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Dynamic immune profiling identifies the stronger graft-versus-
leukemia (GVL) effects with haploidentical allografts
compared to HLA-matched stem cell transplantation
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Haploidentical stem cell transplantation (haplo-SCT) achieves superior or at least comparable clinical outcomes to HLA-matched
sibling donor transplantation (MSDT) in treating hematological malignancies. To define the underlying regulatory dynamics, we
analyzed time courses of leukemia burden and immune abundance of haplo-SCT or MSDT from multiple dimension. First, we
employed two nonirradiated leukemia mouse models which carried human AML-ETO or MLL-AF9 fusion gene to establish haplo-
identical and major histocompatibility (MHC)-matched transplantation models and investigated the immune cell dynamic response
during leukemia development in vivo. We found that haplo-matching the MHCs of leukemia cells with recipient mouse T cells
prolonged leukemic mice survival and reduced leukemia burden. The stronger graft-versus-leukemia activity in haplo-SCT group
mainly induced by decreased apoptosis and increased cytotoxic cytokine secretion including tumor necrosis factor-q, interferon-y,
pore-forming proteins and CD107a secreted by T cells or natural killer cells. Furthermore, we conducted a prospective clinical trial
which enrolled 135 patients with t(8;21) acute myeloid leukemia that displayed minimal residual disease before transplantation and
underwent either haplo-SCT or MSDT. The results showed that the haplo-SCT slowed the kinetics of the leukemia burden in vivo
and reduced the cumulative incidence of relapse compared with MSDT. Ex vivo experiments showed that, 1 year after
transplantation, cytotoxic T lymphocytes from the haplo-SCT group had higher cytotoxicity than those from the MSDT group during
the same period. Our results unraveled the role of immune cells in superior antileukemia effects of haplo-SCT compared with MSDT.
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INTRODUCTION

Allogeneic stem cell transplantation (allo-SCT) is a curative therapy
for hematological malignancies." Evidence from a number of
studies have shown that allo-SCT was superior to chemotherapy
alone as a post-remission treatment for reducing the cumulative
incidence of relapse (CIR).>*® This superiority was ascribed to
graft-versus-leukemia (GVL) effects mediated by alloreactive donor
T cells and natural killer (NK) cells.>® In recent years, haplo-
identical SCT (haplo-SCT) has achieved outcomes comparable
even superior in certain circumstance to that human leukocyte
antigen (HLA)-matched sibling donor transplantation (MSDT) in
treating patients with acute leukemia. For example, when patients
with acute myeloid leukemia (AML) or acute lymphoblastic
leukemia that exhibited pretransplantation measurable residual
disease or patients with AML in first complete remission (CR1)
were treated with haplo-SCT, they achieved a lower CIR or
cumulative incidences of MRD positivity posttransplantation than
those treated with MSDT.>™"! These studies indicate that haplo-
SCT might exhibit stronger antileukemia activity compared with

MSDT, from the single endpoint of clinical events. However, the
regulatory dynamics of immune cells from the allografts during
antileukemia process in haplo-SCT or MSDT are still poorly
understood.

Since the pioneering demonstration of murine leukemia
elimination by homologous bone marrow (BM) transplantation
by Barnes et al.,'? traditional GVL mouse models have provided an
in vivo platform to explore antileukemia biological processes in
transplant because of the well-understood genetic background in
different mouse strains and reliable evaluation standards in clinical
phenotype. However, the GVL effects in traditional mouse models
might be masked by the onset of graft-versus-host disease
(GVHD), when leukemia cells and allografts are infused simulta-
neously. Moreover, the murine leukemia cell lines frequently used
to create GVL mouse models (e.g., A20 and P815) originated from
mice, and thus, they present limitations for understanding human
leukemia, due to the different genetic and biological
characteristics."*'* Therefore, we employed two kinds of mouse
models: mouse leukemia was induced by transplanting leukemic
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cells that carried either the human AML-ETO genetic mutation or
the human MLL-AF9 genetic mutation.">'® These murine AML-ETO
or MLL-AF9 leukemic cells were transplanted into either MHC-
matched or haplo-identical recipient mice to imitate the
antileukemia situation in the clinical context. We hypothesized
that these mouse models could provide platform to peruse
immune cells reaction when the MHC molecules on T cell were
matched or haplo-matched with leukemia cells. It might unravel
the mechanisms of superior antileukemia activity from haplo-SCT
compared to MSDT without the interference from GVHD.

Besides the mouse models, we also conducted a prospective
clinical trial in which the MRD were monitored continuously to reveal
the kinetics of the leukemia load of haplo-SCT or MSDT in vivo. The
reduction of the leukemia load after allo-SCT compared to pre-
transplantation could reflect the GVL effects of immune cells.
Therefore, monitoring the dynamic changes of MRD could provide
time-resolved evidence of antileukemia activity in haplo-SCT or
MSDT. Previous studies showed that patients with t(8;21) AML at high
risk could be distinguished based on MRD detection."”'® Our
previous prospective, multicenter study indicated that allo-SCT
benefited patients at high risk (defined as a >3-log reduction in
RUNX1/RUNX1T1 transcripts, also termed as major molecular
remission, MMR or MRD positivity).'® Recommendations from the
European LeukemiaNet and from China currently suggest that allo-
SCT should be performed in patients with t(8;21) AML that cannot
achieve a MMR*"?. Moreover, the MRD of t(8;21) AML could be more
accurately determined by leukemia-specific genes RUNXT/RUNX1T1
which is assessed by real-time polymerase chain reactions (RT-
PCR).2>?? Thus, we continuously evaluated RUNXT/RUNX1TI of
patients with t(8;21) AML from pre-transplantation to post transplan-
tation to compare the GVL effects between haplo-SCT and MSDT.

In this study, we demonstrated that haplo-matching the MHCs
of leukemia cells with recipient mouse T cells prolonged leukemic
mouse survival compared to MHC-matching group, mainly via
reduced T cell apoptosis and enhanced T cell cytokine secretion,
including interferon-y (IFN-y) and tumor necrosis factor-a (TNF-a).
The NK cells also contributed to stronger GVL effects in the haplo-
matched transplantation group evidenced by increased cytokine
secretion such as CD107a, IFN-y, and pore-forming proteins
(Perforin). Clinically, we conducted a prospective clinical trial
which enrolled 135 patients with t(8;21) AML that displayed MRD
before transplantation and underwent either haplo-SCT or MSDT.
We monitored the RUNX1/RUNX1T1 transcript levels and found
that, after 1 year, patients that received haplo-SCT exhibited a
lower leukemia load and higher T-cell cytotoxic activity compared
to patients that received MSDT.

MATERIALS AND METHODS

Mice

C57BL/6  (H-2P), BALB/c (H-2%), and CB6F1 (H-2”%) mice
(8-10 weeks old) were purchased from Beijing Vital Laboratory
Animal Technology Company, Ltd. (Beijing, China). All mice were
maintained in the specific pathogen-free animal facility of Peking
University People’s Hospital. All experiments were performed
according to the National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals.

AML-ETO- and MLL-AF9-induced AML mouse models
GFP-expressing AML-ETO primary mouse AML cells were kindly
provided by Professor Yue-Ying Wang of Rui-Jin Hospital, Shanghai
Jiao Tong University School of Medicine."® We divided these mice
into two groups. The MHC-matched group received a syngenetic
transplantation: that is, the leukemia cells (H-2% were transplanted
into BALB/c mice (H-2). For the haplo-SCT group, the leukemia cells
(H-2% were transplanted into CB6F1 (H-2*) mice (Fig. 1a).
GFP-expressing MLL-AF9 primary mouse AML cells were kindly
provided by Professor Jianfeng Zhou from Tongji Medical College,
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Huazhong University of Science and Technology. The generation
of MLL-AF9 leukemia mouse models was described in detail
previously.'® As described above, we divided mice into two
groups. The MHC-matched group comprised syngenetically
transplanted C57BL/6 (H-2°) mice, and the haplo-matched group
comprised CB6F1 (H-2°"9) mice transplanted with H-2° leukemia
cells (Fig. 3a).

Transplantation of leukemia cells to create mouse models

Leukemia cells were thawed, and live cells were counted by
staining with trypan blue. The ratio of GFP™ cells was detected
with flow cytometry. The appropriate amounts of live GFP*
leukemia cells were transplanted into nonirradiated recipient
mice, and mouse survival was monitored. A total of 5x 10° live
GFP™ AML-ETO leukemia cells were transplanted into nonirra-
diated recipient mice in immune functional analyze. Similarly, 1 x
10° live GFP™ MLL-AF9 leukemia cells were transplanted into
nonirradiated recipient mice in immune functional analyze.

Multiplex immunofluorescence

Formalin fixed, paraffin embedded (FFPE) spleen sections were
processed for 5-plex immunofluorescence. The information of
antibodies used to detect T cells and NK cells were supplied in
Supplementary Table S8. The original protocol is described detailly
in previous studies.?>?*

Cell frequency heat map generation

Specified subsets including leukemia cells (GFP*), CD3"CD4"
T cells, CD3*7CD8™ T cells, CD3'CD49b™ NK cells were manually
gated from peripheral blood, spleen and BM. Cluster frequencies
were calculated as a percent of total live nucleated single cells
within that subset (excluding erythrocytes). Heat maps of the
resulting cluster frequencies were generated in R by pheatmap
package.

Flow cytometry analysis

We stained the surfaces of human samples with directly-
conjugated monoclonal antibodies. Antibodies were incubated
with human samples for 20 min at room temperature. We stained
the surfaces of mouse samples with directly-conjugated mono-
clonal antibodies for 30 min at 4°C. After incubation, the cells
were washed and resuspended in phosphate buffered saline
before flow cytometry analysis. After resuspension, intracellular
staining was performed with a fixation/permeabilization kit (cat.
562574, BD Bioscience, CA, USA) according to the manufacturer’s
instructions. Detailed information on the antibodies used is
presented in Supplementary Table S8.

Patients and study design

This prospective study was a substudy of a parent trial (ChiCTR-
OCH-12002406). Patients were assigned to groups and trans-
planted with haplo-identical donor cells (haplo-SCT) or HLA-
matched sibling donor (MSD) cells, based on donor availability
(biological randomization).?

The study inclusion criteria were as follows: (1) <60 years old; (2)
patients with t(8;21) AML that had achieved CR before transplan-
tation, but did not achieve a negative pretransplant MRD, with or
without mutations in the cytokine receptor, c-KIT; and (3) no
contraindications to allo-SCT.

This study was approved by the Institutional Review Board of
Peking University. Written informed consent was obtained from all
patients and donors, in accordance with the Declaration of
Helsinki.

Kinetics of RUNX1/RUNXTTT monitoring and c-KIT mutation
screening

We monitored MRD and screened BM samples for c-KIT mutations,
as previously described.'®%°
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Fig. 1

Leukemia progression was delayed with haplo-SCT in AML-ETO leukemic mice. a Schematic illustration shows the establishment of
nonirradiated leukemia mouse models which carried human AML-ETO fusion gene of haplo-identical and major histocompatibility (MHC)-
matched transplantation models. b Kaplan—Meier survival curves compare survival between MHC-matched and haplo-SCT AML-ETO mice. The
median survival was 13.5 days in the MHC-matched group and 21 days in the haplo group. Mantel-Cox test; n = 10. Heat map of cluster
frequency from peripheral blood (c) or spleen (d) including leukemia cells (GFP™), CD3"CD4" T cells, CD3*CD8™" T cells and CD3'CD49b™* NK
cells. There are 6 animals (for peripheral blood) or 3 animals (for spleen) in each group per timepoint. The white part represents there is no
lived mice in the MHC-matched group at that timepoint. e Representative multispectral immunofluorescence images of FFPE spleen sections
in different tumor burden (T1 and T2) or timepoint after transplantation. f Quantified immune cells (proportion of all cells) of MHC-matched or

haplo group in different tumor burden. n = 3. Error bars represent the mean + SEM, ***P < 0.001, **P < 0.01, *P < 0.05
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Treatment procedure

All patients were treated similarly during induction and/or
consolidation. Each patient underwent an unmanipulated allo-
SCT from an MSD or haplo-identical donor, according to protocols
described previously.>2°

Definitions and end points

Relapse was defined as previously described.>'" Patients with any
level of residual disease (detectable RUNXT/RUNX1T1 transcripts)
after transplantation were considered MRD-positive. We evaluated
NRM, relapse, LFS, and OS, as defined previously.>'"?” Acute and
chronic GVHD were diagnosed and graded according to standard
criteria®’. The primary study end point was the CIR. The secondary
end points were the cumulative incidences of NRM and the
probabilities of LFS and OS.

Differences in CIR between MSDT and haplo-SCT groups were
evaluated with the cumulative incidence approach and a one-
sided confidence interval (Cl). Briefly, we calculated the difference
between groups in the Kaplan-Meier estimate of the 5-year CIR.
With a planned sample size of 48 MSDT patients and 87 haplo-SCT
patients, 80% power can be achieved against the hypothesis of a
20% absolute increase in LFS after haplo-SCT (73%) from 48% of
patients with pre-HSCT MRD positive leukemia free survived after
MSD'I;at a significance level of P=0.05 in the Student’s one-tailed
t test”.

Human cell culture

Human monocytic leukemia cells (THP-1) cells were maintained in
our laboratory (purchased from ATCC) and characterized by the
Beijing Center for Physical & Chemical Analysis (Beijing, China).
THP-1 cells were cultured in RPMI-1640 medium (cat.
C11875500BT, Thermo Fisher Scientificc, MA, USA) containing
10% FBS (cat. 04-001-1ACS, Biological Industries, Kibbutz Beit-
Haemek, Israel), 100 U/ml penicillin, and 100 pg/ml streptomycin.
THP-1 cells were infected with GFP-expressing control lentivirus
purchased from Sangon Biotech (Shanghai, China).

PBMCs isolated from patients were cultured in IMDM medium
(cat. 12440053, Thermo Fisher Scientific, MA, USA) containing 10%
BIT Serum Substitute (cat. 9500, STEMCELL Technologies, BC,
Canada), and rhlL-2 was added at 100 U/ml.

Functional assays for human T cells

PBMCs were collected from recipients that had received haplo-SCT
or MSDT. PBMCs (1x10° cells per ml) were stimulated with
Dynabeads Human T-Activator CD3/CD28 (cat. 11131D, Thermo
Fisher Scientific, MA, USA) and incubated overnight at 37 °C, 5%
CO,. Next, PBMCs were cocultured with THP-1 cells at an effector/
target ratio of 10:1 for 4-6 h. To investigate cytokine release, we
added a Golgi Plug (cat. 555029, BD Bioscience, CA, USA) to the
PBMCs together with the THP-1 cells and cultured them for 4-6 h.
To detect CD107a expression, we added the CD107a antibody to
the PBMCs together with the THP-1 cells and cultured them
for 4-6 h.

Statistical analyses

We compared patient characteristics between the two groups
with the Mann-Whitney test for continuous variables and with
the x? statistic for categorical data. The CIR and NRM values were
calculated with competing risk analyses. Survival probabilities,
including LFS and OS, were estimated with the Kaplan-Meier
method. In univariate analyses, potential prognostic factors
were evaluated with the log-rank test. In multivariate analyses,
Cox proportional hazards regression was performed to evaluate
the association between risk factors and outcomes. The
univariate analyses were performed to evaluate associations
with recipient age, sex, disease stage, c-KIT mutation, pre-
transplant MRD status, transplant modality, and GVHD. All
factors that showed P values <0.1 in the univariate analyses
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were included in the multivariate regression. P values < 0.05
were considered statistically significant. All reported P values
were based on two-sided hypothesis tests. Data analyses were
performed with SPSS software and R software.

To analyze Kaplan-Meier survival in mouse models, we
performed a log-rank (Mantel-Cox) test to determine P values.
One-way ANOVA was used for all comparisons among more
than two groups in the mouse experiments. Student’s t test was
used for two groups analyses. The Mann-Whitney test was
performed for all analyses of human data. Data are expressed as
the mean £ SEM. P values <0.05 were considered statistically
significant.

RESULTS

Enriched immune cells significantly delayed leukemia progression
of AML-ETO leukemic mice in haplo-SCT

Previous clinical studies indicated that GVL effects increased
with haplo-SCT compared to MSDT.°"'"?83" That finding
prompted us to investigate whether MHC matching between
donor T cells and recipient AML cells might affect the
antileukemia effects of T cells. To address this question, we
employed a nonirradiated AML-ETO leukemia mouse model
created by transferring the humanized fusion gene, AML-ETO,
into BALB/c mice (Fig. 1a).'”> We prepared an MHC-matched
group by transplanting the leukemia cells (H-29% into the BALB/c
mice (H-2%), and a haplo-SCT group by transplanting the
leukemia cells (H-29) into CB6F1 (H-2°9) mice (Fig. 1a). The
AML cells were transplanted in serial doses of 5x 10°, 1x10°,
and 1x 10*. We found that haplo-SCT AML-ETO leukemic mice
exhibited significantly prolonged survival compared to MHC-
matched AML-ETO leukemic mice (Figs. 1b, and S1A, B). To
peruse the population dynamics of leukemia and immune cells,
we detected the immune cells abundance and leukemia burden
in peripheral blood and spleen by flow cytometry analysis or
multiplex immunofluorescence analysis separately. After trans-
planted 5x10° leukemia cells in BALB/c or CB6F1 mice, we
detected the CD37CD4™" T cells, CD3*CD8™ T cells, CD3'CD49b™
NK cells and AML cells (GFP™) in peripheral blood every 2 days
by flow cytometry (Fig. 1a). Based on the different leukemia
stages reflected by the leukemia burden in peripheral blood, we
chose 4 tumor burden to sacrifice leukemic mice to detect the
immune abundance in spleen by multiplex immunofluorescence
and flow cytometry (Fig. 1a). The results showed that the
leukemia progression developed rapidly in MHC-matched group
compared with Haplo-SCT group (Fig. 1c). There were higher
CD3%CD4" T cells and lower CD3'CD49b* NK cells in the
peripheral blood of MHC-matched mice compared with haplo-
SCT mice at the 3 days after transplanted with leukemia cells
(Fig. 1c). However, the immune cells were decreased along with
the increased leukemia burden in both mouse models (Figs. 1c,
d, and S1C). Surprisingly, in the early stage of leukemia (T2: GFP™
leukemia cells were between 1% and 5% in the peripheral
blood), the leukemia burden was much higher in the spleen and
BM in the MHC-matched group compared with the haplo-SCT
group mice (Figs. 1d and S1C). The multiplex immunofluores-
cence analysis confirmed this result that there were comparable
immune cells in the beginning stage (T1) in two mouse models
and sharply decreased immune cells in MHC-matched group in
the early stage of leukemia (T2) compared with haplo-SCT group
(Figs. 1e, f, and S1D). The same timepoint after transplantation
(14d) also showed that decreased immune cells in the spleen of
the MHC-matched leukemic mice compared with haplo-SCT
mice (Fig. Te). These results indicate that the higher number
of immune cells including CD37CD4" T cells, CD37CD8™ T cells
and CD3CD49b" NK cells in haplo-SCT group delayed
the leukemia progression compared with MHC-matched
group mice.
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Elevated cytotoxic cytokine secretion by T and NK lymphocytes
promoted leukemia cell apoptosis in the haplo-SCT group

We further compared the immune cell function in haplo-matched
leukemic mice with MHC-matched group. Due to the significantly
delayed leukemia progression in the haplo-matched group, two
stages of immune cells in haplo-matched group were taken into
comparison: one is the same timepoint after transplantation
compared with MHC-matched group (Haplo); the other is the
similar leukemia burden reflected by the ratio of GFP™ cells in the
peripheral blood after transplantation compared with MHC-
matched group (Haplo-late). The results showed that CD3*
T cells especially the CD3"CD8" T cells and NK cells from spleen
in Haplo group were higher than that in the MHC-matched group
(Figs. 2a, b and S2A). Specifically, only the CD37CD8" T cells were
higher in Haplo-late group compared with the MHC-matched
group, which is consistent with the multiplex immunofluorescence
results (Figs. 1f and 2b). The CD3™ T cells from BM were lower in
haplo group compared with MHC-matched and haplo-late group
(Fig. S2B, Q). To investigate the reason of higher number of T and
NK lymphocytes in haplo-SCT group, we detected the apoptosis of
T and NK lymphocytes. The results showed that CD37CD4" T cells
from spleen in both haplo and haplo-late group were less
apoptotic compared with that in MHC-matched group, and the
CD3*CD8™ T cells from spleen in haplo-late group were also less
apoptotic compared with that in MHC-matched group (Fig. 2¢, d).
The T cells from BM and NK cells from both spleen and BM
exhibited no differences on apoptosis (Figs. 2d and S2D). We
further analyzed the cytokine secretion of T and NK lymphocytes
to evaluate the function of immune cells in different transplanta-
tion models. It is showed that higher level of TNF-a secreted by
CD3%CD4" and CD37CD8™" T cells from spleen in haplo group
compared with that in MHC-matched group, and IFN-y secreted
by CD37CD8" T cells was elevated in the haplo-late group
compared to the MHC-matched groups (Fig. 2e-g). The NK cells
analyzed showed that there were higher levels of IFN-y and
Perforin secretion from spleen in haplo group than that in MHC-
matched group, and higher level of CD107a secretion from both
spleen and BM in haplo-late group than that in MHC-matched
group (Figs. 2h, i and S2E). Furthermore, we detected the
apoptosis level of AML cells in different groups and the results
showed that AML cells from both spleen and BM in haplo group
exhibited higher levels of apoptosis compared with that in MHC-
matched group (Fig. 2j, k). These results demonstrated that the
elevated immune cell number and reinforced immune cell
function promoted leukemia cell apoptosis and prolonged
leukemic mice survival in haplo-SCT group compared with MHC-
matched group.

Reinforced cytotoxic T lymphocytes function in the haplo-SCT
group delayed leukemia progression in MLL-AF9 leukemic mice
Previous results indicated that haplo-SCT showed stronger GVL
effects compared with MHC-matched transplantation. To vali-
date this result, we employed another human fusion gene
induced mouse leukemia MLL-AF9 which came from the C57BL/
6 mouse background, the other parental mouse of CB6F1
(Fig. 3a). We prepared an MHC-matched group by transplanting
the leukemia cells (H-2°) into the C57BL/6 mice (H-2°), and a
haplo-SCT group by transplanting the leukemia cells (H-2°) into
CB6F1 (H-2P’?) mice (Fig. 3a). The AML cells were transplanted in
serial doses of 5 10%, 1 x 10°, and 1 x 10*. We found that haplo-
SCT MLL-AF9 leukemic mice exhibited significantly prolonged
survival compared to MHC-matched MLL-AF9 leukemic mice
(Figs. 3b and S3A, B). Besides, the splenomegaly was relieved in
the haplo group for the remarkably smaller size of spleen than in
the MHC-matched group (Fig. S3C). The histological analysis
showed reduced leukemic cell infiltrations in the lung, liver, and
spleen in the haplo-SCT group compared to the MHC-matched
group of MLL-AF9 leukemia mice (Fig. S3D). Then we analyzed
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the T cell ratio and found that both CD3*CD4" and CD3"CD8*
spleen T cells were elevated in the haplo group compared with
in the MHC-matched group (Figs. 3¢, d, and S4A-C). Apoptosis
analysis showed that both CD3"CD4" and CD3*CD8" T cells
from spleen were less apoptotic in haplo-late group compared
with in the MHC-matched group, and both CD3*CD4" and
CD3"CD8™ T cells from BM were less apoptotic in the haplo and
haplo-late group compared with that in the MHC-matched
group (Figs. 3e and S4D). We further analyzed the cytotoxic
cytokine secretion and found that IL-2 and TNF-a secreted by
CD3"CD8" T cells from spleen in the haplo group were higher
than in the MHC-matched group (Figs. 3f, and S4E). The stronger
T cell function in the haplo-SCT group promoted the higher
apoptosis level of leukemia cells compared with that in the
MHC-matched group (Fig. 3g). These results confirmed that the
immune cell in haplo-SCT exhibited higher quantity and
stronger cytotoxic activity, leading to stronger GVL activity
compared with the MHC-matched transplantation group.

Kinetics of the reduction of leukemia burden after haplo-SCT and
MSDT

To support the pre-clinical results, we conducted a prospective
clinical trial. The patient characteristics are summarized in Table 1.
Among the 135 patients included, 48 received MSDT and 87
received haplo-SCT. The median follow-up times were 55 (range,
1-154) months for all patients and 70 (range, 10-154) months for
living patients. The prevalence of grade II-IV acute GVHD and
chronic GVHD were 33% and 55%, respectively, in the entire
cohort. The 5-year CIR and nonrelapse mortality (NRM) values for
all 135 patients were 19% and 21%, respectively. The 5-year
leukemia-free survival (LFS) and OS values were 61% and 62%,
respectively (Tables 2 and S1). The levels of RUNXT/RUNX1T1 after
haplo-SCT were significantly lower than those after MSDT, at 60
(P=10.039) and 90 (P=0.004) days (Table S2). A repeated
measures ANOVA also showed that haplo-SCT significantly
reduced the RUNXT/RUNX1T1 levels compared to MSDT (Fig. 4a).
Moreover, the RUNXT/RUNX1T1 levels after haplo-SCT remained
significantly lower than those observed after MSDT, at 60 (P=
0.021) and 90 (P=10.004) days after transplantation, when we
excluded patients that received a donor lymphocyte infusions
(DLI) (Fig. 4b, Table S3) and at 60 (P=0.010), 90 (P =0.010), and
180 (P=0.017) days after transplantation, when we excluded
patients with chronic GVHD (Fig. 4c and Table S4).

Fold-reduction in the leukemia burden with transplantation

In the total patient group, the fold-reductions in leukemia burden
were significantly larger in the haplo-SCT group than in the MSDT
group, at 30 (P=0.068), 60 (P =0.005), 90 (P <0.0001), and 180
(P=0.032) days after transplantation, compared to before
transplantation (Table S5). A repeated measures ANOVA showed
that the fold-reduction in leukemia burden after haplo-SCT was
significantly lower than that after MSDT (Fig. 4d). Moreover, the
fold-reductions in leukemia burden remained lower in the haplo-
SCT group than in the MSDT group at 30 (P=0.068), 60 (P=
0.002), 90 (P < 0.0001), and 180 (P = 0.053) days after transplanta-
tion, when we excluded patients who received DLI (Fig. 4e and
Table S6) and at 30 (P =0.159), 60 (P = 0.005), 90 (P = 0.003), and
180 (P=0.003) days after transplantation, when we excluded
patients with chronic GVHD (Fig. 4f and Table S7).

Significantly lower incidence of relapse after haplo-SCT compared
to MSDT

Among the 135 patients, the 5-year CIR rates for the haplo-SCT
and MSDT groups were 14% and 25%, respectively (P=0.036,
Fig. 5a). The 5-year incidences of NRM for the haplo-SCT and MSDT
groups were 18% and 27%, respectively (P = 0.350, Fig. 5b). The 5-
year LFS rates were 48% in the MSDT group and 68% in the haplo-
SCT group (P = 0.026, Fig. 5¢). The 5-year OS rates were 50% in the
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Fig. 2 Elevated CTL levels in haplo group increased leukemia cell apoptosis compared with MHC-matched group. a Comparison of
the percentages of AML cells, T cells and NK cells in the spleen of MHC-matched, haplo and haplo-late group of AML-ETO leukemic mice.
b Comparison of the percentages of CD4" T cells and CD8" T cells in the splenic CD3™ T cell subsets of MHC-matched, haplo and haplo-late
group of AML-ETO leukemic mice. ¢ Representative flow cytometry results show apoptotic CD4™" T cells from the spleens of the MHC-matched,
haplo and haplo-late groups. d Comparison of the percentages of apoptotic immune cells from spleen including CD4" T cell, CD8™ T cells and
NK cells in MHC-matched, haplo and haplo-late group. e Representative flow cytometry results show the TNF-a secretion by CD4" T cells from
spleen in MHC-matched, haplo and haplo-late group. Cytotoxic cytokine secretion of CD4" T cells (f) and CD8™ T cells (g) from spleen in MHC-
matched, haplo and haplo-late group. h Representative flow cytometry results show the Perforin and CD107a secretion by NK cells from
spleen in MHC-matched, haplo and haplo-late group. i Cytotoxic cytokine secretion of NK cells from spleen in MHC-matched, haplo and haplo-
late group. Representative flow cytometry results show apoptotic leukemia cells (j) and percentages of apoptotic leukemia cells (k) from the
spleens or the BM of the MHC-matched, haplo and haplo-late groups. Error bars represent the mean + SEM, ***P < 0.001, **P < 0.01, *P < 0.05
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Fig.3 Enhanced CTL function in the haplo-SCT group delayed leukemia progression in MLL-AF9 mouse models. a Schematic illustration shows
the establishment of nonirradiated leukemia mouse models which carried human MLL-AF9 fusion gene of haplo-identical and MHC-matched
transplantation models. b Kaplan-Meier survival curves compare survival between MHC-matched and haplo-SCT MLL-AF9 mice. The median
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of CD4" T cells and CD8" T cells in the splenic CD3" T cell subsets of MHC-matched, haplo and haplo-late group of MLL-AF9 leukemic mice.
e Comparison of the percentages of apoptotic CD4" T cell and CD8" T cells in MHC-matched, haplo and haplo-late group. f Cytotoxic cytokine
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MSDT group and 70% in the haplo-SCT group (P = 0.062, Figs. 5d
and S5A-D). In the multivariate analysis, haplo-SCT was associated
with a lower incidence of relapse (HR: 0.148; 95%Cl: 0.056-0.386;
P <0.001), a better LFS (HR: 0.156; 95%Cl: 0.068-0.361; P < 0.001),
and a better OS (HR: 0.129; 95%Cl: 0.051-0.327; P<0.001)
compared to MSDT (Table 2).

SPRINGERNATURE

High cytotoxic T cell activity in the haplo-SCT group after one year
To validate the observation that stronger antileukemia effects
were obtained when T cell MHCs haplo-matched those of the
leukemia cells in mouse models, we compared primary human T
cell function between the MSDT and haplo-SCT groups in vitro. We
collected peripheral blood mononuclear cells (PBMCs) from
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Fig. 4 Kinetics of leukemia burden evaluated with RT-PCR for RUNX1/RUNX1T1 after transplantation. Log-transformed data show leukemia
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patients, (e) all patients, except those that received DLI, and (f) all patients, except those with chronic GVHD

30 days (30d), 60 days (60d), 90 days (90d), 180 days (180d) and
over 1-year post-transplantation (=365d) patients and cocultured
them with GFP-expressing leukemic THP-1 cells, at a ratio of 10:1
for 4-6 h (Fig. S6A). The results showed that T cells from the haplo-
SCT group over one-year post-transplantation had higher
cytotoxic activity than that from the MSDT group evidenced by
the elevated apoptosis level of THP-1 (Fig. 6a, b). However, there
were no significant differences between groups in samples
collected at other time points after transplantation (Fig. 6a, b).
We also observed that >365d T cells from the haplo-SCT group
secreted higher levels of CD107a than the same period T cells
from the MSDT group (Fig. 6¢, d). We did not observe any
significant differences between groups in the expression of active
T-cell markers, like CD25 and CD137, or other cytotoxic function
related markers, like IFN-y, TNF-q, IL-2, or GranzymeB (Fig. S6B-F).

Cellular & Molecular Immunology (2021) 18:1172-1185

These results provided evidence that T cells from recipients of
haplo-SCT might exhibit stronger antileukemia effects than T cells
from recipients of MSDT over one year after transplantation.

DISCUSSION

It has been proved by several clinical studies that haplo-SCT
achieved lower relapse and comparable OS in treating patient
with AML compared to MSDT,”''3%3! indicating there were
stronger GVL effects in haplo-SCT compared with MSDT. However,
the regulatory dynamics of immune cells in the antileukemia
effects of two transplantation models and the mechanism of
stronger GVL effects in haplo-SCT have not been discussed. Here,
by mouse models, we provided dynamic changes of immune
cells and leukemia cells in haplo-SCT and MHC-matched

SPRINGER NATURE



Dynamic immune profiling identifies the stronger graft-versus-leukemia. ..
H Guo et al.

>

100 = Haplo-SCT Log-rank P=0.036

FJ e MSDT
¢ e0
3
S 0
o
@
h-4
g 40
i Pt e R S T T et
5 2 ot
£ ;/—‘
a 3

0

0 50 100 150 200
Time Post Transplantation (Months)

100
£ e
s
8 "."-----o-ooo---o-o-oo--o- -------- *rbees
-
® 40
E
(]
L

= Haplo-SCT Log-rank P=0.026
v MSDT
o.
0 50 100 150 200

Time Post Transplantation (Months)

Fig. 5
LFS (c), and OS (d) in haplo-SCT and MSDT groups

transplantation group during leukemia development. Our results
showed that haplo-matching the MHCs of leukemia cells with
recipient mouse T cells exhibited higher quantity and cytotoxic
activity of immune cells and contributed to the prolonged survival
and reduced leukemia burden of leukemic mice. Our prospective
clinical trial and ex vivo experiments further provided evidence of
stronger antileukemia activity of immune cells from haplo-SCT
group than those from the MSDT group.

Due to the genetically homogeneous and very little variation or
heterogeneity within a pure inbred mouse strain, it is hard to
establish an MSD transplantation models to mimic the MSDT in
the clinical situation. Our mouse leukemia cells were established
by transplanting retrovirus infected mouse hematopoietic stem/
progenitor cells to normal irradiated recipient mouse. The
retrovirus carried human fusion gene coding sequence which
was either AML-ETO or MLL-AF9.">'® We transplanted the
leukemia cells to the same background strain mice to represent
the MHC-matched transplantation group, and transplanted
leukemia cells to the hybrid mice to represent the haplo-SCT
transplantation group. Although there is limitation of the mouse
models, these two nonirradiated mouse models could still provide
a platform to peruse immune cells reaction in MHC-matched or
haplo-matched group during leukemia development.

Immune infiltration in the tumor microenvironment (TME) have
been extensively studied in solid tumors and shed light on the
mechanisms of the interaction between immune cells and tumor
cells3? Due to the distinct characteristics of hematological
malignances, the interaction between immune cells and leukemia
cells in AML was still poorly understood. Previous studies showed
BM as a primary lymphoid organ provided support for
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hematopoietic stem cells and contained most developing and
mature immune cell types.>*** Here in our study, we found the
mature T and NK cells which is the main force of antileukemia
activity mostly distributed in the periphery and second lymphoid
organ like spleen at the early stage of leukemia, and the ratios of
mature T and NK cells were quiet low in the BM. This distribution is
consistent with previous reference framework which revealed the
immune cells constitution in various organs across the body in
normal mice.’ Interestingly, with the development of leukemia,
the ratios of T and NK cells in periphery and spleen were
decreased and increased in BM. It might be aroused by the
blockade of T and NK cells in the BM in the late stage of leukemia,
and thus, they could not migrate to secondary lymphoid tissues to
kill leukemia cells. Another explanation might be the increased
leukemia cells in BM formed TME and secreted chemokines to
recruit T and NK cells to execute cytotoxic function. It still needs
further investigation to explain this phenomenon.

Our studies showed that high quantity and stronger GVL
function of CD8" cytotoxic T lymphocytes (CTL) in haplo-SCT
group contributed to prolong leukemic mice survival and reduce
leukemia burden. This result is consistent with previous study
from Bonnet et al.>® who showed that CD8" CTL clones specific for
minor histocompatibility antigens could inhibit engraftment and
proliferation of human AML cells transplanted into nonobese
diabetic/SCID mice.*® The results also showed that the predomi-
nant cytotoxic cytokine secreted by CD8* CTL was different in two
transplantation models, which is CD107a was higher in MHC-
matched group whereas TNF-a and IFN-y were higher in haplo
and haplo-late group separately. It might indicate the MHC
matching status induced different cytotoxic function in two

Cellular & Molecular Immunology (2021) 18:1172-1185
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Fig. 6 High CTL cytotoxicity in haplo-SCT recipients at over 1 year
after transplantation compared with MSDT at the same period.
a Representative flow cytometry results compare apoptosis of
leukemia cells from MSDT and haplo-SCT groups. b Comparison of
apoptotic THP-1 cells after coculturing with PBMCs; PBMCs were
isolated from haplo-SCT or MSDT groups at 30 days (30d), 60 days
(60d), 90 days (90d), 180 days (180d) and over 1 year (=365 d) after
transplantation. ¢ Representative flow cytometry results compare
CD107a-secreting CD3™ T cells from haplo-SCT or MSDT groups at
over one year (2365 d) after transplantation. d Comparison of the
percentage of CD3" T cells from haplo-SCT or MSDT recipients that
secrete CD107a and GranzymeB after coculturing with THP-1

transplantation models. Meanwhile, the cytotoxic cytokines
including CD107a, Perforin, TNF-a and IFN-y secreted by NK cells
were elevated in haplo or haplo-late group compared with MHC-
matched group. These results consist with that when executed
cytotoxic function, the cytotoxic T cells depended on MHC-
restricted manner whereas NK cells depended on MHC non-
restricted manner.’

In our clinical study, we found that haplo-SCT was associated
with lower CIRs compared to MSDT, although potential biases in
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using biologic randomization and the imbalance in donor could
not be completely avoided. Moreover, the kinetics of MRD,
detected with RT-PCR of RUNXT/RUNX1TI, reflected the dynamic
leukemia burden and provided evidence for the stronger GVL
effects of haplo-SCT over MSDT. There is one difference between
groups that anti-thymocyte globulin (ATG) was used to deplete
T cells in patient conditioning for the haplo-SCT group, but not
for the MSDT group. Inamoto et al.>® retrospectively investigated
the effect of ATG on the outcomes of 23,302 patients with
hematological malignancies that underwent allo-SCT as a first-
line treatment. They reported that, in adult patients, ATG
prophylaxis was associated with a higher CIR compared to no
ATG (HR: 1.35, P=0.05). In patients with acute leukemia.
Wakamatsu et al.>® observed that the CIR showed a tendency
to increase in patients that underwent MSDT with ATG,
compared to patients without ATG (HR: 2.026, P = 0.06). Kroger
et al. performed a prospective, multicenter, open-label, phase
3 study that evaluated the effects of ATG prophylaxis on GVHD
in patients with hematological malignancies that received
MSDT.*® They found that patients in the ATG group experienced
a higher relapse rate than patients in the non-ATG group (32.2%
vs. 25.5%), although the difference was not statistically
significant (P=0.17). Therefore, the stronger GVL effects of
haplo-SCT compared to MSDT could not be explained by the use
of ATG, because the use of ATG would be expected to increase
the CIR%%°

Another difference between our groups was that the dose of
Ara-C used for chemotherapy in the haplo-SCT group (4 g/m?/d for
2 days) was higher than that used in the MSDT group (2 g/m?/d for
two days). Recently, Arai et al.*' conducted a cohort study to
compare the prognosis between groups administered HD-Ara-C/
CY/TBI (n=617, group A) or CY/TBI (n=312, group B) in cord
blood transplantations for treating AML/MDS. That study was
based on data from a Japanese transplantation registry. They
found that, compared to group B, group A had significantly fewer
relapses (HR: 0.49; P < 0.01), which resulted in lower tumor-related
mortality (HR: 0.50; P < 0.01). Therefore, it could be speculated that
a higher dose of Ara-C in the haplo-SCT group (4 g/m?) compared
to the MSDT group (2g/m? might have contributed to the
reduction in RUNX1/RUNX1T1 transcripts. However, studies have
shown that a metabolite of Ara-C had an average apparent
elimination half-life of 3.75 h after an intravenous infusion at 3 g/
m? Ara-C in patients with leukemia.* In our study, Ara-C was given
on days -10 and -9, and RUNXT/RUNXITI transcripts were
significantly reduced only at 30, 60, and 90 days after haplo-SCT,
compared to MSDT. Therefore, Ara-C might have contributed to
the reduction in RUNXT/RUNX1T1 transcripts in the early days after
transplantation, but it is unlikely that Ara-C contributed to the
enhanced antileukemia activity of haplo-SCT, due to its relatively
short half-life.

In our study, haplo-SCT T cells displayed enhanced function
compared to MHC-matched T cells, in both our mouse models and
the clinical cohort. In the ex vivo experiment, where we collected
PBMCs at =365 d post transplantation, we found that haplo-SCT
T cells had higher cytotoxic activity than MHC-matched T cells.
However, we did not observe any differences in T cells between
groups at earlier stage after transplantation. Several factors may
account for these results. First, the use of immune-suppressive
agents for GVHD prophylaxis;*” second, the early quantitative
immune recovery was delayed after haplo-SCT compared to the
recovery observed after MSDT;** and third, the ex vivo experi-
ments might not have adequately reflected the function of T cells
in vivo. Furthermore, our previous study compared the NK cells
number and cytotoxic function which was reflected by killing K562
leukemia cells after haplo-SCT or MSDT.** The results showed that
higher CD107a secretion of NK cells from patient received haplo-
SCT compared with that from MSDT since 60 days after
transplantation.** These results demonstrated reinforced T and
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NK lymphocytes cytotoxic function led to stronger GVL effects of
haplo-SCT compared with MSDT.

In conclusion, we unraveled the role of immune cells in superior
antileukemia effects of haplo-SCT compared with the MHC-
matched transplantation group based on mouse models. More-
over, we demonstrated the superiority of haplo-SCT over MSDT for
slowing the kinetics of the leukemia burden in vivo and for
reducing the CIR, based on a clinical trial. Overall, our study
indicated that the enhanced function of T and NK cells might
contribute to the stronger antileukemia activity of haplo-SCT
compared to MSDT.
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