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transplantation: A real-
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Introduction: Measurable residual disease (MRD)-directed interferon-a treatment

(i.e. preemptive IFN-a treatment) can eliminate the MRD in patients with acute

myeloid leukemia (AML) after allogeneic hematopoietic stem cell transplantation

(allo-HSCT). Therefore, this study aimed to further assess its efficacy in a

multicenter retrospective study in a real-world setting.

Methods: A total of 247 patientswho received preemptive IFN-a treatment were

recruited from 4 hospitals in China. The protocols for MRD monitoring mainly

based on quantitative polymerase chain reaction [qPCR] and multiparameter flow

cytometry [MFC].

Results: Themedian duration of IFN-a treatment was 56 days (range, 1–1211 days).

The cumulative incidences of all grades acute graft-versus-host disease (aGVHD),

all grades chronic graft-versus-host disease (cGVHD), and severe cGVHD at 3

years after IFN-a therapy were 2.0% (95% confidence interval [CI], 0.3–3.8%),

53.2% (95% CI, 46.8–59.7%), and 6.2% (95% CI, 3.1–9.2%), respectively. The

cumulative incidence of achieving MRD negative state at 2 years after IFN-a
treatment was 78.2% (95% CI, 72.6–83.7%). The 3-year cumulative incidences of

relapse and non-relapse mortality following IFN-a therapy were 20.9% (95% CI,

15.5–26.3%) and 4.9% (95%CI, 2.0–7.7%), respectively. The probabilities of

leukemia-free survival and overall survival at 3 years following IFN-a therapy

were 76.9% (95% CI, 71.5–82.7%) and 84.2% (95% CI, 78.7–90.1%), respectively.

Multivariable analysis showed that MRD positive state by qPCR and MFC before
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IFN-a treatment, high-risk disease risk index before allo-HSCT, and receiving

identical sibling donor HSCT were associated with a higher risk of relapse and a

poorer leukemia-free survival. Severe cGVHD was associated with an increased

risk of non-relapse mortality.

Discussion: Thus, real-world data suggest that preemptive IFN-a is effective for

treating patients with AML with MRD after allo-HSCT.
KEYWORDS

interferon-a, acute myeloid leukemia, hematopoietic stem cell transplantation,
measurable residual disease, preemptive
Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT)

is the most important curative therapy for acute myeloid leukemia

(AML) and can significantly improve the survival of these patients (1,

2); however, relapse is still inevitable and is the most critical cause of

treatment failure (3, 4). Measurable residual disease (MRD; previously

termed minimal residual disease) can predict forthcoming relapse (5–

9), and MRD-directed treatment (i.e., preemptive treatment) is the

most important method to prevent relapse after allo-HSCT (7, 8). In

addition, preemptive treatments allow patients with deep remission to

avoid additional treatment.

Several methods have been proposed (e.g., donor lymphocyte

infusion [DLI] (10–12), cytokine, and hypomethylating agents

[HMAs] (13–15)) to be used for preemptive therapies. The

immune effects of interferon-a (IFN-a) on AML cells (16, 17)

rekindle interest in its utility after allo-HSCT (18–22). In addition,

IFN-a therapy can be conveniently performed on an outpatient

basis. For allo-HSCT recipients, the safety of IFN-a treatment has

been confirmed (21, 23–25), and it could also clear the MRD

effectively (26, 27). We observed that patients with AML who

received preemptive IFN-a treatment could achieved persistent

MRD negative state and long-term leukemia-free survival (LFS) in

our single-center extension study (28).

However, these results were obtained from single center studies

and have not been confirmed in multicenter studies. The samples in

the above-mentioned studies were relatively small, and the efficacy

of preemptive IFN-a treatment in some subgroups (e.g., patients

with a high-risk disease risk index [DRI] before HSCT) should be

further identified. Secondly, the previous studies did not compare

the clinical outcome between children and adults, and whether

children could achieve similar efficacy compared with adults after

IFN-a treatment was unknown. Lastly, some authors observed that

cGVHD after IFN-a was associated with a lower risk of relapse (24);

however, other study did not report the association between

cGVHD and relapse (27). In addition, severe cGVHD was

associated with a higher risk of NRM after allo-HSCT (29). Thus,

whether cGVHD could help to decrease the relapse and improve

survival after IFN-a treatment was controversial.

Although MRD is a common complication after allo-HSCT,

particularly for those with high-risk characteristics (30), the
02
number of patients is limited, which prevents larger clinical studies

from being appropriately conducted. Thus, real-world multicenter

studies are similar to clinical practice and suitable for identifying the

efficacy of preemptive IFN-a treatment.

Therefore, we conducted a multicenter study to further identify

the efficacy of preemptive IFN-a treatment after allo-HSCT in the

real-world setting. Furthermore, we also aimed to compare the

efficacy of preemptive IFN-a treatment between adults

and children.
Methods

Study design

We conducted a multicenter, retrospective study of patients

with AML receiving preemptive IFN-a treatment across four

hospitals in China. The protocols for MRD monitoring (based on

quantitative polymerase chain reaction [qPCR] and multiparameter

flow cytometry [MFC]) and the criteria for determining MRD

positive state were mainly based on expert consensus on MRD

monitoring in China (Supplementary Methods) (8, 31, 32). Patients

eligible for the final analysis were allo-HSCT recipients (regardless

of age, disease risk, and donor) with MRD who received at least one

dose of IFN-a treatment. The exclusion criteria were as follows:1)

patients who did not meet the criteria for MRD; 2) patients who

received IFN-a treatment before MRD positive state; 3) patients

who received IFN-a treatment after hematologic relapse; and 4)

incomplete medical information (Figure 1); and 5) patients who

received DLI or other preemptive treatment except IFN-a
treatment. Patients were enrolled between January 1, 2017 and

August 31, 2021. The final follow-up visit was on October 1, 2022.

The study was approved by the Institutional Review Board of each

hospital (2022PHB113-001) and was conducted in accordance with

the Declaration of Helsinki.
Data collection

The investigators at each hospital utilized a chart review and

electronic medical records to obtain the required information,
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including patient demographics, diagnosis, DRI before HSCT, transplant

regimen (e.g., donor type and donor-recipient relationship), MRD status

after HSCT, preemptive IFN-a treatment (e.g., response after treatment),

and clinical outcomes (e.g., relapse, mortality, and survival).

Two physicians independently reviewed the data to ensure the

accuracy of the results.
Transplant regimens

The protocol for preconditioning at each center was mainly based

on the consensus from the Chinese Society of Hematology (33), and

was also reported previously (Supplementary Methods) (4, 28,

33–42).
Protocols of preemptive IFN-a therapy

Detailed information of IFN-a therapy is summarized in

Supplementary Methods. Recombinant human IFN-a-2b can be

initiated when MRD turns positive state, which also according to

the intentions of patients and physicians, and based on the

competence and experience of each center. The time interval

between MRD positive state and IFN-a treatment is shown in

Table 1. IFN-a injections were administered subcutaneously twice

or thrice a week. For patients older than 16 years, IFN-a injections

were administered at dosages of 3 million units; for those younger

than 16 years, they were administered at 3 million units IU/m (2)

(capped by 3 million units). Patients should also undergo

MRD moni tor ing a f t e r preempt ive IFN-a t r ea tment .

Immunosuppression and tapering strategies are shown in

Supplementary Methods (28).
Definition and assessment

Disease status before allo-HSCT was evaluated using DRI (43).

Graft-versus-host disease (GVHD) was diagnosed according to

international criteria (44, 45). The definitions of late-onset MRD

(LMRD), early-onset MRD (EMRD), relapse and, non-relapse

mortality (NRM), LFS, and overall survival (OS) are shown in

Supplementary Methods (26, 27).
Frontiers in Immunology 03
Statistical analysis

The primary endpoint was relapse, and the secondary

endpoints included achieving MRD negative state, GVHD,

NRM, LFS, and OS. To compare the characteristics of patients

between groups, c2 and Fisher’s exact tests for categorical data and

the Mann–Whitney U-test for continuous variable were

performed. We used the Kaplan–Meier estimator to calculate the

probabilities of OS and LFS. The cumulative incidence function

was adopted to calculate the incidence of achieving MRD negative

state, GVHD, relapse, and NRM with competing risk analysis

(Supplementary Methods) (46). Univariable and multivariable

Cox regression analyses are described in Supplementary

Methods. Two-sided P-values were adopted. Statistical analysis

was performed using the R software 4.2.0 (https://www.r-project.

org) and Statistical Package for the Social Sciences 26 (SPSS Inc.,

IBM, Armonk, NY, USA).
FIGURE 1

Diagram of enrolled patients.
TABLE 1 Patient characteristics of patients receiving preemptive IFN-a
therapy.

Characteristics n=247

Sex, male/female, n 142/105

Median age at allo-HSCT, years (range) 34 (5–63)

First CR induction courses, n (%)

1 176 (71.3)

> 1 71 (28.7)

Median duration from allo-HSCT to IFN-a therapy, days (range) 170 (31–
1793)

Disease status at allo-HSCT, n (%)

CR1 196 (79.4)

CR2 36 (14.6)

> CR2 15 (6.0)

FLT3 mutations at diagnosis, n (%)

Yes 17 (6.9)

No 231 (93.1)

(Continued)
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Results

Patients characteristics

The characteristics of the 247 patients with AML receiving

preemptive IFN-a therapy following allo-HSCT are summarized in

Table 1 and Figure 2, and information about human leukocyte antigen

(HLA) disparity for haploidentical donor (HID) HSCT is shown in

Supplementary Table 1. A total of 196 patients stopped calcineurin

inhibitor (CNI) treatment before IFN-a treatment, and the other 51

with EMRD used IFN-a simultaneously with CNI, and CNI was

gradually tapered and then ceased. The median duration from allo-

HSCT to MRD positive state was 140 days (range, 25–1601) days. The

median duration from allo-HSCT to IFN-a therapy was 170 days

(range, 25–1877) days. The median duration from MRD positive state

to IFN-a therapy was 30 days (range, 0–276) days. The median age of

the patients receiving IFN-awas 34 years (range, 5–63) years, including

22 children (≤ 18 years) and 225 adults (> 18 years). The median

duration of IFN-a therapy was 56 days (range: 1–1211 days). The

median follow-up time was 798 days (range: 24–2091 days).

GVHD

Five patients developed acute GVHD (aGVHD) after IFN-a
treatment (Supplementary Table 2). The cumulative incidence of all

grades aGVHD at 3 years after IFN-a therapy was 2.0% (95% CI, 0.3–

3.8%). None of the patients experienced grades III–IV aGVHD, and

129 developed cGVHD after IFN-a treatment (Supplementary
TABLE 1 Continued

Characteristics n=247

Disease risk index before allo-HSCT, n (%)

Low-risk 53 (21.5)

Intermediate-risk 161 (65.2)

High-risk 33 (13.3)

MRD status before allo-HSCT, n (%)

qPCR positive alone 146 (69.2)

MFC positive alone 12 (5.7)

qPCR and MFC positive at the same time 53 (25.1)

Donor–recipient relationship, n (%)

Others 229 (92.7)

Mother–child 13 (5.2)

Donor-recipient sex matched, n (%)

Others 209 (84.6)

Female to male 38 (15.4)

Donor type

Identical sibling donor 64 (25.9)

Haploidentical donor 166 (67.3)

Unrelated donor 8 (3.2)

Unrelated cord blood 9 (3.6)

Number of HLA disparity (HLA-A, HLA-B, HLA-DR), n (%)

0-1 80 (32.4)

2-3 167 (67.6)

Median duration from allo-HSCT to MRD positive state, days
(range)

140 (25–
1601)

Time from allo-HSCT to MRD positive state, n (%)

Late-onset MRD 170 (68.8)

Early-onset MRD 77 (31.2)

MRD status before IFN-a therapy, n (%)

qPCR positive alone 190 (76.9)

RUNX1-RUNX1T1 69 (27.9)

CBFb-MYH11 17 (6.9)

WT1 76 (30.8)

Others 28 (11.4)

MFC positive alone 10 (4.0)

qPCR and MFC positive at the same time 47 (19.0)

Median duration from MRD to IFN-a therapy, days (range) 30 (0–276)

Median duration of follow-up after IFN-a therapy, days (range) 798 (24–
2091)
IFN-a, interferon-a; allo-HSCT, allogeneic hematopoietic stem cell transplantation; MRD,
measurable residual disease; CR, complete remission; HLA, human leukocyte antigen; qPCR,
quantitative polymerase chain reaction; MFC, multiparameter flow cytometry.
FIGURE 2

Response. Swimmer plot displaying all patients who received
preemptive IFN-a therapy after allo-HSCT. IFN-a, interferon-a; allo-
HSCT, allogeneic hematopoietic stem cell transplantation.
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Table 3). The cumulative incidences of all grades and severe cGVHD

at 3 years after IFN-a therapy were 53.2% (95% CI, 46.8–59.7%) and

6.2% (95% CI, 3.1–9.2%), respectively.
Response after IFN-a treatment

A total of 190 (76.9%) patients achieved MRD negative state after

IFN-a treatment, and 81 (42.6%), 33 (17.4%), 14 (7.4%), and 62

(32.6%) achieved MRD negative state 1, 2, 3, and > 3 months after

preemptive IFN-a treatment, respectively. The median duration from

IFN-a treatment to achieving MRD negative state results was 55 days

(range: 7–948 days). The cumulative incidence of achieving MRD

negative state at 2 years after IFN-a treatment was 78.2% (95% CI,

72.6–83.7%).

The cumulative incidence of achieving MRD negative state at 2

years after IFN-a treatment for adults and children was 79.7% (95%

CI, 74.1–85.4%) and 58.8% (95% CI, 35.9–81.8%), respectively (P =

0.250). The cumulative incidence of achieving MRD negative state at

2 years after IFN-a treatment for patients receiving identical sibling

donor (ISD), HID, and unrelated donor (URD)/unrelated cord blood

(UCB) transplantation was 68.5% (95% CI, 56.5–80.4%), 82.8% (95%

CI, 76.4–89.2%), and 67.9% (95% CI, 42.9–92.9%), respectively (P =

0.347, Supplementary Figure 1A). The cumulative incidence of

achieving MRD negative state at 2 years after IFN-a treatment for

patients in the low-, intermediate-, and high-risk DRI groups was

81.5% (95% CI, 69.3–93.7%), 81.0% (95% CI, 74.5–87.5%), and 57.6%
Frontiers in Immunology 05
(95% CI, 40.2–74.9%), respectively (P = 0.171, Supplementary

Figure 1B). The cumulative incidence of achieving MRD negative

state at 2 years after IFN-a treatment for patients with qPCR/MFC

positivity alone and both qPCR and MFC positivity was 81.8% (95%

CI, 75.9–87.6%) and 62.0% (95% CI, 47.0–76.9%), respectively (P =

0.035, Supplementary Figure 1C). The cumulative incidence of

achieving MRD negative state at 2 years after IFN-a treatment for

patients without chronic GVHD (cGVHD), with mild, moderate, and

severe cGVHD was 77.4% (95% CI, 69.4–85.4%), 79.0% (95% CI

66.9–91.1%), 86.4% (95% CI, 75.7–97.2%), and 46.7% (95% CI, 20.1–

73.3%), respectively (P = 0.149, Supplementary Figure 1D). The

cumulative incidence of achieving MRD negative state at 2 years

after IFN-a treatment was comparable among the adults and children

without cGVHD, with mild, moderate, or severe cGVHD, respectively

(Supplementary Figure 2).
Relapse

Forty-eight patients experienced relapse following preemptive

IFN-a therapy, and the median time from IFN-a therapy to relapse

was 157 days (range: 3–1499 days). The cumulative incidence of

relapse at 3 years after IFN-a therapy was 20.9% (95% CI,

15.5–26.3%).

The cumulative incidence of relapse at 3 years after IFN-a
treatment in adults and children was 19.6% (95% CI, 14.2–25.1%)

and 37.6% (95% CI, 8.0–67.2%), respectively (P = 0.273). The
A B

DC

FIGURE 3

Cumulative incidence of relapse after preemptive IFN-a therapy for patients receiving ISD, HID, and URD/UCB transplantation (A), for patients in the low-,
intermediate-, and high-risk DRI groups (B), for patients with qPCR/MFC positive alone and both qPCR and MFC positive (C), and for patients without
cGVHD, with mild, moderate, and severe cGVHD (D). IFN-a, interferon-a; ISD, identical sibling donor; HID, haploidentical donor; URD, unrelated donor;
UCB, unrelated cord blood; qPCR, quantitative polymerase chain reaction; MFC, multiparameter flow cytometry; DRI, disease risk index; cGVHD, chronic
graft-versus-host disease.
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cumulative incidence of relapse at 3 years after IFN-a treatment

for patients receiving ISD, HID, and URD/UCB transplantation

was 33.5% (95% CI, 21.2–45.7%), 15.0% (95% CI, 9.2–20.7%), and

30.8% (95% CI, 3.3–58.2%), respectively (P = 0.016, Figure 3A).

The cumulative incidence of relapse at 3 years after IFN-a
treatment for patients in the low-, intermediate-, and high-risk

DRI groups was 10.2% (95% CI, 1.6–18.7%), 20.0% (95% CI, 13.5–

26.5%), and 45.3% (95% CI, 23.3–67.3%), respectively (P = 0.004,

Figure 3B). The cumulative incidence of relapse at 3 years after

IFN-a treatment for patients with qPCR/MFC positivity alone and

both qPCR and MFC positivity was 14.0% (95% CI, 9.0–19.1%)

and 52.3% (95% CI, 35.0–69.5%), respectively (P < 0.001,

Figure 3C). The cumulative incidence of relapse at 2 years after

IFN-a treatment for patients without cGVHD, with mild,

moderate, and severe cGVHD was 19.9% (95% CI, 12.4–27.4%),

16.7% (95% CI, 6.6–26.8%), 18.2% (95% CI, 7.8–28.6%), and 33.1%

(95% CI, 1.4–64.9%), respectively (P = 0.525, Figure 3D, the

longest duration of LFS for patients with severe cGVHD was 952

days). In adults, the cumulative incidence of relapse at 2 years after

IFN-a treatment was 18.0% (95% CI, 10.4–25.6%), 17.7% (95% CI,

7.1–28.4%), 17.7% (95% CI, 7.0%–28.4%) and 38.3% (95% CI,

3.4%–73.3%) in adults without cGVHD, with mild, moderate, or

severe cGVHD (P = 0.059). The cumulative incidence of relapse at

2 years after IFN-a treatment was comparable among the children

without cGVHD, with mild, moderate, or severe cGVHD

(Supplementary Figure 3).
A

C

FIGURE 4

Cumulative incidence of NRM after preemptive IFN-a therapy for patients rece
intermediate-, and high-risk DRI groups (B), for patients with qPCR/MFC positi
cGVHD, with mild, moderate, and severe cGVHD (D). NRM, non-relapse morta
donor; URD, unrelated donor; UCB, unrelated cord blood; qPCR, quantitative p
disease risk index; cGVHD, chronic graft-versus-host disease.
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NRM

Twelve patients experienced (infection, n = 10; GVHD, n = 2).

The median duration from preemptive IFN-a therapy to NRM was

169 days (range 104–1474 days). The cumulative incidence of NRM at

3 years after IFN-a therapy was 4.9% (95% CI, 2.0–7.7%).

The cumulative incidence of NRM at 3 years after IFN-a
treatment in adults and children was 5.3% (95% CI, 2.2–8.4%) and

0%, respectively (P = 0.296). The cumulative incidence of NRM at 3

years after IFN-a treatment in patients receiving ISD, HID, and URD/

UCB transplantation was 11.5% (95% CI, 3.4–19.6%), 2.8% (95% CI,

0–5.6%), and 0%, respectively (P = 0.015, Figure 4A). The cumulative

incidence of NRM at 3 years after IFN-a treatment for patients in the

low-, intermediate-, and high-risk DRI groups was 4.0% (95% CI, 0–

9.5%), 5.4% (95% CI, 1.7–9.1%), and 3.3% (95% CI, 0–9.7%),

respectively (P = 0.890, Figure 4B). The cumulative incidence of

NRM at 3 years after IFN-a treatment for patients with qPCR/MFC

positivity alone and both qPCR and MFC positivity was 4.2% (95%

CI, 1.3–7.0%) and 8.3% (95% CI, 0.0–17.7%), respectively (P = 0.397,

Figure 4C). The cumulative incidence of NRM at 2 years after IFN-a
treatment in patients without cGVHD, with mild, moderate, and

severe cGVHD was 2.7% (95% CI, 0.0–5.6%), 5.6% (95% CI, 0–

11.9%), 2.6% (95% CI, 0–7.6%), and 27.5% (95% CI, 3.2–51.8%),

respectively (P < 0.001, Figure 4D). In adults, the cumulative

incidence of NRM at 2 years after IFN-a treatment was 3.0% (95%

CI, 0–6.3%), 6.0% (95% CI, 0–12.6%), 2.7% (95% CI, 0%–8.1%) and
B

D

iving ISD, HID, and URD/UCB transplantation (A), for patients in the low-,
ve alone and both qPCR and MFC positive (C), and for patients without
lity; IFN-a, interferon-a; ISD, identical sibling donor; HID, haploidentical
olymerase chain reaction; MFC, multiparameter flow cytometry; DRI,
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35.0% (95% CI, 4.8%–65.2%) in adults without cGVHD, with mild,

moderate, or severe cGVHD (P < 0.001) (Supplementary Figure 4).
LFS

At 3 years after IFN-a therapy, the probability of LFS was 76.9%

(95% CI, 71.5–82.7%). The probabilities of LFS at 3 years after IFN-a
treatment for adults and children were 77.1% (95% CI, 71.5–83.2%)

and 74.9% (95% CI, 57.8–97.0%), respectively (P = 0.780). The

probability of LFS at 3 years after IFN-a treatment for patients

receiving ISD, HID, and URD/UCB transplantation was 61.9% (95%

CI, 50.5–76.0%), 82.9% (95% CI, 77.0–89.2%), and 69.2% (95% CI,

47.6–100%), respectively (P = 0.006, Figure 5A). The probabilities of

LFS at 3 years after IFN-a treatment for patients in the low-,

intermediate-, and high-risk DRI groups were 89.7% (95% CI, 81.5–

98.7%), 75.8% (95% CI, 69.1–83.1%), and 60.9% (95% CI, 44.8–82.8%),

respectively (P = 0.014, Figure 5B). The probability of LFS at 3 years

after IFN-a treatment for patients with qPCR/MFC positivity alone

and both qPCR and MFC positivity was 83.2% (95% CI, 77.9–88.8%)

and 47.9% (95% CI, 34.2–67.2%), respectively (P < 0.001, Figure 5C).

The probability of LFS at 2 years after IFN-a treatment for patients

without cGVHD, with mild, moderate, and severe cGVHD was 77.4%

(95% CI, 70.0–85.6%), 77.6% (95% CI, 67.2–89.7%), 79.2% (95% CI,

68.8–91.2%), and 39.4% (95% CI, 18.6–83.2%), respectively (P = 0.033,

Figure 5D). In adults, the probability of LFS at 2 years after IFN-a
treatment was 79.0% (95% CI, 71.4–87.5%), 76.3% (95% CI, 65.4–

89.0%), 80.0% (95% CI, 68.8%–92.0%) and 26.7% (95% CI, 9.1%–
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78.0%) in adults without cGVHD, with mild, moderate, or severe

cGVHD (P = 0.001). The probability of LFS at 2 years after IFN-a
treatment was comparable among the children without cGVHD, with

mild, moderate, or severe cGVHD (Supplementary Figure 5).
OS

At 3 years after IFN-a therapy, the probability of OS was 84.2%

(95% CI, 78.7–90.1%). The probability of OS at 3 years after IFN-a
treatment for adults and children was 84.5% (95% CI, 78.8–90.6%) and

80.6% (95% CI, 62.7–100%), respectively (P = 0.730). The probability of

OS at 3 years after IFN-a treatment for patients receiving ISD, HID,

and URD/UCB transplantation was 64.1% (95% CI, 51.3–80.0%),

93.2% (95% CI, 88.4–98.3%), and 71.1% (95% CI, 47.5–100%),

respectively (P < 0.001, Figure 6A). The probabilities of OS at 3 years

after IFN-a treatment for patients in the low-, intermediate-, and high-

risk DRI groups were 89.4% (95% CI, 81.0–98.7%), 84.5% (95% CI,

77.6–91.9%), and 70.3% (95% CI, 52.2–94.6%), respectively (P = 0.250,

Figure 6B). The probability of OS at 3 years after IFN-a treatment for

patients with qPCR/MFC positivity alone and both qPCR and MFC

positivity was 87.2% (95% CI, 81.5–93.2%) and 66.7% (95% CI, 51.2–

87.0%), respectively (P = 0.004, Figure 6C). The probability of OS at 2

years after IFN-a treatment for patients without cGVHD, with mild,

moderate, and severe cGVHD was 86.2% (95% CI, 79.7–93.3%), 88.0%

(95% CI, 79.3–97.5%), 91.2% (95% CI, 83.1–100%), and 72.0% (95% CI,

86.7–100%), respectively (P = 0.110, Figure 6D). In adults, the

probability of OS at 2 years after IFN-a treatment was 88.3% (95%
A B

DC

FIGURE 5

The probability of LFS after preemptive IFN-a therapy for patients receiving ISD, HID, and URD/UCB transplantation (A), for patients in the low-,
intermediate-, and high-risk DRI groups (B), for patients with qPCR/MFC positive alone and both qPCR and MFC positive (C), and for patients without
cGVHD, with mild, moderate, and severe cGVHD (D). LFS, leukemia-free survival; IFN-a, interferon-a; ISD, identical sibling donor; HID, haploidentical
donor; URD, unrelated donor; UCB, unrelated cord blood; qPCR, quantitative polymerase chain reaction; MFC, multiparameter flow cytometry; DRI,
disease risk index; cGVHD, chronic graft-versus-host disease.
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CI, 81.9–95.1%), 87.2% (95% CI, 78.0–97.4%), 90.7% (95% CI, 82.2%–

100.0%) and 64.3% (95%CI, 41.2%–100.0%) in adults without cGVHD,

with mild, moderate, or severe cGVHD (P = 0.025). The probability of

OS at 2 years after IFN-a treatment was comparable among the

children without cGVHD, with mild, moderate, or severe cGVHD

(Supplementary Figure 6).
Infection

A total of 69 (27.9%) patients experienced infection after

preemptive IFN-a treatment. The most common site of infection

was pulmonary infection (n = 39), followed by upper respiratory tract

infection (n = 22), intestinal infection (n = 4) and other infection (n =

4). A total of 10 patients died of pulmonary infection.
Multivariable analysis

Multivariable analysis showed that both qPCR and MFC positive

before IFN-a treatment, high-risk disease risk index before allo-

HSCT, and receiving identical sibling donor allo-HSCT were

associated with a higher risk of relapse and poorer LFS. Severe

cGVHD was associated with an increased risk of NRM. Both qPCR

and MFC positive before IFN-a treatment and receiving allo-HSCT

from an identical sibling donor were associated with a poorer OS

(Table 2 and Supplementary Table 4).
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Discussion

In this large-scale multicenter study, more than 75% of the patients

achieved MRD negative state, and the probabilities of relapse, NRM,

and LFS at 3 years after preemptive IFN-a therapy were 20.9%, 4.9%,

and 76.9%, respectively. These results were similar to our single center-

study; the incidence of relapse, NRM, and LFS was 13.0%, 3.9%, and

83.1% after IFN-a treatment (28). To our knowledge, these findings are

the first to confirm the clinical value of preemptive IFN-a treatment in

AML patients following allo-HSCT in the real world.

We observed that patients with severe cGVHD after IFN-a
treatment showed a lower rate of achieving MRD negative state and

a higher incidence of relapse. This may be due to the intense and long-

term immunosuppressive therapies for severe cGVHD that might

abrogate the graft-versus-leukemia effect (47). In addition, we

observed that severe cGVHD after IFN-a treatment was associated

with a higher risk of NRM in multivariable analysis. Considering that

severe cGVHD can cause mortality and morbidity and negatively

influence health-related quality of life (48–51), it should be prevented

after IFN-a treatment. However, only 6% of patients experienced

severe cGVHD in this multicenter study, which suggests that the

intensity of cGVHD induced by IFN-a treatment was under control.

In addition, the incidence of NRM at 3 years after IFN-a
treatment was only 4.9%, which was in accordance with our single-

center study (26–28), and was similar to patients with persistent MRD

negative state after allo-HSCT (24). Thus, the safety of preemptive

IFN-a treatment was further confirmed in a real-world study.
A B

DC

FIGURE 6

The probability of OS after preemptive IFN-a therapy for patients receiving ISD, HID, and URD/UCB transplantation (A), for patients in the low-,
intermediate-, and high-risk DRI groups (B), for patients with qPCR/MFC positive alone and both qPCR and MFC positive (C), and for patients without
cGVHD, with mild, moderate, and severe cGVHD (D). OS, overall survival; IFN-a, interferon-a; ISD, identical sibling donor; HID, haploidentical donor;
URD, unrelated donor; UCB, unrelated cord blood; qPCR, quantitative polymerase chain reaction; MFC, multiparameter flow cytometry; DRI, disease risk
index; cGVHD, chronic graft-versus-host disease.
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We observed that the incidence of response, relapse, and LFS after

IFN-a was 67.9%, 30.8% and 69.2% of patients receiving URD/UCB

HSCT, respectively, which was comparable in patients receiving ISD

or HID allo-HSCT. It is suggested that URD/UCB HSCT recipients

could benefit from preemptive IFN-a treatment, which is important
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because these patients had difficulty receiving further preemptive

cellular therapy (e.g., DLI) after allo-HSCT.

We observed that the clinical outcomes of patients in the high-risk

DRI group were poor; only half of them could achieve MRD negative

state, and the incidence of relapse was as high as 45.3%. Several studies
TABLE 2 Multivariate analysis of risk factors for 3-year clinical outcomes after preemptive IFN-a treatment.

Outcome HR (95% CI) P

Relapse

Disease risk index before allo-HSCT

Low risk 1

Intermediate risk 2.21 (0.86–5.68) 0.101

High risk 4.03 (1.40–11.58) 0.010

MRD status before IFN-a therapy

qPCR/MFC positive alone 1

qPCR and MFC positive at the same time 4.04 (2.24–7.26) <0.001

Donor type

Identical sibling donor 1

Alternative donor 0.55 (0.31–0.99) 0.046

NRM

Severity of cGVHD after preemptive IFN-a therapy

None 1

Mild to moderate 1.59 (0.38–6.69) 0.524

Severe 9.98 (2.08–47.91) 0.004

Treatment failure as defined by LFS

Disease risk index before allo-HSCT

Low risk 1

Intermediate risk 2.03 (0.91–4.53) 0.085

High risk 3.28 (1.29–8.32) 0.012

MRD status before IFN-a therapy

qPCR/MFC positive alone 1

qPCR and MFC positive at the same time 3.48 (2.04–5.91) <0.001

Donor type

Identical sibling donor 1

Alternative donor 0.48 (0.29–0.80) 0.008

Treatment failure as defined by OS

Donor type

Identical sibling donor 1

Alternative donor 0.26 (0.12–0.55) <0.001

MRD status before IFN-a therapy

qPCR/MFC positive alone 1

qPCR and MFC positive at the same time 2.35 (1.12–4.94) 0.025
frontie
IFN-a, interferon-a; CI, confidence interval; HR, hazard ratio; allo-HSCT, allogeneic hematopoietic stem cell transplantation; CR, complete remission; MRD, measurable residual disease; qPCR,
quantitative polymerase chain reaction; MFC, multiparameter flow cytometry; cGVHD, chronic graft-versus-host disease; NRM, non-relapse mortality; LFS, leukemia-free survival; OS,
overall survival.
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have reported that DRI could predict clinical outcomes after allo-HSCT

(52–54), and we firstly observed that it could also predict outcomes after

preemptive IFN-a treatment following allo-HSCT.

Other methods can be used to prevent or treat relapse after allo-

HSCT. Several studies have used HMAs as a preemptive treatment in

patients with AML following allo-HSCT. However, the long-term

efficacy of HMAs treatment seems unsatisfactory despite the delay in

hematologic relapse (13–15). Venetoclax-based regimens are an

important therapy for patients with refractory/relapsed AML (55,

56). Fang et al. (57) using venetoclax-based regimens for patients with

AML with MRD. They observed that the major response rate was

50%, and the relapse-free survival of responsive patients was

significantly prolonged. Thus, the efficacy of these methods is

worthy of identification in patients with high-risk DRI (58).

We observed that patients with both qPCR and MFC positivity

had a higher risk of relapse and a poorer LFS after IFN-a treatment.

In a study by Zhao et al. (59), the relapse rate of patients with AML

who had both qPCR and MFC positivity was as high as 92.3%. These

patients may benefit more from DLI because their efficacy was

confirmed by Yan et al. (10).

There were 21.5% of patients categorized into the low-risk DRI

group before HSCT, and most t(8;21) AML. Zhu et al. (60) reported

that patients who could not achieve major molecular remission

(MMR, i.e., achieved a ≥ 3-log reduction after the second

consolidation and/or the loss of a ≥ 3-log reduction during the next

six consolidation therapies) were at high risk for relapse, and allo-

HSCT could significantly improve their outcomes. Thus, patients with

t(8;21) AML who cannot achieve MMR are also recommended to

receive allo-HSCT as consolidation treatment in the consensus from

the Chinese Society of Hematology (33).

Because of the shortage of donors with ISDs and URDs in China,

HIDs HSCT is a valuable option in transplant procedures. HIDs have

accounted for 60% of all of the allo-HSCT in China (42). This may

contribute to the fact that our cohort has a high number of HID

HSCT recipients.

In our previous studies, most of the patients were adults (7, 26),

and the efficacy of preemptive IFN-a treatment in children was

unclear. In the present study, we observed that the 2-year incidence

of achieving MRD negative state was 58.8%, and the 3-year

probabilities of relapse, LFS and OS after IFN-a treatment were

37.6%, 74.9%, and 80.6% respectively, in children, which were

comparable with those of adults. Thus, children could also benefit

from preemptive IFN-a treatment. However, only 22 children were

enrolled in this study. Therefore, it is still premature to conclude the

comparable clinical outcomes between adults and children receiving

preemptive IFN-a treatments, and a prospective study with a larger

sample of children should further confirm these results.

This study had some limitations. Residual confounding was

unavoidable; however, this is a common problem in retrospective

studies based on electronic medical records. Only nine UCBT

recipients were enrolled, and we could not further identify the efficacy

of preemptive IFN-a treatment in these patients. Only a small number

of patients experienced NRM (n = 12, 4.9%) in the present study, which

may influence the further comparison of NRM occurrence among

patients with different donors. In addition, only 17 patients received

URD/UCBT HSCT, and no one happens to experience NRM in this

small cohort. Although the incidence of NRM seemed to be higher in the
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ISD HSCT group than that in the HID HSCT group, the cause of NRM

was comparable between the two groups (infection: 85.7% vs. 80.0%, P =

1.000; GVHD: 14.3% vs. 20.0%, P = 1.000). These results should be

further confirmed in a prospective study with a larger sample of URD/

UCBTHSCT recipients. In addition, this was a retrospective multicenter

study, and MRD monitoring was performed in different laboratories.

However, all participating hospitals are the largest and most experienced

centers for allo-HSCT in China and have extensive experience in MRD

monitoring. Prospective studies that perform MRD monitoring in a

central laboratory may further help confirm the efficacy of preemptive

IFN-a treatment. The starting point of the analysis was the first day of

IFN-a treatment, and patients with acute relapse, refractory diseases, or

early NRM were excluded from the analysis. However, if we used the

first day of allo-HSCT as the starting point for analysis, the outcomes of

patients who showed late-onset MRD (e.g., several years after allo-

HSCT) could not reflect the real long-term efficacy of IFN-a treatment

and may also introduce a false-positive effect on the results. Finally, this

was a single-arm study, and future clinical trials are required to compare

the efficacy of IFN-a treatment with other preemptive treatments

(e.g., azacitidine).

Therefore, this large-scale real-world study supports the utility of

IFN-a treatment for treating patients with AML with MRD after allo-

HSCT. Future prospective randomized controlled trials are essential

to compare the efficacy of IFN-a and other preemptive treatments.
Data availability statement

The original contributions presented in the study are included in

the article/Supplementary Material. Further inquiries can be directed

to the corresponding author.
Ethics statement

Ethical review and approval was not required for the study on

human participants in accordance with the local legislation and

institutional requirements. Written informed consent was obtained

from the individual(s), and minor(s)’ legal guardian/next of kin, for

the publication of any potentially identifiable images or data included

in this article.
Author contributions

X-DM and X-JH designed the study. SF, T-ZP, L-PD, Y-MZ, X-

HZ, L-PX, and YW conducted data collection. SF, T-ZP and X-DM

conducted data analysis and drafted manuscript. All authors

contributed to the article and approved the submitted version.
Acknowledgments

The authors appreciate Dr. Wen-Xuan Huo and Xiang-Shu Jin for

their help in data collection, and thank Prof Xiao-Yu Zhu for her

insightful recommendations in this study. This work was supported

by the National key research and development plan of China (grant
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1091014
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Fan et al. 10.3389/fimmu.2023.1091014
number 2022YFC2502606), the CAMS Innovation Fund for Medical

Sciences (CIFMS) (grant number 2022-I2M-C&T-B-121), the

Foundation for Innovative Research Groups of the National Natural

Science Foundation of China (grant number 81621001), the CAMS

Innovation Fund for Medical Sciences (CIFMS) (grant number 2019-

I2M-5-034), the Program of the National Natural Science Foundation

of China (grant number 82170208), the Key Program of the National

Natural Science Foundation of China (grant number 81930004), and

the Fundamental Research Funds for the Central Universities.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Immunology 11
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1091014/

full#supplementary-material
References
1. Lv M, Gorin NC, Huang X-J. A vision for the future of allogeneic hematopoietic
stem cell transplantation in the next decade. Sci Bull (2022) 67:1921–4. doi: 10.1016/
j.scib.2022.09.004

2. Lv M, Shen MZ, Mo XD. Development of allogeneic hematopoietic stem cell
transplantation in 2022: Regenerating “Groot” to heal the world. Innovation (2023) 4(1).
doi: 10.1016/j.xinn.2023.100373

3. Yan CH, Xu LP, Wang FR, Chen H, HanW, Wang Y, et al. Causes of mortality after
haploidentical hematopoietic stem cell transplantation and the comparison with HLA-
identical sibling hematopoietic stem cell transplantation. Bone Marrow Transplant (2016)
51:391–7. doi: 10.1038/bmt.2015.306

4. Mo XD, Zhang XH, Xu LP, Wang Y, Yan CH, Chen H, et al. Disease risk
comorbidity index for patients receiving haploidentical allogeneic hematopoietic
transplantation. Engineering (2021) 7:162–9. doi: 10.1016/j.eng.2020.12.005

5. Tsirigotis P, Byrne M, Schmid C, Baron F, Ciceri F, Esteve J, et al. Relapse of AML
after hematopoietic stem cell transplantation: methods of monitoring and preventive
strategies. a review from the ALWP of the EBMT. Bone Marrow Transplant (2016)
51:1431–8. doi: 10.1038/bmt.2016.167

6. Campana D, Leung W. Clinical significance of minimal residual disease in patients
with acute leukaemia undergoing haematopoietic stem cell transplantation. Br J Haematol
(2013) 162:147–61. doi: 10.1111/bjh.12358

7. Mo XD, Lv M, Huang XJ. Preventing relapse after haematopoietic stem cell
transplantation for acute leukaemia: the role of post-transplantation minimal residual
disease (MRD) monitoring and MRD-directed intervention. Br J Haematol (2017)
179:184–97. doi: 10.1111/bjh.14778

8. Wang Y, Chen H, Chen J, Han M, Hu J, Jiong H, et al. The consensus on the
monitoring, treatment, and prevention of leukemia relapse after allogeneic hematopoietic
stem cell transplantation in China. Cancer Lett (2018) 438:63–75. doi: 10.1016/
j.canlet.2018.08.030

9. Short NJ, Zhou S, Fu C, Berry DA, Walter RB, Freeman SD, et al. Association of
measurable residual disease with survival outcomes in patients with acute myeloid
leukemia: A systematic review and meta-analysis. JAMA Oncol (2020) 6:1890–9. doi:
10.1001/jamaoncol.2020.4600

10. Yan CH, Liu DH, Liu KY, Xu LP, Liu YR, Chen H, et al. Risk stratification-directed
donor lymphocyte infusion could reduce relapse of standard-risk acute leukemia patients
after allogeneic hematopoietic stem cell transplantation. Blood (2012) 119:3256–62. doi:
10.1182/blood-2011-09-380386

11. Mo XD, Zhang XH, Xu LP, Wang Y, Yan CH, Chen H, et al. Salvage chemotherapy
followed by granulocyte colony-stimulating factor-primed donor leukocyte infusion with
graft-vs.-host disease control for minimal residual disease in acute leukemia/
myelodysplastic syndrome after allogeneic hematopoietic stem cell transplantation:
prognostic factors and clinical outcomes. Eur J Haematol (2016) 96:297–308. doi:
10.1111/ejh.12591

12. Mo XD, Zhang XH, Xu LP, Wang Y, Yan CH, Chen H, et al. Comparison of
outcomes after donor lymphocyte infusion with or without prior chemotherapy for
minimal residual disease in acute leukemia/myelodysplastic syndrome after allogeneic
hematopoietic stem cell transplantation. Ann Hematol (2017) 96:829–38. doi: 10.1007/
s00277-017-2960-7

13. Platzbecker U, Middeke JM, Sockel K, Herbst R, Wolf D, Baldus CD, et al.
Measurable residual disease-guided treatment with azacitidine to prevent haematological
relapse in patients with myelodysplastic syndrome and acute myeloid leukaemia
(RELAZA2): an open-label, multicentre, phase 2 trial. Lancet Oncol (2018) 19:1668–79.
doi: 10.1016/S1470-2045(18)30580-1

14. Platzbecker U, Wermke M, Radke J, Oelschlaegel U, Seltmann F, Kiani A, et al.
Azacitidine for treatment of imminent relapse in MDS or AML patients after allogeneic
HSCT: results of the RELAZA trial. Leukemia (2012) 26:381–9. doi: 10.1038/leu.2011.234

15. Schmid C, Kuball J, Bug G. Defining the role of donor lymphocyte infusion in
high-risk hematologic malignancies. JAMA OncolJ Clin Oncol (2021) 39:397–418. doi:
10.1200/JCO.20.01719

16. Anguille S, Lion E, Willemen Y, Van Tendeloo VF, Berneman ZN, Smits EL.
Interferon-alpha in acute myeloid leukemia: an old drug revisited. Leukemia (2011)
25:739–48. doi: 10.1038/leu.2010.324

17. Jiang H, Liu XH, Kong J, Wang J, Jia JS, Lu SY, et al. Interferon-a as maintenance
therapy can significantly reduce relapse in patients with favorable-risk acute myeloid
leukemia. Leuk Lymphoma (2021) 62(12):2949–56. doi: 10.1080/10428194.2021.1948027

18. Gesundheit B, Shapira MY, Resnick IB, Amar A, Kristt D, Dray L, et al. Successful
cell-mediated cytokine-activated immunotherapy for relapsed acute myeloid leukemia
after hematopoietic stem cell transplantation. Am J Hematol (2009) 84:188–90. doi:
10.1002/ajh.21346

19. Mo X, Zhao X, Xu L, Liu D, Zhang X, Chen H, et al. Interferon alpha: the salvage
therapy for patients with unsatisfactory response to minimal residual disease-directed
modified donor lymphocyte infusion. Chin Med J (Engl) (2014) 127(14):2583–7.
doi: 10.1080/10428194.2021.1948027

20. Chang YJ, Xu LP, Wang Y, Zhang XH, Chen H, Chen YH, et al. Controlled,
randomized, open-label trial of risk-stratified corticosteroid prevention of acute graft-
Versus-Host disease after haploidentical transplantation. J Clin Oncol (2016) 34:1855–63.
doi: 10.1200/JCO.2015.63.8817

21. Henden AS, Varelias A, Leach J, Sturgeon E, Avery J, Kelly J, et al. Pegylated
interferon-2alpha invokes graft-versus-leukemia effects in patients relapsing after
allogeneic stem cell transplantation. Blood Adv (2019) 3:3013–9. doi: 10.1182/
bloodadvances.2019000453

22. Magenau JM, Peltier D, Riwes M, Pawarode A, Parkin B, Braun T, et al. Type 1
interferon to prevent leukemia relapse after allogeneic transplantation. Blood Adv (2021)
5:5047–56. doi: 10.1182/bloodadvances.2021004908

23. Hu L, Wang Q, Zhang X, Xu L, Wang Y, Yan C, et al. Positive stool culture could
predict the clinical outcomes of haploidentical hematopoietic stem cell transplantation.
Front Med (2019) 13:492–503. doi: 10.1007/s11684-019-0681-0

24. Mo XD, Zhang XH, Xu LP, Wang Y, Yan CH, Chen H, et al. Interferon-alpha: A
potentially effective treatment for minimal residual disease in acute Leukemia/
Myelodysplastic syndrome after allogeneic hematopoietic stem cell transplantation. Biol
Blood Marrow Transplant (2015) 21:1939–47. doi: 10.1016/j.bbmt.2015.06.014

25. Liu S, Luo X, Zhang X, Xu L, Wang Y, Yan C, et al. Preemptive interferon-a
treatment could protect against relapse and improve long-term survival of ALL patients
after allo-HSCT. Sci Rep (2020) 10:20148. doi: 10.1038/s41598-020-77186-9

26. Mo XD, Wang Y, Zhang XH, Xu LP, Yan CH, Chen H, et al. Interferon-alpha is
effective for treatment of minimal residual disease in patients with t(8;21) acute myeloid
leukemia after allogeneic hematopoietic stem cell transplantation: Results of a prospective
registry study. Oncologist (2018) 23:1349–57. doi: 10.1634/theoncologist.2017-0692

27. Mo XD, Zhang XH, Xu LP, Wang Y, Yan CH, Chen H, et al. IFN-a is effective for
treatment of minimal residual disease in patients with acute leukemia after allogeneic
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1091014/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1091014/full#supplementary-material
https://doi.org/10.1016/j.scib.2022.09.004
https://doi.org/10.1016/j.scib.2022.09.004
https://doi.org/10.1016/j.xinn.2023.100373
https://doi.org/10.1038/bmt.2015.306
https://doi.org/10.1016/j.eng.2020.12.005
https://doi.org/10.1038/bmt.2016.167
https://doi.org/10.1111/bjh.12358
https://doi.org/10.1111/bjh.14778
https://doi.org/10.1016/j.canlet.2018.08.030
https://doi.org/10.1016/j.canlet.2018.08.030
https://doi.org/10.1001/jamaoncol.2020.4600
https://doi.org/10.1182/blood-2011-09-380386
https://doi.org/10.1111/ejh.12591
https://doi.org/10.1007/s00277-017-2960-7
https://doi.org/10.1007/s00277-017-2960-7
https://doi.org/10.1016/S1470-2045(18)30580-1
https://doi.org/10.1038/leu.2011.234
https://doi.org/10.1200/JCO.20.01719
https://doi.org/10.1038/leu.2010.324
https://doi.org/10.1080/10428194.2021.1948027
https://doi.org/10.1002/ajh.21346
https://doi.org/10.1080/10428194.2021.1948027
https://doi.org/10.1200/JCO.2015.63.8817
https://doi.org/10.1182/bloodadvances.2019000453
https://doi.org/10.1182/bloodadvances.2019000453
https://doi.org/10.1182/bloodadvances.2021004908
https://doi.org/10.1007/s11684-019-0681-0
https://doi.org/10.1016/j.bbmt.2015.06.014
https://doi.org/10.1038/s41598-020-77186-9
https://doi.org/10.1634/theoncologist.2017-0692
https://doi.org/10.3389/fimmu.2023.1091014
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Fan et al. 10.3389/fimmu.2023.1091014
hematopoietic stem cell transplantation: Results of a registry study. Biol Blood Marrow
Transplant (2017) 23:1303–10. doi: 10.1016/j.bbmt.2017.04.023

28. Shen MZ, Zhang XH, Xu LP, Wang Y, Yan CH, Chen H, et al. Preemptive
interferon-a therapy could protect against relapse and improve survival of acute myeloid
leukemia patients after allogeneic hematopoietic stem cell transplantation: Long-term
results of two registry studies. Front In Immunol (2022) 13:757002. doi: 10.3389/
fimmu.2022.757002

29. Weisdorf D, Zhang M-J, Arora M, Horowitz MM, Rizzo JD, Eapen M. Graft-
versus-host disease induced graft-versus-leukemia effect: greater impact on relapse and
disease-free survival after reduced intensity conditioning. Biol Blood Marrow Transplant
(2012) 18:1727–33. doi: 10.1016/j.bbmt.2012.06.014

30. Yu S, Huang F, Wang Y, Xu Y, Yang T, Fan Z, et al. Haploidentical transplantation
might have superior graft-versus-leukemia effect than HLA-matched sibling
transplantation for high-risk acute myeloid leukemia in first complete remission: a
prospective multicentre cohort study. Leukemia (2020) 34:1433–43. doi: 10.1038/
s41375-019-0686-3

31. [Chinese consensus on minimal residual disease detection and interpretation of
patients with acute myeloid leukemia (2021)]. Zhonghua Xue Ye Xue Za Zhi = Zhonghua
Xueyexue Zazhi (2021) 42:889–97. doi: 10.3760/cma.j.issn.0253-2727.2021.11.002

32. [The consensus of allogeneic hematopoietic transplantation for hematological
diseases in China(2016)– post- transplant leukemia relapse]. Zhonghua Xue Ye Xue Za
Zhi = Zhonghua Xueyexue Zazhi (2016) 37:846–51. doi: 10.3760/cma.j.issn.0253-
2727.2016.10.004

33. Zhang XH, Chen J, Han MZ, Huang H, Jiang EL, Jiang M, et al. The consensus
from the Chinese society of hematology on indications, conditioning regimens and donor
selection for allogeneic hematopoietic stem cell transplantation: 2021 update. J Hematol
Oncol (2021) 14:145. doi: 10.1186/s13045-021-01159-2

34. Huang XJ, Xu LP, Liu KY, Liu DH, Wang Y, Chen H, et al. Partially matched
related donor transplantation can achieve outcomes comparable with unrelated donor
transplantation for patients with hematologic malignancies. Clin Cancer Res (2009)
15:4777–83. doi: 10.1158/1078-0432.CCR-09-0691

35. Wang Y, Liu Q-F, Xu L-P, Liu K-Y, Zhang X-H, Ma X, et al. Haploidentical vs
identical-sibling transplant for AML in remission: a multicenter, prospective study. Blood
(2015) 125:3956–62. doi: 10.1182/blood-2015-02-627786

36. Wang Y, Liu Q-F, Lin R, Yang T, Xu Y-J, Mo X-D, et al. Optimizing antithymocyte
globulin dosing in haploidentical hematopoietic cell transplantation: long-term follow-up
of a multicenter, randomized controlled trial. Sci Bull (2021) 66:2498–505. doi: 10.1016/
j.scib.2021.06.002

37. Mo XD, Zhang YY, Zhang XH, Xu LP, Wang Y, Yan CH, et al. The role of
collateral related donors in haploidentical hematopoietic stem cell transplantation. Sci
Bull (2018) 63:1376–82. doi: 10.1016/j.scib.2018.08.008

38. Liu SN, Zhang XH, Xu LP, Wang Y, Yan CH, Chen H, et al. Prognostic factors and
long-term follow-up of basiliximab for steroid-refractory acute graft-versus-host disease:
Updated experience from a large-scale study. Am J Hematol (2020) 95:927–36. doi:
10.1002/ajh.25839

39. Mo XD, Tang BL, Zhang XH, Zheng CC, Xu LP, Zhu XY, et al. Comparison of
outcomes after umbilical cord blood and unmanipulated haploidentical hematopoietic
stem cell transplantation in children with high-risk acute lymphoblastic leukemia. Int J
Cancer (2016) 139:2106–15. doi: 10.1002/ijc.30249

40. Luo Y, Xiao H, Lai X, Shi J, Tan Y, He J, et al. T-Cell-replete haploidentical
HSCT with low-dose anti-t-lymphocyte globulin compared with matched sibling
HSCT and unrelated HSCT. Blood (2014) 124:2735–43. doi: 10.1182/blood-2014-04-
571570

41. Gao XN, Lin J, Wang LJ, Li F, Li HH, Wang SH, et al. Risk factors and clinical
outcomes of Epstein-Barr virus DNAemia and post-transplant lymphoproliferative
disorders after haploidentical and matched-sibling PBSCT in patients with hematologic
malignancies. Ann Hematol (2019) 98:2163–77. doi: 10.1007/s00277-019-03742-7

42. Shen MZ, Hong SD, Chen H, Chen YH, Han W, Wang FR, et al. A comprehensive
model to predict severe acute graft-versus-host disease in acute leukemia patients after
haploidentical hematopoietic stem cell transplantation. Exp Hematol Oncol (2022) 11:25.
doi: 10.1186/s40164-022-00278-x

43. Armand P, Gibson CJ, Cutler C, Ho VT, Koreth J, Alyea EP, et al. A disease risk
index for patients undergoing allogeneic stem cell transplantation. Blood (2012) 120:905–
13. doi: 10.1182/blood-2012-03-418202
Frontiers in Immunology 12
44. Jagasia MH, Greinix HT, Arora M, Williams KM, Wolff D, Cowen EW, et al.
National institutes of health consensus development project on criteria for clinical trials in
chronic graft-versus-Host disease: I. the 2014 diagnosis and staging working group report.
Biol Blood Marrow Transplant (2015) 21(3):389–401.e1. doi: 10.1016/j.bbmt.2014.12.001

45. Harris AC, Young R, Devine S, Hogan WJ, Ayuk F, Bunworasate U, et al.
International, multicenter standardization of acute graft-versus-Host disease clinical
data collection: A report from the mount Sinai acute GVHD international consortium.
Biol Blood Marrow Transplant (2016) 22(1):4–10. doi: 10.1016/j.bbmt.2015.09.001

46. Gooley TA, Leisenring W, Crowley J, Storer BE. Estimation of failure probabilities
in the presence of competing risks: new representations of old estimators. Stat Med (1999)
18:695–706. doi: 10.1002/(SICI)1097-0258(19990330)18:6<695::AID-SIM60>3.0.CO;2-O

47. Mo XD, Xu LP, Zhang XH, Liu DH, Wang Y, Chen H, et al. Chronic GVHD
induced GVL effect after unmanipulated haploidentical hematopoietic SCT for AML and
myelodysplastic syndrome. Bone Marrow Transplant (2015) 50:127–33. doi: 10.1038/
bmt.2014.223

48. Mo XD, Xu LP, Liu DH, Chen YH, Zhang XH, Chen H, et al. Health related quality
of life among patients with chronic graft-versus-host disease in China. Chin Med J (2013)
126:3048–52. doi: 10.3760/cma.j.issn.0366-6999.20122328

49. Pidala J, Kurland B, Chai X, Majhail N, Weisdorf DJ, Pavletic S, et al. Patient-
reported quality of life is associated with severity of chronic graft-versus-host disease as
measured by NIH criteria: report on baseline data from the chronic GVHD consortium.
Blood (2011) 117:4651–7. doi: 10.1182/blood-2010-11-319509

50. Signori A, Crocchiolo R, Oneto R, Sacchi N, Sormani MP, Fagioli F, et al. Chronic
GVHD is associated with lower relapse risk irrespective of stem cell source among
patients receiving transplantation from unrelated donors. Bone Marrow Transplant
(2012) 47:1474–8. doi: 10.1038/bmt.2012.58

51. Saillard C, Crocchiolo R, Furst S, El-Cheikh J, Castagna L, Signori A, et al. National
institutes of health classification for chronic graft-versus-host disease predicts outcome of
allo-hematopoietic stem cell transplant after fludarabine-busulfan-antithymocyte
globulin conditioning regimen. Leuk Lymphoma (2014) 55:1106–12. doi: 10.3109/
10428194.2013.820285

52. McCurdy SR, Kanakry JA, Showel MM, Tsai H-L, Bolaños-Meade J, Rosner GL,
et al. Risk-stratified outcomes of nonmyeloablative HLA-haploidentical BMT with high-
dose posttransplantation cyclophosphamide. Blood (2015) 125:3024–31. doi: 10.1182/
blood-2015-01-623991

53. Beauverd Y, Roosnek E, Tirefort Y, Nagy-Hulliger M, Bernimoulin M, Tsopra O,
et al. Validation of the disease risk index for outcome of patients undergoing allogeneic
hematopoietic stem cell transplantation after T cell depletion. Biol Blood Marrow
Transplant (2014) 20:1322–8. doi: 10.1016/j.bbmt.2014.04.023

54. Paviglianiti A, Ruggeri A, Volt F, Sanz G, Milpied N, Furst S, et al. Evaluation of a
disease risk index for adult patients undergoing umbilical cord blood transplantation for
haematological malignancies. Br J Haematol (2017) 179:790–801. doi: 10.1111/bjh.14962

55. Wei AH, Montesinos P, Ivanov V, DiNardo CD, Novak J, Laribi K, et al.
Venetoclax plus LDAC for newly diagnosed AML ineligible for intensive
chemotherapy: a phase 3 randomized placebo-controlled trial. Blood (2020) 135:2137–
45. doi: 10.1182/blood.2020004856

56. DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia JS, Wei AH, et al.
Azacitidine and venetoclax in previously untreated acute myeloid leukemia. New Engl J
Med (2020) 383:617–29. doi: 10.1056/NEJMoa2012971

57. Fang Q, Gong X, Li Y, Gong B, Liu Y, Liu K, et al. The impact of venetoclax based
regimens in the preemptive of measurable residual disease in acute myeloid leukemia.
Blood Sci (2022) 4:44–6. doi: 10.1097/BS9.0000000000000101

58. Tiong IS, Dillon R, Ivey A, Teh TC, Nguyen P, Cummings N, et al. Venetoclax
induces rapid elimination of NPM1 mutant measurable residual disease in combination
with low-intensity chemotherapy in acute myeloid leukaemia. Br J Haematol (2021)
192:1026–30. doi: 10.1111/bjh.16722

59. Zhao XS, Yan CH, Liu DH, Xu LP, Liu YR, Liu KY, et al. Combined use of WT1
and flow cytometry monitoring can promote sensitivity of predicting relapse after
allogeneic HSCT without affecting specificity. Ann Hematol (2013) 92:1111–9. doi:
10.1007/s00277-013-1733-1

60. Zhu HH, Zhang XH, Qin YZ, Liu DH, Jiang H, Chen H, et al. MRD-directed risk
stratification treatment may improve outcomes of t(8;21) AML in the first complete
remission: results from the AML05 multicenter trial. Blood (2013) 121:4056–62. doi:
10.1182/blood-2012-11-468348
frontiersin.org

https://doi.org/10.1016/j.bbmt.2017.04.023
https://doi.org/10.3389/fimmu.2022.757002
https://doi.org/10.3389/fimmu.2022.757002
https://doi.org/10.1016/j.bbmt.2012.06.014
https://doi.org/10.1038/s41375-019-0686-3
https://doi.org/10.1038/s41375-019-0686-3
https://doi.org/10.3760/cma.j.issn.0253-2727.2021.11.002
https://doi.org/10.3760/cma.j.issn.0253-2727.2016.10.004
https://doi.org/10.3760/cma.j.issn.0253-2727.2016.10.004
https://doi.org/10.1186/s13045-021-01159-2
https://doi.org/10.1158/1078-0432.CCR-09-0691
https://doi.org/10.1182/blood-2015-02-627786
https://doi.org/10.1016/j.scib.2021.06.002
https://doi.org/10.1016/j.scib.2021.06.002
https://doi.org/10.1016/j.scib.2018.08.008
https://doi.org/10.1002/ajh.25839
https://doi.org/10.1002/ijc.30249
https://doi.org/10.1182/blood-2014-04-571570
https://doi.org/10.1182/blood-2014-04-571570
https://doi.org/10.1007/s00277-019-03742-7
https://doi.org/10.1186/s40164-022-00278-x
https://doi.org/10.1182/blood-2012-03-418202
https://doi.org/10.1016/j.bbmt.2014.12.001
https://doi.org/10.1016/j.bbmt.2015.09.001
https://doi.org/10.1002/(SICI)1097-0258(19990330)18:6%3C695::AID-SIM60%3E3.0.CO;2-O
https://doi.org/10.1038/bmt.2014.223
https://doi.org/10.1038/bmt.2014.223
https://doi.org/10.3760/cma.j.issn.0366-6999.20122328
https://doi.org/10.1182/blood-2010-11-319509
https://doi.org/10.1038/bmt.2012.58
https://doi.org/10.3109/10428194.2013.820285
https://doi.org/10.3109/10428194.2013.820285
https://doi.org/10.1182/blood-2015-01-623991
https://doi.org/10.1182/blood-2015-01-623991
https://doi.org/10.1016/j.bbmt.2014.04.023
https://doi.org/10.1111/bjh.14962
https://doi.org/10.1182/blood.2020004856
https://doi.org/10.1056/NEJMoa2012971
https://doi.org/10.1097/BS9.0000000000000101
https://doi.org/10.1111/bjh.16722
https://doi.org/10.1007/s00277-013-1733-1
https://doi.org/10.1182/blood-2012-11-468348
https://doi.org/10.3389/fimmu.2023.1091014
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Preemptive interferon-α therapy could prevent relapse of acute myeloid leukemia following allogeneic hematopoietic stem cell transplantation: A real-world analysis
	Introduction
	Methods
	Study design
	Data collection
	Transplant regimens
	Protocols of preemptive IFN-α therapy
	Definition and assessment
	Statistical analysis

	Results
	Patients characteristics
	GVHD
	Response after IFN-α treatment
	Relapse
	NRM
	LFS
	OS
	Infection
	Multivariable analysis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


