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Abstract
Transplantation of hematopoietic stem cells from healthy donors can cure patients with many
diseases. Donor T cells can protect against recurrence of infection and disease, but some of these
(alloreactive) T cells recognize patient tissues as foreign, causing graft-versus-host disease.
Removing T cells from donor grafts before transplantation reduces graft-versus-host disease but
increases infection and disease recurrence. Inactivation of alloreactive T cells by inducing
tolerance to patient cells (anergization) before transplantation preserves beneficial donor T cell
effects while reducing graft-versus-host disease. We show that this approach also results in
expansion of regulatory T cells that specifically suppress alloreactive donor T cell responses in the
recipient. In addition to reducing graft-versus-host disease, antigen-specific regulatory T cells
generated with this strategy could suppress unwanted T cell responses that cause rejection of solid
organ transplants and tissue damage in autoimmune disorders.

Introduction
Allogeneic hematopoietic stem cell transplantation is the process of administering
chemotherapy or radiation therapy to patients to eliminate their own bone marrow followed
by the infusion of normal hematopoietic stem cells from a donor, a healthy individual. This
treatment can cure patients with a broad range of diseases. Most allogeneic transplants are
performed for malignant disorders such as leukemia and lymphoma, although this treatment
is also curative for a broad range of inherited or acquired disorders of hematopoiesis and the
immune system, including thalassemia and severe congenital immunodeficiencies. The use
of sibling donors who are fully matched at human leukocyte antigen (HLA)
histocompatibility loci produces the best results after allogeneic transplantation. As a result
of reduced family size, however, the likelihood of a patient having such a donor is no more
than 25% (1). Although there are alternate sources of hematopoietic stem cells for
individuals without an appropriate sibling donor, failure to locate well-matched donors
remains an impediment to successful transplantation from unrelated donors (2). This is a
particularly significant problem for patients belonging to ethnic groups that are
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underrepresented in volunteer donor bone marrow registries and umbilical cord blood banks
(3–5).

Most patients, however, will have family donors who match at half the HLA loci. The use of
hematopoietic stem cells from these half-matched (haploidentical) donors would increase
the availability of allogeneic transplantation as a treatment (6). Increased HLA mismatch
between donor and recipient results in greater frequency and severity of acute graft-versus-
host disease (GVHD) (7). Acute GVHD, in which some donor T cells recognize, attack, and
damage recipient tissues, is a significant and potentially fatal complication after allogeneic
transplantation. Severe acute GVHD is effectively prevented by depleting T cells from
donor grafts before transplantation. This non-selective process removes alloreactive donor T
cells that recognize recipient tissues and cause GVHD but also removes donor T cells that
provide pathogen- and tumor-specific immunity, markedly delaying reconstitution of the
immune system, significantly increasing infection, and contributing to disease relapse (8–
12).

Strategies have therefore been developed to selectively remove or de- stroy only alloreactive
cells within T cell pools from HLA-mismatched donors before transplantation (13–16). In
these allodepletion approaches, the donor T cells are stimulated by alloantigens on recipient
cells. The alloreactive T cells are removed or destroyed after collection from the donor but
before transplantation into the recipient. These depletion techniques, which identify
alloreactive T cells by cell surface markers or metabolic activity, lack specificity and may
lead to undesirable loss of T cells that would otherwise provide anti-pathogen or anti-tumor
immunity. An alternative to these depletion strategies involves altering the function of the
alloreactive T cells. One approach takes advantage of the requirement of T cells for both an
HLA-restricted, antigen-specific signal and a second nonspecific costimulatory signal to
become activated and proliferate. The dominant costimulatory signal for human T cell
activation is delivered by the B7.1 and B7.2 molecules on antigen- presenting cells to the
CD28 receptor on CD4+ T cells (17). Blockade of B7-CD28 interaction during antigen
presentation induces antigen- specific hyporesponsiveness (anergy) in T cells (18, 19). We
have successfully used this strategy to induce alloantigen-specific anergy in two pilot studies
in which large doses of alloanergized haploidentical donor T cells were infused together
with donor bone marrow into the recipients, resulting in rapid immune reconstitution and
less severe GVHD than that of historical control recipients of non–T cell depleted
haploidentical bone marrow transplantation (20–22).

One benefit of this alloanergization strategy is preservation of viral- and tumor-associated
antigen-specific T cell responses in the transplanted cells, thus enhancing protection from
infections and providing anti-tumor immunity despite the induction of hyporesponsiveness
in alloreactive effector T cells (23, 24). In addition, alloanergization is a way to generate
cell-mediated allosuppression in vitro (25–27). Human allosuppressive cells generated after
alloanergization, which have not been well characterized, could be used to prevent or
suppress alloreactive T cell responses after allogeneic transplantation.

Previous studies suggest that CD4+ regulatory T (Treg) cells play a role in abrogation of
alloresponses after alloanergization (28, 29). Only starting cell populations containing CD4+

Treg cells showed optimal abrogation of murine T cell alloresponses after alloanergization
with costimulatory blockade (28). Furthermore, depletion of CD4+ Treg cells from human
CD4+ T cell populations before alloanergization with costimulatory blockade reduced the
acquisition of allosuppressive capacity, suggesting that such cells may mediate
allosuppression in this context (29). We therefore measured the frequency, suppressive
function, and specificity of CD4+ Treg cells in peripheral blood from patients who had
received alloanergized haploidentical bone marrow transplantation in two previously
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reported phase I studies (21). To further assess the mechanisms and the potential utility of
this strategy for use in HLA-mismatched transplantation, we also examined in vitro the
effect of alloanergization and subsequent allorestimulation of donor peripheral blood
mononuclear cells (PBMCs) on CD4+ Treg cell frequency, phenotype, and allosuppressive
function.

Materials and Methods
Alloanergized bone marrow transplantation

Patients received haploidentical alloanergized bone marrow transplants in an institutional
review board (IRB)–approved phase I clinical trial. Four patients with high-risk acute
lymphoblastic leukemia and one with amegakaryocytic thrombocytopenia were evaluable
for 100 days after transplant. Conditioning regimen, ex vivo alloanergization technique, and
supportive care were previously described (21) (Supplementary Methods and fig. S1).

Patient samples
Cryopreserved PBMCs from patients and marrow donors were thawed and resuspended in
culture medium with ribonuclease-free deoxyribonuclease (15 U/ml; Roche Diagnostics) for
1 hour. Cells were washed and stained with surface antibodies (Supplementary Methods),
fixed, permeabilized, and stained with fluorescein isothiocyanate (FITC)–conjugated rat
antibody against human FOXP3 (PCH101; Ebioscience) (44). Cells were acquired on an
FC500 flow cytometer (Beckman Coulter) and data were analyzed with FlowJo version 4
software. Hematopoietic chimerism was determined as previously described (20). Donor
origin of CD4+ Treg cells was shown by measurement of surface expression of HLA-A2 in
patient 2. PBMCs were stained with HLA-A2–FITC (BB7.2; BD Biosciences), CD127-
phycoerythrin (PE), CD3–ECD (energy-coupled dye), CD25-PE-Cy5, and CD4-PE-Cy7
antibodies (Beckman Coulter). For flow cytometric cell sorting of patient samples, PBMCs
were labeled with CD25-FITC (B1.49.9), CD4-PE-Cy5 (13B8.2), CD8-PE-Cy7
(SFCI21Thy2D3), CD127-PE (HIL-7R- M21) (all Beckman Coulter), and CD3-APC
(allophycocyanin) (HIT3a; Becton Dickinson) and sorted into
CD3+CD4+CD8–CD25hiCD127lo and CD3+CD4+CD8–CD25–CD127+ cell fractions on a
FACSAria high-speed cell sorter (Becton Dickinson).

Alloanergization of PBMCs in vitro
PBMCs from healthy volunteer donors were isolated by Ficoll-Paque density gradient
centrifugation (Amersham Biosciences) on an IRB- approved protocol. PBMCs were
alloanergized by co-culture of responder PBMCs with γ-irradiated (3.5 Gy) stimulator
PBMCs from fully HLA-mismatched unrelated or haploidentical related donors for 72 hours
in 70ml flasks (Corning) with 10 mg of humanized B7.1 and B7.2 antibodies (Wyeth) per
106 cells, as described (24). Untreated (control) and alloanergized responder PBMCs were
washed and stained with surface antibodies (Supplementary Methods), fixed,
permeabilized, and stained with FOXP3-FITC (PCH101; Ebioscience) or FOXP3-PE
(259D; Biolegend).

Immunomagnetic cell sorting
For immunomagnetic purification of CD4+ Treg cells, a modification of the strategy
described by Godfrey et al. (45) was used, described further in Supplementary Methods.
Depletion strategies using immunomagnetic cell sorting are also described in
Supplementary Methods.
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Suppression assays
A flow diagram of suppression assays used is shown in fig. S2. Washed alloanergized
responder PBMCs (or purified CD4+ Treg cells) were added to 105 untreated autologous
responder PBMCs in U-bottomed 96-well plates (Nunc) in culture medium (RPMI,
penicillin-streptomycin, and 10% human AB serum; Sigma-Aldrich) in a volume of 100 ml
and stimulated with equal numbers of first-party (those used in alloanergization) or third-
party γ-irradiated PBMCs or with cytomegalovirus-infected human foreskin fibroblast cell
lysate (Colorado Health Sciences) and incubated for 5 days. [3H] Thymidine (0.037 MBq; 1
µCi per well; Amersham) was added 18 hours before harvesting with a Tomtec cell
harvester (Wallac). Thymidine incorporation was measured by Microbeta liquid scintillation
counting (Perkin-Elmer). Triplicate wells were set up for each condition. Percentage
suppression was calculated as; 1 0 0 × [ 1 – (proliferation of untreated responders + Treg
cells)/proliferation (untreated responders alone)]. Because of the limited numbers of
available cells, suppression assays with patient samples were performed with only 5 × 103

donor PBMCs and an equivalent number of γ-irradiated patient pre-transplant PBMCs or
HLA-mismatched third-party PBMCs as stimulators in U-bottomed 96-well plates (Nunc).
Sorted CD3+CD4+CD8–CD25hiCD127lo Treg cells (0.5 × 103 to 5 × 103) from patients after
transplant were added and proliferation was measured as above. The effect of removal of
donor-derived CD4+ Treg cells on alloresponses of patient PBMCs after transplant was
assessed by coculture of 5 × 103 Treg-depleted CD4+ cells (CD3+CD4+CD8–CD25-CD127+

or 5 × 103 Treg-replete CD4+ cells (obtained by recombining
CD3+CD4+CD8–CD25hiCD127lo cells and CD3+CD4+CD8–CD25-CD127+ cells) from
patient samples after transplant with 5 × 103 γ-irradiated patient pre-transplant or third-party
stimulator PBMCs. Proliferation was measured by [3H] thymidine incorporation at 5 days.

Statistics
Statistical analysis was performed with GraphPad Prism 4 software. A P value of <0.05 was
used to reject the null hypothesis.

Results
Expansion of donor CD4+ Treg cells occurs in vivo after alloanergized haploidentical
transplantation

A transient increase in the percentage of CD4+ cells expressing intracellular FOXP3 (the
product of the forkhead box P3 gene, present in functional Treg cells) occurred in all five
evaluable patients, with 10-fold increases above the levels seen in donors, peaking by day 60
after transplantation, with elevated levels sustained beyond day 300 (Fig. 1A). In patients 2
through 5, who reconstituted CD4+ T cells rapidly, absolute numbers of CD4+FOXP3+ cells
reached levels above 100 cells/μl of peripheral blood (Fig. 1B). We further characterized the
phenotype of CD4+FOXP3+ cells in patients by five-color flow cytometry. CD4+FOXP3+

cells had a CD25hiHLADRdimCD45RO+CTLA4+ phenotype characteristic of antigen-
experienced (memory) Treg cells. In addition, ~50% of FOXP3+CD4+ cells accumulated
intracellular interleukin-10 (IL-10) as measured by intracellular cytokine flow cytometry
(Fig. 1C). More than 90% of FOXP3+CD4+ cells had high expression of CD25 and low
expression of the IL-7 receptor subunit α (CD127; Fig. 1D). All recipients of alloanergized
transplants had achieved 100% donor chimerism in unsorted PBMCs by day 28. To exclude
the possibility that expanded populations of CD4+ Treg cells were of recipient origin, we
measured surface expression of HLA class I in HLA-A2– patient 2 transplanted with cells
from an HLA-A2+ donor. At day 29 after alloanergized transplantation, 98% of patient
peripheral blood CD4+ Treg cells expressed HLA-A2 (Fig. 1E).
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After transplantation, CD4+ Treg cells suppress recipient-specific alloresponses in vivo
In view of the marked expansion of donor-derived CD4+ Treg cells after alloanergized
haploidentical transplantation, we next investigated their allosuppressive function and
specificity. Sufficient cells were available for functional analysis from two of the five
evaluable patients. The CD25hiCD127lo surface phenotype, which identifies functional
human CD4+ Treg cells (30), was used to purify CD4+ Treg cells. Flow cytometric sorting
of recipient peripheral blood samples after alloanergized transplantation yielded ~98% pure
populations of CD25hiCD127loCD4+ Treg cells and Treg-depleted CD4+ cells with minimal
(<0.2%) residual Treg cell content (Fig. 2A). Purified CD4+ Treg cells from recipient blood
samples (patient 2 at day 43 and patient 3 at day 42) suppressed recipient-stimulated
proliferation of untreated donor PBMCs in a dose-dependent manner but did not reduce
proliferation after stimulation with cells obtained from a different unrelated (third-party)
individual, showing that the CD4+ Treg cells that expanded in vivo after alloanergized
transplantation had acquired a degree of specificity for recipient alloantigens (Fig. 2B).
Additionally, we measured alloproliferative responses of cells from these patient samples
before and after depletion of CD4+ Treg cells. Depletion of CD4+ Treg cells increased
recipient alloantigen-stimulated proliferation when compared to Treg-replete CD4+ cells but
had no effect on proliferation stimulated by third-party cells. These data are consistent with
suppression of proliferation of T cells responsive to recipient but not third-party antigens by
expanded populations of donor-derived CD4+ Treg cells after alloanergized transplantation
(Fig. 2C).

Alloanergization of PBMCs increases the frequency of CD4+ Treg cells in vitro
To more fully understand the in vivo expansion of functional and specific allosuppressive
CD4+ Treg cells after alloanergized transplantation, we examined the generation of
allosuppressive CD4+ Treg cells from donor PBMCs in vitro using the same strategy
employed to alloanergize haploidentical bone marrow. The proportion of CD4+ cells
expressing FOXP3 in alloanergized PBMCs (median, 2.7%; range, 1.8 to 4.5%) was
significantly higher than the proportion of CD4+ cells expressing FOXP3 in untreated
PBMCs cultured for the same period (median, 0.5%; range, 0.3 to 2.2%) (Fig. 3, A and B).
Using the PCH101 FOXP3 clone or the alternate FOXP3 clone 259D, we identified similar
frequencies of FOXP3+CD4+ cells within alloanergized PBMCs. FOXP3+CD4+ cells in
alloanergized PBMCs had a phenotype similar to that of the expanded populations of
FOXP3+CD4+ cells we had seen in vivo after alloanergized transplantation
(CD25hiHLADRdimCD45RO+CTLA4+), although they did not secrete IL-10. To assess the
potential of these cells for migration from peripheral blood to secondary lymphoid organs
and tissue targets of GVHD, we also measured the expression of adhesion molecules and
chemokine receptors on FOXP3+CD4+ cells. FOXP3+CD4+ cells were
CD45RO+CD62L+CCR4+ but were CCR7– (Fig. 3C). FOXP3+CD4+ cells in alloanergized
PBMCs also co-expressed high levels of CD25 and low levels of CD127 (Fig. 3D). The
proportion of CD4+ cells with CD25hiCD127lo expression was also significantly higher in
alloanergized PBMCs (median, 7.6%; range, 3.9 to 13%) than in control cells (median,
4.5%; range, 1.7 to 8.5%; Fig. 3D). Finally, we examined the frequency of CD4+ Treg cells
in healthy donor PBMCs before and after alloanergization with haploidentical
allostimulators to more closely represent the degree of HLA mismatch in our clinical
samples. The proportion of CD4+ cells with CD25hiCD127lo expression was also
significantly higher in PBMCs alloanergized with haploidentical allostimulators (median,
6.0%; range, 2.4 to 8.5%) than in control cells (median, 3.4%; range, 1.5 to 4.5%; Fig. 3E).

In vitro allorestimulation of alloanergized PBMCs increases CD4+ Treg cells
To determine whether the expansion of CD4+ Treg cells that we had observed in vivo after
transplant resulted from re-exposure of alloanergized donor T cells to recipient alloantigens
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in the absence of costimulatory blockade, we measured the effect of a 7-day in vitro
allorestimulation of alloanergized PBMCs. As we and others have reported, PBMCs
allostimulated with concomitant costimulatory blockade were hyporesponsive to subsequent
allorestimulation (19, 31) with a media 89% reduction in alloproliferation (range, 60 to
97%) in 12 unique HLA-mismatched stimulator-responder pairs. However, allorestimulation
of alloanergized PBMCs resulted in a further two- to threefold increase in the proportion of
CD4+ cells expressing intracellular FOXP3 to a median frequency of almost 5% (Fig. 4A).
A similar incremental increase in the proportion of CD4+ cells with a CD25hiCD127lo

phenotype was seen (Fig. 4B). Repeat rounds of in vitro allostimulation led to further
increases in both the frequency and the absolute numbers of CD4+ Treg cells (Fig. S3).

The phenotype of CD4+ Treg cells that we had observed in vitro in alloanergized PBMCs
was maintained after allorestimulation of alloanergized PBMCs, except that ~30% of CD4+

Treg cells in allorestimulated alloanergized PBMCs secreted IL-10, mirroring the phenotype
of CD4+ Treg cells we had observed in vivo after alloanergized transplantation (Fig. 4C).

We next sought to determine whether the increased frequencies of CD4+ Treg cells we had
observed after alloanergization and allorestimulation were due to expansion of pre-existing
CD4+ Treg cells or to the generation of induced CD4+ Treg cells originating from non-Treg
cells. Depletion of pre-existing CD4+ Treg cells from starting PBMC populations prevented
the increase in frequency of CD4+ Treg cells after alloanergization, consistent with an
expansion of pre-existing CD4+ Treg cells. However, allorestimulation of these cells
resulted in a significant increase in the proportion of CD4+ Treg cells, suggesting that
allorestimulation may also lead to conversion of non-Treg CD4+ cells to Treg cells (Fig.
4D). T cell receptor (TCR) Vβ subfamily distribution was similar in CD4+CD25hiCD127lo

Treg cells within untreated and alloanergized PBMCs. However, expanded proportions of
individual subfamilies were present in CD4+CD25hiCD127lo Treg cells within
allorestimulated alloanergized PBMCs, consistent with alloantigen-driven expansion of
these cells (Fig. 4E).

CD4+ Treg cells from alloanergized PBMCs selectively suppress proliferation responses
Using immunomagnetic cell sorting, we isolated CD4+ Treg cells from untreated,
alloanergized, or allorestimulated alloanergized PBMCs and investigated their ability to
suppress proliferation responses of autologous PBMCs. Isolated populations contained a
median of 90% (range, 80 to 94%) CD25hiCD127lo Treg cells and a median of 38% (range,
30 to 48%) CD25hiFOXP3+ cells. Treg cells from each PBMC source suppressed
alloresponses of autologous untreated PBMCs. The mean (± SD) proliferation of responder
PBMCs to first-party allostimulation without the addition of any isolated Treg cells was
14,085 cpm (± 5895 cpm). This proliferation was reduced by a mean of 71% when equal
numbers of CD4+ Treg cells isolated from untreated PBMCs were added to responder
PBMCs. However, the addition of CD4+ Treg cells isolated from alloanergized PBMCs or
from allorestimulated PBMCs suppressed these proliferative responses more than the
addition of Treg cells isolated from untreated PBMCs (Fig. 5A), particularly at lower Treg-
to-untreated PBMC ratios.

Moreover, CD4+ Treg cells from allorestimulated alloanergized PBMCs showed the greatest
potency in suppressing alloresponses at Treg-to-untreated PBMC ratios below 1:5. The
allospecificity of CD4+ Treg cells was examined by evaluating their effect on
cytomegalovirus-specific proliferation. CD4+ Treg cells isolated from alloanergized PBMCs
suppressed cytomegalovirus-specific responses less than CD4+ Treg cells purified from
untreated PBMCs at low but not high ratios, whereas CD4+ Treg cells purified from
allorestimulated alloanergized PBMCs suppressed cytomegalovirus-specific responses less
than CD4+ Treg cells purified from untreated PBMCs at all ratios (Fig. 5B). This
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allospecificity was further examined by evaluating the effects of CD4+ Treg cells on
proliferative response to the stimulator cells used in the anergization step (first-party) or
third-party allostimulators. CD4+ Treg cells from allorestimulated alloanergized PBMCs
suppressed alloproliferation to the first-party stimulator significantly more than to a third-
party stimulator at Treg-to-responder PBMC ratios lower than 1:5 (Fig. 5C).

Unsorted alloanergized PBMCs also suppress alloresponses
Unsorted alloanergized PBMCs generated in vitro also suppressed alloproliferative
responses of untreated autologous responder PBMCs. This suppression was dose-dependent
and only significant at high alloanergized-to-untreated PBMC ratios. Unsorted alloanergized
PBMCs suppressed first-party stimulated alloresponses more than they suppressed third-
party stimulated alloresponses, indicating a degree of specificity for first-party alloantigens.
Unsorted alloanergized PBMCs also suppressed first-party stimulated alloresponses of
autologous PBMCs previously primed for 3 days with first-party allostimulators (Fig. 6A),
indicating that unsorted alloanergized PBMCs could suppress ongoing alloresponses. In
contrast, unsorted alloanergized PBMCs did not suppress cytomegalovirus-specific
proliferation of untreated autologous responder PBMCs, even at high alloanergized-to-
untreated PBMC ratios (Fig. 6B). We then depleted CD4+ or CD25+ cells from PBMCs
after alloanergization to determine whether these depleted alloanergized PBMCs had
residual suppressive activity. CD4 depletion resulted in a median 100-fold reduction in
CD4+ cells. CD25 depletion resulted in a median 300- and 220-fold reduction in
CD4+CD25+ and CD4+CD25+FOXP3+ cells to levels below 0.02% and 0.01% of CD4+

cells, respectively. Depletion of either CD4+ or CD25+ cells abrogated suppression except at
the highest alloanergized PBMC- to-untreated responder PBMC ratio (Fig. 6C), showing
that the majority (but not all) of the suppressive activity resided in the CD4+ and CD25+ cell
populations.

Discussion
Alloanergization is a strategy to induce alloantigen-specific tolerance in T cells by exposing
them to alloantigens in the presence of costimulatory blockade. This strategy has been
successfully used to induce tolerance in human donor T cells within hematopoietic stem cell
grafts to reduce GVHD after HLA-mismatched allogeneic bone marrow transplantation.
Alloanergization induces tolerance in donor T cells by triggering cellular pathways within
alloreactive donor T cells, making them anergic (unable to proliferate in response to
restimulation by alloantigens). We show that a second mechanism, the expansion of CD4+

Treg cells that specifically suppress the proliferation of alloreactive donor T cells, also
contributes to control of donor T cell alloresponses after alloanergization.

A persistent expansion of donor CD4+ Treg cells occurred in the peripheral blood of patients
after alloanergized haploidentical bone marrow transplantation. This expansion occurred in
patients whose donor bone marrow had been anergized with either CTLA4- immunoglobulin
or the combination of B7.1 and B7.2 antibodies to block costimulation. These cells
specifically suppressed donor T cell responses to recipient alloantigens. To determine
whether the in vivo expansion of these allospecific CD4+ Treg cells resulted from the re-
exposure of alloanergized donor T cells to recipient alloantigens after transplantation, we
modeled this re-exposure in vitro. We characterized CD4+ Treg cells within blood cells from
normal volunteers before and after alloanergization and again after re-exposure to
alloantigen. Alloanergization doubled the frequency of CD4+ Treg cells. Re-exposure to
first-party alloantigen resulted in a further increase in the frequency of CD4+ Treg cells and
also increased their potency and specificity. The selective suppression of alloreactive T cell
responses, mediating both GVHD after hematopoietic stem cell transplantation and graft
rejection after solid organ transplantation, by alloantigen-specific CD4+ Treg cells generated
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after in vitro alloanergization could avoid the off-target effects of less specific approaches to
immunosuppression.

In our previous studies of alloanergized haploidentical transplantation, we observed a lower
than expected incidence of both acute and chronic GVHD even though the patients received
large doses of donor T cells. Moreover, these patients showed a low incidence of viral
infection (21), consistent with our previous work showing that alloanergization did not
significantly reduce pathogen-specific T cell immune responses (24). These results
suggested to us that alloanergization functionally inactivated alloreactive T cells while
sparing responses in non-alloreactive T cells, making this approach to control alloreactivity
after transplant comparable to other methods that selectively destroy or deplete alloreactive
T cells within the donor T cell pool. Our in vitro data showing that alloanergization and re-
exposure to alloantigen generate alloantigen-specific Treg cells suggest that this strategy
also provides an additional active mechanism to limit alloreactivity after transplantation of
alloanergized donor T cells. Previous murine and human in vitro studies have shown that
alloanergization can generate suppressive cells (25, 26); our data show that these cells can
persist, expand, and functionally suppress alloresponses in vivo after transplantation of
alloanergized donor T cells in humans.

Our in vitro studies provided further insight into the phenotype and function of CD4+ Treg
cells after alloanergization. First, their CD25hiCD127lo phenotype showed that these cells
are CD4+ Treg cells rather than recently activated effector T cells that have increased
expression of FOXP3 (32–34). Further, in addition to a CD45RO+ memory cell phenotype,
these CD4+ Treg cells preferentially expressed CD62L, which is associated with homing to
lymph nodes and suppression of lethal murine GVHD (35, 36), and the chemokine receptor
CCR4, which is expressed on human CD4+ Treg cells primed for effective suppression of
CD8+ T cell responses in vitro (37). Allorestimulation resulted in two important functional
changes. Whereas IL-10 was not secreted by CD4+ Treg cells after in vitro alloanergization,
one-third of these cells secreted IL-10 after allorestimulation, as observed in CD4+ Treg
cells isolated from our patients. Activated or allostimulated human CD4+FOXP3+ Treg cells
can secrete IL-10 (38, 39). IL-10 secretion by CD4+ Treg cells, which protects against
GVHD in a xenogeneic murine model (40), could also contribute to limiting alloreactivity in
vivo. Allorestimulation in vitro also increased both the potency and the specificity of
allosuppression mediated by CD4+ Treg cells. These cells had no suppressive effects on
proliferation after stimulation with cytomegalovirus, a common and clinically important
viral pathogen after transplantation. This suggests that the allosuppressive potency and
specificity of CD4+ Treg cells within alloanergized donor T cells increase after re-exposure
to alloantigen.

CD4+ Treg cell infusion can reduce the rate of GVHD after murine stem cell transplantation
(41). The role of CD4+ Treg cells after clinical transplantation has not been clearly defined,
although several studies have reported increased peripheral blood CD4+ Treg cells after
allogeneic hematopoietic stem cell transplantation in patients who do not develop severe
acute or chronic GVHD (42, 43). By 3 months after transplant, all the patients we studied
had CD4+FOXP3+ cell numbers at least double the number (four cells per microliter of
peripheral blood) associated with the absence of severe acute GVHD after T cell–depleted,
HLA-matched allogeneic transplantation (42). Four patients reached and sustained levels of
80 or more CD4+FOXP3+ cells per microliter of peripheral blood. In the patients we
describe, acute GVHD was limited to the gut (patients 1, 3, and 4) and resolved completely
with brief courses of corticosteroids, although these patients received large doses of
haploidentical donor T cells. None of these patients developed chronic GVHD, consistent
with the low incidence we have reported in a larger cohort of patients receiving
alloanergized haploidentical transplants (21). Although no firm conclusions can be drawn
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from such a small number of patients, the ability to confer protection against GVHD may
depend critically on Treg cell antigen specificity as well as on Treg cell frequency.

In aggregate, these data suggest that alloanergization of donor T cells serves to limit
alloresponses after transplantation by suppression of recipient-specific immune responses in
addition to directly rendering donor T cells hyporesponsive to the recipient's alloantigens.
This Treg cell–mediated suppression process, which may be both amplified and sustained by
continuous allorestimulation of donor T cells by recipient alloantigens in vivo, may serve as
a fail-safe mechanism preventing expansion of alloreactive donor cells that escape
alloanergization or undergo cytokine-mediated reversal of anergy. Furthermore, the high
degree of antigen specificity of CD4+ Treg cells generated by this process suggests that this
approach could be used to generate non-alloreactive donor T cells enriched with allospecific
Treg cells for use as targeted cell therapy for the prophylaxis or treatment of acute GVHD.
In addition, the in vivo generation of antigen-specific CD4+ Treg cells after in vitro
anergization of patient T cells has therapeutic potential in a wide range of settings outside
allogeneic hematopoietic stem cell transplantation. These include the prevention or
treatment of rejection after solid organ transplantation and suppression of autoantigen-
specific immune responses in patients with autoimmune diseases.
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Fig. 1.
Expansion of donor-derived CD4+ Treg cells after transplantation of bone marrow
containing alloanergized haploidentical donor T cells. (A) Frequency of FOXP3+ cells
(expressed as percentage of CD3+CD4+ cells) in peripheral blood from patients after
alloanergized haploidentical bone marrow transplantation and from their donors. (B)
Absolute number of CD4+FOXP3+ cells per microliter of peripheral blood from patients
after alloanergized haploidentical transplantation. (C) Cell surface and intracellular markers
on FOXP3+and FOXP3–CD4+ cells from peripheral blood of patients after alloanergized
haploidentical transplantation. Illustrative histograms gated on CD3+CD4+ cells from
patient 2 at day 36 are shown. Black, FOXP3+ cells; gray, FOXP3– cells. (D) Cell surface
expression of CD25 and CD127 on CD4+ cells in peripheral blood after alloanergized
haploidentical transplantation. Left, dot plot of CD4 and intracellular FOXP3 expression
(gated on CD3+ cells); right, dot plot showing expression of CD25 and CD127 on cells from
the boxed regions in the left panel (black, FOXP3+ cells; gray, FOXP3– cells) from patient
2 at day 36. (E) Left, dot plot of CD25 and CD127 expression on CD3+CD4+ cells from
peripheral blood of an HLA-A2– patient on day 30 after receiving an alloanergized
haploidentical transplant from an HLA-A2+ donor; right, histogram showing HLA-A2
expression (black) on cells from the boxed region in the left panel and an isotype control
(dotted line).
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Fig. 2.
CD4+ Treg cells from recipients of alloanergized transplants suppressed recipient-specific
alloresponses. (A) Flow cytometric sorting of patient PBMCs after transplant yielded ~98%
pure populations of CD4+CD25hiCD127lo Treg cells (left) and Treg-depleted CD4+ cells
with minimal (<0.2%) residual Treg cell content (right). Dot plots are gated on viable
CD3+CD4+ cells. (B) Effect of addition of purified Treg cells from patient peripheral blood
after transplant on mean (± SD) proliferation (thymidine incorporation) of fresh donor
PBMCs stimulated with recipient (patient) or third-party allostimulators. Results are shown
for patient 2 (day 43) and patient 3 (day 42). cpm, counts per minute. (C) Mean proliferation
(± SD) of Treg-replete and Treg-depleted CD4+ cells from peripheral blood of patients 2
and 3 after transplant stimulated with recipient or third- party allostimulators. Results are
shown for patient 2 (day 43) and patient 3 (day 42).
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Fig. 3.
Alloanergization increased the frequency of CD4+ cells with a Treg phenotype in vitro. (A)
Frequency of FOXP3+ cells, expressed as percentage of CD3+CD4+ cells in untreated and
alloanergized responder PBMCs in 10 HLA-mismatched responder- stimulator pairs.
Horizontal lines represent median values. P value is for a two-tailed paired t test. (B)
Phenotype of CD4+ Treg cells after alloanergization of PBMCs. Dot plots of CD3+CD4+
cells are from a representative experiment (of four). (C) Cell surface expression of CD25
and CD127 on CD4+ cells in alloanergized responder PBMCs. Left, dot plot of CD4 and
intracellular FOXP3 expression (gated on CD3+ cells); right, dot plot showing expression of
CD25 and CD127 on cells from the boxed regions in the left panel (black, FOXP3+ cells;
gray, FOXP3– cells). One representative experiment (of four) is shown. (D) Frequency of
CD25hiCD127lo cells, expressed as percentage of CD3+CD4+ cells in untreated and
alloanergized responder PBMCs in 20 HLA- mismatched responder-stimulator pairs.
Horizontal lines represent median values. P value is for a two-tailed paired t test. (E)
Frequency of CD25hiCD127lo cells, expressed as percentage of CD3+CD4+ cells in
untreated and alloanergized responder PBMCs in 12 haploidentical responder-stimulator
pairs. Horizontal lines represent median values. P value is for a two-tailed paired t test.
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Fig. 4.
The effect of in vitro allorestimulation of alloanergized PBMCs on the frequency and
phenotype of CD4+ Treg cells. (A) Frequency of FOXP3+ cells, expressed as percentage of
CD4+ cells, in alloanergized and allorestimulated alloanergized responder PBMCs in nine
HLA-mismatched responder-stimulator pairs. Horizontal lines represent median values. P
value is for a two-tailed paired t test. (B) Frequency of CD25hiCD127lo cells, expressed as
percentage of CD4+ cells in alloanergized and allorestimulated alloanergized responder
PBMCs in 22 different HLA- mismatched responder-stimulator pairs. Horizontal lines
represent median values. P value is for a two-tailed paired t test. (C) Cell surface and
intracellular markers on CD4+ Treg cells after in vitro allorestimulation of alloanergized
responder PBMCs. Histograms are from one representative experiment (of six). Black,
FOXP3+CD4+ cells; gray, FOXP3–CD4+ cells. (D) Frequency of CD25hiCD127lo cells,
expressed as percentage of CD4+ cells in untreated, alloanergized, and allorestimulated
alloanergized responder PBMCs in eight HLA-mismatched responder-stimulator pairs after
depletion of CD4+ Treg cells from starting populations of untreated PBMCs. (E) Histogram
showing TCR Vb subfamily distribution in CD4+CD25hiCD127lo Treg cells before and
after alloanergization and allorestimulation with HLA-mismatched stimulators. One
representative experiment (of three) is shown.
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Fig. 5.
Suppression by CD4+ Treg cells after in vitro alloanergization and allorestimulation of
PBMCs. (A) Mean percentage suppression (± SD) of first-party stimulated alloproliferation
of untreated autologous responder PBMCs by CD4+ Treg cells from untreated,
alloanergized, and allorestimulated alloanergized PBMCs. Data are for 12 HLA-mismatched
stimulator- responder pairs. *P < 0.05; **P <0.01 [two-tailed paired t test com- paring
suppression of first-party stimulated alloproliferation by CD4+ Treg cells from
allorestimulated alloanergized PBMCs with CD4+ Treg cells from untreated (left) or
alloanergized (right) PBMCs]. (B) Mean percentage suppression (± SD) of cytomegalovirus-
specific proliferation of untreated autologous responder PBMCs by CD4+ Treg cells
purified from untreated, alloanergized, and allorestimulated alloanergized PBMCs. Data are
for three different HLA-mismatched stimulator- responder pairs. *P < 0.05 [two-tailed
paired t test comparing suppression of cytomegalovirus proliferation by CD4+ Treg cells
from untreated PBMCs with CD4+ Treg cells from alloanergized (left) or alloanergized
allorestimulated (right) PBMCs]. ns, not significant. (C) Mean percentage suppression (±
SD) of first- and third-party stimulated alloproliferation of untreated autologous responder
PBMCs by CD4+ Treg cells purified from allorestimulated alloanergized PBMCs. Data are
for 12 HLA-mismatched stimulator-responder pairs. *P < 0.05 (two-tailed paired t test
comparing suppression of first-party stimulated alloproliferation with third-party stimulated
alloproliferation).
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Fig. 6.
Specific suppression of alloresponses by unsorted alloanergized PBMCs. (A) Mean
percentage suppression (± SD) of first- and third-party stimulated alloproliferation of
untreated or first-party alloprimed autologous responder PBMCs by alloanergized PBMCs.
Data are for 16 HLA-mismatched stimulator-responder pairs. *P <0.05 (two-tailed paired t
test com- paring suppression of first- and third-party stimulated alloproliferation). (B) Mean
percentage suppression (± SD) of cytomegalovirus lysate–stimulated proliferation and first-
party stimulated alloproliferation of untreated autologous responder PBMCs by
alloanergized PBMCs. Data are for three HLA-mismatched stimulator-responder pairs. *P <
0.05; **P < 0.01 (two-tailed paired t test comparing suppression of cytomegalovirus-
stimulated proliferation and alloproliferation). (C) Mean percentage suppression (± SD) of
first-party stimulated alloproliferation of untreated autologous responder PBMCs by
unsorted alloanergized PBMC and alloanergized PBMCs depleted of CD4+ or CD25+ cells.
Data are for six HLA-mismatched responder- stimulator pairs. *P < 0.05; **P < 0.01 [two-
tailed paired t test comparing suppression by alloanergized PBMCs depleted of CD4+ (left)
or CD25+ (right) cells with suppression by unsorted alloanergized PBMCs.
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