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Abstract
Objective—We have evaluated T cell reconstitution and reactivity in patients receiving non-
myeloablative haploidentical hematopoietic cell transplantation (HCT) protocols involving an anti-
CD2 monoclonal antibody (MEDI 507) to treat chemorefractory hematopoietic malignancies.

Methods—Three cohorts of 4 patients each and 1 cohort of 6 patients received one of four
Medi-507-based regimens, all of which included cyclophosphamide, thymic irradiation and a short
post-transplant course of cyclosporine.

Results—Following marked T cell depletion, initially recovering CD4 and CD8 T cells were mainly
memory-type cells. A high percentage of CD4 T cells expressed high levels of CD25 in recipients
of all protocols except the only protocol to include fludarabine, early post-HCT. CD25 expression
varied inversely with T cell concentrations in blood. CD25high CD4 T cells expressed Foxp3 and
CTLA4, indicating that they were regulatory T cells (Treg).

Conclusions—Fludarabine treatment prevents Treg enrichment after haploidentical non
myeloablative stem cell transplantation, presumably by depleting recipient Tregs. In vitro analyses
of allorecognition were consistent with a cytokine-mediated rejection process in one case and in
another provided proof of principle that mixed chimerism achieved without GVHD induces donor-
and recipient-specific tolerance. More reliable achievement of this outcome could provide a
promising strategy for organ allograft tolerance induction.
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Introduction
Severe graft-versus-host disease (GVHD) and graft rejection are more common following
haploidentical than HLA-matched related donor hematopoietic cell transplantation (HCT)
HCT [1-8]. Due to the shortage of HLA-matched related donors and the difficulties associated
with transplantation from unrelated donors, strategies are needed to improve the outcomes of
transplants from haploidentical related donors. Besides significantly expanding the available
donor pool, a potential major advantage of successful allogeneic transplantation across HLA
barriers would be improved anti-tumor effects, owing to an enhanced GVH alloresponse that
also eliminates malignant cells [1,2,9-12]. Following myeloablative conditioning and high dose
vigorously T cell-depleted peripheral blood stem cell (PBSC) transplantation, sustained
alloengraftment has been reliably achieved [13]. The major obstacles to more successful
application of this strategy have included prolonged immunodeficiency and associated
infection risk, as well as toxicities associated with myeloablative conditioning regimens.

Non-myeloablative haploidentical HCT might be associated with reduced transplant-related
morbidity and mortality compared to myeloablative approaches. We have developed an
approach involving non-myeloablative conditioning in an effort to achieve initial mixed
chimerism without a GVH reaction by using in vivo T cell-depleting mAbs, most recently along
with ex vivo T cell depletion [5,9]. Based on data in mice [2-4], we hypothesize that potent
GVT effects and restoration of immune competence can be achieved following donor leukocyte
infusion (DLI), without the complication of GVHD. In our animal model, administration of
DLI after sufficient time has passed for conditioning-induced inflammation to subside allows
the GVH alloresponse of DLI to be confined to the lymphohematopoietic tissues. The activated
GVH-reactive T cells do not traffic to the epithelial GVHD target tissues under such conditions
[14], allowing GVL to be achieved without GVHD [4,15].

Our efforts to apply this approach clinically to haploidentical transplantation involve the use
of cyclophosphamide, thymic irradiation and MEDI-507, a humanized anti-CD2 mAb, to
deplete T cells in vivo, followed by a short course of cyclosporine [9]. Eighteen patients with
chemorefractory hematologic malignancies received one of four MEDI-507-based non-
myeloablative preparative regimens for haploidentical HCT. The clinical outcomes of the first
twelve patients have been described previously [9]. Here, we report on the post-transplant T
cell reconstitution and alloreactivity of these patients. Our results provide insights into the
ability to achieve tolerance across HLA barriers via mixed chimerism.

Materials and Methods
Conditioning and Transplantation

Eighteen patients with advanced hematologic malignancies received non-myeloablative
haploidentical HCT with Medi-507 under IRB-approved protocols at Massachusetts General
Hospital (Table I). HLA-A, HLA-B and HLA-C were typed at low resolution, and HLA-DRB1
and DQB1 were typed at high resolution using standard polymerase reaction (PCR)-based
methods. Conditioning involved cyclophosphamide, 150 mg/kg (50 mg/kg on Days −5, −4 and
−3), and thymic irradiation (700cGy) on Day −1 (n=10) in patients who had not received
previous mediastinal radiation therapy. Cyclosporine was begun on Day −1 at a dose of 5mg/
kg IV. The dose was decreased to 3 mg/kg on Day +4, and tapered and discontinued by
approximately Day +35 post-transplant in the absence of GVHD. Patients with mixed
chimerism and no evidence of GVHD or increasing T cell chimerism were eligible to receive
a “prophylactic” DLI two weeks after CYA discontinuation, intended to convert their mixed
chimerism to full donor hematopoiesis. Patients could also receive “therapeutic” DLI for
disease recurrence or progression (Table I).
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The clinical details of and rationale for protocols A, B, and C are described elsewhere [9]. In
all three protocols, cyclophosphamide, (50 mg/kg) was administered on Days −5, −4 and −3.
The four patients treated with Protocol A received a MEDI-507 test dose of 0.1 mg/kg on Day
−2 followed by therapeutic doses of 0.6 mg/kg on Days −1, 0 and +1. Protocol B included the
test dose of MEDI-507 on Day −7 followed by doses of 0.6 mg/kg on each of Days −5 and −4.
In both of these regimens, unmodified bone-marrow cells were administered. For Protocol C,
the regimen was modified to include ex vivo T cell-depletion of G-CSF-mobilized peripheral
blood stem cells (PBSC), using an IsolexR (Baxter Oncology, Deerfield, IL) CD34+ progenitor
cell positive selection device. MEDI-507 dosing was the same as in Protocol B. The median
number (range) of infused CD34+ and CD3 residual T cells was 10.6 (5.0-14.9×106)/kg and
8.9 (6.7-16 ×104)/kg respectively. To improve durable engraftment, Protocol D patients
received the test dose of MEDI-507 on Day −8 followed by doses of 0.6 mg/kg on each of
Days −7 and −6, cyclophosphamide (60mg/kg) on Days −7 and −6 and Fludarabine was given
on Days −5 through −1 at 25mg/m2/d. The median number (range) of infused CD34+ and CD3
residual T cells was 8.4 (3.8-14.3×106)/kg and 4.25 (0.5-11.8×104)/kg respectively.

Flow Cytometry and cell sorting
Multicolor flow cytometry was used to analyze white blood cells stained with labeled anti-
HLA class I allele-specific monoclonal antibodies (One Lambda, Inc. Canoga Park, CA), and
anti-CD3, CD4, CD8, CD19, CD25 and CD56, CD45RA, CD45RO, CD62L, CD25, and CD69
(Becton Dickinson, Mountain View, CA). For cell sorting of CD4+CD25high, dim or negative
cells, frozen mononuclear cells from patient samples were thawed, treated with DNase, labeled
with CD4-FITC and CD25-PE and analyzed/sorted by flow cytometry according to the gating
as shown in Figure 3A.

Microsatellite analysis for chimerism
CD3 positive cells were isolated from ficoll-separated peripheral blood mononuclear cells
(PBMC) with MACS beads (Miltenyi Biotech, Sunnyvale, CA) or with RosetteSep enrichment
cocktail (Stem Cell Technologies, Inc., Vancouver, Canada) and DNA was extracted. PCR
was performed using primers which flank the variable number of tandem repeats (VNTR)
sequences or short terminal repeats (STR), as described [6].

Mixed lymphocyte culture (MLR) and cell mediated lysis (CML) assays
MLR and CML assays were performed on thawed PBMC and analyzed as described [16].

Limiting dilution assay (LDA) for cytotoxic T-lymphocyte precursor frequencies (CTLp) and
IL-2-producing (helper) T cell frequencies (HTLf)

Graded numbers of responder PBMC were tested in 24 replicate wells each as previously
described [16]. CTLp were measured based on the lysis of 51Cr labeled targets. For HTLf
analysis, IL-2 production was measured as described [16]. For both CTLpf and HTLf assays,
positive wells were defined as those producing cpm greater than 3 standard deviations above
the mean of the 24 control wells containing stimulators alone.

Quantitative-PCR
Total RNA was extracted from 100 to 1000 FACS-sorted CD4+CD25 high, low or negative
cells using the RNeasy MicroKit according to the manufacturer's protocol (QIAGEN). Total
RNA from each sample was used as a template for the reverse transcription reaction. 20 μl of
cDNA was synthesized using random hexamers, and SuperScript™ III RT (InVitrogen). All
samples were reverse transcribed under the same conditions (25°C for 10 minutes, 50°C for
50 minutes) and from the same reverse transcription master mix in order to minimize
differences in reverse transcription efficiency. The 25 μl QPCR reactions contained 2 μl of

Shaffer et al. Page 3

Exp Hematol. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cDNA, 12.5 μl of 2x SYBR Green Master Mix (Stratagene), and 250 nmol of sense and
antisense primer. Emitted fluorescence for each reaction was measured during the annealing/
extension phase, and amplification plots were analyzed using MX4000 software, version 3.0
(Stratagene). A series of standards was prepared by performing 10-fold serial dilutions of full-
length cDNAs in the range of 20 million copies to 2 copies per QPCR reaction. The calculated
number of copies was divided by the number of copies of the housekeeping gene β2-
microglobulin.

Statistical Analysis
Statistical analyses were performed with the non-parametric Wilcoxon-Rank Sum test or the
non-parametric Spearman test. A value of p<0.05 was considered significant.

Results
Chimerism

T cell and myeloid chimerism was assessed in PBMC samples collected approximately weekly
through 100 days and at 6 months, 1 year and yearly thereafter when possible. Chimerism data
are presented in Table I and Figure 1. In all patients except B3, maximum myeloid chimerism
correlated with T cell chimerism. All four Protocol A patients achieved initial T chimerism,
which became undetectable by 11 weeks and was not rescued by DLI. Two of three evaluable
Protocol B patients (B1 and B2) developed full or near full donor T cell chimerism by 6-7
weeks without DLI, whereas Patient B3 had only transient chimerism. All four Protocol C
patients showed low levels of initial T cell chimerism. Patient C1 gradually lost chimerism
despite receiving three DLI. Patient C2 received DLI on Day 66 when her T cells were 1%
donor-derived, and rapidly converted to 100% donor T cell chimerism by Day 90. Patient C3
received a large DLI (2.5×107 T cells/kg) on Day 51 and progressively increased T cell
chimerism to >90% donor. Patient C4 showed initial T cell chimerism, which became
undetectable by 11 weeks, despite administration of two DLI.

Protocol D differed from Protocol C mainly by the addition of fludarabine. Three of six Protocol
D patients (Patients D1, D2, and D5) developed full or near full donor T cell chimerism without
DLI, and two converted to full donor chimerism following DLI. Patient D4 showed <5% donor
T cell chimerism at 1 week post-HCT, and despite receiving two DLI, failed to sustain
measurable chimerism.

T Cell Recovery
The day post-HCT when CD3+T cell numbers reached >100 cells/μl is indicated in Table I.
In Protocol A, T cell recovery was slower compared to the three other groups (p<0.05 after 2
months). T cell subset recovery is shown in Figure 2A and B The recovery of both CD4 and
CD8 subsets was extremely low in the first 100 days post-HCT in recipients of Protocol A. In
Protocol B, recovery of both subsets was variable between patients. T cell recovery among
recipients of Protocol C was most rapid in the 2 patients who lost their grafts (Patients C1 and
C4), including both CD4 and CD8 cells. Despite the addition of fludarabine, Protocol D T cell
recovery was significantly greater than that in Protocol C (and A) at 4 weeks (p<0.03 and <0.01
respectively).

CD4 cells appearing in the first 100 days post-HCT were CD45RA−/CD45RO+ “memory”
cells. Likewise, only a small proportion of recovering CD3+CD8+ cells expressed the
CD45RA+ CD45RO-CD62L+ “naive” phenotype in all groups (data not shown).
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High proportion of CD25+ cells among initially recovering CD4 T cells
Although T cell counts were initially very low in most patients, very large numbers (105) of
total events were analyzed whenever possible, so that meaningful phenotypic data on CD25
expression could be obtained. Early after transplantation, CD4+CD25+ T cells represented high
percentages of CD4+ T cells. The intensity of CD25 staining was heterogeneous, with a distinct
population of CD4+CD25high cells (e.g. Figure 3A).

At 2 weeks post-HCT, the median percentage of CD4 T cells expressing CD25 in all groups
was 80.9% (67.9-84.4%). By 12 weeks, this percentage decreased to a median of 30.2%
(23.3-59.3%). There was no difference in CD25 expression between patients on Protocols A,
B and C, or between patients that lost or maintained chimerism, or in association with GVHD.
As shown in Figure 3B, high proportions of CD3+CD4+ CD25high cells were initially present
in most recipients of Protocols A, B, and C and correlated inversely with absolute T cell counts
in Protocols A and C (Figure 3C) (p<0.001). The increased percentage of CD25high CD4 cells
early vs late post-transplant was due to relative enrichment, not to an increase in absolute
numbers of CD25high cells at early time points (data not shown). However, Protocol D patients
showed lower percentages of CD4+CD25high T cells than those in Protocols A, B, and C in the
first three months (Figure 3B) (p<0.03). CD3+CD8+ cells generally included much lower
proportions of CD25+ cells, with only sporadic increases in a few patients (data not shown).

CD4+CD25high cells express Foxp3 and CTLA4
Since CD25 is expressed both by activated CD4+ T cells and by regulatory CD4 T cells, we
performed further studies to characterize CD425+CD4+ populations. The severe T cell
lymphopenia following conditioning precluded performance of functional assays. Therefore
we assessed regulatory populations by quantitative (q)RT-PCR assessment of mRNA for
Foxp3 [17-22] and CTLA4, which are considered to be the most reliable marker of Tregs
[18-22]. We analyzed 17 samples from 7 patients in various groups during the first 100 days
post-transplant. One hundred to one thousand thawed cells were sorted and analyzed and
compared to similarly-processed samples from healthy donors.

CD25high CD4+ cells from controls expressed higher levels of Foxp3 and CTLA mRNA than
CD25low or CD25− CD4 cells, demonstrating Treg enrichment among CD25high cells. As
shown in Figure 4A and 4B, CD4+CD25high cells from patients had more heterogeneous
FOXP3 and CTLA-4 mRNA levels, but these were generally higher or similar to those in
normal controls (Figure 4A and 4B).

Two of three CD4+CD25high samples that did not express Foxp3 were from Patient A1 shortly
following DLI and also failed to express CTLA-4. Two weeks later, at Day 92, the
CD4+CD25high cells in this patient, which were all host-derived, expressed both Foxp3 and
CTLA-4. A Foxp3-negative sample from Patient D5 was obtained 13 days after infusion of
pre-transplant recipient lymphocytes to treat refractory GHVD.

The infusion resulted in a decline in T cell chimerism from 100% to 60%. In a sample taken
20 days before lymphocyte infusion, sorted CD4+CD25high T cells expressed both Foxp3 and
CTLA-4.

Foxp3 and CTLA-4 expression were also more heterogeneous in CD4+CD25low cells of
patients than normal controls (Figure 4A,B). Three CD4+CD25low samples from 3 Group A
patients expressed Foxp3 (Figure 4A) and 5 CD4+CD25low samples from Patients A1, A2, B2,
and D6 expressed increased CTLA-4 mRNA compared to controls (Figure 4B). Among
CD4+CD25− samples, only one patient sample expressed a low level of Foxp3, and 2 samples
from two patients expressed lows of level CTLA-4 (Figure 4A,B).
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Cytokine Expression Profile of CD4 Subpopulations
We used qRT-PCR to compare the expression of cytokines associated with Tregs (TGF-β and
IL-10) [23-26] and T cell activation (IL-2, IFN-γ) [27-30] in the above CD4 subpopulations.
All sorted CD4+ T cell populations expressed a basal level of TGF-β mRNA, in both controls
and patient samples, with no statistical difference. CD4+CD25high cells from one patient from
Group A expressed a high level of TGF-β mRNA (Figure 5A). We did not detect IL-10 mRNA
in the control group (data not shown). Seven patient samples expressed low levels of IL-10
among all three CD4+ populations (Figure 5B).

Messenger RNA for IL-2 was not expressed in control samples (data not shown) but was
expressed in some samples from Protocol A recipients. The only CD4+CD25high population
with very high IL-2 expression was a Patient A1 sample that did not express Foxp3 or CTLA4
(Day 69). Thus, these CD4+CD25high cells appeared to be activated CD4+ T cells (Figure 5C)
of recipient origin (since donor chimerism was not detected) in this patient who had just
received a DLI before the sample was obtained.

IFN-γ mRNA was undetectable in control samples (data not shown). Three CD4+CD25high

patient samples expressed IFN-γ mRNA, including the above IL-2-positive post-DLI sample
from Patient A1 (Day 69), Patient A3 at Day 33, when a capillary leak syndrome was present
(the sample was also FoxP3+) and Patient D5 at Day 70, 13 days following infusion of pre-
transplant recipient lymphocytes (see above). The IFN-γ+ samples from Patients A1 and D5
did not express Foxp3. One sample also expressed a high level of IFN-γ in the CD4+CD25−
population (Patient A3 at Day 69) (Figure 5D).

Alloreactivity of T cells recovering after non-myeloablative haploidentical HCT with Medi-507
In vitro alloresponses to donor, host and third party were evaluated when sufficient cells were
available using MLR and CML for Protocols A, B and C or HTLp/CTLp for protocol D. Patient
A2, who lost her graft on Day 21, had a weak anti-third party MLR response (stimulation index
(SI = 3.0) and a measurable anti-donor MLR response (SI = 5.5) on Day 55. Assays performed
on later samples were unresponsive to both donor and third party. Patient A3, who also lost
her graft, had CML assessments at Days 33, 46, 82 and 122, and showed no anti-donor response.
Subsequent assays at 6 and 11 months showed weak anti-donor CTL responses (<15% specific
lysis). CTL activity against third party was not assessed at these times. An anti-donor (SI =8.1)
but not a third party MLR response was measurable at Day 122. Patient B3, who lost his graft
by 3 weeks, had no measurable anti-donor or third party MLRs at Days 35 and 42 (data not
shown). Patient C1, who rejected his donor graft by Day 77, did not show anti-donor or third
party responses on Day 70 or 100, but later (Day 134) recovered a strong anti-third party
(SI=102) and anti-donor MLR response (SI=40), with a weak but measurable anti-donor
(maximum PSL 20%) and unmeasurable third party CML response. Patient C3, who had
durable chimerism, had negative anti-donor and anti-third party MLR responses at Days 51
and 71 (data not shown). Thus, in vitro responses were globally suppressed early post-
transplant. These assays did not reveal anti-donor responses prior to graft loss, but anti-donor
MLR and/or CML responsiveness was detectable in three of four patients following graft loss.

LDA were performed on 4 patients from Group D. In Patient D1, who lacked an anti-donor
HTLp response prior to HCT, HTLp reactivity was detected against both host and third party
following spontaneous conversion toward full donor chimerism on Day 105 post-transplant
(Table II).

In Patient D4, chimerism became undetectable by Day 14 post-HCT, but no CTLp response
against the donor, host, or third party was detected on Days 10, 42 or 70 (Table II). However,
a strong and elevated (compared to pre-transplant) anti-donor HTLp response was detectable
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by Day 10 (Table II). This patient's haploidentical sibling donor was HLA A and B mismatched
(see Table I), HLA-DR and HLA-DQ identical at the molecular level, but HLA-DP
mismatched, suggesting that rejection might have been directed at the donor DP allele.

Patient D5, who converted spontaneously to full donor chimerism 2-4 weeks post-transplant,
was evaluated pre-transplant and on Days 50 and 70 post-HCT. Although donor anti-host
responses were detectable and the patient showed anti-donor reactivity pre-transplant, neither
response was apparent in the patient on Day 50, when a third party response had recovered
(Table II). At this time the patient developed severe GVHD (grade III/IV) which was
unresponsive to multiple therapies. In an effort to reverse GVHD, the patient received an
infusion of autologous PBMC on Day 57. At Day 70, a strong anti-donor HTLp response
became detectable (Table II) in association with a decline in T cell chimerism from 100% to
60% (Figure 1, Patient D5).

Patient D6 had a period of sustained mixed chimerism before DLI was administered on Day
126, providing an opportunity to examine tolerance in a stable mixed chimera. At both 21 and
98 days, granulocytes were 98% donor, but less than 1% and only 5-10% of T cells were of
donor origin at Days 21 and 98, respectively. As shown in Table II, a high frequency of anti-
donor HTLp was present in the recipient pre-transplant, declined markedly by Day 21, and
became undetectable by Day 98. Strong anti-third party responses were detected at all time
points, even by 21 days post-transplant. While the donor had a strong anti-recipient HTLp
frequency, anti-host responses were very low in the patient by Day 21 and essentially
undetectable by Day 98 post-transplant. Thus, this patient demonstrated donor- and host-
specific unresponsiveness during the period of stable mixed chimerism.

Discussion
Achieving reliable engraftment, anti-tumor effects and immune reconstitution without GVHD
across haplotype barriers remains a major challenge in clinical HCT [6,31-37]. We aim to use
in vivo and/or ex vivo T cell-depleted donor HCT to establish mixed chimerism without a
GVHR, creating a platform for adoptive cellular immunotherapy using DLI to achieve GVL
without GVHD [2-4]. We have progressively developed four variations of a regimen that
includes cyclosphosphamide, thymic irradiation and MEDI-507, followed by a short course of
cyclosporine. The first protocols (A and B) involved administration of unmodified donor
marrow, relying on in vivo T cell depletion by Medi-507. CD34-selected PBSC were instead
utilized in Protocols C and D, and fludarabine was added to Protocol D. While optimization
of this regimen is still in progress, results reported previously from these protocols [9] provide
proof of principle that: 1) sustained mixed chimerism can be achieved across HLA haplotype
barriers with non-myeloablative conditioning; and 2) sizeable DLI can be given to patients
with haplotype mismatched mixed chimerism, without inducing severe GVHD, converting
them toward full donor T cell chimerism.

Protocol D involved the addition of fludarabine in an effort to more reliably achieve sustained
engraftment. Five of six patients achieved sustained engraftment, compared to 2 of 4 recipients
of the same regimen without fludarabine, suggesting that fludarabine may enhance the
engraftment of haploidentical CD34 cells. Despite the use of similar CD34-selected PBSC
inocula in Protocols C and D, only patients in Protocol D (2 of 6) converted spontaneously to
full donor chimerism and developed GVHD without DLI, raising the possibility that
fludarabine might increase donor engraftment and susceptibility to GVHD from small numbers
of residual T cells in the donor inoculum, possibly by depleting recipient regulatory T cells,
which may attenuate the GVH response, and with it, donor engraftment and GVHD. Only
fludarabine-treated patients failed to show marked enrichment for these cells early post-
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transplant, as is discussed below. However, the small cohort numbers preclude the formation
of conclusions on clinical outcomes at this time.

Our data demonstrate enrichment for regulatory T cells [38,39] early post-transplant in
Protocols A, B and C, but not Protocol D. These CD25high CD4+ T cells expressed high levels
of FoxP3 and CTLA4 and in most cases did not express proinflammatory cytokines (IL-2 or
IFN-γ). Foxp3 and CTLA-4 were expressed at similar or lower levels in CD4+CD25high

populations in normal controls, suggesting a similar or greater frequency of regulatory cells
among CD25high CD4 cells of the patients. While CTLA-4 is also expressed on activated non-
regulatory T cells in addition to Treg [40,41], FoxP3 is mainly associated with Treg activity
[17-22]. Because the vast majority of patient CD4+ T cells had a “memory” phenotype, the
predominant CD4+CD25high cells are likely to be residual T cells escaping depletion. The
reduced number of these cells in recipients of Protocol D compared to Protocol C suggests that
fludarabine impairs recipient Treg survival. Consistently, chronic lymphocytic leukemia
patients receiving fludarabine treatment showed decreased numbers of CD4+CD25high Treg
due to increased apoptosis [42]. This observation may help to explain the relatively high
incidence of acute GVHD that is observed in association with fludarabine-based non-
myeloablative conditioning regimens [43]. However, our data do not allow us to firmly state
that only recipient Treg survival or recovery was affected by fludarabine, since we did not
assess chimerism among T cells with the Treg phenotype, and mixed T cell chimerism was
present in many of the samples showing Treg predominance.

The early enrichment for Treg in recipients of Protocols A, B and C, correlated strongly with
low total T cell counts. In fact, no increase in the absolute concentration of Treg above normal
levels was seen in patients (data not shown), suggesting that their enrichment reflects relative
resistance of Treg to depletion by Medi-507. Recent in vitro studies showed that ATG can
induce immune unresponsiveness due to the expansion/activation of CD4+ T reg [44]. We
have recently described marked enrichment of CD25high CD4+ T cells in patients receiving
ATG-based non-myeloablative allogeneic bone marrow transplantation with a kidney graft
from the same donor [45]. While studies are in progress to determine whether or not these are
indeed Treg, it is tempting to speculate that they may have contributed to the renal allograft
tolerance detected in patients who lost donor chimerism.

In mice, CD4+CD25+ Treg can prevent GVHD [46-51] while maintaining GVL [52] and can
promote engraftment and tolerance [53]. However, clinical data are somewhat conflicting,
showing decreased numbers in association with acute GVHD [54] and increased or decreased
Treg in association with acute or chronic GVHD in various studies [53-55]. These studies
focused mainly on HLA-identical related or unrelated HCT following myeloablative
conditioning. While a recent study showed early Treg recovery after autologous transplantation
for autoimmune disease [56], to our knowledge, ours is the first study to demonstrate
predominant recovery of Treg following allogeneic HCT.

While TGF-β and IL-10 have been frequently implicated in Treg function [23-26], all CD4 T
cell subsets in our patients and controls expressed a low level of TGF-β mRNA. IL-10 was
detected in a few samples, but not specifically in the CD4+CD25high population. The absence
of Foxp3 and presence of IFN-γ (with or without IL-2) expression in three CD4+CD25high

samples from 2 different patients following donor or recipient lymphocyte infusion suggests
that these were activated T cells. Thus, in the context of in vivo alloresponses, CD4CD25high

cell populations may include activated T cells.

Haploidentical pairs normally have pre-existing bulk T cell responses to each other. However,
patients in Protocols A, B and C who lost chimerism had measurable anti-donor CTL and/or
MLR responses only following and not prior to the loss of chimerism. The weak anti-third
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party responses early post-transplant period are consistent with the low T cell counts and
predominance of Treg in this period. These data do not point to anti-donor immune responses
as the cause of loss of chimerism, but do not rule it out. Of note, patients with transient
chimerism following combined haploidentical renal and bone-marrow transplantation under
treatment similar to Protocol A have demonstrated renal allograft tolerance and CD25+CD4+

T cell-mediated suppression of anti-donor responses in vitro (T. Kawai et al, manuscript in
preparation).

In contrast to the above group, recipient D4 rapidly lost chimerism without Treg enrichment
in PBMC and showed a strong and increased (compared to pre-transplant) anti-donor Th
response, without anti-donor CTL, by 10 days post-HCT. This response was likely directed
toward a donor DP allele, since the donor and recipient were matched at DR and DQ. DP
mismatching has been variably associated with GVHD and rejection in unrelated donor
transplantation [57-59], but in association with CTL responses [60,61]. Our data are consistent
with our previous study suggesting that rejection may be mediated by Th without CTL [16]
and suggest DP polymorphisms as a possible target.

In another patient receiving Protocol D, infusion of recipient lymphocytes to treat refractory
GVHD was associated with improvement in GVHD, a decline in donor T cell chimerism, and
a strong anti-donor Th response. This patient's CD4+CD25high population expressed Foxp3
prior to the infusion, but became Foxp3− and IFN-γ+ when strong anti-donor HTLp appeared
following recipient PBMC infusion, suggesting T cell activation.

HTLp analysis on a stable mixed chimera revealed donor- and recipient-specific
unresponsiveness, with rapid recovery of anti-third party responses. This, to our knowledge,
is the first reported analysis of alloresponses in a human stable mixed allogeneic chimera
prepared across HLA barriers and indicates that, as in the mouse model [62,63], systemic
donor- and host-specific tolerance can be achieved by the induction of mixed allogeneic
chimerism. This result provides proof of principle that mixed hematopoietic chimerism could
be used to achieve systemic donor- and host-specific tolerance across HLA barriers for the
induction of organ allograft tolerance and the treatment of non-malignant hematologic
disorders.
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Figure 1. T cell chimerism after non-myeloablative haploidentical HCT
In 16 of 18 patients we were able to distinguish donor from host T cells by the use of donor or
host HLA allele-specific mAbs or by VNTR amplification of CD3+ cell fractions. T cell
chimerism was determined using HLA allele-specific monoclonal antibodies in donor/recipient
combinations for whom they were available (N=10) or VNTR of MACS-sorted CD3+ cells for
the others. Data from individual patients is shown. Patients A2 and A4 are not represented
because T cell separation was not performed. Chimerism data on Protocols A through C have
been previously published [9] and are shown to facilitate interpretation of subsequent data in
this paper and to permit comparison to Protocol D.
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Figure 2a. CD4 T cell recovery post-HCT
The absolute number of CD4 T cells/μl was calculated by multiplying the absolute lymphocyte
count by the percentage of CD3+CD4+ cells among lymphocytes. Patient B4, who died early
from multiple organ failure, is not reported.
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Figure 2b. CD8 T cell recovery post-HCT
The absolute number of CD8 T cells/μl was calculated by multiplying the absolute lymphocyte
count by the percentage of CD3+CD8+ cells among lymphocytes. Patient B4, who died early
from multiple organ failure, is not reported.

Shaffer et al. Page 16

Exp Hematol. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. CD25 expression on recovering CD4 T cells following non-myeloablative SCT
A: Gating for analysis of CD3+CD4+ cell subpopulations in a representative patient with a high
proportion of CD3+CD4+CD25high cells. Gates for the sorting of the CD3+CD4+CD25 high,
low and negative (neg) populations are indicated.
B: Proportions of CD3+CD4+CD25high cells over time after HCT for individual patients (Red:
Protocol A, Black: Protocol B, Green: Protocol C, Blue: Protocol D.)
C: Inverse relationship between CD25 expression on CD4 T cells and CD3 T cell recovery in
recipients of MEDI-507-based non myeloablative haploidentical SCT protocol. (Red=
Protocol A, Black=Protocol B, Green=Protocol C, Blue=Protocol D.) P<0.0001 and <0.006
for Protocols A and C, respectively. Patient B1 was excluded from analysis after the
administration of anti-CD25 mAb Daclizumab (Zenapax) on Day 45 for the treatment of
GVHD. Patient B4, who demonstrated an unusual T cell phenotype in which the majority of
CD3+ T cells expressed CD45RO, CD45RA, and CD25 at all times, was also excluded from
analysis. Patient D3 had CD4+CD25+ HTLV-1 lymphoma detectable in the peripheral blood,
and therefore was excluded from this analysis.
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Figure 4. Foxp3 and CTLA-4 expression in CD4+ T cells
A. Foxp3 expression is shown according to the expression of CD25 in the CD4+ T cell
population: Patient CD25high, CD25low and CD25− populations compared to normal donors
B. CTLA-4 expression is shown according to the expression of CD25 in the CD4+ T cell
population: Patient CD25 high, low and negative CD4 cell populations compared to a group
of normal donors.
Samples tested: patient A1 at Days 69, 77, and 92, Patient A2 at Days 56 and 98, Patient A3
at Days 33, 46 and 55, Patient B2 at Days 49, 71 and 99, Patient C4 at Days 81 and 100, Patient
D5 at Days 50 and 70, Patient D6 at Days 22 and 70 (the same samples are tested for cytokine
expression in Figure 5).
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Figure 5. Cytokine expression in CD4+ T cells
A. TGF-β expression is shown according to the expression of CD25 in the CD4+ T cell
population: Patient CD25high, low and negative CD4 cell populations compared to a group of
normal donors.
B. IL-10 expression is shown according to the expression of CD25 in the CD4+ T cell
population.
C. IL-2 expression is shown according to the expression of CD25 in the CD4+ T cell population:
Y axis has a broken scale.
D. IFN-γ expression is shown according to the expression of CD25 in the CD4+ T cell
population: Y axis has a broken scale.
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