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ABSTRACT
Leukemia relapse and chronic graft-versus-host disease (cGVHD) are still major obstacles of allogeneic
hematopoietic stem cell transplantation (allo-HSCT). The numbers and activity of natural killer (NK) and T-
regulatory cells can be increased post-transplantation by exposure to interleukin-2 (IL-2). We tested
whether administering low-dose IL-2 would decrease leukemia relapse while reducing cGVHD after
allotransplantation. This controlled, open-label randomized trial included 90 recipients of allotransplants.
Subjects were randomized in a 1:1 ratio to either receive or not receive low-dose IL-2 during the early
post-transplantation period. Patients in the IL-2 arm received a subcutaneous injection of low-dose IL-2
(1£106 U/d) on day 60 after allo-HSCT. IL-2 was administered daily for 14 d followed by a 14-d hiatus. The
primary endpoint was the cumulative incidence of leukemia relapse (CIR). Three-year CIRs for the IL-2 arm
and control arm were 23% (range 16–30%) and 11% (range 6–15%; p D 0.20), respectively. Minimal
residual disease-positive (MRDC) tests were more common in the IL-2 arm compared to the control arm
(36% [range 29–44%] vs. 15% [range 10–20%], p D 0.03). The cumulative incidence of moderate-to-severe
chronic GVHD (cGVHD) was lower in the IL-2 arm compared to the control arm (33% [range 26–39%] vs.
57% [range 49–64%), p D 0.02). Therefore, the 3-y GVHD-free and GVHD progression-free survival (GPFS)
rates were significantly higher in the IL-2 arm compared to the control arm (47% [range 39–55%] vs. 31%
[range 25–38%], p D 0.048). Blood Tregs, NK cells, and NK-cell cytotoxicity were increased in subjects in
the IL-2 arm between 3 mo and 6 mo post-transplantation. Administration of low-dose IL-2 during the
immediate post-transplantation period was associated with a higher GPFS but did not decrease the CIR.
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Introduction

Leukemia relapse is still a major obstacle for allogeneic hemato-
poietic stem cell transplantation (allo-HSCT). Natural killer
(NK) cells are of major importance in allo-HSCT because of
their ability to recognize and destroy leukemic cells.1,2 NK cells
could also prevent the occurrence of graft-versus-host disease
(GVHD).3 Previous studies have demonstrated that
CD4CFoxp3C regulatory T cells (Treg) can suppress autoreac-
tive lymphocytes and control innate and adaptive immune
responses.4 Treg cell impairment is associated with the loss of
tolerance, increased autoimmunity and cGVHD.5 Interleukin-2
(IL-2) is a pleiotropic cytokine that promotes cytolytic activity
in CD8C T cells and NK cells.6,7 Moreover, IL-2 is essential for
the development and maintenance of Treg cells and for
activation-induced cell death, thereby, mediating tolerance and
limiting inappropriate immune responses.8 Thus, IL-2
treatment might decrease the likelihood of leukemia relapse

after transplantation and has the potential to separate GVHD
from graft-versus-leukemia (GVL) effect.

Based on the above information, we performed a random-
ized clinical trial (RCT) to determine whether administration
of a low dose of IL-2 at early stages post-transplantation could
decrease the incidence of leukemia relapse and reduce the
incidence of cGVHD.

Results

Study population

A total of 105 consecutive patients were screened (Fig. 1).
Among these, 10 declined participation, another 5 were
excluded because of severe acute GVHD (aGVHD) (n D 2), a
positive MRD test (n D 2), or severe infection (n D 1). Of the
enrolled subjects, 43 were randomized to receive IL-2 treatment
and the remaining 47 were assigned to the control cohort.
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The two groups had equivalent patient and donor char-
acteristics (Table 1). Median follow-up was 1234 d (range,
587–1596 d). All of the subjects in the IL-2 cohort received
�1 cycle of IL-2; 29 received �4 cycles. The detailed flow-
chart of patients enrolled in the IL-2 and control arms of
this trial and their reasons for exiting the study has been
described in Fig. S1.

In total, 11 patients (4 control arm and 7 IL-2 arm) required
DLI because of a positive MRD test, which occurred at a
median of 193 d (range, 102–298 d) after transplantation, 1
patient required DLI because of relapse (day 420, IL-2 arm)
and 1 patient accepted DLI because of GF (day 56, control
arm).

IL-2 therapy

The IL-2 therapy was well tolerated. The planned total dose
delivered ranged from 64 £ 106 U to 84 £ 106 U. The
planned total dose has been delivered to 67% patients. The
most common adverse event was fever. Details are shown
in Table 2.

Leukemia relapse

Nine subjects in the IL-2 cohort relapsed vs. five in the control
cohort. The cumulative incidence of relapse (CIR) in the IL-2
cohort was 23% (range 16–30%) vs. 11% (range 6–15%; pD 0.20;
Fig. 2A and Table 3) in the control arm. Of nine subjects with a
prior positive MRD test in the IL-2 arm, six relapsed, as did three
of five subjects with a prior positiveMRD test in the control arm.

Second endpoints

NRM
One subject in the IL-2 cohort died of non-relapse mortality
(NRM) compared with seven subjects in the control cohort (p D
0.038). Five subjects died of severe cGVHD (IL-2 cohort n D 1;
control cohort n D 4). Three other subjects died of CMV-related
hepatitis, HBV-related hepatitis, and lung infection. The median
intervals to NRM were 336 d in the IL-2 cohort and 321 d in the
control cohort (range, 73–819 d). The NRM rates were lower in
the IL-2 cohort than in the control arm (2% (range 0–5%) vs.
15% (range 10–21%); pD 0.038; Fig. 2B and Table 3).

Figure 1. Flowchart of study design and patient enrollment.
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Positive MRD tests
Twenty subjects became MRDC, including fifteen in the IL-2
cohort and seven in the control cohort. The median intervals
from randomization to a positive MRD test was 198 d (range,
90–1093 d) in the IL-2 cohort and 166 d (range, 83–360 d) in
the control cohort (p D 0.745). The cumulative incidence of a
positive MRD test was higher in IL-2 cohort compared with the
control cohort (38% [range 29–44%] vs. 15% [range 10–20%];
p D 0.03; Fig. 2C). Multivariate analysis showed that IL-2 treat-
ment during the early post-transplantation period significantly
increased the incidence of positive MRD tests compared with
the control arm (hazard ratio [HR] D 3.3; 95% CI, 1.2–9.1; p D
0.022; Table 3). The interventions for recurrent leukemia and a
positive MRD test are shown in Fig. S2.

cGVHD status
A total of 23 subjects in the IL-2 cohort developed cGVHD
compared with 30 subjects in the control cohort. Median inter-
vals to developing cGVHD were 186 d in the IL-2 cohort and
197 d in the control cohort. The cumulative incidences of all
stages of cGVHD were 53% [range 46–61%] vs. 65% [range
58–72%] (p D 0.33), but the cumulative incidence of moderate-
to-severe cGVHD was lower in the IL-2 cohort (33% [range
26–39%] vs. 56% [range 49–64%]; p D 0.02; Fig. 2D). Multivar-
iate analysis showed that IL-2 treatment during the early post-
transplantation period significantly decreased the incidence of
moderate-to-severe cGVHD compared with the control arm
(HR D 0.5; 95% CI, 0.3–0.9; p D 0.033; Table 4). The sites of
involvement are shown in Table S1.

Survival
The 3-y leukemia-free survival (LFS) was 75% [range 68–81%]
in the IL-2 cohort vs. 74% [range 68–80%] in the control cohort
(p D 0.72, Table 2), and the 3-y overall survival (OS) rates were
72% [range 64–79%] vs. 78% [range 72–84%] (p D 0.70; Fig. 2E
and Table 2). However, the 3-y GPFS rates were significantly
higher in the IL-2 cohort compared to the control cohort (47%

Table 1. Patient and donor characteristics.

Characteristics IL-2 arm Control group p value

No. of patients 43 47
Median age (range), years 38 (17–52) 36 (15–56) 0.971
Patient sex, male, no. (%) 25 (58.1%) 27 (57.4%) 0.833
Donor sex, male, no. (%) 22 (53.7%) 16 (35.6%) 0.091
Donor–recipient, sex-

matched grafts, no.
(%)

22 (53.7%) 18 (40%) 0.205

Donor–recipient sex
combination, no. (%)

0.25

Male–male 13 (31.7%) 7 (15.6%)
Male–female 9 (22%) 9 (20%)
Female–male 10 (24.4%) 19 (40%)
Female–female 9 (22%) 11 (24.4%)
Diagnosis, no. 0.139
AML 30 (69.8%) 39 (83%)
ALL 13(30.2%) 8(17%)
Disease status, standard

risk, no. (%)
43 (100%) 47 (100%)

Disease risk index, no. (%) 0.338
Low 4 (9.3%) 2 (4.3%)
Intermediate 39 (90.7%) 45 (95.7%)
High 0 0
HCT-CI 0.063
0 36 (83.7%) 37 (78.7%)
1 2 (4.7%) 9 (19.1%)
2 2 (4.7%) 0 (0%)
�3 3 (7.0%) 1 (2.1%)
Conditioning regimen, no. 0.505
Bu/Cy 41 (95.3%) 46 (97.9%)
Bu/CyCATG 2 (4.7%) 1 (2.1%)
Types of transplants 0.632
HLA-matched sibling-

related
39 (90.7%) 45 (95.7%)

Related haploidentical 2 (4.7%) 1 (2.1%)
Unrelated matched 2 (4.7%) 1 (2.1%)
Graft type, no. (%) 1
GBMCPBSCs 40 (93%) 43 (91.5%)
PBSCs 3 (7%) 4 (8.5%)
HLA-A, HLA-B, HLA-DR

mismatched grafts, no.
0.604

0 41 (95.3%) 46 (97.9%)
1 0 0
2 2 (4.7%) 1 (2.1%)
3 0 0
ABO matched grafts, no.

(%)
0.184

Matched 31 (72.1%) 25 (53.2%)
Major mismatch 5 (11.6%) 12 (25.5%)
Minor mismatch 5 (11.6%) 9 (19.1)
Bidirectional mismatch 2 (4.7%) 1 (2.1%)
Cell composition in

allografts, median
(range)

Infused CD34C cells, 106/
kg

2.23 (0.18–8.35) 2.40 (0.52–9.09) 0.495

Infused lymphocytes, 108/
kg

2.47 (0.42–5.79) 2.71 (0.33–9.02) 0.347

Infused CD3C cells, 108/kg 1.74 (0.30–3.67) 1.83 (0.20–5.54) 0.547
Infused CD4C cells, 108/kg 0.94 (0.15–2.0) 0.98 (0.14–2.11) 0.744
Infused CD8C cells, 108/kg 0.64 (0.09–1.68) 0.59(0.04–2.58) 0.597
Infused CD4¡CD8¡ cells,

108/kg
0.099 (0.035–0.40) 0.12 (0.014–0.81) 0.355

Infused CD14C cells, 108/
kg

1.20 (0.14–2.34) 1.43 (0.22–4.22) 0.206

DLI within 100 days after
transplantation, no.
(%)

0 1 (2.1%) 1

DLI later than 100 days
after transplantation,
no. (%)

8 (18.6%) 4 (8.5%) 0.218

ANC engraftment 15 (10–22) 15 (11–22) 0.674
PLT engraftment 12 (7–50) 12 (7–152) 0.254

(Continued on next column)

Table 1. (Continued )

Characteristics IL-2 arm Control group p value

HBV infection
Recipient (n, %) 0.112
HBsAg¡/HBeAb¡/

HBcAb¡
11 11

HBsAgC/HBeAbC/
HBcAbC

2 8

HBsAbC/HBeAbC/
HBcAbC

30 28

Donor (n, %) 0.673
HBsAg¡/HBeAb¡/

HBcAb¡
12 13

HBsAgC/HBeAgC/
HBcAbC

0 2

HBsAgC/HBeAbC/
HBcAbC

2 2

HBsAbC/HBeAbC/
HBcAbC

29 30

Follow-up days 1301 (674–1,596) 1217 (587–1,591) 0.30

Abbreviations: ABO, ABO blood type; ALL, acute lymphoblastic leukemia; AML,
acute myeloid leukemia; DLI, donor lymphocyte infusions; GBM, G-CSF mobilized
bone marrow; PBSCs, G-CSF mobilized peripheral blood stem cells.
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[range 39–55%] vs. 31% [range 25–38%], pD 0.048; Fig. 2F and
Table 2). Multivariate analysis showed that a positive MRD test
post-transplantation significantly decreased the incidence of
LFS (hazard ratio [HR], 2.6; 95% CI, 1.1–6.1; p D 0.029) and
GPFS (hazard ratio [HR], 1.8; 95% CI, 1.2–2.5; p D 0.002;
Table 3).

Impact of low-dose IL-2 on treg and NK cells

The reconstitution of CD4CCD25highCD127¡/lowFoxP3CTreg

cells was significantly higher in the IL-2 arm than in the control
arm post-transplantation (Fig. 3A and B). No significant

differences were found in the reconstitution of
CD4CCD25CCD127C conventional (Tcon) cells, Th1 cells, or
Th17 cells in the IL-2 and control arms post-transplantation
(Fig. 3C–E). Both of the absolute numbers of CD56bri and
CD56dim NK cells were significantly higher in the IL-2 arm
than in the control arm from 3 m to 6 m post-transplantation
(Fig. 3F and G). Meanwhile, the ratio of CD56dim and CD56bri

was significantly decreased in the IL-2 group (Fig. 3H). Both
the proportions and absolute numbers of Treg and NK cells
were expanded one week after IL-2 therapy, and peaked by two
weeks, then rapidly decreased after halting IL-2 treatment
(Fig. 3I and J).

No significant differences in the functional capacity of
suppressed Treg cells in vitro were found in IL-2-expanded Treg

cells and Treg cells from a healthy donor (Fig. S3A). Cytotoxicity
and IFNg secretion from NK cells against K562 cells were
significantly higher in the IL-2 group than those of the control
arm (Fig. S3B and C). The IL-2 expanded CD56bri NK cells and
CD56dim NK cells, showing promoted cytotoxicity against resting
or activated conventional T cells (Fig. S3D–G).

Patients with moderate-to-severe cGVHD had lower
absolute numbers of Treg cells from 1 m to 3 m
post-transplantation and a lower ratio of CD56dim/CD56bri

cells from 2 m to 6 m post-transplantation in the control
group (Fig. S4A and B).

Table 2. Toxicities of IL-2.

Drug-related
toxicities

Number of
cases (n, %)

Number of patients
unable to tolerate (n)

Fever 11 (25.6%)
Flu-like symptoms (e.g.,

malaise and fatigue)
5 (11.6%)

Nausea and/or vomiting 5 (11.6%) 1�

Diarrhea 1 (2.3%)
Allergic reaction 2 (4.6%)
Pain at the infection site 6 (14.0%)
Dyspnea 1 (2.3%) 1�

�One patient had significant symptoms of the upper digestive tract and dyspnea
simultaneously.

Figure 2. The clinical outcomes between the IL-2 and control arms. (A) Relapse, (B) non-relapse mortality (NRM), (C) minimal residual disease (MRD), (D) moderate-to-
severe chronic GVHD, (E) overall survival (OS) and (F) GVHD-free and relapse-free survival (GPFS). Patient cohorts: IL-2 group (n D 43) and control group (n D 47).
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Discussion

The purpose of this study was to prove that prophylactic use of
low-dose IL-2 early after transplantation would reduce the inci-
dence of leukemia relapse and cGVHD through amplification
of NK and Treg cells. However, this study was halted early

because of futility. In fact, we observed a higher rate of relapse
in subjects receiving IL-2. To our knowledge, this is the first
report of this observed result. This increase was not significant,
but our study was not sufficiently powered to detect an
increase. cGVHD has been inversely correlated with relapse
risk in acute leukemia in many studies9,10 and in this study.

Table 3. Incidence of adverse events and transplantation outcomes for patients who underwent allogeneic stem cell transplantation.

Parameter IL-2 arm Control group p value

Overall aGVHD at day 100 post-transplantation 16.3% (10.9–21.7%) 27.7% (21.4–33.9%) 0.25
Grade 2–4 aGVHD at day 100 post-transplantation 11.6% (7.0–16.3%) 21.3% (15.6–27.0%) 0.24
CMV reactivation at day 180 post-transplantation 30.2% (23.6–36.9%) 42.6% (35.8–49.4%) 0.23
EBV reactivation at day 180 post-transplantation 0 2.1% (0.1–4.2%) 0.339
IFI at day 100 post-transplantation 4.7% (1.6–7.7%) 2.2% (0.1–1.6%) 0.928
3-y cumulative incidence of overall chronic GVHD 53.5% (46.1–60.9%) 65.2% (58.4–72.0%) 0.33
3-y cumulative incidence of moderate-to-severe chronic GVHD 32.6% (25.7–39.5%) 56.5% (49.5–63.6%) 0.02
3-y cumulative incidence of MRD 36.2% (28.8–43.6%) 14.9% (9.9–19.9%) 0.03
3-y cumulative incidence of relapse 23.1% (16.4–29.9%) 10.8% (6.4–15.2%) 0.20
3-y cumulative incidence of NRM 2.3% (0.1–4.5%) 14.89% (9.9–19.9%) 0.038
3-y cumulative incidence of LFS 74.6% (67.8–81.4%) 74.3% (68.2–80.4%) 0.72
3-y cumulative incidence of GPFS 46.8% (39.2–54.4%) 31.4% (24.8–38.0%) 0.048
3-y cumulative incidence of OS 71.7% (64.1–79.3%) 78.2% (72.4–84.0%) 0.696

Note: All data are given as incidence (95% CI) unless otherwise noted and were analyzed with Gray’s method and a log-rank test.
Abbreviations: CMV, cytomegalovirus; EBV, Epstein–Barr virus; GVHD, graft-versus-host disease; GPFS, GVHD progression free survival; IFI, invasive fungal infection; LFS,
leukemia-free survival; MRD, minimal residual disease; NRM, non-relapse mortality; OS, overall survival.

Table 4. Univariate and multivariate analysis of prophylactic use of low-dose interleukin-2 on allogeneic stem cell transplantation outcomes.

Univariate analysis Multivariate analysis

Covariate HR 95% CI p HR 95% CI p

Acute GVHD
HLA mismatch 4.5 2.3–8.8 <0.0001 5.1 2.6–10.2 <0.0001
CMV infection 2.7 0.9–7.5 0.063
Infused lymphocyte/kg recipient weight 1.0 1.0–1.1 0.02
Infused CD3C cells/kg recipient weight 1.01 1.0–1.01 0.021
Infused CD4C cells/kg recipient weight 1.01 1 to 1.02 0.047
Infused CD8C cells/kg recipient weight 1.01 1.0–1.02 0.02 1.01 1.0–1.02 0.008
Infused CD14C cells/kg recipient weight 1.01 1.0–1.01 0.008
Overall chronic GVHD
Donor sex (female vs. male) 2.1 1.2–3.7 0.011 2.1 1.2–3.7 0.012
MRD-positive 1.5 1.0–2.2 0.06 1.9 1.0–3.5 0.045
Moderate-to-severe chronic GVHD
Donor sex (female vs. male) 2.5 1.3–4.9 0.009 2.4 1.2–4.8 0.011
Donor–recipient sex mismatch 1.3 1.0–1.7 0.088
CMV infection 0.5 0.2–1.0 0.063
MRD-positive 1.5 0.9–2.4 0.089
Presence or absence of prophylactic IL-2 0.5 0.3–0.9 0.027 0.5 0.3–0.9 0.033
MRD
Donor–recipient sex mismatch 0.4 0.1–1.0 0.051
Presence or absence of prophylactic IL-2 0.4 0.2–1.0 0.049 3.3 1.2–9.1 0.022
Infused CD34C cells/kg recipient weight 1.2 1.0–1.5 0.065
Relapse
Donor–recipient sex mismatch 0.2 0–0.9 0.034
MRD-positive 2.5 1.2–5.2 0.019 8.1 2.4–27.9 0.001
Moderate-to-severe cGVHD 0.2 0–0.8 0.027 0.2 0–0.8 0.028
Non-relapse mortality
Presence or absence of prophylactic IL-2 0.2 0–1.2 0.076 0.2 0–1.2 0.076
GPFS
Donor sex (female vs. male) 2.1 1.2–3.7 0.014
DLI 1.8 0.9–3.5 0.085
Presence or absence of prophylactic IL-2 0.6 0.3–1.0 0.052
MRD-positive 1.7 1.2–2.5 0.002 1.8 1.2–2.6 0.002
Infused lymphocyte/kg recipient weight 0.9 0.9–1.0 0.064
LFS
CMV infection 2.0 0.9–4.7 0.099 2.2 0.9–5.0 0.073
MRD-positive 2.4 1.0–5.7 0.04 2.6 1.1–6.1 0.029

Note: All variables were first included in the univariate analysis; only variables with p < 0.1 were included in the Cox proportional hazards regression model.
Abbreviations: DLI, donor lymphocyte infusion; GVHD graft-versus-host disease; GPFS, GVHD progression free survival; HR, hazard ratio; LFS, leukemia-free survival; MRD,
minimal residual disease; NRM, non-relapse mortality.
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The etiology of the increased relapse risk is unclear but may
relate to the significantly decreased incidence of cGVHD we
observed. The cumulative incidence of MRDC in the control
arm was similar to that of our previous report (14.6% vs.
12.9%). Moreover, the conditioning regimen, transplant source,
disease status, and other patient characteristics were all compa-
rable between the IL-2 and control arms. Obviously, IL-2
administration resulted in the increase in MRDC. Although
there was enhanced NK cytotoxicity against K562 cells post-
transplantation, in vivo IL-2 administration did not show any
effect on leukemia prevention. Thus, it is worth discussing
whether NK cells display a predominant role in an allogeneic
anti-leukemia effect. Recently, Hallett et al. conducted long-
term tumor outgrowth experiments and showed that prior
depletion of Tregs before IL-2 administration led to improved
antitumor effects compared with administration of either treat-
ment alone.11 Bachanova et al. conducted an adoptive NK cell
infusion clinical trial, which demonstrated that depletion of
host regulatory T cells with IL-2 diphtheria toxin fusion protein
(IL-2DT) improves the efficacy of haploidentical (HID) NK-cell
therapy for patients with refractory AML.12 Therefore, higher
levels of Treg cells in the tumor environment might inhibit the
GVL effects of NK cells in vivo as well as other cytotoxic T cells
post-transplantation.13 These data indicated that even though
IL-2 could prevent cGVHD, relapse is still an important
problem that should be addressed.

Consistent with previously published data,14,15 we found that
NK and Treg cells had profoundly expanded in patients receiving

IL-2 treatment. In addition, the data showed that the incidence of
cGVHD was decreased after IL-2 treatment. Similar to previous
publications, the number of Treg cells was negatively correlated
with cGVHD occurrence in the control arm,5 which indicated
that IL-2 might prevent cGVHD by expanding Tregs and there-
fore displaying immunoregulatory function. To our knowledge,
this is the first randomized study showing that prophylactic use
of low-dose IL-2 might reduce the incidence of cGVHD.
Although more MRDC patients received interventional treat-
ment (including DLI) that would increase cGVHD, the IL-2 arm
still showed a lower incidence of cGVHD. This indicated the
strength of our conclusion. Koreth et al. reported that low-dose
IL-2 could effectively improve the symptoms of cGVHD.14,16

Therefore, treatment with IL-2 plays not only a therapeutic role
but also a prophylactic role on cGVHD. Previous studies explored
the roles of Treg cells in cGVHD that were mainly obtained from
the patient’s sample after the diagnosis of cGVHD.5,17,18 In this
study, we prospectively accrued and serially evaluated a cohort of
patients after allo-HSCT to evaluate the “natural history” of
cGVHD after unmanipulated transplantation either with or
without IL-2 treatment, which would provide direct evidence to
further clarify the protective roles of Treg cells as well as the
protective effect of IL-2 treatment on cGVHD.

With the decrease in moderate-to-severe cGVHD, the cumu-
lative incidence of NRM was also reduced; therefore, the GPFS
rate was significantly increased in the IL-2 arm. Previous studies
showed that most NK cells are likely more immunoregulatory
than cytotoxic (CD56bright CD16 cells) within 30 d after

Figure 3. CD4CCD25highCD127¡/lowFoxP3C Treg cell and NK cell reconstitution is expanded by a low dose of IL-2. Reconstitution of peripheral blood Treg cells and NK
cells at different time points post-transplantation between the IL-2 and control groups: (A) proportion of Treg cells within CD4C T cells; (B) absolute numbers of Treg cells
(cells/mL); (C) absolute numbers of CD4CCD25CCD127high conventional T cells (Tcon) (cells/mL); (D) absolute numbers of CD3CCD8¡IFNgC T cells (Th1) (cells/mL); (E) abso-
lute numbers of CD3CCD8¡IL17AC T cells (Th17) (cells/mL); (F) absolute numbers of CD56bright NK cells (cells/mL); (G) absolute numbers of CD56dim NK cells (cells/mL); and
(H) ratio of CD56dim/CD56bri. (I) The proportion of Treg cells and Th17 cells within the CD4C T cell population and (J) the proportion of CD56bri NK and CD56dim NK cells
within the total NK cell population before and after IL-2 treatment.
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transplantation.19-21 In our study, CD56bright NK cells were sig-
nificantly expanded after in IL-2 treatment. In vitro cytotoxicity
showed that the expanded NK cells, regardless of whether they
were CD56dim or CD56bri NK cells, could kill self-resting or
self-activated conventional T cells. This suggested that the early
expansion of CD56bri NK cells could exert a protective effect on
the pathogenesis of cGVHD in patients with moderate-to-severe
cGVHD. Bielekova et al. showed that CD56bri NK cells could
inhibit T-cell survival by a contact-dependent mechanism.22

Kheav et al. demonstrated that a high NK cell count at month 3
was associated with a lower incidence of cGVHD.23 Functional
analysis further demonstrated that expanded CD56bri NK cells
retained IFNg production, which is known to promote antimi-
crobial immunity through the maturation of dendritic cells and
the induction of Th1 responses.24,25 Our previous study also
found that rapid reconstitution of CD56bri NK cells was associ-
ated with a lower TRM post-transplantation.21 Therefore, the
IL-2-induced expansion of CD56bri NK cells could not only
decrease the incidence of moderate-to-severe cGVHD but also
enhance the anti-infection capacity of patients, which could
explain its contribution to the lower incidence of NRM in the
IL-2 arm. Although a higher frequency of MRDC tests and a
trend of increased relapse in the IL-2 cohort were observed, the
OS and LFS were comparable between the two groups, and
GPFS was significantly increased in the IL-2 arm.

Finally, we must note that there are several limitations in
this RCT study. First, we only evaluated the different effects
either with or without IL-2 treatment on clinical outcomes
instead of using a placebo as a control. Second, based on our
previous study, MRDC had preceded relapse post-transplanta-
tion. Therefore, most MRDC patients received an intervention
to prevent relapse, which would influence the effect of IL-2
treatment on relapse and cGVHD.

In summary, low-dose IL-2 administered post-transplanta-
tion did not reduce the CIR but was associated with a higher
frequency of a positive MRD test, a lower frequency of cGVHD,
and a lower frequency of NRM as well as a higher GPFS. Thus,
prophylactic administration of IL-2 still requires caution.

Methods

Eligibility criteria

We conducted an open-label, prospective, randomized trial in
patients with acute leukemia who underwent unmanipulated
allo-HSCT at the Peking University Institute of Hematology
between January 2012 and December 2014. Patients aged 15–65
y with acute leukemia in complete remission (CR) who received
myeloablative allo-HSCT were eligible for inclusion in this trial.
The patients also met the following criteria: (1) diagnosis with
non-PhCALL or T-ALL; (2) negative for minimal residual dis-
ease (MRD) at day 60 post-transplantation; and (3) no active
GVHD or severe infection. The IL-2 trial is registered at the US
National Institutes of Health (NIH) (ClinicalTrials.gov,
#NCT01517347). Before May 2012, patients that underwent
haploidentical, unrelated, and HLA-matched sibling transplanta-
tion (MSD) were all enrolled in this study. After May 2012, we
revised the inclusion criteria of protocol for patients that under-
went HLA-MSD to maintain the uniformity of the clinical trial.

Study design

All patients were randomly assigned to either the IL-2 arm or
control arm post-transplantation. Patients in the IL-2 arm
received a subcutaneous injection of low-dose IL-2 (1 £ 106 U/
d) on day 60 after allo-HSCT. IL-2 was administered daily for
14 d followed by a 14-d hiatus. This treatment cycle was
repeated 4–6 times until one of the following conditions was
met: (1) leukemia relapse; (2) MRDC; (3) toxic effects (a grade
3 or higher based on the National Cancer Institute’s Common
Terminology Criteria for Adverse Events [CTCAE]; (4) grade
3–4 aGVHD; and (5) participant demonstrated an inability or a
low compliance with their medication regimen and/or docu-
mentation requirements. For patients in the control arm, the
transplantation procedure was identical to that of the IL-2 arm
except for administration of the IL-2 treatment. This study was
approved by the Institutional Review Board of Peking Univer-
sity, and written informed consent was obtained from all of the
patients before study entry in accordance with the Declaration
of Helsinki. Finally, 43 patients and 47 patients were enrolled
into the IL-2 arm and the control arm, respectively, after
transplantation.

Randomization and masking

After obtaining written consent, the donor–recipient pairs were
randomly assigned in a 1:1 ratio into the two arms (IL-2 arm
and control arm) by the sub-investigator (treating physician of
our transplant center) according to a computer-generated ran-
domization system. Independent individuals assessing out-
comes and analyzing data were masked to treatment allocation
to eliminate the subjective bias regarding the aspects of assess-
ment and care that could potentially affect the outcomes.

Transplants

The conditioning therapy for the HID or unrelated donor
transplantation was as follows: cytarabine (4 g/m2 per day) i.v.
on days ¡10 to ¡9; busulfan (3.2 mg/kg per day) i.v. on days
¡8 to ¡6; cyclophosphamide (1.8 g/m2 per day) i.v. on days
¡5 to ¡4; methyl chloride hexamethylene urea nitrate (Me-
CCNU) (250 mg/m2 per day) orally once on day ¡3; and ATG
(2.5 mg/kg per day; Sang Stat, Lyon, France) i.v. on days ¡5
to ¡2. Patients who underwent HLA-MSD received hydroxy-
carbamide (80 mg/kg) orally on day ¡10 and a lower dose of
cytarabine (2 g/m2 per day) on day ¡9 in addition to the
regimen described above with the exception of ATG adminis-
tration. Allogeneic grafts were harvested and infused according
to our previous protocol.26,27 Eighty-three patients received a
combination of G-CSF-mobilized bone marrow (GBM) and
peripheral blood stem cells (PBSCs), and seven patients
received PBSC only because of either unrelated transplantation
or the planned donor declined to donate bone marrow.

GVHD prophylaxis and treatment

All of the transplant recipients received cyclosporine A (CsA),
mycophenolate mofetil (MMF), and short-term methotrexate
(MTX) for GVHD prophylaxis. CsA was administered i.v. on
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day ¡9 at a dosage of 2.5 mg/kg that was adjusted to a blood
concentration of 150–250 ng/mL. CsA treatment was reduced
gradually and discontinued approximately 4–6 mo after HSCT.
MTX (15 mg/m2) was administered i.v. on day C1, and 10 mg/
m2 was administered on days C3, C5, and C11 in patients
receiving either HID or unrelated transplantation but on days
C3 and C6 in patients receiving MSD transplantation. MMF
was administered orally (0.5 g every 12 h) from days ¡9 to
C30 in HID patients but was discontinued upon engraftment
in MSD patients. aGVHD was treated with steroids (methyl-
prednisolone, 1 mg/kg per day) as the first-line therapy. Anti-
CD25 monoclonal antibodies (basiliximab, Novartis Pharma
AG, Basel, Switzerland) were administered as the second-line
therapy.28-30 cGVHD was treated with CsA, MMF, or steroids.

Cytomegalovirus and epstein–barr virus monitoring and
prevention

Levels of cytomegalovirus (CMV) and Epstein–Barr virus
(EBV) were monitored, and infections were treated as described
previously.31

MRD and relapse monitoring and intervention

After completion of the study treatment, BM samples were ana-
lyzed at 1, 2, 3, 4.5, 6, 9, and 12 mo after transplantation and at
6-mo intervals thereafter to monitor for MRD as previously
reported.26,32,33 At Peking University, modified donor lympho-
cyte infusion (DLI) was administered before hematologic
relapse as an interventional therapy (preemptive DLI) 3 mo
post-HSCT following a trial of immunosuppressant with-
drawal. The detailed criteria for preemptive DLI administration
included the following: (1) an MRDC score in patients within 1
y after transplantation, which is defined as having either two
consecutive positive results using either flow cytometry or
Wilms’ tumor gene 1 or positive for both flow cytometry and
Wilms’ tumor gene 1 in a single sample; (2) no uncontrolled
GVHD or life-threatening infections; and (3) donor availability
and willingness. The modified DLI regimen was as previously
described.33

When a hematological relapse was diagnosed after
HSCT, post-transplantation immune suppression was
immediately discontinued. If patients did not develop
GVHD within two weeks, agreed to receive targeted thera-
peutic modified DLI, and had donors who also agreed to
repeat the PB stem cell collection, the patients received che-
motherapy followed by modified DLI; otherwise, the
patients received chemotherapy alone.34

Donor lymphocyte infusion

Indications for DLI included hematologic leukemia relapse (i.e.,
patients received chemotherapy followed by DLI);34 molecular
tests providing evidence of either persistent leukemia or a
recurrence in patients without GVHD33; and graft failure
(GF).35

Definitions and evaluation

Engraftment, infection, NRM, relapse, LFS, OS, and GPFS were
defined as previously described.31,36,37 aGVHD was defined and
graded from 0 to 4 based on the Seattle criteria.38 cGVHD was
defined and graded according to the NIH criteria.39 Patient
experience of relapse was defined on the basis of histological
criteria. MRD was defined as previously described.32,33

End points

The primary endpoint was the cumulative incidence of hemato-
logical relapse. The secondary endpoints were MRDC,
aGVHD, cGVHD, NRM, OS, DFS, and GPFS.

Sample size calculation

Power calculations dictated that 360 subjects were necessary to
detect a 10% difference between groups in CIR based on our
previous results (from 20% to 10%) with a one-sided a of 0.05
and a power of 0.80. The interim analysis after 1/4, 1/2, and 3/4
of the 360 cases was specified, and the conditional power for
success was defined as 0.80. After the 90th patient enrolled in
this study, we performed the first interim analysis. Because the
conditional power was 0.083, the Data and Safety Monitoring
Board recommended halting the study due to futility after the
first interim analysis.

Blood sample preparation and immune reconstitution
monitoring

The final 64 subjects (IL-2 nD 35; control n D 29) were prospec-
tively monitored for reconstitution of Treg, NK, Tcon, Th1, and
Th17 cells. Blood samples were obtained at 1, 2, 3, 4, 5, 6, 9, 12,
and 24 mo after HSCT. In the IL-2 arm, samples were also
obtained before and after every IL-2 treatment cycle to explore
the effects of the IL-2 treatment more directly. All of the samples
were treated with stains for cell surface markers and intracellular
cytokines to detect the recovery of CD3C T cells, CD56C NK cells,
CD4CCD25highCD127low/¡ Treg cells, CD4CCD25¡/lowCD127C

conventional T cells, CD4CCD25CFoxp3C Treg cells, Th17 cells,
and Th1 cells. Functional analysis of the ex vivo suppression of
either Treg cells or NK cells against self-conventional T cells as
well as NK cells against the K562 cell response is described in the
supplementary data.

Statistical analyses

Three groups were compared with the x2 statistic for categori-
cal variables and the Mann–Whitney test for continuous varia-
bles. Cumulative incidence curves were used in a competing
risk setting, with relapse treated as a competing event, to calcu-
late NRM probabilities, and with death from any cause as a
competing risk for GVHD, engraftment, EBV or CMV reacti-
vation, and relapse. Time to GVHD was defined as the time
from transplantation to the onset of GVHD of any grade. The
probabilities of LFS, GPFS, and OS were estimated using the
Kaplan–Meier method. All of the variables in Table 1 were
included in the univariate analysis. Only variables with p < 0.1
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were then included in a Cox proportional hazards regression
model with time-dependent variables. Unless otherwise speci-
fied, p values were based on two-sided hypothesis tests, and a

was set at 0.05. Most analyses were performed with SPSS (ver-
sion 16.0; Chicago, IL). The final follow-up was conducted on
April 30, 2016.
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