigation of

DLI at day 180 (****P , .0001, 2-way ANOVA, with post hoc Tukey test, mean,

and standard error shown for all data points; FC, n 5 37; MC, n 5 32).
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undergoing gender-mismatched HSCT. This determined cellular
origin according to RNA expression of the KDM5D (SMCY)
gene derived from the Y chromosome and was combined with
conventional immunophenotyping to examine host and donor
DCs using flow cytometry. Interestingly, PD-L1 expression by
donor DC was approximately double that observed on host
DC in patients with MC (average 67% vs 29%; P 5 .0002)
(Figure 2E). Together, these observations show that DC demon-
strate a less activated and more tolerogenic phenotype in the
setting of MC.

Proportion of Treg to nonregulatory CD4 T cells

is increased in patients with MC and comprises

equivalent numbers of host and donor-derived cells

Wewent on to assess potential determinants of peripheral tolerance.
Initially, the frequency of CD41CD251CD127lowFoxP31 Treg cells in
the CD4 T-cell pool was defined. This value was 4.7% in patients
with FC, revealing that effector CD41 T cells are the dominant
population and in keeping with the strong clinical alloreactive

immune responses associated with this group.29 In contrast, the
proportion of Treg cells in patients with MC was almost double
this value at 8.7% (P 5 .03; Figure 3A). No difference was
observed in the absolute number of Treg cells between the
2 groups (Figure 3B), but an inverse correlation was apparent
between the number of Treg cells and the percentage of donor
chimerism (r 520.25, P 5 .04; Figure 3C). PrimeFlow RNA was
used to determine the contribution of donor and host cells to the
expanded Treg compartment in MC donors (supplemental
Figure 2B); we observed comparable numbers of cells from
both sources (Figure 3D). Functional analysis showed that Treg
production of interleukin-10 and transforming growth factor-b was
equivalent between patients with FC and MC (Figure 3E)

Reconstitution of T cells is comparable in patients

with MC and FC

We next assessed the effect of chimerism on the non-Treg T-cell
compartment. Serial analyses were performed within individual
patients to appraise T-cell reconstitution between 4 weeks and
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Figure 2. DCs are less activated and express a tolerogenic PD-L1
1
phenotype in patients with MC. (A) The contribution and phenotype of cDC and pDC within the

peripheral mononuclear cell compartment at 4 to 8 weeks after allo-HSCT was assessed by flow cytometry. The ratio of cDC:pDC was similar in patients with FC (2.5:1;

n 5 15) or MC (2.6:1; n 5 15). (B) Expression of CD86 on DC in relation to chimerism status. A total of 81% of DC in FC expressed CD86 (n 5 15) compared with only

58% of DC in MC (n 5 15; **P 5 .0068). (C) Expression of PD-L1 and PD-L2 on DC in relation to chimerism status. A total of 41% of DC in MC expressed PD-L1 compared

with 18% of DC in FC (**P 5 .0052; FC, n 5 15; MC, n 5 15). No difference was observed in the level of PD-L2 expression (FC, 4.3%; MC, 7% [not significant]). DCs

therefore appear to have a tolerogenic phenotype in the setting of MC. (D) Expression of PD-L1 on DC subsets. Increased PD-L1 expression was most pronounced on the

cDC subset in MC (47%; n 5 15) compared with cDC in FC (20%; n 5 15; **P 5 .0053), whereas a trend was observed toward increased PD-L1 expression on pDC in MC.

(E) Expression of PD-L1 on host and donor DC in MC. This was determined by combining cell surface phenotyping with RNA probes specific for the KDM5D (SMCY) gene,

derived from the Y chromosome. Host and donor cells were thereby distinguishable in the context of patients undergoing gender-mismatched allo-HSCT. PD-L1 expression

was observed on a mean of 67% donor DC compared with only 29% of host DC (n 5 10; ***P 5 .0002). For graphs with unpaired data, the mean and standard error of the

mean are shown; analyses were undertaken with 2-tailed Mann-Whitney U tests. Paired analysis used a Wilcoxon matched pairs signed rank test.
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1 year after transplant. The total number of T cells remained low
throughout the posttransplant period (data not shown), but no
differences were observed in the magnitude or pattern of CD41

or CD81 T-cell reconstitution between the groups (Figure 3F-G).
The distribution of CD41 or CD81 memory subsets, as determined
by CCR7 and CD45RA expression, was also not influenced by
chimerism status (supplemental Figure 3).

Treg cells inhibit the killing of host cells in MC

We went on to examine the ability of the expanded Treg pool in MC
patients to suppress alloreactive responses in vitro (Figure 4A).
T cells were isolated 4 to 8 weeks after transplant, labeled with VCT,
and cocultured at a 1:1 ratio with irradiated host HLA-DR1 APC
enriched from pretransplant PBMC samples. The relative proportion
of surviving “effector” cells (posttransplant T cells) to “target” cells
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Figure 3. Treg cells comprise a larger proportion of the

CD41 repertoire in patients with MC. (A) The percentage

of CD41CD251CD127lowFoxP31 Treg cells within the CD41

T-cell pool is shown in relation to chimerism status. Patients

with MC demonstrate a higher frequency of Treg cells (8.7%,

n 5 29) compared with patients with FC (4.7%, n 5 35;

*P 5 .03). (B) The absolute number of Treg cells was similar

between FC and MC cohorts at 2.6 3 106/mL (n 5 35) and

2.7 3 106/mL (n 5 29), respectively. (C) The number of Treg

cells is inversely correlated to the degree of donor T-cell

chimerism. Pearson’s coefficient r 5 20.25, *P 5 .04

(n 5 64). (D) The number of host and donor-derived Treg cells

within patients with MC calculated using flowRNA probes

specific to the KDM5D gene on the Y chromosome. No

differences were seen between the 2 groups (n 5 11).

(E) Interleukin-10 and transforming growth factor-b production

by Treg cells from patients with FC and MC. (F) The number

of CD41 T cells within peripheral blood in the first year after

transplant in relation to chimerism status. No differences were

seen between the 2 groups (FC, n 5 35; MC, n 5 29).

(G) The number of CD81 T cells within peripheral blood in the

first year after transplant in relation to chimerism status. No

differences were seen between the 2 groups (FC, n 5 35;

MC, n 5 29). All graphs show the mean and standard error.

Analyses were undertaken with 2-tailed Mann-Whitney U tests

(A-B) and Wilcoxon matched pairs signed rank test (C).
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(host APC) was reassessed 5 days later. In MC, APC persisted in
coculture with T cells and generated an effector:target ratio of 1:5
in patients with MC because of the relative increased survival
of target cells compared with T cells. In contrast, this ratio fell to
1:1.3 in patients with FC (P 5 .011; Figure 4B). Importantly,
negligible T-cell proliferation was observed in either culture over
this period (supplemental Figure 2C), and the relative survival
of T cells was also equivalent within FC and MC cocul-
tures (supplemental Figure 2B). As such, this difference in the
effector:target ratio can be attributed directly to T cell–mediated
lysis of the APC population.

Cocultures from MC patients contain autologous effector T cells
that would not be expected to demonstrate alloreactive recog-
nition. To determine whether Treg cells are actively suppressing
alloreactive responses in this patient group, we next depleted
CD251 cells before culture of T-effector cells with host APC.
This led to substantially increased lysis of host APC target cells
(Figure 4C), indicating that Treg cells do indeed suppress donor
alloreactive immune responses in patients with MC. Importantly,
CD251 T-cell depletion before coculture using T cells derived from
fully donor patients did not mediate increased killing of target APC
(supplemental Figure 2D).

Discussion

MC can provide a robust tolerogenic platform for allogeneic
transplantation,3,5 but the mechanisms that regulate immune
tolerance in this setting remain unclear. MC of only short-term

duration after allo-HSCT may establish tolerance for subsequent
kidney transplantation29; our study therefore focused on immune
regulation in the first 2 months following hemopoietic transplantation
when the allogeneic immune response is established.30-34

Priming of the allogeneic immune response is dominated by “direct”
host DC stimulation of donor T cells,35 although “indirect” antigen
presentation by donor DC can also play a role.36 We observed that
DCs are less activated during MC, and this may underlie the
associated findings of an increased proportion of regulatory T cells
and reduced alloreactive function in this setting. Tolerogenic DC do
indeed play a role in limiting the alloreactive response,27 andPD-1/PD-L1
signaling is an important underlying mechanism.37 We also ob-
served that PD-L1 expression is increased on cDC in the setting of
MC and that this pattern is specific to the donor-derived cells. This
suggests that donor DC may play the major role in regulating
allogeneic immune responses during MC and that maturation of
effector alloreactive T cells in this setting may arise from direct
presentation on host APC.

Morris et al38 have recently used an elegant approach based
on T-cell receptor sequence analysis of alloreactive T cells to
demonstrate that alloreactive cells are eliminated in patients with
MC, but it is important to note that this effect was not seen until
6 months posttransplant.

These findings suggest an important role for peripheral tolerance
mediated by Treg cells in MC, particularly early following transplant.
This concept is supported by animal models that show that either
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Figure 4. Treg cells limit cytotoxic alloreactive immune re-

sponses in the setting of MC. (A) Irradiated host HLA-DR1 APCs

were cocultured with responder T cells isolated posttransplant. Cells

were cocultured at a ratio of 1:1 for 5 days and then the number of

residual live cells was determined by propidium iodide and Accu-Chek

counting beads. An index of in vitro cytotoxicity was then defined as the
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percentage of remaining responder T cells. (B) Ratio of host HLA-DR1
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patients with MC are less able to eliminate HLA-DR11 APCs. The

mean and standard error are shown, and analysis was undertaken
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(C) Coculture assays were reestablished from patients with MC

following depletion of CD251 cells (Treg cells) before in vitro culture.

The ratio of host HLA-DR11 cells to T cells was significantly

decreased, indicating that Treg cells act directly to suppress donor

alloreactive cytotoxicity in the context of MC (*P 5 .0312). The mean

and standard error are shown; analysis was undertaken with a

Wilcoxon matched pairs signed rank test (n 5 7).
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host or donor-derived Treg cells can facilitate hemopoietic stem cell
engraftment,39 and that the adoptive transfer of Treg cells directly
facilitates bone marrow engraftment in reduced-intensity pro-
tocols.40 Nonhuman primate models have also shown that Treg
cells are required to establish tolerance following nonmyeloa-
blative conditioning regimens.5,41 Clinically, T-cell function is deliber-
ately modulated early posttransplant to prevent severe GVHD,
and increased exposure to cyclosporin in the first 21 days after
transplant is an independent risk factor for relapse.40 However,
we did not observe a difference in the average area under the
curve of trough cyclosporin level according to chimerism (supplemental
Figure 4), suggesting that the differences we observed in MC
occur in the presence of immunosuppression.

We observed a twofold increase in Treg cells to non-Treg CD4
T cells in patients with MC compared with those who were fully
donor. Importantly, both host and donor cells contributed to this
population, suggesting that the presence of residual host Treg
cells may play a pivotal role in maintaining chimeric tolerance.
Indeed, attenuation of antitumor responses by residual host Treg
cells has been previously demonstrated42,43 and indicates their
potential potency in regulation of alloreactive immunity. In contrast,
murine and clinical studies involving the adoptive transfer of donor
Treg cells show that these can suppress GVHD while maintaining
graft-versus-leukemia responses.44-46 Similarly, in our study, patients
with MC exhibited a 3.5-fold increased risk of disease relapse
(supplemental Figure 5B; P , .001) and a reciprocal three-
fold decreased risk of acute GVHD (supplemental Figure 5C;
P5 .005), although the cohort was too small to permit meaningful
multivariate analysis. Nevertheless, the association between MC

and increased risk of disease relapse has not been seen in all
studies, and our findings suggest that the relative contribution of
host and donor Treg cells may be an additional factor to consider
in this regard.

The Treg cells present after transplant might derive from recent
thymic emigration5 or peripheral conversion from T-effector cells.
Interestingly, alemtuzumab can drive the generation of Treg cells
in vitro, and T-cell immune reconstitution following alemtuzumab
therapy is characterized by early expansion of Treg cells.47-49 As
such, its incorporation within the conditioning protocol may well
provide a direct explanation for the relatively high incidence of MC
in the patient cohort.

Overall, our data support a model whereby MC is characterized by
the retention of host DC and Treg cells, which in turn limit donor
DC activation and promote a tolerogenic phenotype. Subsequent
alloreactive T-cell responses generated from naive donor T cells
are not fully activated and, in combination with active Treg cell
suppression, the allogeneic immune response is inhibited (Figure 5).
It will be important in future studies to assess the effect of these
factors on chimerism within other immune subsets such as natural
killer and B cells.

A striking finding in our study was that alloreactive T-cell elimination
of host cells in vitro was less effective in the setting of MC but was
fully restored following the depletion of Treg cells. This provides
strong support for the concept of active suppression of alloimmune
responses in MC following allo-HSCT and raises a number of
potential therapeutic options. Therapeutic conversion to FC is
considered important in patients with stable MC to limit disease

direct antigen presentation

donor T cell

host T cell

donor antigen

host antigen

donor alloreactive T cell

host alloreactive T cell

donor regulatory T cell

host regulatory T cell

donor dendritic cell

host dendritic cell

PD-L1

PD-L1

PD-L1

Key:

Immune competent host

Full donor chimerism

Mixed donor chimerism

host tissueA

B

C

Figure 5. A model for the maintenance of MC following

allo-HSCT. (A) In an immunocompetent host, donor cells are

processed by host DC and presented to host T cells, which then

eliminate residual donor cells. This scenario can occur following

entry of fetal cells into the maternal circulation during pregnancy

or during rejection of solid organ grafts. (B) In the setting of

profound host immune suppression following allo-HSCT, all host

T cells are eliminated by conditioning so that a host alloreactive

response to donor cells is abrogated. Instead, donor T cells

recognize host peptide/major histocompatibility complex com-

plexes on DC; this alloreactive response leads to both GVHD and

the graft-versus-leukemia effect. (C) MC may be established in the

setting of moderate host immune suppression following allo-HSCT.

Here, residual host Treg cells may limit the activation of DCs,

which then fail to induce a cytotoxic allogeneic immune response

by donor T cells. Propagation of the allogeneic immune response

is inhibited further by the presence of donor Treg and donor DCs

that are rendered tolerogenic.
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relapse. This is usually attempted through the delivery of donor
leukocyte infusions,30,50,51 but our findings suggest that targeting the
DC compartment, potentially with PD-L1 blockade, might also boost
donor allogeneic immune responses and that the elimination of Treg
cells through agents such as anti-CD25 antibodies might also prove
effective. In addition, although our studies were performed in patients
following hemopoietic transplantation, a degree of MC is seen in
many patients following solid organ transplantation; these observa-
tions might also be instructive in that setting.

Acknowledgments

The authors thank Claire Shannon-Lowe for her support in
establishing the Prime-Flow RNA technique.

This study was funded by Bloodwise (grant 12052) and the
Medical Research Council UK (grant RRAK17205).

Authorship

Contribution: F.A.M.K. designed and performed all research, ana-
lyzed, and interpreted data; performed statistical analyses; andwrote
the manuscript; J.Z. assisted in data interpretation and wrote the
manuscript; C.F.I., H.P., L.M., Y.L.T.C., and S.E.E. assisted in data
interpretation and reviewed the manuscript; J.N., Y.L.T.C., and S.N.
consented patients, collected samples, collected clinical data, and

reviewed the manuscript; M.G. provided chimerism analyses for the
cohort and reviewed the manuscript; C.C. and R.M. assisted in data
interpretation, had clinical responsibility for the clinical cohort, and
reviewed the manuscript; and P.M. designed research, interpreted
data, and wrote the manuscript.

Conflict-of-interest disclosure: M.G. has been paid honoraria by
the following for-profit companies: Pfizer, Ariad, Celgene, and Lab-
centrics; he has been compensated for his scientific advisory role by
Oxford Gene Technology and Ariad; and declares research funding
for the West Midlands Regional Genetics Laboratory from Novartis,
Ariad, Celgene, Affymetrix, and Oxford Gene Technology (none of
which was used for this study). The remaining authors declare no
competing financial interests.

ORCID profiles: F.A.M.K., 0000-0002-6022-2567; J.Z., 0000-
0002-8341-465X; P.M., 0000-0002-6895-1967.

Correspondence: Francesca A. M. Kinsella, College of Medical
and Dental Sciences, University of Birmingham and Birmingham
Health Partners, Vincent Dr, Edgbaston, Birmingham B15 2TT,
United Kingdom; e-mail: f.a.m.kinsella@bham.ac.uk; and Paul Moss,
College of Medical and Dental Sciences, University of Birmingham
and Birmingham Health Partners, Vincent Dr, Edgbaston, Birmingham
B15 2TT, United Kingdom; e-mail: p.moss@bham.ac.uk.

References

1. Owen RD. Immunogenetic consequences of vascular anastomoses between bovine twins. Science. 1945;102(2651):400-401.

2. Billingham RE, Brent L, Medawar PB. Actively acquired tolerance of foreign cells. Nature. 1953;172(4379):603-606.

3. Sykes M. Immune tolerance in recipients of combined haploidentical bone marrow and kidney transplantation. Bone Marrow Transplant. 2015;
50(suppl 2):S82-S86.

4. Hock K, Mahr B, Schwarz C, Wekerle T. Deletional and regulatory mechanisms coalesce to drive transplantation tolerance through mixed chimerism.
Eur J Immunol. 2015;45(9):2470-2479.

5. Sachs DH, Kawai T, Sykes M. Induction of tolerance through mixed chimerism. Cold Spring Harb Perspect Med. 2014;4(1):a015529.

6. Spitzer TR, Delmonico F, Tolkoff-Rubin N, et al. Combined histocompatibility leukocyte antigen-matched donor bone marrow and renal transplantation for
multiple myeloma with end stage renal disease: the induction of allograft tolerance through mixed lymphohematopoietic chimerism. Transplantation.
1999;68(4):480-484.

7. Scandling JD, Busque S, Dejbakhsh-Jones S, et al. Tolerance and chimerism after renal and hematopoietic-cell transplantation. N Engl J Med. 2008;
358(4):362-368.

8. Scandling JD, Busque S, Dejbakhsh-Jones S, et al. Tolerance and withdrawal of immunosuppressive drugs in patients given kidney and hematopoietic
cell transplants. Am J Transplant. 2012;12(5):1133-1145.

9. Kawai T, Cosimi AB,Wee SL, et al. Effect of mixed hematopoietic chimerism on cardiac allograft survival in cynomolgus monkeys. Transplantation. 2002;
73(11):1757-1764.

10. Pilat N, Wekerle T. Transplantation tolerance through mixed chimerism. Nat Rev Nephrol. 2010;6(10):594-605.

11. Starzl TE, Demetris AJ. Transplantation tolerance, microchimerism, and the two-way paradigm. Theor Med Bioeth. 1998;19(5):441-455.

12. Kawai T, Cosimi AB, Colvin RB, et al. Mixed allogeneic chimerism and renal allograft tolerance in cynomolgus monkeys. Transplantation. 1995;59(2):256-262.

13. Lee HC, Saliba RM, Rondon G, et al. Mixed T lymphocyte chimerism after allogeneic hematopoietic transplantation is predictive for relapse of acute
myeloid leukemia and myelodysplastic syndromes. Biol Blood Marrow Transplant. 2015;21(11):1948-1954.

14. Herbaux C, Gauthier J, Brice P, et al. Nivolumab is effective and reasonably safe in relapsed or refractory Hodgkin’s lymphoma after allogeneic
hematopoietic cell transplantation: a study from the Lysa and SFGM-TC [abstract]. Blood. 2015;126(23). Abstract 3979.

15. Tang X, Alatrash G, Ning J, et al. Increasing chimerism after allogeneic stem cell transplantation is associated with longer survival time. Biol Blood Marrow
Transplant. 2014;20(8):1139-1144.

16. Reshef R, Hexner EO, Loren AW, et al. Early donor chimerism levels predict relapse and survival after allogeneic stem cell transplantation with reduced-
intensity conditioning. Biol Blood Marrow Transplant. 2014;20(11):1758-1766.

17. Koreth J, Kim HT, Nikiforow S, et al. Donor chimerism early after reduced-intensity conditioning hematopoietic stem cell transplantation predicts relapse
and survival. Biol Blood Marrow Transplant. 2014;20(10):1516-1521.

12 MARCH 2019 x VOLUME 3, NUMBER 5 T REGULATORY CELLS MAINTAIN MIXED CHIMERISM 741

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/3/5/734/1631300/advances025502.pdf by guest on 08 June 2024

http://orcid.org/0000-0002-6022-2567
http://orcid.org/0000-0002-8341-465X
http://orcid.org/0000-0002-8341-465X
http://orcid.org/0000-0002-6895-1967
mailto:f.a.m.kinsella@bham.ac.uk
mailto:p.moss@bham.ac.uk


18. van Besien K, Dew A, Lin S, et al. Patterns and kinetics of T-cell chimerism after allo transplant with alemtuzumab-based conditioning: mixed chimerism
protects from GVHD, but does not portend disease recurrence. Leuk Lymphoma. 2009;50(11):1809-1817.

19. Nikolousis E, Robinson S, Nagra S, et al. Post-transplant T cell chimerism predicts graft versus host disease but not disease relapse in patients
undergoing an alemtuzumab based reduced intensity conditioned allogeneic transplant. Leuk Res. 2013;37(5):561-565.

20. Lim ZY, Pearce L, Ho AY, et al. Delayed attainment of full donor chimaerism following alemtuzumab-based reduced-intensity conditioning haematopoeitic
stem cell transplantation for acute myeloid leukaemia and myelodysplastic syndromes is associated with improved outcomes. Br J Haematol. 2007;
138(4):517-526.

21. Kinsella FAM, Gudger A, Inman CF, et al. Split mixed donor chimerism early after T-cell depleted reduced intensity conditioned allogeneic hematopoietic
stem cell transplantation predicts survival [abstract]. Blood. 2014;124(21). Abstract 423.

22. Shaw BE, Byrne JL, Das-Gupta E, Carter GI, Russell NH. The impact of chimerism patterns and predonor leukocyte infusion lymphopenia on survival
following T cell-depleted reduced intensity conditioned transplants. Biol Blood Marrow Transplant. 2007;13(5):550-559.

23. Marsh RA, Kim M-O, Liu C, et al. An intermediate alemtuzumab schedule reduces the incidence of mixed chimerism following reduced-
intensity conditioning hematopoietic cell transplantation for hemophagocytic lymphohistiocytosis. Biol Blood Marrow Transplant. 2013;
19(11):1625-1631.

24. Chakraverty R, Orti G, Roughton M, et al. Impact of in vivo alemtuzumab dose before reduced intensity conditioning and HLA-identical sibling stem cell
transplantation: pharmacokinetics, GVHD, and immune reconstitution. Blood. 2010;116(16):3080-3088.

25. Jedema I, van der Werff NM, Barge RMY, Willemze R, Falkenburg JHF. New CFSE-based assay to determine susceptibility to lysis by cytotoxic T cells
of leukemic precursor cells within a heterogeneous target cell population. Blood. 2004;103(7):2677-2682.

26. Asakura S, Hashimoto D, Takashima S, et al. Alloantigen expression on non-hematopoietic cells reduces graft-versus-leukemia effects in mice.
J Clin Invest. 2010;120(7):2370-2378.

27. Toubai T, Mathewson N, Reddy P. The role of dendritic cells in graft-versus-tumor effect. Front Immunol. 2014;5:66.

28. Hobo W, Maas F, Adisty N, et al. siRNA silencing of PD-L1 and PD-L2 on dendritic cells augments expansion and function of minor histocompatibility
antigen-specific CD81 T cells. Blood. 2010;116(22):4501-4511.

29. Fudaba Y, Spitzer TR, Shaffer J, et al. Myeloma responses and tolerance following combined kidney and nonmyeloablative marrow transplantation: in vivo
and in vitro analyses. Am J Transplant. 2006;6(9):2121-2133.

30. Kolb HJ, Mittermüller J, Clemm C, et al. Donor leukocyte transfusions for treatment of recurrent chronic myelogenous leukemia in marrow transplant
patients. Blood. 1990;76(12):2462-2465.

31. Noel DR, Witherspoon RP, Storb R, et al. Does graft-versus-host disease influence the tempo of immunologic recovery after allogeneic human marrow
transplantation? An observation on 56 long-term survivors. Blood. 1978;51(6):1087-1105.

32. Ault KA, Antin JH, Ginsburg D, et al. Phenotype of recovering lymphoid cell populations after marrow transplantation. J Exp Med. 1985;
161(6):1483-1502.

33. Soiffer RJ, Gonin R, Murray C, et al. Prediction of graft-versus-host disease by phenotypic analysis of early immune reconstitution after CD6-depleted
allogeneic bone marrow transplantation. Blood. 1993;82(7):2216-2223.

34. Petersen SL, Madsen HO, Ryder LP, et al. Chimerism studies in HLA-identical nonmyeloablative hematopoietic stem cell transplantation point
to the donor CD8(1) T-cell count on day 1 14 as a predictor of acute graft-versus-host disease. Biol Blood Marrow Transplant. 2004;
10(5):337-346.

35. Reddy P, Maeda Y, Liu C, Krijanovski OI, Korngold R, Ferrara JL. A crucial role for antigen-presenting cells and alloantigen expression in graft-versus-
leukemia responses. Nat Med. 2005;11(11):1244-1249.

36. Matte CC, Liu J, Cormier J, et al. Donor APCs are required for maximal GVHD but not for GVL. Nat Med. 2004;10(9):987-992.

37. Juchem KW, Sacirbegovic F, Zhang C, et al. PD-L1 prevents the development of autoimmune heart disease in graft-versus-host disease. J Immunol.
2018;200(2):834-846.

38. Morris H, DeWolf S, Robins H, et al. Tracking donor-reactive T cells: evidence for clonal deletion in tolerant kidney transplant patients. Sci Transl Med.
2015;7(272):272ra10.

39. Joffre O, Gorsse N, Romagnoli P, Hudrisier D, van Meerwijk JPM. Induction of antigen-specific tolerance to bone marrow allografts with CD41CD251
T lymphocytes. Blood. 2004;103(11):4216-4221.

40. Craddock C, Nagra S, Peniket A, et al. Factors predicting long-term survival after T-cell depleted reduced intensity allogeneic stem cell transplantation for
acute myeloid leukemia. Haematologica. 2010;95(6):989-995.

41. Kawai T, Sogawa H, Boskovic S, et al. CD154 blockade for induction of mixed chimerism and prolonged renal allograft survival in nonhuman primates.
Am J Transplant. 2004;4(9):1391-1398.

42. Spitzer TR, McAfee S, Sackstein R, et al. Intentional induction of mixed chimerism and achievement of antitumor responses after nonmyeloablative
conditioning therapy and HLA-matched donor bone marrow transplantation for refractory hematologic malignancies. Biol Blood Marrow Transplant.
2000;6(3 3A):309-320.

43. Rubio M-T, Saito TI, Kattleman K, Zhao G, Buchli J, Sykes M. Mechanisms of the antitumor responses and host-versus-graft reactions induced by
recipient leukocyte infusions in mixed chimeras prepared with nonmyeloablative conditioning: a critical role for recipient CD41 T cells and recipient
leukocyte infusion-derived IFN-gamma-producing CD81 T cells. J Immunol. 2005;175(2):665-676.

44. Hoffmann P, Ermann J, Edinger M, Fathman CG, Strober S. Donor-type CD4(1)CD25(1) regulatory T cells suppress lethal acute graft-versus-host
disease after allogeneic bone marrow transplantation. J Exp Med. 2002;196(3):389-399.

742 KINSELLA et al 12 MARCH 2019 x VOLUME 3, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/3/5/734/1631300/advances025502.pdf by guest on 08 June 2024



45. Edinger M, Hoffmann P, Ermann J, et al. CD41CD251 regulatory T cells preserve graft-versus-tumor activity while inhibiting graft-versus-host disease
after bone marrow transplantation. Nat Med. 2003;9(9):1144-1150.

46. Edinger M, Hoffmann P. Regulatory T cells in stem cell transplantation: strategies and first clinical experiences. Curr Opin Immunol. 2011;
23(5):679-684.

47. Bloom DD, Chang Z, Fechner JH, et al. CD41 CD251 FOXP31 regulatory T cells increase de novo in kidney transplant patients after immunodepletion
with Campath-1H. Am J Transplant. 2008;8(4):793-802.

48. Zhang X, Tao Y, Chopra M, et al. Differential reconstitution of T cell subsets following immunodepleting treatment with alemtuzumab (anti-CD52
monoclonal antibody) in patients with relapsing-remitting multiple sclerosis. J Immunol. 2013;191(12):5867-5874.

49. Havari E, Turner MJ, Campos-Rivera J, et al. Impact of alemtuzumab treatment on the survival and function of human regulatory T cells in vitro.
Immunology. 2014;141(1):123-131.

50. Dey BR, McAfee S, Colby C, et al. Impact of prophylactic donor leukocyte infusions on mixed chimerism, graft-versus-host disease, and antitumor
response in patients with advanced hematologic malignancies treated with nonmyeloablative conditioning and allogeneic bone marrow transplantation.
Biol Blood Marrow Transplant. 2003;9(5):320-329.

51. Kolb H-J. Graft-versus-leukemia effects of transplantation and donor lymphocytes. Blood. 2008;112(12):4371-4383.

12 MARCH 2019 x VOLUME 3, NUMBER 5 T REGULATORY CELLS MAINTAIN MIXED CHIMERISM 743

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/3/5/734/1631300/advances025502.pdf by guest on 08 June 2024


