Am J Cancer Res 2020;10(11):3852-3866
www.ajcr.us /ISSN:2156-6976/ajcr0119925

Original Article

Comparison of microtransplantation, chemotherapy
and allogeneic transplantation in post-remission
therapy for Philadelphia chromosome-positive
acute lymphoblastic leukemia

Bo Cai*", Qiyun Sun**, Jianhui Qiao*", Changlin Yu?, Kaixun Hu?, Tiegiang Liu?, Bingxia Li*, Yajing Huang?, Yi
Wang?, Hongli Zuo?, Zheng Dong?, Yaqing Leit, Zhiqing Liu*, Bo Yao?, Caixia Li%>3, Huisheng Ai*, Mei Guo*

1Department of Hematology, The Fifth Medical Center, Chinese PLA General Hospital, Beijing, China; 2National
Clinical Research Center for Hematologic Diseases, Jiangsu Institute of Hematology, The First Affiliated Hospital
of Soochow University, Suzhou, China; 3Institute of Blood and Marrow Transplantation, Collaborative Innovation
Center of Hematology, Soochow University, Suzhou, China. “Equal contributors.

Received August 9, 2020; Accepted October 14, 2020; Epub November 1, 2020; Published November 15, 2020

Abstract: Patients with Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph* ALL) have poor prog-
nosis, and the efficacy of chemotherapy plus tyrosine kinase inhibitors (TKIs) followed by mismatched donor stem
cell infusion (microtransplantation, MST) has not been determined. We retrospectively summarized 45 patients
including 11 undergoing MST with TKIs, 17 receiving allogeneic transplant and 17 undergoing chemotherapy with
TKls. Improved 4-year overall survival rate was observed in the MST group (91%) compared with either transplant
group (31%, P = .005) or chemotherapy group (36%, P = .013). The MST group also had higher 2-year and 4-year
leukemia-free survival rates (91% and 72%, respectively) compared with either transplant group (33%, P = .005
and 33%, P =.021, respectively) or chemotherapy group (41%, P = .017 and 31%, P = .023, respectively). 2-year
and 4-year cumulative incidences of hematologic relapse were lower in the MST group (9% and 28%, respectively)
compared with those in the chemotherapy group (56%, P =.025 and 67%, P =.034, respectively). In patients under-
going MST, donor microchimerism was detected (1.07 x 10° to 6.6 x 10 copies from 9 to 1499 days) in 7 patients,
and donor/patient-derived HLA*0201/2402*WT1*CD8"* T cells were found from 0.05% to 0.67% in 6 patients. MST
may provide a favorable treatment for patients with Ph* ALL.
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Introduction

Philadelphia chromosome-positive acute lym-
phoblastic leukemia (Ph* ALL) accounts for
approximately 30% of cases in adult ALL and
5% in childhood ALL, which presents with an
aggressive clinical course and poor prognosis
[1]. Most patients with Ph-positive ALL relapse
with a 5-year overall survival (0S) less than
10% in the pre-tyrosine kinase inhibitor (TKI)
era [2]. Despite the combination of TKIs with
multiagent chemotherapy has substantially im-
proved the overall outcome, 5-year OS is ap-
proximately 40% at best [3]. Although allo-
geneic stem cell transplantation (allo-SCT) pro-

vides potentially curative opportunity for pa-
tients in complete remission (CR), its superio-
rity over TKIs plus chemotherapy is still contro-
versial, and concerns for transplant-related tox-
icities and low quality of life continuously exist
[4-7].

We have previously devised a strategy termed
microtransplantation (MST), which uses che-
motherapy combined with granulocyte colony-
stimulating factor (G-CSF) mobilized peripheral
blood mononuclear cell (GPBMC) infusion from
a human leukocyte antigen (HLA)-mismatch-
ed donor, and have successfully applied into
patients with acute myeloid leukemia (AML),
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myelodysplastic syndrome and lymphoma [8-
10]. MST contains standard dose of chemo-
therapy or targeted therapy instead of immu-
nosuppressive conditioning, which preserves
recipient’s immune function. GPBMCs from the
mismatched donor are infused following che-
motherapy [11]. The safety and improved over-
all outcome from MST in these diseases were
validated by multiple studies from our center
and others [12-16]. However, MST for patients
with Ph* ALL has not been reported, and the
outcome comparing MST with TKIs plus chemo-
therapy or allogeneic transplant is unknown. In
this study, we retrospectively summarized 45
patients with Ph* ALL who achieved CR in our
center, aiming to compare the efficacy of MST,
allo-SCT and chemotherapy as post-remission
treatment.

Materials and methods
Patients and donors

From May 1, 2004 to September 30, 2019,
patients aged 11-68 years with Ph* ALL in CR
status were included. Patients undergoing
allo-SCT were enrolled from 2004 following
the approval of imatinib in China. Enroliment
of patients receiving TKls plus hyper-CVAD-
based chemotherapy was started from 2011,
while the hyper-CVAD-based MST protocol was
initiated from 2013. Ph positivity was deter-
mined at diagnosis by standard karyotype
and/or fluorescence in situ hybridization an-
alysis and/or BCR-ABL fusion transcript detec-
tion with quantitative reverse-transcription po-
lymerase chain reaction (QRT-PCR). All patients
were evaluated for eligibility of allo-SCT when
getting CR. Patients who had a matched/hap-
loidentical donor and agreed to allo-SCT pro-
ceeded to modified reduced-intensity condi-
tioning (RIC) allo-SCT. Myeloablative condition-
ing (MAC) was not considered due to the nonin-
ferior outcome of our RIC regimen compared
with MAC [17]. Others that refused allo-SCT or
had no suitable transplant donor received MST
with TKls or chemotherapy with TKIs according
to personal choice. Finally, 17 patients were
treated with chemotherapy plus TKls (the che-
motherapy group), and 11 patients who had a
mismatched related donor received MST plus
TKls (the MST group) as post-remission conso-
lidation. Seventeen patients received RIC allo-
SCT in remission (the SCT group), including 9
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with a haploidentical donor, 4 with a matched
unrelated donor and 4 with a matched sibling
donor. Among all patients, only one was young-
er than 15 and underwent allo-SCT. The study
protocol was approved by the Human Ethics
Committee of The Fifth Medical Center, Chine-
se PLA General Hospital and was in accordan-
ce with the Declaration of Helsinki. All patients
and their donors provided written informed
consent before the study.

Chemotherapy

For patients who received chemotherapy wi-
th TKIls, a regimen with modified hyper-CVAD
was administered as consolidation/mainte-
nance after remission. Briefly, patients receiv-
ed 8 alternating courses of fractionated cyclo-
phosphamide 300 mg/m? every 12 hours on
days 1-3, vincristine 2 mg on day 1, doxorubicin
50 mg/m? on day 4 and dexamethasone 40
mg/d on days 1-4 (1, 3, 5, 7 courses), and
high-dose methotrexate 2 g/m? and cytara-
bine 2 g/m? every 12 hours on days 1-3 (2,
4, 6, 8 courses). Cytarabine reduced to 1
g/m? for age > 60 years. An additional VMCD
regimen consisting of vincristine 2 mg on day
1, mitoxantrone 12 mg/m? on days 1 to 2,
cyclophosphamide 450 mg/m? on days 2 and
5 and dexamethasone 7.5 mg/m? on days 1
to 7 was administered between the 5th and
6th courses in 12 out of 17 patients. All pati-
ents received first or second generation TKls
according to personal choice. Imatinib, dasat-
inib or nilotinib was given at an initial dose of
400 mg, 100 mg and 600 mg daily respective-
ly at diagnosis, stopped when neutrophils <
0.5 x 10%L and/or platelets < 50 x 10%L,
and resumed until neutrophils > 1 x 10°/L and
platelets > 50 x 10°%/L from the induction to
maintenance phase. TKIs continued until rela-
pse/death in transplant-free patients. Supp-
ortive care including infection prophylaxis and
G-CSF was administered based on the stan-
dard practice guidelines.

MST

The chemotherapy and TKI schedules were
the same as that in chemotherapy group. Ten
out of 11 patients received an additional VM-
CD regimen between the 5th and 6th courses.
GPBMCs were infused 24 hours after each
completion of cytarabine. None of the patients
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received any prophylaxis of graft-versus-host
disease (GVHD).

Transplantation

Conditioning regimens were described previ-
ously [17]. Briefly, this included 30 mg/m? flu-
darabine daily for 5 consecutive days together
with 5-8 mg/kg rabbit anti-thymocyte globulin
(SangStat, Lyon, France), 80 mg/kg cyclophos-
phamide and 6-9 g/m? cytarabine. Patients
undergoing haploidentical SCT were given ad-
ditional 2 Gy total body irradiation with a dose
rate of 5 cGy/min. TKI therapy continued until
the initiation of conditioning, and discontinued
after transplantation until hematologic or cyto-
genetic relapse. The protocol of GVHD prophy-
laxis was also described previously [17].

Central nervous system leukemia (CNSL)

For patients receiving chemotherapy or MST,
CNSL prophylaxis was given by intrathecal
injection of methotrexate 15 mg, cytarabine
50 mg, and dexamethasone 5 mg during each
consolidation course. Intrathecal injection was
given at least 6 times for those who were
scheduled for allo-SCT. Patients with cytologic
CNSL evidence received intrathecal injections
twice a week until microscopic clearance of
cerebrospinal fluid.

Mobilization and apheresis of donor PBMCs

For related donors, apheresis of PBMCs was
administered with a CS-3000S cell separator
(Baxter) following subcutaneous injections of
5 ug/kg G-CSF twice a day for 5 consecutive
days. Donor cells were equally divided and
cryopreserved in liquid nitrogen, but fresh cells
were infused in the first course. GPBMCs from
unrelated donors for transplant were aquired
from the China Marrow Donor Program. In the
MST group, median numbers of mononuclear,
CD34 and CD3 cells infused per course were
1.99 x 108/kg (range, 1-4.03 x 108/kg), 2.31 x
10%/kg (range, 0.57-3.77 x 10%/kg), and 0.93 x
108/kg (range, 0.21-1.23 x 108/kg), respective-
ly. In the SCT group, median numbers of mono-
nuclear, CD34 and CD3 cells infused were 8.8
x 10%/kg (range, 3-21.66 x 108/kg), 8.44 x
10%/kg (range, 3.08-23.38 x 108/kg), and
2.55 x 108/kg (range, 0.86-8.68 x 108/kg),
respectively.
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Minimal residual disease (MRD) assessment

Quantitative RT-PCR assays were performed
to monitor BCR-ABL transcript changes in the
bone marrow. The BCR-ABL mRNA amount was
expressed relative to the ABL mRNA amount.

Chimerism and microchimerism assessment

In the SCT group, donor chimerism was moni-
tored in all patients using short tandem re-
peat-polymerase chain reaction assay with 102
sensitivity as previously described [18]. In the
MST group, donor microchimerisms (donor
cells < 1%) were monitored in 8 patients using
a more sensitive real-time PCR method with
10 sensitivity as described previously [19].
Briefly, pretransplant host and donor DNA sa-
mples were screened by 32 Indel-primers and
positive controls (actin). Donor or pretransplant
host informative-specific primers and probes
were chosen for quantification assay. Quanti-
tative PCR were performed using ABI7500 re-
al-time PCR system. The ratio of donor micro-
chimerism was then determined by the AAct
method according to the published protocol,
using the actin primer/probe set to normalize
for the actual DNA amount. AAct was calculat-
ed as follows: AAct = ((ctmarker_post - ctactin_
post) - (ctmarker_pre - ctactin_pre)).

Analysis of WT1*CD8* T cells

Seven of 11 patients in the MST group and 4
of 17 patients in the SCT group who and/or
whose donor had HLA-A*02:01 and/or HLA-
A*24:02 were monitored for circulating WT1*
HLA-A*02:01°CD8* and/or WT1'HLA-A*24.:02*
CDS8* T cells as previously described [8]. A pro-
portion of pentamer-positive T cells among
total CD8* T cells > 0.05% was considered
significant.

Response criteria and outcome evaluation

CR was defined as < 5% blasts in the bone
marrow with the absence of blasts in the pe-
ripheral blood and extramedullary disease. A
neutrophil count > 1.0 x 10°%L and platelet
count > 100 x 10%/L were also required. Com-
plete molecular response (CMR) was defined
as the absence of a detectable BCR-ABL tran-
script with 0.01% sensitivity. Patients who
died within the first month after start of the
study were considered early death. Hemato-
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logic relapse was defined as the recurrence of
lymphoblasts in the bone marrow (> 5%) or
peripheral blood or any extramedullary site.
The recovery time of neutrophil was defined
as the first of 3 consecutive days when the
neutrophil count was 0.5 x 10°/L. Platelet
recovery time was defined as the first of 3
consecutive days when the platelet count was
30 x 10%/L.

0S was calculated from enroliment to death
or the last follow-up until May 1st, 2020. Leu-
kemia-free survival (LFS) was defined as the
period from enroliment until relapse or death
in remission. Nonrelapse mortality (NRM) was
calculated as the time of death while in CR.
Acute and chronic GVHD were defined based
on published criteria [20, 21]. Adverse events
were graded according to the National Can-
cer Institute’s Common Terminology Criteria for
Adverse Events (CTCAE) version 4.0. Grade llI-
IV acute GVHD and Grade 3-4 non-hematolo-
gic toxicities were considered as severe adver-
se events.

Statistical analysis

Categorical and continuous variables related
to clinical characteristics, MRD results or post-
SCT disease status among groups were com-
pared by the Chi-square test and analysis of
variance, respectively. Survival analyses were
performed by the Kaplan-Meier method. The
log-rank test was used to compare survival
rates. Univariate analyses were performed us-
ing the log-rank test to identify prognostic vari-
ables for OS, LFS and relapse. Variables with a
P value < 0.1, as determined by univariate an-
alyses, were considered for entry into multi-
variate analyses according to Cox proportional
hazards regression models. GraphPad Prism
v8.0 (GraphPad Software Inc., San Diego, CA)
software was used for preparing plots of mi-
crochimerism and WT1*CD8* T cells. Two-sid-
ed P < .05 was considered statistically signifi-
cant. Statistical analyses were performed by
Statistical Packages for the Social Sciences
v25.0 (SPSS Inc., Chicago, IL) software.

Results
Patient characteristics
A total of 45 Ph* ALL patients in CR were

enrolled in the study. Seventeen (37.78%) pa-
tients were enrolled in the SCT group, 11
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(24.44%) patients were enrolled in the MST
group and 17 (37.78%) patients were enrolled
in the chemotherapy group. No patient pro-
ceeded to allo-SCT after getting remission in
MST or chemotherapy group, and only one
patient proceeded to salvage SCT after relapse
in the chemotherapy group. Characteristics of
patients are shown in Table 1. Baseline charac-
teristics were much the same among groups,
except for the median white blood cell (WBC)
count between the SCT and MST group and
number of patients with WBC > 30 x 10%/L
between the MST and chemotherapy group. All
patients received first or second generation
TKls at initial treatment with no significant dif-
ference among groups. The donor had 0-2
(related, n = 3) or 5 (related, n = 8) matched
HLA-loci with the patient in the MST group,
while the donor had 5-8 (related, n = 9) or 10
(related, n = 4 and unrelated, n = 4) matched
HLA-loci with the patient in the SCT group.

Count recovery and adverse events

Median times to neutrophil and platelet count
recovery were 12 days vs. 12 days and 13.5
days vs. 13 days, respectively, between the
MST and chemotherapy groups with no signifi-
cant differences (Table 2). Patients in the SCT
group experienced faster hematopoietic recov-
ery than the other two groups within expecta-
tion. Overall rates of severe adverse events
associated with treatment were higher in the
SCT group than those in the MST or chemo-
therapy group. The most frequent events were
organ failure (n = 6, 35%) followed by IlI-IV
GVHD (n = 2, 12%) and severe infections (n =
2, 12%) in the SCT group. Four patients (24%)
presented with severe infections in the chemo-
therapy group. No any severe adverse event
including acute GVHD occurred in the MST

group.
OS and LFS

The median follow-up was 27.7 months (range,
0.8-191.2 months). At the last follow-up time,
21 patients survived and 24 patients died
(deaths due to disease progression [n = 13],
organ failure after relapse [n = 1], infection
after relapse [n = 1] and deaths while patients
were in CR [n = 9]). Early death occurred in
one patient in the SCT group (Table 2). Me-
dian OS times were 12.1, 66.9 and 27.7 mon-
ths in the SCT, MST and chemotherapy groups,
respectively. The 2-year OS rate was lower in
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Table 1. Characteristics of patients

Total

SCT MST Chemo

Parameter (n = 45) (n=17) (n=11) (n=17) P

Median age (range), years 42 (11-68) 41 (11-55) 47 (20-68) 43 (21-65) 158

Age > 50, n (%) 12 (27) 2(12) 4(36) 6 (35) 226

Males, n (%) 29 (64) 8 (47) 8(73) 13 (76) .162

Median WBC (range), x 10%/L 33.3(1.36-318.3) 74.6(4.42-183.1) 12.3(1.36-125) 51(1.7-318.3) .010*

WBC > 30 x 10%L, n (%) 24 (53) 10 (59) 2(18) 12 (71) .021°

Extramedullary leukemia, n (%) 5(11) 3(18) 2(18) 0 (0) 161

Chromosome type, n (%) 522
Ph alone 36 (80) 12 (71) 10 (91) 14 (82)

Ph with other 9(20) 5(29) 1(9) 3(18)

BCR-ABL transcript, n (%) 535
P190 30 (67) 13 (76) 7 (64) 10 (59)
P210/P230° 15 (33) 4.(24) 4(36) 7 (41)

CMR at enrollment, n (%) 28 (62) 8 (47) 7 (64) 13 (76) 208

TKI type at enrollment, n (%) 214
1st generation 30 (67) 12 (71) 5 (45) 13 (76)
2nd generation® 15 (33) 5 (29) 6 (55) 4(24)

Median time from diagnosis to enroliment (range), months 4.1(0.9-80.2) 5.6 (2.3-23.7) 3.4 (2.1-11.6) 3.5(0.9-80.2) 724

Donors, n .000
10 loci matched related 4 4 0 0
5-9 loci matched related 17 9 8 0
0-4 loci matched related 3 0 3 0
Matched unrelated 4 4 0 0
No donor 17 0 0 17

a: SCT vs. MST (P =.019); SCT vs. Chemo (P = .995); MST vs. Chemo (P = .079). b: SCT vs. MST (P = .054); SCT vs. Chemo (P = .473); MST vs. Chemo (P = .007). c: One
patient in the MST group conserved the P230 transcript. d: Fourteen patients were given dasatinib, and one patient was given nilotinib in the MST group. Abbreviations:
SCT, stem cell transplantation; MST, microtransplantation; Chemo, Chemotherapy; WBC, white blood cell; CMR, complete molecular response; TKI, tyrosine kinase inhibi-

tor.

the SCT group (39%) than that in the MST or
chemotherapy group (91%, P =.012, 80%, P =
.018, respectively). The MST group showed
improved 4-year OS rate (91%) compared with
either SCT group (31%, P = .005) or che-
motherapy group (36%, P = .013), while the
chemotherapy group showed comparable 4-
year OS rate with the SCT group (P = .159)
(Figure 1A).

Median LFS times were 8.6, 51.2 and 13.5
months in SCT, MST and chemotherapy gro-
ups, respectively. The MST group had signifi-
cantly higher 2-year and 4-year LFS rates (91%
and 72%, respectively) compared with either
SCT group (33%, P = .005 and 33%, P =.021,
respectively) or chemotherapy group (41%, P =
.017 and 31%, P = .023, respectively) (Figure
1B). There was no significant difference in 2-
year or 4-year LFS rate between SCT and che-
motherapy groups (P = .428 and P = .580,
respectively).

Relapse and NRM

The median hematologic relapse time was
10.9 months (range, 2.7-57.9 months). 2-year
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and 4-year cumulative incidences of hemato-
logic relapse were lower in the MST group (9%
and 28%, respectively) compared with those in
the chemotherapy group (56%, P = .025 and
67%, P = .034, respectively) (Figure 2A). Only
one patient (9%) underwent relapse within 2
years in the MST group compared with 8 pa-
tients (56%) in the chemotherapy group. In the
MST group, all 5 patients (45%) who had no
hematologic relapse maintained cytogenetic
remission until the last follow-up, and 2 out of
6 patients who underwent hematologic relap-
se transformed from imatinib to dasatinib. In
the chemotherapy group, 1 out of 8 patients
who had no hematologic relapse underwent
cytogenetic relapse, and 5 out of 9 patients
who experienced hematologic relapse trans-
formed from imatinib to dasatinib. No signifi-
cant difference was observed in 2-year or 4-
year cumulative incidence of hematologic re-
lapse between MST and SCT groups (P = .429
and P = .847, respectively). In the SCT group,
3 patients (20%) experienced hematologic re-
lapse including 2 proceeding to the original
TKI plus reinduction chemotherapy and 1 tr-
ansforming from imatinib to dasatinib; among
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Table 2. Outcomes of patients

Parameter Total SCT PfZCT MST  P(SCT Chemo © (VTST
(N=45) (n=17) o o) (N=11) Vve.MST) (n=17) o ©
Median time of ANC recovery (range), days ~ 12(8-18) 9(8-14) <.001 12(10-17) <.001 12(10-18) .462

Median time of platelet recovery (range), days 13 (6-18) 10 (6-15) <.001 13.5(7-18) <.001 13(10-18) .969

Severe adverse event, n (%) <.001 <.001 132
Severe infections 6 (13) 2(12) 0 (0) 4 (24)
11-IV aGVHD 2 (4) 2(12) 0 (0) 0 (0)
Organ failure 6 (13) 6 (35) 0(0) 0(0)
Early death, n (%) 1(2) 1(6) 476 0(0) .804 0(0) .804
Total death, n (%) 24 (53) 11 (65) 486 4 (36) 142 9 (53) .390
Causes of death, n (%) .067 .062 <.999
Relapse 13 (27) 2 (12) 4 (36) 7 (41)
Infections 4(9) 3(18) 0(0) 1(6)
GVHD 2(4) 2(12) 0(0) 0(0)
Organ failure 5(11) 4 (24) 0(0) 1(6)
0S, No. of Events (%) 24 (47) 11 (31) .253 4 (47) .046 9 (24) .022
2-year OS 14 (69) 10 (39) .018 1(91) .012 3(80) 492
4-year OS 20(56) 11(31) 159 1(91) .005 8(36) .013
LFS, No. of Events (%) 27 (40) 11(33) .580 6 (41) 11 10 (31) .060
2-year LFS 21(53) 11(33) 428 1(91) .005 9 (41) .017
4-year LFS 24 (47)  11(33) .580 3(72) .021 10 (31) .023
Hematologic relapse, No. of Events (%) 18 (40) 3(20) 148 6 (59) .585 9 (67) .083
2-year relapse 12 (27) 3(20) 226 1(9) 429 8 (56) .025
4-year relapse 15 (33) 3(20) 148 3(28) 847 9 (67) .034
NRM, No. of Events (%) 9 (20) 8 (47) .008 0(0) .008 1(6) 421
1-year NRM 8(18) 7(41) .019 0(0) .018 1(6) 421
2-year NRM 9 (20) 8 (47) .008 0(0) .008 1(6) 421

Abbreviations: SCT, stem cell transplantation; MST, microtransplantation; Chemo, Chemotherapy; ANC, absolute neutrophil count; aGVHD, acute
graft-versus-host disease; OS, overall survival; LFS, leukemia-free survival; NRM, non-relapse mortality.
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Figure 1. OS and LFS in three groups. A. The MST group showed improved 4-year OS rate (91%) compared with
either SCT group (31%) or chemotherapy group (36%). B. The MST group had significantly higher 4-year LFS (72%)
compared with either SCT group (33%) or chemotherapy group (31%).
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Figure 2. Relapse and NRM in three groups. A. The 4-year cumulative incidence of hematologic relapse was lower in
the MST group (28%) compared with that in the chemotherapy group (67%). B. The 2-year cumulative NRM was sig-
nificantly higher in the SCT group (47%) compared with that in either MST group (0%) or chemotherapy group (6%).
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Figure 3. Cumulative incidence of acute graft-versus-host disease (GVHD) in
the SCT group. Nine patients (53%) experienced acute GVHD including seven

(41%) with Grade I-Il and two (12%) with Grade llI-IV.

14 patients (82%) in hematologic remission, 3
(21%) underwent cytogenetic relapse and re-
turned to CMR after continuing the original TKI.

The overall NRM was 20%. The MST group
had comparable 1-year or 2-year cumulative
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MRD changes

NRM (0% and 0%, respective-
ly) compared with the chemo-
therapy group (6%, P = .421
and 6%, P = .421, respective-
ly). In contrast, the 1-year and
2-year cumulative NRM were
significantly higher in the SCT
group (41% and 47%, respec-
tively) compared with either
MST group (P =.018 and P =
.008, respectively) or chemo-
therapy group (P = .019 and
P = .008, respectively) (Fi-
gure 2B).

GVHD

In the SCT group, I-Il acute
GVHD occurred in seven pa-
tients (41%), while two pati-
ents (12%) presented with IlI-
IV acute GVHD (Figure 3). Two
patients (12%) experienced li-
mited chronic GVHD. No any
acute or chronic GVHD occu-
rred in the MST group.

The BCR-ABL transcripts were consecutively
monitored post enroliment in 43 patients. Fi-
fteen patients had positive MRD at enrollment
including 7 from the SCT group, 4 from the MST

Am J Cancer Res 2020;10(11):3852-3866
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Table 3. Changes of minimal residual disease after enrollment (n

rism over 1% (4.877% and

= 43)? 1.07%) from 2 patients on the
Total scT MST  Chemo first and fourth day respec-
Parameter (n=43) (n=15) (n=11) (n=17) P tively after donor cell infusi-
From CR to CMR, n (%) 15(35) 7(47) 4(36) 4(24) on. Microchimerism was de-
Within 3 months 11(73) 7(100) 2(50) 2(50) .118 TeCteS th out of 8faccesls(')b7'
Within 6 months 12(80) 7(100) 3(75) 2(50) .123 f ?_?)—Le?osgraengin%_ot‘orzop-ies
b 0 c )
From C-MR to Relapse®, n (%) 28 (65)° 8(b3) 7(64) 13(76) from 9 to 1499 days after
Within 3 months 5(18) 3(38) 0(0) 2(15) .167 MST (Figure 4A).
Within 6 months 8(29) 3(38) 2(29) 3(23) .865

a: BCR-ABL quantification was not monitored in 2 patients enrolled before 2008 in

WT1*CD8* T cell assessment

the SCT group. b: Relapse included hematologic and molecular relapse. c: Fifteen

patients in sustained CMR until the last follow-up were included. Abbreviations:
SCT, stem cell transplantation; MST, microtransplantation; Chemo, Chemotherapy;

CR, complete remission; CMR, complete molecular response.

group and 4 from the chemotherapy group.
After 3 months of treatment, all 7 patients
(100%) achieved CMR in the SCT group while
2 patients (50%) achieved CMR in both MST
and chemotherapy groups. The proportions of
patients getting CMR within 6 months were
100%, 75% and 50% in SCT, MST and chemo-
therapy groups, respectively (Table 3). On the
other side, 28 patients were in CMR at enroll-
ment including 8 from the SCT group, 7 from
the MST group and 13 from the chemotherapy
group. Three of 8 patients (38%) and 2 of 13
patients (15%) experienced molecular/hema-
tologic relapse in the SCT and chemotherapy
group, respectively, while no patient underwent
any relapse in the MST group within 3 months.

Chimerism and microchimerism

All patients from the SCT group achieved full
donor chimerism (FDC). The median time of
establishment of full donor chimerism was 32
days (6-200 days) post transplantation. Three
patients who experienced hematologic relapse
underwent drop of donor chimerism as low as
0%, 66% and 95%, respectively. Two patients
presented with molecular relapse before the
achievement of FDC. There is no significant dif-
ference of time-to-FDC between relapsed (14-
200 days, n = 6) and nonrelapsed (6-103 days,
n = 11) cohorts (median time 46.5 vs. 16 days,
P = .242). In the MST group, eight accessible
patients were monitored for microchimerism/
chimerism at totally 53 timepoints (2-9 time-
points for each patient). Thirty-five out of 53
timepoints (66%) had detectable donor chime-
rism, including 2 timepoints with donor chime-
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In the MST group, 8 out of 11
patient/donor pairs were ei-
ther HLA-A*02:01 positive or
HLA-A*24:02 positive. Among
these 8 patients, WT1'CD8* T cells were not
monitored in one patient with positive HLA-
A*02:01 due to lack of samples. WT1*CD8* T
cell responses were monitored at 23 time-
points from the other 7 patients (1-6 timepo-
ints for each patient), and 6 of them had sig-
nificant WT1*CD8* T cell responses (positive
at 14 timepoints). WT1'CD8* T cell frequenci-
es varied between 0.05% and 0.67% from 297
to 1743 days after MST (Figure 4B). Among
these patients, two donor/recipient pairs we-
re both HLA-A*02:01 positive; two pairs were
donor-only HLA-A*02:01 positive; one pair was
donor-only HLA-A*02:01 positive and patient-
only HLA-A*24:02 positive, whereas one pair
was patient-only HLA-A*02:01 positive and
donor-only HLA-A*24:02 positive. In the SCT
group, WT1'CD8* T cells were monitored at 9
timepoints from 4 out of 17 patients (1-4 time-
points for each patient) who or whose donor
were either HLA-A*02:01 positive or HLA-
A*24:02 positive, and 2 patients had signifi-
cant WT1*CD8* T cell responses (positive at 5
timepoints) with frequencies between 0.06%
and 0.52% from 116 to 1265 days after SCT.
Among these patients, one patient/donor pair
was both HLA-A*02:01 positive, and one pair
was donor-only HLA-A*24:02 positive (Figure
4C).

Univariate and multivariate analyses

Patient characteristics (age, gender, WBC, ch-
romosome type, BCR-ABL transcript, CMR at
enroliment, TKI type at enroliment), time from
diagnosis to enrollment and treatment group
were analyzed to identify potential factors in-
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Figure 4. Monitoring of microchimerisms and HLA*0201/2402*WT1*CD8"*
T cells. A. Microchimerism was detected in 7 out of 8 patients ranging from
1.07 x 10° to 6.6 x 10* from 9 to 1499 days after MST. B. Seven patients
were monitored for HLA*0201/2402*WT1*CD8* T cells after MST, and 6 pa-
tients had significant T cell response. Frequencies varied between 0.05%
and 0.67% from 297 to 1743 days after the first donor cell infusion. C. Four
patients were monitored for HLA*0201/2402*WT1*CD8* T cells after SCT,
and 2 patients had significant T cell response with frequencies between
0.06% and 0.52% from 116 to 1265 days post transplantation. In (B and
C), the black dot represents data from patient/donor pairs with double-pos-
itive HLA*02:01 or HLA*24:02, the red dot represents data with donor-only
HLA*02:01 or HLA*24:02, and the blue dot represents data with patient-

Outcome of standard chemo-
therapy for patients with Ph*
ALL has been poor. 3-year OS
rates are less than 20% with-
out allo-SCT and only 30-40%
with allo-SCT [2, 22]. Although
allo-SCT in first CR is the stan-
dard intervention in patients
with Ph* ALL, optimal use of
TKls with chemotherapy has
significantly improved effica-
cy with less treatment-relat-
ed mortality, which shows be-
nefit especially for older pa-
tients who account for the
major population of Ph* ALL.
We also incorporated TKls in-
to this study, and OS and LFS
rates were 47% and 40%, re-
spectively at the time of last
follow-up, which are compa-
rable with previous reports
[23].

Previous studies have confir-
med survival benefits of MST
in acute myeloid leukemia
[12]. In this study, we first
applied MST to treat patients
with Ph* ALL, despite the fact
that the sample of patients
enrolled was small. 4-year OS

only HLA*02:01 or HLA*24:02.

fluencing OS, LFS and relapse (Table 4). On
multivariable analysis, MST treatment was id-
entified as the sole independent variable pre-
dicting 4-year OS.

Discussion

This study reports outcomes comparing the
efficacy of SCT, MST and chemotherapy proto-
cols for patients with Ph* ALL. Patients under-
going MST showed favorable 4-year OS, 2-year
LFS and 4-year LFS compared with those re-
ceiving either SCT or chemotherapy. Patients
in the MST group also displayed lower relapse
rate than those in the chemotherapy group,
and manifested satisfactory tolerance with
lower NRM compared with those receiving allo-
SCT. In addition, donor microchimerisms and
specific HLA*02:01/24:02*WT1*CD8" T cells
were detected in patients post MST, implying
the persistence of donor components and po-
tential immune reaction.
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was 91% and 4-year LFS was

72%, which showed signifi-
cant benefit over chemotherapy of this study
and other similar studies [24, 25]. Only 3 pa-
tients (28%) relapsed within 4 years in the
MST group compared with 9 patients (67%) in
the chemotherapy group, implying the enhanc-
ed anti-leukemic effect through programmed
allogeneic PBMC infusion. Although MST did
not show superiority in count recovery as re-
ported previously in AML patients [18], none
of patients died from treatment-related toxici-
ties and no GVHD was observed in the MST
group, which further confirmed the safety and
chemotherapy-supporting role of GPBMC infu-
sion. With these features, MST may shed a li-
ght on the treatment of elderly and/or frail pa-
tients with Ph* ALL who are ineligible for allo-
geneic transplant or intensive chemotherapy,
which is similar to the application of MST in
elderly patients with AML [12].

In previous studies we utilized the real-time
quantitative PCR technology detecting the sex-
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Table 4. Univariate and multivariate analyses for factors influencing OS, LFS and relapse (n = 45)

4-year OS 4-year LFS 4-year Relapse
Variables Umvangte Multivariate analysis Umvangte Multivariate analysis Umvangte Multivariate analysis
analysis analysis analysis
% P HR (95% Cl) P % P HR (95% Cl) P % P HR (95% Cl) P

Age

> 50 years 75.0 .264 - - 66.7 .215 - - 16.7 .206 - -

<50 years 48.5 - - 39.4 - - 39.4 - -
Gender

Male 51.7 .754 - - 41.4 717 - - 379 .635 - -

Female 62.5 - - 56.3 - - 25.0 - -
WBC

>30 x 10%/L 458 112 - - 375 .088 1.465 (0.580-3.700) .419 41.7 .088 2.039 (0.604-6.880)  .251

<30 x 10%/L 66.7 - - 57.1 1 - 23.8 1 -
Chromosome type

Ph alone 61.1 .101 - - 50.0 .198 - - 30.6 .227 - -

Ph with other 33.3 - - 33.3 - - 44.4 - -
BCR-ABL transcript

P190 50.0 .333 - - 43.3 .480 - - 36.7 .440 - -

P210/P230 66.7 - - 53.3 - - 26.7 - -
CMR at enrollment

Yes 60.7 .482 - - 53.6 .250 - - 28.6 .330 - -

No 471 - - 35.3 - - 41.2 - -
TKI type at enroliment

1st generation 46.7 181 - - 36.7 .080 2.049 (0.740-5.674) .167 36.7 .341 - -

2nd generation 73.3 - - 66.7 1 - 26.7 - -
Time from diagnosis to enrollment

> 4 months 455 .099 1.483(0.568-3.868) .421 36.4 .168 - - 273 771 - -

< 4 months 65.2 1 56.5 - - 39.1 - -
Treatment

SCT 35.3 .005 1 35.3 .048 1 - 176 .085 1 -

MST 90.9 0.080 (0.010-0.643) .018 72.7 0.329 (0.078-1.396) .132 273 1.126 (0.194-6.538)  .895

Chemo 52.9 0.602 (0.229-1.581) .303 41.2 0.820 (0.345-1.949) .654 52.9 2.750(0.738-10.248)  .132

Abbreviations: 0S, overall survival; LFS, leukemia-free survival; WBC, white blood cell; CMR, complete molecular response; TKI, tyrosine kinase inhibitor; SCT, stem cell transplantation; MST, microtransplanta-

tion; Chemo, Chemotherapy.
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determining region of the Y chromosome to
determine the persistence of minimal donor
components in the recipient’s circulation (mi-
crochimerism), however, this method is restrict-
ed to male-to-female pairs which narrows its
application in general populations. In this study,
we applied an alternative approach based on
real-time quantitative PCR using the TagMan
technology, which showed increased sensitivity
of 104-10® independent of donor and recipient
gender [19, 26, 27]. The highest level of do-
nor microchimerism reached 6.6 x 10 copies
and the persistence was as long as 1499 days
post MST. Although no convincing relationship
has been found between detectable microchi-
merism and clinical outcome due to limited
patient number and discordant detection ti-
mepoints among patients, these results were
consistent with our previous microchimerism
study in AML patients with the longest persis-
tence of 1020 days post MST [8], indicating
the possibility of long-term existence of donor
components in the recipient, even though no
strong immunosuppressive conditioning was
involved.

WT1'CD8* T cells had been monitored with a
HLA-A*02:01 pentamer in our previous MST
study, and only 38.6% of patients were HLA-
A*02:01 positive [8]. In this study, we utilized
two pentamers targeting HLA-A*02:01 and/or
HLA-A*24:02 which further expanded the per-
centage of detectable population over 60%.
It has been reported that the emergence of
WT1*CD8"* T cells was considered to be the indi-
rect evidence for graft-versus-leukemia (GVL)
and recipient-versus-leukemia (RVL) effects
following donor lymphocyte infusion [28, 29].
In the MST group, we monitored WT1*CD8* T
cells in 7 subjects who or whose donor con-
served HLA-A*02:01 and/or HLA-A*24:02 lo-
cus. Two patient/donor pairs presented with
significant WT1*CD8"* T cell response but were
unable to distinguish the cell origin due to the
possession of the same HLA-A locus (A*02:01)
between the donor and recipient. Significant
WT1'CD8* T cell response was also detected
in 2 pairs with patient-only HLA-A*02:01 or
HLA-A*24:02 as long as 644 and 580 days
post MST, respectively, indicating RVL effect.
Interestingly, 3 out of 4 pairs who had donor-
only A*02:01 or A*24:02 also preserved signi-
ficant WT1'CD8" T cell response even 518,
644, and 858 days, respectively after donor
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cell infusion, implying long-term GVL effect. In
contrast, 2 out of 4 accessible patient/donor
pairs in the SCT group presented with signifi-
cant WT1*CD8* T cell response after transplan-
tation, only indicating GVL effect. These results
revealed again that MST induced specific anti-
leukemic activity through both GVL and RVL
effects, which was in accordance with our pre-
vious study [8, 30].

Although allogeneic SCT in first remission was
considered the first choice for Ph* ALL patients
in the pre-TKI era, the introduction of TKIs has
questioned SCT as standard of care. Patients
with Ph* ALL who underwent Hyper-CVAD che-
motherapy plus TKls and achieved CMR at 3
months have excellent long-term outcomes wi-
th a 4-year OS rate of 66% even without SCT
[31]. However, 4-year OS rates were approxi-
mately 50% and 40% in patients undergoing
matched sibling and matched unrelated SCT,
respectively, associated with increased death
in remission compared with patients receiving
chemotherapy [32]. In this study, patients in
the SCT group also experienced significantly
higher incidence of transplant-associated ad-
verse events followed by increased NRM. The
reason may lie in that over half of patients (9
out of 17) underwent haploidentical SCT whi-
ch may lead to higher treatment-related mor-
tality compared with those who received ma-
tched related SCT [17, 33]. It is also notable
that the SCT group had equivalent 4-year
relapse rate compared with the chemotherapy
group, which may result from the MRD-triggered
strategy instead of prophylactic use of TKls
post transplant. In the SCT group of this study,
TKls were discontinued to alleviate transplant-
related toxicities until MRD existed, which is
distinct from common recommendations for
1-year TKI duration post transplant [34]. How-
ever, even though several non-randomized
studies validated the priority of prophylactic
TKI strategy post transplant, a multicenter ran-
domized controlled trial showed similar survi-
val and relapse between two strategies, mak-
ing this issue still controversial [35]. The effi-
cacy of post-transplantation cyclophosphamide
(PTCy)-based haploidentical SCT has not been
determined in large cohort of Ph* ALL patients,
however, this regimen in high-risk ALL popula-
tion has been reported by several studies [36,
37]. In addition, other alternative haploidenti-
cal SCT regimens for Ph* ALL have also been
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investigated with promising results [38-40].
Although the efficacy of our RIC regimen has
been reported in a multicenter study [17], its
use in the Ph* ALL population still needs to be
determined in a larger cohort.

In summary, MST showed improved outcomes
compared with chemotherapy and allo-SCT in
Ph* ALL patients, which is worthy to be further
evaluated in a larger population. Future stu-
dies may explore the combination of MST with
novel immunotherapy like chimeric antigen re-
ceptor-modified T cells or novel agents in-
cluding next-generation TKls and blinatumom-
ab, which may further challenge the application
of SCT.
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