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ABSTRACT

Graft-versus-host disease (GVHD) are still key obstacles of haploidentical transplantation. Interleukin-2 (IL-2) could promote
natural killer (NK) cells and T-regulatory cells (Tregs) cells expansion in vitro and in vivo. We explored whether low-dose IL-2
administration at an early stage could promote NK cells and Tregs reconstitution and reduce GVHD after haplo-HSCT. This cohort
trial included 10 recipients of accepting IL-2 treatment and case-pairing 30 recipients without IL-2 treatment post haplo-HSCT.
In contrast to the control group, the 5-year incidence of chronic GVHD (cGVHD) was lower (p = 0.018), and GVHD progression-
free survival (GPFS) was better (p = 0.025) in the IL-2 group. Blood NK-cells, Treg cells, conventional T cells (Tcon) cells, and
the expression of CD62L+ on Tregs and Tcon cells reconstitution were increased post-IL-2 treatment. NKG2A expression on NK
cells increased significantly post-IL-2 treatment. Meanwhile, IL-2 administration shortly increased the plasma levels of IFN-Y,
TNF-a, IL-10, and IL-2 in subjects post haplo-HSCT. Relative to the control group, low-dose IL-2 increased NK cell counts and the
expression of CD122, DNAM-1, and NKG2D on NK cells post transplantation. Administration of low-dose IL-2 after haplo-HSCT
correlated with reduced cGVHD, which should be explored further with randomized trial.

1 | Introduction

Graft-versus-host disease (GVHD) persists as a significant chal-
lenge in the setting of allogeneic hematopoietic stem cell
transplantation (allo-HSCT) [1]. Natural killer (NK) cells and
T-regulatory cells (Tregs) could regulate alloreactive T-cell
function to decrease the incidence of GVHD. Being the first
lymphocyte subset to recover after allo-HSCT, NK cells are

crucial mediators of early immune responses [2]. Lower Day
14 NK cell numbers predicted a higher incidence of the inci-
dence of Grades 2-4 acute GVHD (aGVHD) [3]. Mice model
indicated that NK cells adoptive infusion before transplanta-
tion could prevent the occurrence of aGVHD [4, 5]. Mean-
while, CD4+CD25+ regulatory T cells (Tregs) can also inhibit
GVHD while maintaining graft-versus-tumor activity in mice
model [6].
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Ultra-low-dose interleukin-2 (IL-2) enhances immunomodulat-
ing function of Treg cells and NK Cells in healthy volunteers [7].
IL-2 critically supports Treg cell development and maintenance
while mediating activation-induced cell death, thereby fostering
tolerance and suppressing inappropriate immune responses [8].
IL-2 could also promote cytolytic activity in CD8+ T cells and
NK cells [9, 10]. Ultra-low-dose IL-2 administration has good
tolerability and drives Treg population expansion in vivo [11] and
may be linked to a decreased incidence of infections and GVHD
after HLA-matched related or unrelated allo-HSCT [12].

Our previous controlled, open-label randomized trial has indi-
cated that a low dose of IL-2 administration at Day 60 reduced
the incidence of chronic GVHD (cGVHD) and translated into
improved GVHD progression-free survival (GPFS) post allo-
HSCT [13]. Recipients receiving low-dose IL-2 demonstrated
elevations in circulating Treg and NK cell populations, together
with augmented NK cytotoxic function [14]. These results indi-
cated that early post-transplantation low-dose IL-2 was associated
with decreased cGVHD, yet had no effect on relapse incidence.

On the basis of this evidence, we undertook a prospective
cohort trial to investigate whether early low-dose IL-2 after
haploidentical HSCT is both safe and effective in reducing acute
or cGVHD rates.

2 | Results

2.1 | Study Population

One hundred twenty-four consecutive patients who underwent
haplo-HSCT between April 2016 and April 2017 were screened.
Among these, 10 patients approved participation in IL-2 treat-
ment, and another 30 persons were recognized as the control
group accepting the conventional haplo-HSCT protocol with
equivalent patient and donor characteristics matched as diag-
nosis, sex, age, risk category, and donor-recipient relationship
(Table 1).

The median duration of the subjects accepting IL-2 treatment
was 14 days (range 1-77 days). The median number of IL-2
administrations was seven times (0.4 x 10° U/m?/time) with
a range of 1-33 times. Only three patients accepted the full
treatment of 77 days. The remaining seven patients had to stop IL-
2 treatment because of fever (n = 6), and intolerant subcutaneous
nodules (n = 1), all graded as CTCAE Grade 1.

22 | GVHD

Five, two, and zero patients in the IL-2 cohort developed Grades 1-
4, Grades 2-4, and Grades 3 and 4 aGVHD, compared with 17, 10,
and five patients in the control cohort, respectively. Median time
to developing aGVHD was 32 days in the IL-2 group and 23.5 days
in the control group. The onset time of aGVHD had a trend to be
postponed in the IL-2 group (p = 0.082). All the patients developed
aGVHD post stopping IL-2 treatment. The cumulative incidences
of Grades 2-4 (20.0% [0%-46.2%] vs. 33.3% [16.1%-50.6%], p =
0.411, Figure 1A) and Grades 3 and 4 (0% vs. 16.7% [3.1%-30.2%],

TABLE 1 | Baseline characteristics between IL-2 group and control
group.
IL-2 Control
group group

Characteristics (n=10) (n=30) p-value
Patient age at 31.5(17-46) 30 (15-50)  0.866
HSCT, years,
median (range)
Disease types, n (%) 0.652
AML 3(30.0%) 14 (46.7%)
MDS 3(30.0%)  7(23.3%)
B-ALL 4(40.0%)  9(30.0%)
Patient-donor 0.357
gender, n (%)
Male-male 4(40.0%)  15(50.0%)
Male-female 3(30.0%) 10 (33.3%)
Female-male 2 (20.0%) 5(16.7%)
Female-female 1(10.0%) 0
Source of donor, n 0.722
(%)
Father 4(40.0%) 14 (46.7%)
Sibling 4(40.0%)  8(26.7%)
Child 2(20.0%)  8(26.7%)
HLA-A, -B, -DR, 0.408
mismatches, n (%)
0-2 2(20.0%)  3(10.0%)
3 8(80.0%)  27(90.0%)
Patient CMV 0.402
serology pre-HSCT
Positive 10 (100%)  28(93.3%)
Negative 0 2(6.7%)

p = 0.174) aGVHD in the IL-2 group were comparable to control
group.

cGVHD developed in one patient from the IL-2 group versus 16
subjects from the control cohort. The cumulative incidence of
cGVHD (all stages) was decreased in the IL-2 cohort than in
the control cohort (10% [0%-29.6%] vs. 55.2% [36.5%—73.8%], p
= 0.018, Figure 1B). Moderate-to-severe cGVHD appeared to be
lower in the IL-2 group, but the difference was not statistically
significant (10% [0%-29.6%] vs. 31.7% [11.5%-52.1%], p = 0.212,
Figure 1C). The multivariate analysis revealed that early post-
transplantation IL-2 treatment obviously decreased the incidence
of cGVHD, compared with the control arm (HR = 0.121; 95% CI,
0.016 to 0.913; p = 0.041).

2.2.1 | Survival

The 5-year cumulative incidence of relapse (CIR) in the IL-2
cohort was 20.0% (0%-46.2%) versus 10% (0%-21%; p = 0.367,
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FIGURE 1 | The clinical outcomes between the IL-2 and control arms.

Figure 1D) in the control arm. No NRM deaths occurred in the
IL-2 group, compared with four in the control group. Two subjects
died of severe aGVHD, and two other subjects died of Intracranial
infection. The cumulative incidence of NRM rates had a trend
to be decreased among patients with IL-2 administration (0% vs.
13.3% [0.1%-25.7%]; p = 0.230, Figure 1E).

There were no significant differences in CMV viremia (100% vs.
90% + 5.5%, p = 0.963) or EBV viremia (30% + 14.5% vs. 40% +
8.9%, p = 0.564) between IL-2 and control cohorts.

Five-year GPFS outcomes were significantly better in the IL-2
group than in the control cohort (70.0% [46.7%-100%] vs. 30.0%
[17.4%-51.8%], p = 0.025, Figure 1F). The 5-year LFS rates was
80.0% (58.7%-100%) in the IL-2 cohort vs. 76.7% (62.9%-93.4%) in
the control cohort (p = 0.850, Figure 1G), and the 5-year OS were
90% (73.2%-100%) vs. 76.7% (62.9%-93.4%) in the IL-2 and control
groups (p = 0.383, Figure 1H).

2.3 | Impact of Low-Dose IL-2 on Tregs
Reconstitution

The absolute numbers of CD4*CD25M8"CD127-/°VFoxP3+ Tregs
(Tyg) cells and CD4*CD25°VCDI127"&" conventional T cells
(Tcon) were increased post 2 weeks IL-2 treatment, mainly with
the increase of the HLA-DR+CD45RA- subset among Treg or
Tcon cells. The expression of CD62L on Treg or Tcon cells was
significantly increased post 2 weeks of IL-2 treatment (Figure 2).
However, the expression of CCR7 on Treg or Tcon cells was
very low and had no significant change post-IL-2 treatment. No
significant change was found on the expression of Ki67, Helio,
and CD95 expression on Treg or Tcon cells post-IL-2 treatment
(datanotshown). The continuous change of Treg and Tcon as well
as NK cells among the three patients who completed the entire
course of IL-2 treatment are shown in Figure 3.
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2.4 | Impact of Low-Dose IL-2 on NK Cell
Reconstitution

The absolute numbers of NXK cells were increased post 2 weeks
of IL-2 treatment. The proportions of CD56*#" and CD56%™
NK cells were comparable before and post-IL-2 treatment.
The expression of IL-2RS (CD122), inhibitory receptor NKG2A,
adherence molecules DNMA-1 and activating receptor NKG2D
on NK cells was increased post-IL-2 treatment (Figure 4A-
D). The expression of IL-2Ra (CD25) and inhibitory receptor
KIRs (KIR2DLI1, KIR2DI2/L3, KIR3DL1) as well as the activation
receptors NKP30 or NKP46 on NK cells was comparable before
and post-IL-2 treatment. CD107a and IFN-y expression by NK
cells stimulated with K562 cells was comparable pre- and post-
IL-2 treatment. However, the NKG2C+CD57+ NK cells were
decreased at 2 weeks post-IL-2 treatment, then increased rapidly
1 month after transplantation. Therefore, compared to the control
arm, the percentage of NKG2C*CD57* NK subsets among NK
cells as well as the expression of CD122, DNAM-1 expression on
NK cells was markedly elevated in the IL-2 arm, compared to
the control arm. However, CD107a and IFN-y expression by NK
cells against K562 cells were similar between the IL-2 arm and the
control arm (Figure 4).

2.5 | Impact of Low-Dose IL-2 on Plasma
Cytokines

Considering seven among the 10 patients could not complete
the IL-2 treatment because of fever, we screened the plasma
cytokines before and post 2 weeks of IL-2 treatment. As shown
in Figure 5, compared to the healthy donors (HDs), the plasma
cytokines levels including IFN-y, IL-15, IL-7, IL-10, IL-2, and IL-
12 were higher among patients before or post-IL-2 treatment. The
levels of TNF-a, IL-22, IL-21, and IL-18 were comparable between
patients post transplantation and healthy donors. Comparison
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between patients before and post-IL-2 treatment, IL-2 treatment
significantly increased the plasma levels of IFN-y, IL-2, TNF-
a, and IL-10 but not IL-15, IL-7, IL-22, IL-21, and IL-18. The
continuous change of plasma levels of the above cytokines among
the three patients who completed the entire course of IL-2
treatment is shown in Figure 6.

3 | Discussion

Haploidentical transplantation has made great advances in the
recent decade, with optimized GVHD prophylaxis [15]. This study
investigated whether early post-transplant prophylactic low-dose
IL-2 reduces acute and cGVHD incidence by expanding NK and
Treg cell populations. Our findings demonstrated that early IL-2

administration did not decrease the incidence of aGVHD; rather,
it may only postpone its onset. In fact, we observed a lower rate
of cGVHD in subjects receiving IL-2 at an early stage after allo-
HSCT. This represents the first description of this finding to our
knowledge.

We previously established in a randomized controlled study
that administrating IL-2 during the intermediate post-transplant
period decreases cGVHD [13]. Notably, the present study demon-
strates IL-2 administration at early stage also reduced cGVHD
incidence. Consistent with published data [12, 16], IL-2 treatment
profoundly expanded Treg cells. Similar with the prior report
[17], Treg numbers inversely correlated with cGVHD incidence,
suggesting IL-2 may protect against cGVHD through expansion
of these immunoregulatory cells. Koreth et al. demonstrated that
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low-dose IL-2 effectively improves cGVHD symptoms [16, 18].
Subsequently, they proved infusion of polyclonal healthy donor
Tregs followed by expansion with IL-2 is safe among patients with
steroid-refractory cGVHD [19]. The above data have suggested
both therapeutic and prophylactic roles in cGVHD post-IL-2
administration. Previous studies investigating Treg cell roles in
cGVHD primarily used samples obtained after diagnosis. We
prospectively evaluated allo-HSCT patients receiving unmanip-
ulated grafts to characterize the natural history of cGVHD with
versus without IL-2 administration, demonstrating the protective
roles of Tregs and IL-2 therapy with direct evidence.

Prior research has shown that during the first 30 days following
transplantation, the majority of NK cells exhibit immunoreg-
ulatory rather than cytotoxic properties, characterized by the
CD56¢"t CD16 phenotype [15, 20]. In our cohort, IL-2 admin-
istration significantly expanded CD56"&" NK cells. Cytotoxicity
assays in vitro revealed that the expanded NX cells, independent
of CD56%™ versus CD56™ 8" phenotype, could lyse both resting
and activated Tcon. This implicates early CD56" " NK cell
expansion as a potential protective mechanism against cGVHD
development. Prior work established that CD56P" NK cells
suppress T-cell survival in a contact-dependent manner [21].
Consistently, high NK cell numbers at 3 months after allo-HSCT
have been correlated with lower cGVHD rates [22]. Functional
analyses revealed that expanded CD56"&" NK cells preserved
IFN-y production, a key mediator of antimicrobial immunity that
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drives dendritic cell maturation and Th1 responses [23, 24]. Con-
sistently, our prior work demonstrated that rapid CD56" 8" NK
cell reconstitution was associated with decreased transplantation-
related mortality [25]. Accordingly, IL-2-driven expansion of
CD56"8" NK cells may confer dual benefits, including mitigating
moderate-to-severe cGVHD and bolstering antimicrobial defense.
While OS and LFS did not differ between groups, GPFS was
markedly improved in the IL-2-treated cohort.

Numerous publications have reported an inverse link between
c¢cGVHD and relapse risk in acute leukemia [26, 27]. In this
cohort, T-ALL was excluded from the criteria due to concerns that
IL-2 might promote the proliferation of acute T lymphoblastic
leukemia cells. AML and B-ALL were both included to broaden
applicability. Although NK cytotoxicity against K562 targets
increased following HSCT, IL-2 administration in vivo had no
effect on leukemia prevention. These findings therefore prompt
reconsideration of whether NK cells serve as the primary medi-
ators of allogeneic anti-leukemia activity. Hallett et al. recently
reported that Treg depletion prior to IL-2 administration con-
ferred superior antitumor efficacy in long-term tumor outgrowth
models relative to either monotherapy [28]. Bachanova et al.
demonstrated in an adoptive NK cell infusion trial that host
Treg depletion with IL-2 diphtheria toxin fusion protein (IL-
2DT) improved the efficacy of haploidentical NK cell therapy
for refractory AML [29]. The elevated Tregs within the tumor
microenvironment may suppress the GVL effects of NK cells
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and other cytotoxic T cells following transplantation [30]. In
this study, no effect of IL-2 on increasing leukemia relapse was
observed.

This study has several limitations to date. This was an exploratory
cohort study, and no formal power calculation was performed.
As such, the study may be underpowered to detect differences
in some secondary endpoints. This study was also limited by its
open-label, non-randomized design, the absence of a placebo con-
trol, and potential selection bias. Moreover, the limited sample
size limited the generalizability of these findings. Last but not the
least, B-cell reconstitution was not evaluated in this study but will
be addressed in future work.

In summary, low-dose IL-2 administered at the early stage post-
transplantation was connected with a lower frequency of cGVHD
and a better GPFS. Thus, prophylactic administration of IL-2
should be considered among patients at high risk of developing
cGVHD.

4 | Methods

4.1 | Eligibility Criteria

We conducted an open-label, prospective cohort study at Peking
University Institute of Hematology from April 2015 to April
2017. Patients aged 15-65 years with acute leukemia in complete
remission (CR) who underwent myeloablative unmanipulated
allo-HSCT were eligible. Additional inclusion criteria included:
(1) diagnosis with non-T-ALL; (2) underwent haplo-HSCT; (3)
neutrophil engrafted between Days 7 and 20 post transplantation,
and (4) no severe infection or active aGVHD. The exclusion
criteria included T-ALL diagnosis, active infection, uncontrolled
organ dysfunction, or prior IL-2 therapy. This trial was registered
on ClinicalTrials.gov (NCT00539695).

4.2 | Study Design

Patients were enrolled prospectively into the IL-2 group if
they consented, controls were selected from a contemporaneous
registry using matched pairing based on diagnosis, age, and
donor type. No formal sample size calculation was performed
because this was an exploratory Phase II study. Low-dose IL-2
was administered subcutaneously to patients in the IL-2 arm (0.4
x 10° U/m?, thrice weekly, Days +14 to +90) when neutrophil
engrafted post allo-HSCT. IL-2 was discontinued in cases of
persistent fever > 38.5°C, injection-site intolerance, or patient
request. The transplantation procedure for the control arm was
identical, except IL-2 was omitted. This study was approved by the
Peking University Institutional Review Board; all patients gave
written informed consent per the Declaration of Helsinki before
enrollment. Ultimately, 30 and 10 patients were included in the
control and IL-2 arms, respectively.

4.3 | Transplants

The conditioning for haploidentical transplantation consisted of:
intravenous (IV) cytarabine 4 g/m?/day (Days —10 and —9), IV

busulfan 3.2 mg/kg/day (Days —8 to —6), IV cyclophosphamide
1.8 g/m?/day (Days —5 and —4), oral Me-CCNU 250 mg/m? (day
-3), and IV ATG 2.5 mg/kg/day (days -5 to -2; Sang Stat, Lyon,
France) [31]. All patients received a combined graft of G-CSF-
mobilized bone marrow (GBM) and peripheral blood stem cells
(PBSC), harvested and infused per our previous protocols [32].

4.4 | GVHD Prophylaxis and Treatment

GVHD prophylaxis consisted of cyclosporine A (CsA), mycophe-
nolate mofetil (MMF), and short-term methotrexate (MTX) for
all recipients. CsA was administered IV at 2.5 mg/kg/day starting
Day -3, with dose adjusted to maintain trough levels of 150-
250 ng/mL, tapered, and discontinued 4-6 months post HSCT.
MTX dosing was 15 mg/m? IV on Day +1 and 10 mg/m? on
Days +3, +5, and +11 [33]. Oral MMF was administered (0.5 g
twice daily) from Day —3 until neutrophil engraftment. aGVHD
(aGVHD) was treated with first-line methylprednisolone (1-
2 mg/kg/day) and second-line anti-CD25 monoclonal antibodies
[34, 35].

4.5 | The Monitoring and Prevention of
Cytomegalovirus and Epstein-Barr Virus

CMV and EBV viral loads were monitored, and infections were
managed as previously described [36].

4.6 | Definitions and Evaluation

Definitions for engraftment, viral infection, NRM, relapse, and
survival outcomes followed established criteria [33]. Acute and
cGVHD were evaluated per international consensus, using
MAGIC criteria for aGVHD and NIH 2014 criteria for cGVHD
[37, 38]. The occurrence of relapse was determined based on
international criteria [33].

4.7 | End Points

The primary endpoint was the cumulative incidence of safety
and cGVHD. The secondary endpoints were aGVHD, CMV, EBV,
NRM, OS, DFS, and GPFS.

4.8 | Blood Sample Preparation and Immune
Reconstitution Monitoring

A total of 40 subjects (IL-2 cohort, n = 10; control cohort, n
= 30) were monitored prospectively for Treg, conventional T
cell, and NK cell reconstitution. Blood samples were obtained
at 1, 3, and 6 months following HSCT, with the IL-2 cohort
receiving additional pre- and post-treatment sampling to directly
characterize treatment effects. Flow cytometry analysis was
performed on all samples to identify CD3+ T cells, CD56+
NK cells, CD4*CD25"8*CD127"°%/~ Tregs, CD4*CD25/°VCD127+
Tcon, and CD4*CD25"Foxp3* Tregs as well as the expression
of CD31, HLA-DR, CD45RA, BCI-2, and Ki67 on Treg cells.
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Functional analysis of the NK cells against K562 cell were also
monitored.

4.9 | Statistical Analyses

Intergroup comparisons used the chi-square test for categorical
variables and Mann-Whitney U test for continuous variables.
Using a competing-risk model, we generated cumulative inci-
dence curves to calculate NRM probabilities (relapse as compet-
ing event) and to assess GVHD, engraftment, EBV or CMV, and
relapse (death as competing risk). Time to GVHD was defined as
the period from HSCT to the onset of any-grade disease. Survival
probabilities were estimated using the Kaplan-Meier method.
All variables presented in Table 1 were incorporated into the
univariate analysis. Analyses were performed using SPSS version
16.0 (SPSS Inc., Chicago, IL). Final follow-up occurred on April
30, 2025.
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