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Key Points

• Infusion of healthy
donor Treg followed by
daily LD IL-2 is safe
and well tolerated in
patients with refractory
cGVHD.

• Daily LD IL-2 plus Treg
DLI increases diversity
of the Treg repertoire
with expansion and
long-term persistence
of infused Treg
clonotypes.
dv-2021-006625-m
ain.p
Chronic graft-versus-host disease (cGVHD) remains a frequent cause of nonrelapse

morbidity and mortality after allogeneic hematopoietic stem cell transplantation. Despite

recent advances, options for steroid-refractory (SR) cGVHD are limited. In previous trials of

low-dose interleukin-2 (LD IL-2), the immunomodulatory properties of regulatory T cells

(Tregs) have been harnessed to treat SR-cGVHD safely and effectively. In the present study,

we combined a single infusion of Treg-enriched lymphocytes (Treg DLI) from the original

stem cell donor with in vivo Treg expansion using LD IL-2 (1 × 106 IU/m2 per day for

8 weeks) in 25 adult patients with SR-cGVHD. Treg were not expanded ex vivo. Treg DLI was

initiated at 0.1 × 106 cells per kg patient and escalated to a maximum dose of 1 × 106 cells per

kg. Treg DLI plus LD IL-2 was well tolerated and led to partial responses (PR) in 5 of 25

patients (20%) after 8 weeks of therapy. Ten additional patients (40%) had stable disease

with minor responses not meeting PR criteria. Patients at all dose levels had similar Treg

expansion without significant changes in CD4+ conventional T cells or CD8+ T cells. High-

throughput sequencing of the T-cell receptor β locus showed selective improvement of Treg

diversity. A subset of DLI-derived Treg clones showed preferential expansion at week 8 and

long-term persistence 1-year postinfusion. We demonstrate for the first time that infusion of

polyclonal healthy donor Tregs followed by expansion with LD IL-2 is safe in patients with

SR-cGVHD, thus establishing a foundation for future adoptive Treg therapies in the

posttransplant setting. This trial was registered at www.clinicaltrials.gov as #NCT01937468.
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Introduction

Patients with active chronic graft-versus-host disease (cGVHD) have impaired reconstitution of
CD4+CD25+CD127−FOXP3+ regulatory T cells (Tregs), which normally comprise 5% to 10% of the
circulating CD4+ T-cell population and function to control inappropriate auto- and alloreactive immune
responses.1-5 Preferential augmentation of Treg may be helpful in the control of cGVHD. Previously, we
have used an in vivo Treg expansion approach with low-dose interleukin-2 (LD IL-2) treatment, which
promotes thymic differentiation and peripheral proliferation, survival, and function of Treg.6-8 Multiple clinical
7 April 2022; prepublished online on
2022; final version published online
loodadvances.2021006625.

@dfci.harvard.edu.

The full-text version of this article contains a data supplement.
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Figure 1. Study design and clinical response. (A) Study design. (B) Organ-specific cGVHD scores at baseline and week 8 (W8). *Patient 17 also had liver

involvement that met PR criteria by 50% decrease in the ALT value (97 U/L at baseline, 48 U/L at week 8). +Patient 18 had polyserositis as the sole manifestation of

cGVHD. #Patient 2 had lung progression based on FEV1 59% predicted at baseline and FEV1 43% at week 8 (decrease by 10% predicted absolute value of %FEV1).

ALT, alanine aminotransferase; FEV, forced expiratory volume; GI, gastrointestinal; GSS, global severity score; JMF, joint/muscle/fascia; PR, partial response; SD, stable

disease; SD/MR, stable disease with minor response; PD, progressive disease; NA, not applicable.
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trials have established that daily subcutaneous LD IL-2 administered
at a dose of 1 × 106 IU/m2 per day is safe and well tolerated for
prolongedperiods. Importantly, this regimen inducedpreferential Treg
expansion with objective clinical response in 50% to 60% of adults
and 80%of childrenwith steroid-refractory cGVHD (SR-cGVHD).9-12
8 NOVEMBER 2022 • VOLUME 6, NUMBER 21
Adoptive transfer of healthy donor Treg, with or without ex vivo
expansion, has been investigated for the prevention of acute
GVHD.13-16 Patients who received ex vivo–expanded third party
umbilical cord blood–derived Treg in the context of a double-
umbilical cord blood transplant had a lower incidence of grades 3
TREG DLI PLUS LOW-DOSE IL-2 FOR CHRONIC GVHD 5787



Table 1. Baseline patient and transplant characteristics

N %

Total 25 100

Age at enrollment

Median (range) 52 (23, 68)

Time from BMT to study

Median (range) in months 37 (14, 92)

Time from cGVHD onset to study

Median (range) in months 26.6 (3.6, 83.9)

No. of cGVHD sites involved

Median (range) 3 (1, 6)

No. of prior therapies including steroid

Median (range) 4 (2, 9)

Daily prednisone dose

Median (range), mg 30 (5, 80)

Prior Grade I-IV acute GVHD 11 44

Patient sex

Male 19 76

Female 6 24

Male patient and female donor 9 36

Diagnosis

AML 8 32

CML 1 4

Hodgkin’s disease 1 4

ALL 3 12

MDS 4 16

MPD 1 4

NHL 7 28

Conditioning intensity*

MAC 12 50

RIC 12 50

HLA type (A, B, C, DRB1)

Matched unrelated 18 72

Matched related 5 20

Mismatched unrelated 2 8

Cell source*

Bone marrow 2 8.3

PBSC 22 92

CMV serological status

Patient or donor positive 8 32

AML, acute myelogenous leukemia; CML, chronic myelogenous leukemia; ALL, acute
lymphoblastic leukemia; MDS, myelodysplastic syndrome; MPD, myeloproliferative disease;
NHL, non-Hodgkin’s lymphoma; MAC, myeloablative conditioning; RIC, reduced intensity
conditioning; PBSC, peripheral blood stem cells.
*Details are unknown for 1 patient who underwent transplant at another center.
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to 4 acute GVHD without an increase in opportunistic infections or
malignant relapse when compared with contemporaneous controls
undergoing double-umbilical cord blood transplant with the same
conditioning and GVHD prophylaxis regimen. However, the use of
adoptive Treg therapy for the treatment of cGVHD is limited to a few
small case series.17,18 Three patients in one of the series also
5788 WHANGBO et al
received LD IL-2 following infusion of ex vivo–expanded Treg.18

These case reports demonstrate the feasibility of this approach,
but larger clinical trials are needed to evaluate the safety and efficacy
of adoptive Treg therapy in reversing active cGVHD symptoms.

Although infusions of Treg have been safe, few studies have
demonstrated persistence or expansion of adoptively transferred cells.
This likely reflects the lack of a supportive environment needed to
promote persistence and expansion of Treg in vivo. We hypothesized
that adoptive transfer of healthy donor-derived Treg given together
with daily LD IL-2 could enhance in vivo Treg expansion and under-
took a phase 1 study of donor Treg infusion followed by 8 weeks of
daily LD IL-2 therapy. Apheresis products obtained from the original
hematopoietic stem cell donors for each patient were enriched for
Treg in a 2-step process starting with CD8+/CD19+ depletion fol-
lowed by CD25+ positive selection. The Treg-enriched products were
infused at a dose level of 0.1 × 106 cells per kg in the first cohort and
escalated to 0.3 × 106 cells per kg and 1 × 106 cells per kg in
subsequent cohorts. All patients received subcutaneous LD IL-2 at a
dose of 1 × 106 IU/m2 per day for 8 weeks, starting on the same day
as the Treg cell infusion. Here, we report clinical and immunologic
responses to this combined approach of adoptive Treg therapy with
LD IL-2 in 25 adult patients with SR-cGVHD.

Methods

Phase 1 clinical protocol

This was a single-arm, single-center, phase 1 trial to assess the safety
and maximum tolerated dose of Treg-enriched cells plus 8-week LD
daily IL-2 in patients with SR-cGVHD. Eligibility criteria included: age
≥18 years; active cGVHD despite ≥0.25 mg/kg per day prednisone
for ≥4 weeks; stable prednisone dose without addition or discontin-
uation of other immunosuppressive medications for ≥4 weeks prior;
Eastern Cooperative Oncology Group performance status 0 to 2; and
adequate renal, hepatic, pulmonary, and cardiac function. Hepatic or
pulmonary dysfunction due to cGVHD was eligible. Of note, patients
who did not have clinical responses to LD IL-2 on previous trials were
permitted on this study (n = 5). Exclusion criteria included: prednisone
requirement >1 mg/kg per day, concurrent calcineurin-inhibitor plus
sirolimus, history of thrombotic microangiopathy, T-cell–targeted
therapy or donor lymphocyte infusion within the 100 days prior, and
active malignancy or uncontrolled infection.

Treg-enriched donor cells were administered as a single infusion
starting at dose level A (0.1 × 106 viable cells per kg actual body
weight recipient). Dose escalations in subsequent cohorts were
targeted to 0.3 × 106 cells per kg (dose level B) and 1 × 106 cells
per kg (dose level C). A cohort of 5 evaluable patients who
received product meeting the release criteria entered at each dose
level. Dose escalation took place when ≤1 dose-limiting toxicities
were observed in a cohort of 5 patients. On the day of Treg cell
infusion, daily subcutaneous IL-2 (aldesleukin, Proleukin) was initi-
ated at 1 × 106 IU/m2 for 8 weeks. Patients with clinical benefit at
the week 8 assessment could continue daily IL-2 indefinitely
(Figure 1A). Dose modification of corticosteroids and other
immunosuppressive medications was permitted after week 8.
Patients were evaluable for toxicity at any time during the 8-week
treatment period and for response after ≥4 weeks of IL-2. The
trial was approved by the Dana-Farber/Harvard Cancer Center
Institutional Review Board. Prior written informed consent was
obtained per the Declaration of Helsinki.
8 NOVEMBER 2022 • VOLUME 6, NUMBER 21



Table 2. Donor Treg DLI product characteristics

Cell doses Median (range)

Starting apheresis viable TNC 2.43 × 1010 (0.99 × 1010, 5.95 × 1010)

MRD collected locally 2.83 × 1010 (1.47 × 1010, 3.53 × 1010)

URD from collection site 2.20 × 1010 (0.99 × 1010, 5.95 × 1010)

% Treg* of apheresis 3.40% (1.90, 5.26)

Final viable TNC after selection 1.08 × 108 (0.54 × 108, 3.07 × 108)

Viable TNC infused per kg

Dose level A 0.1 × 106/kg

Dose level B 0.3 × 106/kg

Dose level C 1.00 × 106/kg (0.58 × 106, 1 × 106)

Treg cells* infused per kg

Dose level A 9.19 × 104/kg (6.68 × 104, 9.47 × 104)

Dose level B 2.69 × 105/kg (2.49 × 105, 2.87 × 105)

Dose level C 7.60 × 105 (5.11 × 105, 9.31 × 105)

Selection efficiency

CD8+ log depletion† 4.4 (3.5, 5.1)

CD20+ log depletion† 4.4 (3.1, 5.3)

% CD4+ CD25hi of leukocytes 92.9% (82.7, 98.1)

% CD4+ CD25+ CD127lo of leukocytes 88.4% (66.8, 98.5)

Treg* fold enrichment 26.6 (12.7, 44)

Treg* % recovery over process 14.9% (5.6, 30.5)

*Treg defined as CD4+ CD25+ CD127lo cells.
†Log depletion based on absolute numbers of cells.
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Donor Treg enrichment

Related and unrelated leukapheresis products obtained from the
original hematopoietic stem cell donors for each patient underwent
sequential 2-step Treg-cell enrichment using the CliniMACS instru-
ment according to the manufacturer’s instructions (Miltenyi Biotec):
(1) CD8+/CD19+ codepletion followed by (2) CD25+ positive
selection. All products met lot release criteria that included≥70%cell
viability by trypan blue, negative gram stain/endotoxin, ≥70%
CD4+CD25+, and ≥50%CD4+CD25+CD127− cells in the product.

Clinical assessments

cGVHD assessments using 2014 National Institutes of Health
consensus criteria19 were performed at baseline, after 8 weeks of
IL-2 therapy, and every 16 weeks during extended-duration therapy
until 1 year from the start of IL-2 treatment or when IL-2 was
stopped. Laboratory testing and flow cytometry was performed at
baseline and on weeks 1, 2, 3, 4, 5, 6, and 8 and every 8 weeks
while receiving extended-duration IL-2. Patient reported outcomes
(PROs) were assessed using the Lee cGVHD Symptom Score.20

Flow cytometry analysis

Phenotypic analyses of lymphocytes subsets were performed at
baseline (1, 2, 3, 4, 6, and 8 weeks after starting IL-2 therapy) and
every 8 weeks while receiving extended-duration IL-2 therapy. Briefly,
50 μL of EDTA whole blood was subjected to red blood cell lysis
using 1x BD PharmLyse (BD Biosciences) and subsequently incu-
bated with fluorochrome-conjugated monoclonal antibodies (mAbs)
as described previously.10 For intracellular marker analysis, purified
8 NOVEMBER 2022 • VOLUME 6, NUMBER 21
peripheral blood mononuclear cells were first incubated with
fluorochrome-conjugated mAbs against cell surface antigens, then
fixed, permeabilized, and stained with fluorochrome-conjugated mAbs
directed against intracellular antigens as described in Alho et al.5

CD4Treg were defined as CD3+CD4+CD25med-highCD127low or
CD3+CD4+Foxp3+, CD4 conventional T cells (CD4Tcon) as
CD3+CD4+CD25neg-lowCD127med-high; and natural killer (NK) cells as
CD56+CD3−. Within CD4 T cells, coexpression of CD45RA and
CD31 identified recent thymic emigrants.21,22 Proliferation was
measured by expression of Ki67.23 Up to 1 million labeled cells per
sample were acquired in a FACSCanto II flow cytometer (BDBio-
sciences) and analyzed using BD FACSDiva (BD Biosciences) and
FlowJo software (Tree Star). Examples of gating of CD4Treg are
shown in supplemental Figure 1. Gating and analysis strategies for
simultaneous assessment of T cell subpopulations have been
described previously.5,10

TCRβ repertoire analysis

Cryopreserved peripheral blood mononuclear cells from selected
patients were sorted into CD4+ Treg, CD4+ Tcon, and CD8+ T cells
at baseline and at multiple posttreatment time points. Additionally, a
cryopreserved aliquot of the Treg-enriched donor lymphocyte infu-
sion (Treg DLI) product for each patient was sorted into CD4+ Treg
and CD4+ Tcon populations. Genomic DNA was extracted (Qiagen)
from the purified populations. Survey-level T-cell receptor β (TCRβ)
sequencing was performed using the ImmunoSEQ platform with
subsequent diversity and clone tracking analyses using algorithms
developed by Adaptive Biotechnologies.24 Details regarding the
number of sorted cells, input DNA for sequencing, number of pro-
ductive rearrangements, and frequencies of top 1000 clones are
given in supplemental Table 1.

Statistical analysis

Patient baseline characteristics and immunophenotype data were
analyzed descriptively. Overall survival (OS) was defined as the time
from study entry to death from any cause. Progression-free survival was
defined as the time from study entry to disease relapse, progression, or
death fromany cause,whichever occurred first. Patientswhowere alive
without disease relapse or progression were censored at the time last
seen alive and relapse or progression-free. The Kaplan-Meier method
was used to estimate progression-free survival and OS. PRO,20

immunophenotype data, and TCR data were compared using the
Wilcoxon rank-sum test for unpaired group comparison and the Wil-
coxon signed-rank test for paired comparison. TCR data from a previ-
ously published phase 2 study of LD IL-2 in patients with SR-cGVHD10

was used as a control cohort for the TCRdata analysis. All testswere 2-
sided at the significance level of .05, andmultiple comparisonswere not
considered. Statistical analysis was performed using SAS version 9.4
(SAS Institute, Inc., Cary, NC) and R version 3.3.2 (the CRAN project).

Results

Patient characteristics

Twenty-five patients with a median age of 52 years (range, 23-68
years) were enrolled between January 2014 and August 2017
(Table 1): 5 were treated at 0.1 × 106 Treg-enriched cells per kg
(dose level A), 5 were treated at 0.3 × 106 cells per kg (dose level B),
and 5 were treated at 1 × 106 cells per kg (dose level C). As no dose-
limiting toxicities were observed, dose level C was expanded to enroll
TREG DLI PLUS LOW-DOSE IL-2 FOR CHRONIC GVHD 5789
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10 additional patients to ensure safety. Median time from cGVHD
onset to study entry was 26.6 months (range, 3.6-83.9). At enroll-
ment, patients had a median of 3 (range, 1-6) sites of cGVHD
involvement with a median of 4 lines of prior therapies (range, 2-9).
Five patients had prior IL-2 therapy.

Donor Treg product characteristics and feasibility

All donors underwent a single apheresis, and all 25 products met
release criteria. Five products were collected locally at our center
from matched related donors (MRD) and 20 were obtained from
unrelated donors (URD) at National Marrow Donor Program
collection centers and shipped to our center for processing. The
number of viable total nucleated cells (TNC) obtained from MRD
and URD products was similar with median viable TNC counts of
2.83 × 1010 vs 2.20 × 1010, respectively (Table 2; supplemental
Table 2). Following CD8+ and CD20+ cell depletion and CD25+

cell selection, the products contained a median of 88.4% (range,
66.8-98.5) CD4+CD25+CD127lo Tregs, which represents a
5790 WHANGBO et al
median 26.5-fold enrichment (Table 2; supplemental Table 2).
However, the column enrichment process recovered only a median
14.9% (range, 5.6-30.5) of the Tregs in the original products. All
Treg DLI products for dose levels A and B met the target dose, but
only 8 of 15 products achieved the target dose of 1 × 106 Treg DLI
cells per kg in dose level C (Table 2; supplemental Table 2). The
difficulty in achieving this target dose may be due to the limitations
of an unstimulated single apheresis product from the donors but
also in part due to high body weight of the recipients (median body
weight, 80.2 kg; range, 58.1-149.5).

Safety and tolerability

All 25 patients who received the Treg-enriched cell infusion and
started IL-2 were evaluable for safety. During the initial 8-week
treatment period, there were no infusion-related or IL-2–related
dose limiting toxicities. Despite the presence of contaminating
CD4+ Tcon within the Treg DLI products, there were no cases of
cytokine release syndrome or GVHD flares associated with the
8 NOVEMBER 2022 • VOLUME 6, NUMBER 21
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Treg DLI infusions at any dose level. Two subjects required a 50%
dose reduction of IL-2 for grade 2 flu-like symptoms and injection
site reactions. IL-2–related constitutional adverse events of flu-like
symptoms, fatigue, headache, nausea, and vomiting were grade 2
(n = 5) and grade 3 (n = 2). The combination of Treg DLI with daily
IL-2 did not induce cytopenias or thrombotic microangiopathy. As in
previous IL-2 trials,9-12 patients developed peripheral eosinophilia
with a peak median absolute count of 161 cells per μL at week 4.

Clinical response and survival outcomes

There were no complete responses at week 8. Five of 25 evaluable
patients (20%) had objective partial responses (PR) by week 8.
Eighteen patients (72%) had stable disease (SD), including 10
patients with minimal response (MR) not meeting PR criteria
(Figure 1B). One patient had a mixed response (4%), and 1 patient
(4%) had progressive disease (PD). Response sites included skin
(n = 2 of 20, 10%), gastrointestinal tract (n = 1 of 1, 100%), lung
8 NOVEMBER 2022 • VOLUME 6, NUMBER 21
(n = 2 of 11, 18%; with stable FEV1 in 8 of 9 patients with pulmonary
function testing data), and joint/muscle/fascia (n = 3 of 19, 16%). No
patientsmet formal criteria for liver involvement based on liver function
tests; however, patient 17had a history of liver involvement andhad an
elevated alanine aminotransferase at enrollment that decreased by
50%at week 8. Patient 18 had isolated polyserositis that improved on
therapy. Three of the 5 patients who had previously not responded to
IL-2 alone had PR (n = 1) or SD with MR (n = 2) at week 8.

Paired pre- to posttreatment analysis was performed for each of
the 8 patient reported outcome (PRO) subscale assessments.
Within the entire cohort, skin and muscle symptom PROs showed
the most significant improvement, and the sum of all PROs
decreased from a median of 36 (range, 27-44) at baseline to 25.8
(range, 15-31.7, P = .007) at weeks 8-12 (Figure 2A).

Fifteen patients with clinical benefit (PR, SD/MR) elected to continue
extended-duration IL-2 therapy (median 80 weeks; range, 16-226).
TREG DLI PLUS LOW-DOSE IL-2 FOR CHRONIC GVHD 5791
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Three additional patients achieved PR at 24, 28, and 48 weeks of
therapy, respectively, leading to an overall response rate of 32%.With
a median follow-up of 56 months (range, 2-87), 4-year OS was 65%
(95%confidence interval: 42, 81) (Figure 2B). Nine patients died, and
there were no malignant relapses. Causes of death included solid
tumors (angiosarcoma and glioblastoma multiforme), infection, and
progression of cGVHD (supplemental Table 3).

The median corticosteroid dose for all patients at baseline was 30
mg/day (range, 5-80 mg/day). By week 12, 4 of 5 patients with PR
and 4 of 10 patients with SD/MR had significant steroid dose
reduction compared with only 1 of 10 patients with SD, mixed
response, or PD (Figure 2C). The 1 patient with SD later achieved
PR in extended therapy. In patients continuing extended IL-2
therapy (n = 15), the median corticosteroid dose decreased to
10 mg/day (range, 0-30 mg/day; P = .0005 compared with
baseline) at week 24 and to 5 mg/day (range, 0-50 mg/d) at week
56 (P = .004 compared with baseline).

Immunologic response

Similar to previous LD IL-2 trials, Treg DLI in combination with LD
IL-2 led to a significant increase in the absolute Treg number, from
a median of 15 cells per microliter (interquartile range [IQR], 6-31)
at baseline to a median peak of 127 cells per microliter (IQR,
64-256) at week 6 (P < .0001 vs baseline) (Figure 3A). In
patients at all dose levels combined, there was a median 10.5-
fold change from baseline to week 6, and there were no signif-
icant differences in Treg expansion between the 3 Treg DLI dose
levels (data not shown). Within patients at the highest Treg DLI
dose level, the Treg:Tcon ratio increased from 0.07 (IQR,
0.05-0.14) at baseline to a peak of 0.47 (IQR, 0.25-0.75) at
week 4 and remained elevated at 0.31 (IQR, 0.2-0.51) at week 8
(P < .0001 vs baseline). This increase was similar to that
observed in our previously reported phase 2 trial of LD IL-2
alone10,25 (Figure 3B). Thus, the combination of Treg DLI at a
maximum dose of 1 × 106 Treg DLI per kg with daily LD IL-2 did
not result in greater in vivo Treg expansion compared with LD
IL-2 alone. The NK cell number increased from 184 cells per
microliter (IQR, 94-254) at baseline to a peak of 420 cells per
microliter (IQR, 251-797) at week 8 (P = .0004 vs baseline).
There were no significant changes in the absolute numbers of
CD4+ Tcon and CD8+ T cells (Figure 3C).

Following Treg DLI infusion at dose level C and initiation of daily
IL-2, effector memory Treg expanded first with a peak at week 3,
followed by the subsequent expansion of central memory and
naïve Treg (supplemental Figure 2A-B). Consistent with previous
LD IL-2 trials, we observed rapid proliferation in both memory
and naïve Treg subsets with a peak in Ki67 expression at week 1
(5% and 8% median increase in Ki67+ cells from baseline to
week 1, respectively) (supplemental Figure 2C). The proportion
of recent thymic emigrants within naïve Treg and naïve CD4+

Tcon subsets were unchanged even after 24 weeks of LD IL-2
therapy (supplemental Figure 3A-B), whereas our prior studies
have shown an increase in thymic Treg output over time.12,25

This difference may be due to the fact that patients in this
study had a longer median time since cGVHD onset compared
with other studies (809 days vs 317 days in our phase 2 study10

and thus may have sustained more thymic injury as a conse-
quence of prolonged cGVHD.26
8 NOVEMBER 2022 • VOLUME 6, NUMBER 21
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TCRβ diversity

We used Simpson clonality to describe the TCRβ repertoire of
sorted T-cell subsets at baseline and after Treg DLI plus LD IL-2
therapy. As a diversity metric, Simpson clonality values approach-
ing 0 represent a more diverse and even sample, whereas values
approaching 1 represent monoclonal samples. As expected, CD8+

T cells had the highest and CD4+ Tcon had the lowest Simpson
clonality. Treg DLI combined with LD IL-2 led to preferential
8 NOVEMBER 2022 • VOLUME 6, NUMBER 21
improvement of the Treg TCRβ repertoire (supplemental Figure 4).
Within the Treg of dose level C patients, clonality was lowest in the
healthy donor Treg DLI product (median, 0.015) and highest in
patients at baseline (median, 0.039; P = .001 vs DLI). Following
Treg DLI infusion and daily IL-2 therapy, the Simpson clonality
within the Treg decreased to a median of 0.019 at week 8 (P = .04
vs baseline) and further improved to a median of 0.012 at both
6 months and 1 year of therapy (P = .008 and 0.003 vs baseline,
respectively) (Figure 4A). A similar trend was observed with all Treg
DLI dose levels combined (supplemental Figure 4). Simpson
clonality within the CD4+ Tcon and CD8+ T cells did not change
significantly during treatment. Regarding the improvement in Treg
TCRβ diversity, it is not possible to know the contribution of the
Treg DLI compared with the impact of LD IL-2 alone. However,
after 1 year of therapy, patients who received Treg DLI in combi-
nation with LD IL-2 had lower Simpson clonality compared with
patients who received LD IL-2 alone in a previously reported phase
2 trial10 (median, 0.013 vs 0.025; P = .005) (supplemental
Figure 5). Thus, it is possible that the persistence of Treg DLI can
contribute to improvement in Treg TCRβ diversity over time.

TCRβ clone tracking

Next, we examined the fate of the infused Treg and CD4+ Tcon
within the Treg DLI product by clone tracking analyses. First, we
asked how many of the most prevalent 1000 unique Treg clones in
the Treg DLI product were still detectable after 8 weeks of LD IL-2
therapy. Patients at dose level C had the highest percentage of
prevalent DLI-derived Treg clones that persisted at week 8
(median, 17% vs 8% for dose level A; P = .04). The proportion of
CD4+ Tcon derived from the Treg DLI product at week 8 was not
significantly different between the 3 dose levels (Figure 4B). In
patients continuing extended therapy, we observed long-term
persistence of DLI-derived Treg and CD4+ Tcon clones, with 7%
to 15% of the most prevalent DLI-derived clones detected
6 months and 1 year after infusion (Figure 4C).

We also examined the origin of the most prevalent 1000 Treg
clones at week 8 following Treg DLI infusion plus IL-2 therapy.
Clones could be derived from the infused Treg DLI product, from
the patient’s baseline pool of Treg clones. or could be of unknown
origin. These “emergent” clones may have been present at unde-
tectable levels in either the Treg DLI product or the patient’s
baseline pool or may have arisen de novo during IL-2 therapy. As
the Treg DLI was obtained from the original stem cell donor, some
clones were detected in both the Treg DLI product and in the
patient’s preexisting baseline population. However, even at the
highest dose level of infused Treg DLI, the TCR overlap (Morisita
index) between the DLI and baseline samples was low compared
with the overlap between baseline and week 8 samples within each
patient (supplemental Figure 6). As expected, patients in dose level
C had the highest percentage of clones uniquely derived from the
Treg DLI product (median, 6% vs 6% vs 17% for dose levels A, B,
and C, respectively; P = .009). In all dose levels, the majority of the
prevalent week 8 clones were emergent Treg clones (Figure 5A).

Next, we asked whether there were differences in the expansion or
contraction of the individual prevalent clones at week 8 depending
on their origin. We compared the frequency of a specific clone
among all clones within a sample (productive frequency) for clones
in the Treg DLI and baseline samples with week 8 samples.
TREG DLI PLUS LOW-DOSE IL-2 FOR CHRONIC GVHD 5793
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Interestingly, the majority of clones derived from the Treg
DLI product had an increase in productive frequency at week
8 (median, 83%), whereas the productive frequency had
decreased for the majority of clones derived from the baseline
population (median, 79%) (Figure 5B). This observation suggests
that there is a subset of Treg clones within the healthy Treg DLI
products that undergo antigen-specific expansion following
infusion into cGVHD patients receiving daily LD IL-2. Preferential
expansion of DLI-derived clones was not seen within the most
prevalent clones within the CD4+ Tcon population at week 8
(Figure 5B).

Discussion

Most agents for treating SR-cGVHD are broadly immunosuppres-
sive and directed to inhibition of effector T cells and B cells.27-30

Based on the observation that patients with cGVHD had lower
numbers of Treg, LD IL-2 was developed as a therapy for refractory
cGVHD with the rationale that preferential in vivo expansion of Treg
and restoration of a healthy balance of the Treg-to-Teff ratio would
induce immune tolerance and ameliorate cGVHD manifestations.9

Over the last decade, we have demonstrated safety and efficacy of
daily LD IL-2 in the treatment of SR-cGVHD, with overall response
rates of 50% to 60% in adults and 80% in children.10-12 We asked
whether infusion of healthy donor lymphocytes enriched for Treg in
combination with daily LD IL-2 would enhance in vivo Treg
expansion and further improve clinical responses in patients with
refractory cGVHD.

In this phase 1 trial, we have demonstrated safety and tolerability
of adoptive Treg DLI for the first time in patients with refractory
cGVHD. The DLI products contained a median of 88% Treg and
were enriched from single unstimulated apheresis collections
from both related and unrelated donors. We observed similar
viable TNC counts between the donor sources despite variability
in collection centers and transport time for the URD products.
Importantly, these Treg DLI products were infused fresh without
an ex vivo expansion step. Although the presence of contami-
nating CD4+ Tcon were a concern, there were no infusion-
related adverse events and no GVHD flares or cytokine release
symptoms observed following the infusions during the initial
in vivo expansion phase with LD IL-2. Moreover, TCRβ clone
tracking revealed no preferential expansion of the DLI-derived
CD4+ Tcon in vivo.

Regarding efficacy, only 5 of 25 evaluable patients (20%) treated
on this study had objective clinical improvement after 8 weeks of
therapy. This response rate is lower than in our previous trials of LD
IL-2, though the response rate including the 10 patients with minor
responses (some of whom achieved formal PR on extended IL-2
therapy) is similar to previously observed response rates (50% to
60%). The lower response rate may be explained by more
advanced or refractory cGVHD. For example, the time from cGVHD
onset to study enrollment on this study was more than twice that of
patients on our prior phase 2 trial. In addition, 11 of 25 (44%)
patients had pulmonary manifestation of cGVHD. However, 3 of the
5 patients previously treated with IL-2 alone had PR (n = 1) or SD
with MR (n = 2) at week 8 on this study, suggesting that adoptive
Treg therapy in conjunction with LD IL-2 may provide added benefit
in some patients.
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This limited efficacy may also be due to the constraints of using a
single donor apheresis product, particularly in patients with high
body weight. Without an expansion step, we did not meet the
target cell dose for 7 of the 15 patients at the highest planned dose
level (1 × 106 Treg DLI cells per kg). With infusion of a relatively
small dose of Treg, subsequent expansion of Treg in vivo was
similar to what has been achieved with LD IL-2 alone. It is possible
that the maximal dose achieved in this study is insufficient to induce
clinical improvement of cGVHD manifestations. In a study of ex vivo
expanded umbilical cord blood Treg for acute GVHD prevention,
Brunstein et al infused Treg doses ranging from 3 to 100 × 106

Treg/kg.14 Other studies using ex vivo expanded autologous Treg
for the treatment of type 1 diabetes and systemic lupus erythe-
matosus infused Treg doses ranging from 10 to 20 × 106 Treg per
kg and 1 × 108 total Treg, respectively.31,32

Consistent with our previous analysis of patients receiving LD IL-2
alone,25 Treg TCRβ repertoire diversity improved significantly after
Treg DLI infusion and daily LD IL-2 therapy for 8 weeks. Patients
receiving extended-duration LD IL-2 had continued improvement in
Treg TCR diversity. In contrast, IL-2 therapy did not change TCR
diversity within the CD4+ Tcon and CD8+ T cells. Although long-
term persistence of adoptively transferred Treg has been inferred
from long-lived detection of isotope-labeled DNA extracted from
circulating Treg at 1-year postinfusion in a different clinical
setting,33,34 tracking of unique TCR sequences within the infused
Treg DLI clones provides more definitive evidence of Treg expan-
sion and persistence. By TCR clone tracking, we observed that
both DLI-derived Treg and CD4+ Tcon clones could be detected in
the peripheral blood at 1-year postinfusion. However, only Treg
clones showed evidence of expansion in vivo, and contaminating
CD4+ Tcon within the Treg DLI products did not expand, consis-
tent with the selective effect of LD IL-2 on Tregs.

In conclusion, this is the largest reported experience of adoptive
Treg transfer in patients after allogeneic hematopoietic stem cell
transplantation. We have shown that infusion of healthy donor
Treg followed by further in vivo expansion with LD IL-2 is safe and
well tolerated in patients with refractory cGVHD. However, this
approach did not improve clinical response rates compared with
IL-2 alone. In future studies, incorporating higher Treg doses after
ex vivo expansion of purified Treg combined with further in vivo
expansion using LD IL-2 and earlier initiation of therapy following
the onset of cGVHD may lead to higher clinical response rates.
Importantly, we have demonstrated the safety and feasibility of
donor Treg infusions in the posttransplant setting. This foundation
will enable future applications of adoptive Treg therapy for toler-
ance induction and cGVHD prevention.
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