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INTRODUCTION

ABSTRACT
Cytomegalovirus (CMV) infection is a major complication after allogeneic hematopoietic stem cell transplantation
but is suggested to exert a strong antileukemia effect in part due to alterations in the composition of natural killer
(NK) cells. We evaluated the impact of early CMV reactivation and changes in NK cell subset recovery on relapse
rate and survival after haploidentical stem cell transplantation (haploSCT) for acute leukemia. Fifty patients with
acute leukemia who received haploSCT were analyzed. Expression of T cells and specific receptors (NKG2A,
NKG2D, DNAM1, and CD57) on circulating NK cells (CD56"8"CD16%™/~ or CD56%™CD16* cells) was serially mea-
sured using multiparametric flow cytometry. CMV reactivation during the first 100 days was observed in 41
patients (82%) at a median of 23 days after haploSCT. The incidence of acute graft-versus-host disease (GVHD) and
chronic GVHD tended to be higher in patients with CMV reactivation, although this difference was not statistically
significant. Multivariate analysis showed that CMV reactivation (P=.011) and a dose of infused T cells > 3.2 x 10%/
kg (P=.027) were independent predictors of a reduced relapse risk and only CMV reactivation (P=.029) was an
independent predictor of improved leukemia-free survival. CD56"8"CD16%™~DNAM1*NK cell counts increased
from day 30 to 90 in patients with CMV reactivation but decreased after day 30 in patients without CMV reactiva-
tion. An increase in CD56°"€"CD16%™-DNAM1* NK cells was not associated with the occurrence of chronic
GVHD but was associated with a reduced cumulative relapse rate (16.4% versus 58.0%, P=.019). Multivariate anal-
ysis indicates that an increase in the CD56”€"CD16%™~DNAM1*NK cell count was an independent predictor of
reduced relapse risk. Our study demonstrates a significant correlation between low relapse rates and CMV reacti-
vation as well as the recovery of CD568"CD16%™~DNAM1* NK cells, providing valuable information for under-
standing the plausible immunologic mechanism of the graft-versus-leukemia effect.

© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.

instance, haploidentical hematopoietic stem cell transplanta-

Despite the introduction of preemptive therapy for viral
reactivation, cytomegalovirus (CMV) infection remains a major
complication after allogeneic hematopoietic stem cell trans-
plantation (alloSCT), causing a variety of end-organ diseases
and increased nonrelapse mortality (NRM) [1—3]. This issue is
particularly relevant in alternative-donor settings—for

Financial disclosure: See Acknowledgments on page 2077.

* Correspondence and reprint requests: Yoo Hong Min, MD, PhD, Division of
Hematology, Department of Internal Medicine, Yonsei University College of
Medicine, Yonsei-ro 50, Seodaemun-gu, Seoul 03722, Korea.

E-mail address: minbrmmd@yuhs.ac (Y.H. Min).

https://doi.org/10.1016/j.bbmt.2019.06.008

tion (haploSCT)—in which a greater degree of immunosup-
pression is induced [4-6]. CMV reactivation has also been
associated with graft failure, graft-versus-host disease
(GVHD), and other infectious complications [7—9]. However,
CMV reactivation during the first 100 days after T cell-replete
and natural killer (NK) cell-replete alloSCT was implicated as
an independent predictor of a reduced leukemia relapse risk in
patients with adult acute myeloid leukemia (AML) [10-13] or
chronic myeloid leukemia [14] and in pediatric acute leukemia
or myelodysplastic syndrome [15]. CMV reactivation remained
an independent predictor of a low relapse rate in AML after
multivariate analysis [12,13]. Moreover, we previously
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demonstrated that when CMV reactivation during the first
100 days precedes chronic GVHD, the relapse rate after alloSCT
is significantly reduced in patients with AML [12].

The mechanism underlying this beneficial effect of CMV
reactivation on leukemic relapse remains to be elucidated.
Because CMV reactivation does not protect against AML
relapse when T and/or NK cells are depleted in vivo or in vitro
[16—-18], the early and effective reconstitution of donor-
derived NK cells and/or T cells may be required for the anti-
leukemia effect of CMV infection after alloSCT [19-21].
Recently, it was suggested that CMV-driven expansion of
donor-derived memory-like NK cells and V§2(-)ys T cells may
be associated with the antileukemia effect of CMV reactiva-
tion after alloSCT [22]. It has also been shown that this effect
may be mediated by CMV—induced shifts in the composition
of NK cell subsets [19,21,23]. NK cells are endowed with a
complex system of both activating and inhibitory receptors
that either positively or negatively modulate their functions
[24-26]. The inhibitory NK cell receptor families include the
killer cell immunoglobulin-like receptors (KIRs) and CD94/
NKG2A [26,27]. Activating signals are mediated by receptor
families such as natural cytotoxicity receptors (NKp46,
NKp30, and NKp44), NKG2C, NKG2D, DANAX accessory mole-
cule (DNAM1/CD226), activating KIRs, and the low-affinity
Fc-y receptor IIIA (CD16) [28—-30]. It has been shown that the
CMV—driven accumulation of NKG2C*/NKG2A~ NK cells is
associated with a strong antileukemia effect that is commen-
surate with the magnitude of leukemia cell HLA—E expression
[21]. Thus, the evidence of a protective association between
CMV reactivation and leukemic relapse in AML patients
appears to be compelling but only under specific transplanta-
tion conditions [16—18].

Although immune reconstitution after alloSCT has been stud-
ied extensively, the core immune cell subsets responsible for the
antileukemia effect of CMV reactivation remain unclear. Whereas
Lin et al. [31] reported that CMV infection after haploSCT may
likewise reduce relapse risk in leukemia, it is currently unclear
whether CMV reactivation exerts a similar antileukemia effect in
patients after haploSCT, which often causes delayed immune
reconstitution because of more severe immunosuppression [4]. If
CMV-specific immune reconstitution is delayed, CMV-induced
antileukemia effects may also be impaired. In this study we eval-
uated the potential antileukemia roles of CMV reactivation in
haploSCT and examined the subset of immune cells contributing
to the antileukemia effect after CMV reactivation. Our research
provides valuable information for understanding the plausible
immunologic mechanism of the graft-versus-leukemia (GVL)
effect of CMV.

METHODS
Patients

Fifty-five adults with acute leukemia underwent haploSCT at Severance
Hospital, Yonsei University College of Medicine, between 2009 and 2018.
Five patients with secondary engraftment failure were excluded from this
study; thus, 50 patients with successful engraftment were analyzed. All
patients were unable to find a suitable HLA-matched donor in their families
or on donor registries for alloSCT.

This study was approved by the Severance Hospital institutional review
board (4-2010-0669) and carried out in accordance with the Declaration of
Helsinki. This prospective and retrospective cohort is registered at Clinical-
Trials.gov (NCT02344953). All subjects provided written informed consent,
and all patient samples were coded and linked anonymously. Anonymous
clinical information of the linked samples was provided to the researchers.
Clinical data from patients with AML (n =23), acute lymphoblastic leukemia
(n=24), and mixed phenotype acute leukemia (n=3) were retrospectively
analyzed. Adverse risk cytogenetics and molecular abnormality were distin-
guished on the basis of the National Comprehensive Cancer Network Guide-
lines (version 1.2018).

Transplantation

In accordance with institutional practice for haploSCT, most of the 50
patients (n=35) received a preparative regimen consisted of fludarabine
(30 mg/m?i.v. on days —7 to —2), busulfan (3.2 mg/kg i.v. on days —7 and —6),
and rabbit antithymocyte globulin (2.5 mg/kg i.v. on days —4 to —1) accord-
ing to a modified reduced-intensity conditioning regimen [32]. For GVHD
prophylaxis, patients were administered cyclosporine A (1.5 mg/kg i.v. every
12 hours starting on day —1). In addition, patients received methotrexate
(15 mg/m? i.v. on day 1 and 10 mg/m? on days 3, 6, and 11). Cyclosporine A
was progressively tapered beginning on day 90 by 10% every 2 to 4 weeks.
Eight patients received fludarabine (30 mg/m? i.v. on days —6 to —2), cyclo-
phosphamide (14.5 mg/kg i.v. on days —6 and —5), and total body irradiation
(200 cGy on day —1) according to the Baltimore protocol [33]. GVHD prophy-
laxis in these patients involved cyclophosphamide (50 mg/kg i.v. on days 3
and 4) and cyclosporine A plus mycophenolate mofetil (15 mg/kg/day) start-
ing on day 5 [33]. In the absence of GVHD, mycophenolate mofetil was dis-
continued on day 35. Regardless of conditioning regimens, graft sources were
mobilized peripheral blood stem cells for 44 patients and harvested bone
marrow cells for 6 patients. Peripheral blood stem cells were harvested from
donors by large-volume leukapheresis after 4 and/or 5 days of treatment
with recombinant human granulocyte colony-stimulating factor (filgrastim,
10 pg/kg/day s.c.) with the goal of collecting at least 5 x 10° CD34" cells/kg of
recipient body weight. Donated cells were infused to recipients without fur-
ther manipulation.

All patients received i.v. granulocyte colony-stimulating factor from day 5
until engraftment. The first 3 consecutive days on which absolute neutrophil
counts were >500/xL and the first 7 consecutive days on which unsupported
platelet counts were >20,000/uL were recorded as the times of neutrophil
and platelet engraftment, respectively. Full donor chimerism was defined as
>95% leukocytes of donor origin in peripheral blood samples, as measured by
short tandem repeat PCR.

Prophylaxis, Monitoring, and Preemptive Therapy for CMV Infection

Acyclovir (250 mg i.v. 3 times daily) was administered to all patients pro-
phylactically from day 1 of conditioning chemotherapy to day 14, followed
by oral dosing at 400 mg twice daily for 9 months. All patients received i.v.
polyvalent immunoglobulin (.5 g/kg) once every 2 weeks for 3 months, fol-
lowed by once every 4 weeks for an additional 6 months. Patients were mon-
itored for CMV using CMV-specific quantitative PCR with a CMV real-time
PCR kit (Biocore Inc., Seoul, Korea) weekly during the first month after trans-
plantation and then at 2- to 4-week intervals until either the end of treat-
ment with immunosuppressive agents or the resolution of GVHD.
The detection threshold of real-time PCR for measurement of CMV was 500
copies/mL.

To determine “true” increases and avoid unnecessary treatment of
patients at low risk of progression to disease, CMV reactivation was defined
as increasing 2 consecutive positive PCR tests or a viral load >
5000 copies/mL, which is log;o times the detection threshold. In patients
with CMV reactivation, preemptive therapy with ganciclovir (5 mg/kg i.v.
every 12 hours) was administered for 14 days. If CMV viremia persisted after
14 days, the treatment was continued for an additional 7 to 14 days at the
same dose. CMV disease was defined as CMV reactivation accompanied by
disease-associated clinical manifestations, radiographic findings, or histologic
documentation [34]. For patients with symptoms of CMV syndrome or diag-
nosed CMV disease, concurrent immunoglobulin was administered.

GVHD, NRM, and Relapse

The diagnosis and clinical grading of acute and chronic GVHD conformed
to the National Institutes of Health consensus criteria [35]. Donor chimerism
was evaluated on days 14, 28, 90, 120, 180, and 365 using short tandem
repeat analysis. Analysis was performed more frequently when mixed chime-
rism was present or leukemia relapse was suspected. If applicable, the diag-
nosis of leukemic relapse was also evaluated using disease-specific
cytogenetic and/or molecular genetic anomalies of bone marrow or periph-
eral blood cells. NRM was defined as death from causes other than relapse.

Patient Samples and Flow Cytometry Analyses

Blood samples were collected from patients before conditioning therapy
and on days 30 and 90 after haploSCT. Mononuclear cells were isolated by
Ficoll-Hypaque (GE Healthcare Bio-Sciences, Buckinghamshire, UK) density
gradient centrifugation and then cryopreserved. For immunophenotypic
analysis, peripheral blood mononuclear cells were evaluated by flow cytome-
try on a FACSVerse (BD Biosciences, San Jose, CA) using FACSuite software
(BD Biosciences) as previously reported [36]. Lymphocyte subpopulations
were evaluated using a CD45 gate and side scatter according to the manufac-
turer's instructions.

The following monoclonal antibodies were used (Supplementary Table
S1): CD3-PC7, CD4-FITC, CD8-FITC, CD57-PE, and PD-1-PE from BD Bioscien-
ces; Tim-3-PerCP, CD56-FITC, CD16-APC, NKG2A-PE, and DNAM1-PE from
BioLegend (San Diego, CA); and NKG2D-PE from R&D Systems (Minneapolis,
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MN). All patients were checked for differential count results of WBCs, includ-
ing absolute lymphocyte counts, before conditioning therapy and at days 30
and 90 after haploSCT. The absolute cell counts of specific NK cell subsets
were calculated by assessing the percentage of the respective cell population
as determined by flow cytometry. At least 30,000 lymphocytes were analyzed
to ensure adequate subset evaluation.

Statistical Methods

Statistical analyses were performed using SPSS version 23.0 (SPSS Inc.,
Chicago, IL). Variables were compared between groups using the 2-sided
Fisher exact test. The cause-specific cumulative incidences of relapse, leuke-
mia-free survival (LFS), and overall survival (OS) were compared using
Kaplan-Meier estimates and the log-rank test. The Cox regression hazards
model was used for univariate and multivariate analysis of the endpoints of
leukemic relapse risk, OS, and LFS. A hazard ratio with a 95% confidence inter-
val is reported for each significant (P < .05) covariate included in the final
model.

RESULTS
Patient Characteristics

Clinical characteristics and transplant demographics of the
50 enrolled patients are shown in Table 1. Median age was
38 years (range, 21 to 62), and 24 patients (48%) were men.
Thirty-five patients (70%) received transplantation during their
first complete remission. Of the remaining patients, 7 were in
their second complete remission and 8 were not in remission
when they received haploSCT. Of the 8 patients who were not
in remission, 1 patient had refractory disease and 7 were in

relapsed disease. All patients were CMV-seropositive before
transplant. The HLA-haploidentical family donors were off-
spring (median age, 21 years; range, 15 to 33; n=13), parents
(median age, 56 years; range, 46 to 73; n=15), and siblings
(median age, 38 years; range, 23 to 69; n=22) of patients.

Transplantation

The median number of CD34" cells transplanted was
6.9 x 108/kg of recipient body weight (range, 1.3 to 14.1). Neu-
trophil engraftment was documented in all patients, and plate-
let engraftment was documented in 47 patients (94%) at a
median of 11 and 13 days after haploSCT. No recipient experi-
enced primary engraftment failure. Early transplant-related
mortality and disease progression before day 100 occurred in
4 and 3 patients, respectively. Acute GVHD occurred in 32
patients (64%) at a median of 22 days (range, 6 to 91) after hap-
1oSCT. Of these cases, 22 patients had grades II to IV acute
GVHD. Chronic GVHD occurred in 16 patients (37.2%) at a
median of 6.4 months (range, 3.1 to 39.3) after haploSCT, with
5 patients (11.6%) experiencing severe chronic GVHD.

Characteristics of CMV Reactivation after HaploSCT
CMV reactivation was first diagnosed in 41 patients at a
median of 23 days after haploSCT (range, 1 to 49), requiring

Table 1
Patient Characteristics
Variable Total (n=50) With CMV Reactivation (n=41) Without CMV Reactivation (n=9) P
Median age, yr (range) 38.5(21-62) 37(21-62) 45.5 (35-52) NS
Male patients 24 (48) 19 (45) 5(63) NS
Disease etiology NS
AML 23 22 1
ALL 24 17
MPAL 3 3 0
Adverse cytogenetics 8(19) 6(17.1) 2(28.6) NS
Disease status NS
CR1 35 31 4
>CR2 7 4 3
Not in remission 8 7 1
Recipient/donor CMV serology NS
R+/D— 1 1 0
R+/D+ 49 40 9
Median donor age, yr (range) 38 (15-73) 38.5(15-73) 21(17-58) NS
Conditioning NS
MAC 7 6 1
RIC 43 36 7
GVHD prophylaxis NS
Antithymocyte globulin/CSA/low-dose MTX 42 34
CSA[PTCy/MMF 8 8
Stem cell source NS
PB 45 38 7
BM 5 4 1
Median infused CD34 cells, x10°/kg (range) 6.9(1.3-14.1) 6.8 (1.3-12.8) 7.7 (1.6-14.1) NS
Median infused T cells, x108/kg (range) 3.0(.3-13.7) 29(.3-6.1) 3.2(.9-13.7) NS
CD56"E'CD 169 ™ ~DNAM1* NK cells 013
Increase 15 15 0
Decrease 13 8 5
Acute GVHD 32 (64) 29 (69) 3(37.5) 118
Chronic GVHD 16 (37.2) 16 (42.1) 0(0) 139

Values are n or n (%) unless otherwise indicated. ALL indicates acute lymphoblastic leukemia; MPAL, mixed phenotype acute leukemia; CR1, first complete remission;
CR2, second complete remission; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning; CSA, cyclosporine A; MTX, methotrexate, PTCy; post-trans-
plant cyclophosphamide, MMF; mycophenolate mofetil; PB, peripheral blood; BM, bone marrow; NS, not significant.
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Table 2
Univariate Analyses for Relapse Rate and LFS
No. of Cases 3-Year CIR (%) P 3-Year LFS (%) P

Age
<50 yr 40 42 926 48.2 .864
>50 yr 10 62 50.0

Conditioning regimen
MAC 7 39.0 .306 14.3 .033
RIC 43 73.3 53.3

Disease status
First remission 35 33.5 .072 61.9 .040
>2nd remission or not remission 15 69.7 25.0

Infused T cells
<3.2 x 108/kg 27 60.0 .022 31.7 .024
~3.2 x 10°/kg 22 18.3 66.2

Stem cell source
BM 5 20.0 A78 60.0 .656
PB 45 46.0 46.0

CMV reactivation
Yes 42 36.4 <.001 53.5 <.001
No 8 83.3 15.6

Acute GVHD
Present 32 40.4 471 49.0 498
Absent 18 50.4 46.2

Chronic GVHD
Present 16 6.2 .006 87.5 .005
Absent 27 54.5 379

Donor age
<27yr 13 71.4 018 35.9 391
>27 yr 34 23.1 57.9

CD56"E"CD16 ™/ ~DNAM1* NK cell
Increase 14 16.4 .019 70.7 .096
Decrease 13 58.0 42.0

CIR indicates cumulative incidence of relapse.

preemptive treatment with ganciclovir. All patients who
showed CMV reactivation, except 4 patients who had sponta-
neous resolution while waiting to be hospitalized, were
treated. The median peak viral load during CMV reactivation
was 53,750 copies/mL (range, 1690 to 5,000,000). More than 2
episodes of CMV reactivation were observed in 14 patients
throughout the follow-up period. Nine patients ultimately
developed CMV disease, including 4 cases of CMV pneumoni-
tis, 3 cases of CMV gastroenteritis, 1 case of CMV retinitis, and
1 case of CMV cystitis. Two patients died from CMV pneumo-
nia. On grouping the patients according to the presence of
CMV reactivation, several clinical parameters showed no sig-
nificant difference between patients with and without CMV
reactivation (Table 1). However, the incidence of acute GVHD
by day 100 and chronic GVHD tended to be higher in patients
with CMV reactivation (Table 1).

Transplant Outcomes

Median follow-up duration was 34.8 months (range, 3.2 to
122.2). Of the 50 patients, 31 were alive, 9 had died from
relapse, and 10 had died from NRM at the cut-off point for the
study; the latter category included 6 patients who died from
infections and 4 who died from GVHD (n=3) or hemorrhage
(n= 1). The 3-year rates of cumulative incidence of relapse,
LFS, and OS were 39.3%, 47.8%, and 65.3%, respectively. Based
on univariate analysis, the factors predicting a reduced relapse
risk were a dose of infused T cells > 3.2 x 108/kg (P=.022),
chronic GVHD (P=.006), an increase in the number of

CD56"1 8D 169%™ ~DNAM1* NK cells (P=.016), and CMV reac-
tivation (P < .001) (Table 2). The factors predicting an
improved LFS included a dose of infused T cells > 3.2 x 108/kg
(P=.024), reduced-intensity conditioning (P=.033), first
remission status at transplantation (P=.04), chronic GVHD
(P=.005), and CMV reactivation (P < .001). There was no sig-
nificant difference in HLA alleles according to CMV viremia,
CMV disease, or relapse in this study. Multivariate analysis
showed that CMV reactivation (P=.011) and a dose of infused
T cells > 3.2 x 108/kg (P=.027) were independent predictors
of a reduced relapse risk, and only CMV reactivation (P=.029)
was an independent predictor of improved LFS (Table 3). The
3-year OS rate for patients with CMV reactivation was superior
to that observed in patients without CMV reactivation,
although this difference was not statistically significant (64%
versus 43.8%, P=.163) (Figure 1A).

CMV Load and Survival Rate

Patients with CMV reactivation were divided into 2 groups
based on viral load at the start of antiviral treatment, as deter-
mined by receiver operating characteristic curve analysis. The
relapse rate was not significantly different between the groups
with the higher (>55,000 copies/mL, n=17) and lower
(<55,000 copies/mL, n=25) viral loads (35.3% versus 20.0%,
P=.305). However, the 3-year OS rate of the group with the
lower viral load was significantly higher than that of the group
with the higher viral load (80.0% versus 33.1%, P=.014). Of
note, the 3-year OS rate of the lower viral load group was also
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Table 3
Multivariate Analyses for Relapse Rate and LFS
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Relapse Rate

LFS

HR (95% CI)

HR (95% CI) P

CMV reactivation

Yes .06 (.010-.558)

.011 .15 (.026-.819) .029

No

Donor age

>27yr .35(.090-1.376)

133

<27yr

Chronic GVHD

Present .23(.028-1.929)

177 29(.061-1.355)

Absent

Infused T cells

>3.2 x 10%/kg .12 (.019-.784)

.027 .34 (.089-1.287) 112

<3.2 x 10%/kg

Disease status

First remission

57 (.164-1.991) 380

>2nd remission or not remission

Conditioning regimen

RIC

49 (.119-1.990) 316

MAC

HR indicates hazard ratio; CI, confidence interval.

higher than that of patients without CMV reactivation (43.8%,
P=.048) (Figure 1B). The 3-year cumulative incidence of NRM
in the lower viral load group was lower than that of the
higher viral load group, although this difference was not statis-
tically significant (8.3% versus 31.2%, P=.093) (Supplementary
Figure S1).

Immune Cell Recovery

To assess NK and T cell recovery after haploSCT, we ana-
lyzed peripheral blood collected from the 50 patients before
conditioning therapy and on days 30 and 90 after transplanta-
tion. Median numbers of infused cells were 3.0 x 108/kg for
CD3" T cells (range, .3 to 13.7) and 2.3 x 10%/kg for
CD3~CD56*CD16% ™~ NK cells (range, .03 to 14.2). The median
numbers of infused CD4" and CD8* T cells were 3.4 x 108/kg

(range, .2 to 6.7) and 1.4 x 108/kg (range, .1 to 2.2), respec-
tively. The numbers of infused cells in each subset were similar
between patients with and without CMV reactivation. There
was no significant difference in the T and NK cell recovery
between patients who received peripheral blood and bone
marrow grafts. There was no significant difference in the
expansion of CD4 or CD8 T cells at day 30 or 90 according to
CMV reactivation. Moreover, PD-1 and Tim-3 expression on
CD4 or CD8 T cells did not differ based on CMV reactivation.
Counts of CD56"8"CD169 ™/~ cells and CD56%™CD16"cells at
days 30 and 90 were not significantly different between
patients with and without CMV reactivation. Additionally,
NKG2A, NKG2D, and CD57 expression on CD56”"€"tCD164™/~
and CD56%™CD16" cells was not associated with CMV reacti-
vation.

A B
1007 1oo—|
CMV < 55,000 copies/mL (n=25)
80 30 et
B CMV reactivation (n=42) 3
S 60- — ' T 60—
z £
3 " = [
‘__0 Non-CMV (n=8) 3 Non-CMV (n=8)
S a0+ s 40-
g 5 CMV > 55,000 copies/mL (n=17)
) >
o
20 20—
CMV < 55,000 vs. > 55,000 copies/mL ; P =0.014
P=0.163 CMV < 55,000 copies/mL vs. Non-CMV ; P = 0.048
v T T T T T T T T T v T T T T T T T T T
0 12 24 36 48 60 72 8 9 108 0 12 24 36 48 60 72 84 96 108

Months after HSCT

Months after HSCT

Figure 1. Kaplan-Meier estimates of OS according to (A) CMV reactivation and (B) viral load.
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Figure 2. Correlation between increase in CD56""€"CD16%™~DNAM1* NK cell count and reduced relapse associated with CMV reactivation. (A) Flow cytometry was
performed on total peripheral blood mononuclear cells, and CD56”"8"CD16%™/~ NK cells were gated and analyzed for expression of DNMA1. Histograms for patients
with or without CMV reactivation are shown. Red and black dots show lymphocyte gate and CD56#"CD169™/~ NK cells, respectively. (B and C) Kinetics of
CD56""8MCD16%™/~DNAM1* NK cell subset reconstitution after haploSCT according to (B) CMV reactivation and (C) relapse. Error bars show SEM. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

The type of conditioning regimen and GVHD prophylaxis
did not affect the recovery of NK cell subsets. When we per-
formed 4-color flow cytometric analysis of mononuclear cells
of 8 samples with remaining frozen cells using CD3-PC7/
CD56-FITC/ DNMA1-PE/CD16-APC, we  found  that
CD56"18MCD169™/~ cells were mostly CD3~cells, and the per-
centage of the CD3* marker was negligible in CD56°"8"CD16-
dim/~ cells (median, .84%, range, .03% to 3.95%) (Supplementary
Figure S2). These findings indicate that it is reasonable to des-
ignate CD56°7&"CD16%4™/~ cells as NK cells.

In patients with CMV reactivation, CD56”8"CD164™/~ NK
cell counts tended to be higher at day 90 than at day 30. In
contrast, the number of CD56"8"CD16%™/~ NK cells at day 30
was higher without CMV reactivation but decreased after day
30. Similarly, CD56°"€"CD16%™~ NK cell counts tended to be
higher at day 90 than at day 30 in patients without relapse but
decreased after day 30 in patients with relapse. There was no
significant difference in NK subset kinetics according to CMV
viremia or disease. When patients with CMV reactivation were
divided into 2 groups based on the date of CMV reactivation
development after haploSCT (before versus after day 22), there
was no significant difference in CD568"CD16% ™~ NK cell
counts between the 2 groups at days 30 and 90. The number of
CD56%™MCD16" cells at day 30 tended to be lower in patients
who relapsed (18.8/uL [range, 1.0 to 113.1]versus 78.2/uL

[range, .4 to 915.1], P=.062). However, there was no signifi-
cant difference in CD569™CD16" cell counts at day 90 accord-
ing to the relapse development.

CD56"""CD16*™~DNAM1* NK CeAls associated with CMV
and Relapse Rate

CMV reactivation was associated with expansion of the
CD561#MCD169™/-DNAM1* NK cell subset between days 30
and 90 after haploSCT (Table 1 and Figure 2A). When patients
were stratified according to an increase or decrease in the
number of CD56"8"CD16%™~DNAM1* NK cells from day 30
to 90, there were more patients with an increase in
CD56"18MCD 169 ™ ~DNAM1* NK cell counts in the CMV group
(Table 1). An increase in the CD568"CD164™~DNAM1* NK
cell counts was defined as an increase in the absolute cell
count between days 30 and 90. Patients with an increase in
CD56"18MCD 169%™ ~DNAM1* NK cell counts also had a signifi-
cantly higher CMV viral load (111,000 copies/mL versus
9950 copies/mL, P=.004). We compared DNAM1 expression
(%) on CD56PEMCD169™/~ NK cells on days 30 and 90. The
extent of the increase in DNAM1 expression (%) between days
30 and 90 was greater in patients with CMV reactivation (1.3-
fold versus .6-fold, P=.06) (Figure 2B). An increase in
CD56"18MCD 169%™ ~DNAM1* NK cell count was not associated
with the occurrence of chronic GVHD. However, the expansion
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Figure 3. Kaplan-Meier estimate of cumulative incidence of relapse according to increase/decrease in CD56°"CD16%™~DNAM1* NK cells from day 30 to 90.

of the CD56"E"CD164™~DNAM1* NK cell subset was associ-
ated with the relapse rate. The rate of the increase in DNAM1
expression on CD56"8"CD16%™/~ NK cells between days 30
and 90 was significantly lower in patients who relapsed than
in those who did not (mean rate of increase, .5-fold versus 1.5-
fold; P=.026) (Figure 2C). The 3-year cumulative incidence of
relapse was significantly lower in patients with an increase in
the CD56"8"CD16%™~DNAM1* NK cell counts from day 30 to
90 (16.4% versus 58.0%, P=.019) (Table 2 and Figure 3). Multi-
variate analysis indicated that an increase in the
CD56"18M D169 ™ -DNAM1* NK cell counts was an indepen-
dent predictor of low relapse risk (Table 4). When patients
with CMV reactivation were divided into 2 groups based on
the median day of 22 of CMV reactivation development after
haploSCT, there was no significant difference in
CD56™"8MCD16%™- DNAM1" NK cell counts between the 2
groups at days 30 and 90.

Subgroup Analysis

Among 50 patients, 8 received post-transplant cyclophos-
phamide, a treatment protocol that is expected to result in
substantial differences in immune reconstitution, compared
with patients who received a T cell-replete graft in the
absence of post-transplant cyclophosphamide. Therefore, we
performed subgroup analyses for 42 patients who received a T

Table 4
Multivariate Analysis for Relapse Rate

Relapse Rate
HR (95% CI) P

(D568 D16 ™ ~DNAM1* NK cell
Increase

12(.019-.822) 031

Decrease

Donor age
>27 yr .07 (.006-.823) .035
<27yr

Chronic GVHD
Present .21(.020-2.201) 193
Absent

Infused T cells
>3.2 x 10%/kg
<3.2 x 10%/kg

.07 (.005-.884) 040

cell-replete graft without post-transplant cyclophosphamide.
The incidence of CMV reactivation was 80.5%, similar to the
overall incidence. In subgroup analyses CMV reactivation
(P=.004 for relapse rate and P=.014 for LFS), a dose of infused
T cells > 3.2 x 108/kg (P=.01 for relapse rate and P=.016 for
LFS), and the first remission status (P=.03 for relapse rate and
P=.038 for LFS) were the independent predictors for reduced
relapse risk and improved LFS (Supplementary Table S2 and
$3). No patient with an increase in CD56"&"CD16%™/~D-
NAM1* NK cell counts from day 30 to 90 showed relapse,
whereas the 3-year cumulative relapse rate was 59.6% in
patients with a decrease in CD56"€"CD16%™~DNAM1* NK
cell counts (P=.005) (Supplementary Table S2). In subgroup
analyses, because the relapse rate for patients with an increase
in CD56"¢"CD16%™-DNAM1* NK cell counts was zero,
quasi-separation occurred, and statistical estimation using the
Cox regression hazard model was not possible.

DISCUSSION

Several studies have reported that CMV reactivation may
reduce leukemia relapse after alloSCT [11-13,16,20]. Investi-
gations into how the immune system changes after CMV reac-
tivation are currently underway to understand the underlying
mechanism of this antileukemia effect of CMV. Such analyses
are especially important for Korean patients, because CMV
seroprevalence is nearly 100% in this population [37]. Here, in
a CMV-seropositive population, we identified an antileukemia
effect of CMV reactivation in the haploSCT setting. We addi-
tionally found that CD56"8"CD16%™-DNAM1* NK cells may
play an important role in linking CMV reactivation and the
GVL effect.

The antileukemia effect of CMV in the haploSCT setting was
previously unclear. We have shown that CMV reactivation is
an important prognostic factor, predicting a reduced relapse
rate and improved LFS among the CMV-seropositive popula-
tion receiving T cell-replete haploSCT. However, CMV infec-
tion remained an important cause of death and did not
improve OS. The identification of the immune cell subsets that
contribute to the prevention of relapse of leukemia after CMV
reactivation may provide a basis for the development of
immunotherapy that prevents leukemia relapse without the
risk of NRM because of viral infection. Early in primary CMV
infection, nonspecific cellular immune defenses, such as NK
cells, are essential in limiting viral reactivation [38]. It was
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reported that CMV reactivation promotes a more rapid recon-
stitution of mature functional NK cells with potential memory-
like characteristics [19,39]. After CMV reactivation in patients
who received CMV-naive umbilical cord blood or matched
unrelated donor HSCT, a subset of reconstituting NK cells dis-
playing an increased density of surface NKG2C expand [19].
This subset has been characterized by predominant expression
of NKG2C and the inhibitory KIR specific for self-HLA but lack
NKG2A, a phenotype required for robust IFN-y production.
After haploSCT, a subset of NK cells with the CD56%™, NKG2C*,
and self-KIR* phenotype expands and is responsible for IFN-y
production during CMV infection [39]. However, there is no
direct evidence of a specific NK cell subset that reduces leuke-
mia relapse among the CMV-engineered NK cell receptor rep-
ertoires.

Independent of the graft source, NK cells typically regener-
ate within the first month after alloSCT [40]. Moreover, there
is an over-representation of CD56""#"CD16%™~ NK cells in
the early phase post-transplant compared with that in healthy
individuals [41,42]. CD56""8"CD16% ™/~ NK cells are known to
be a noncytotoxic cell subset that plays immunoregulatory
roles through cytokine production. Our findings indicated the
important role of CD56"8"CD16% ™~ NK cells, which secrete
immunoregulatory cytokines, in the antileukemia effect in
patients with CMV reactivation. DNAM1 (DNAX accessory mol-
ecule 1, also known as CD226), a costimulatory adhesion mole-
cule expressed by T cells and NK cells, has a crucial function in
tumor immune surveillance [43-45]. DNAM1 was shown to
co-stimulate the proliferation and IFN-y production of alloanti-
gen-specific CD8" T cells [46]. Furthermore, DNAM1 is essen-
tial for the optimal function and differentiation of memory NK
cells during mouse CMV infection [47]. We showed that in
patients with CMV reactivation, DNAM1* NK cells, in particular
CD56"18MCD169 ™ ~DNAM1* NK cells, steadily increased until
day 90. In patients without CMV reactivation, however, the
increase in CD56°"€"CD164™/DNAM1* NK cell counts was not
maintained after day 30, and these cells decreased in number.

To determine whether this NK cell subset expansion could
recapitulate the effect of CMV reactivation in reducing the
relapse rate, we included an increase in the CD56"€"CD16%™/
“DNAM1* NK cell count as a variable in the multivariate analy-
sis model instead of CMV reactivation. The results confirmed
that an increase in CD56°"€"CD16%™~DNAM1"* NK cell counts
was an independent factor predicting a reduced rate of leuke-
mia relapse. However, in the multivariate analysis of factors
predicting an improved LFS, CMV reactivation, but not an
increase in CD56”8"CD16%™~DNAM1*NK cell counts, was an
independent factor. This may be because the increase in
CD56"18MCD169™-DNAM1* NK cell counts is highly corre-
lated with a high viral load of CMV. NRM was more closely
related to CMV viral load than to CMV proliferation, as shown
in Supplementary Figure S1. A higher peak viral load has been
linked to reduced OS [48]. Further investigation of the effects
of cytokine production by this cell subtype on the antileukemia
effect will improve our knowledge of the mechanism underly-
ing the GVL effect of this NK cell subset associated with CMV
reactivation. Although we have demonstrated for the first time
a significant correlation between CMV reactivation, relapse
rate, and increase in CD56°8MCD16%™-DNAM1* NK cell
counts from day 30 to 90, no correlation between the expan-
sion of CD56"18MCD16%™ ~DNAM1* NK cells and CMV viremia
duration or peak viral load was observed. This may result from
a variety of factors affecting CMV kinetics such as immunosup-
pressive therapy, GVHD treatment, and preemptive therapy
during the first 3 months after transplantation.

Chronic GVHD is a well-known factor preventing leukemia
relapse [49,50]. Thus, the reduction in relapse risk may be sec-
ondary to the immune-mediated GVL effect associated with
chronic GVHD. However, the protective effect of chronic GVHD
has not been confirmed after haploSCT, and, recently, multiple
studies have reported a reduced incidence of chronic GVHD
after haploSCT [51,52]. In haploSCT, NK cells may express
inhibitory KIRs that are not engaged by any of the HLA class I
alleles present on recipient cells. Such “alloreactive” NK cells
greatly contribute both to the eradication of leukemia blasts
escaping the preparative regimen and to the clearance of
residual host dendrite cells and T lymphocytes (thus prevent-
ing GVHD and graft rejection, respectively) [53]. In this study
chronic GVHD was associated with a reduced relapse rate in
the univariate analysis but was not found to be an independent
factor in the multivariate analysis. Therefore, in the haploSCT
setting, immune-mediated GVL may be more associated with
CMV reactivation than with chronic GVHD.

The current study has some limitations. This analysis was
retrospective and the sample size small. However, because
patients were recruited from a single transplant center for
chart review, it was difficult to recruit a large number of
patients. Further research with a larger sample size could pro-
vide more definitive evidence. In addition, all patients and
donors except 1 in this study demonstrated CMV seropositiv-
ity. Thus, a comparison with CMV-seronegative patients is
needed.

In conclusion, CMV reactivation was identified as an inde-
pendent prognostic factor for LFS in the haploSCT setting.
Maintained expansion of CD56°"€"CD16%™~DNAM1* NK cells
until day 90 was associated with CMV reactivation and a low
relapse rate. Our findings suggest the possibility that
CD56"1 8D 169%™ ~DNAM1* NK cells may play a leading role
in linking CMV reactivation and the GVL effect. Therefore, we
suggest that additional studies are required for elucidating the
mechanism of the GVL effect of this NK cell subset associated
with CMV reactivation.

ACKNOWLEDGMENTS

Financial disclosure: This study was supported in part by SK
Plasma and Kyowa Hakko Kirin Korea Co., Ltd.

Conflict of interest statement: There are no conflicts of inter-
est to report.

Authorship statement: J.E.J. and D.Y.H. contributed equally
to this work. J.EJ., D.Y.H., and Y.H.M. developed the concept,
designed the study, interpreted the results, and wrote the
manuscript. J.E. and H.J. performed and interpreted the experi-
ments. J.EJ. and D.Y.H. analyzed and interpreted the patient
data. H.C,, SK,, J.SKK, and ].C. contributed patient data to the
analysis and read and approved the final manuscript.

SUPPLEMENTARY MATERIALS
Supplementary material associated with this article can be
found, in the online version at doi:10.1016/j.bbmt.2019.06.008.

REFERENCES

1. Boeckh M, Nichols WG, Papanicolaou G, Rubin R, Wingard JR, Zaia J. Cyto-
megalovirus in hematopoietic stem cell transplant recipients: current sta-
tus, known challenges, and future strategies. Biol Blood Marrow
Transplant. 2003;9:543-558.

2. Boeckh M, Nichols WG. The impact of cytomegalovirus serostatus of donor
and recipient before hematopoietic stem cell transplantation in the era of
antiviral prophylaxis and preemptive therapy. Blood. 2004;103:2003-
2008.

3. Boeckh M, Gooley TA, Myerson D, Cunningham T, Schoch G, Bowden RA.
Cytomegalovirus pp65 antigenemia-guided early treatment with


https://doi.org/10.1016/j.bbmt.2019.06.008
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0003

2078

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

ganciclovir versus ganciclovir at engraftment after allogeneic marrow
transplantation: a randomized double-blind study. Blood. 1996;88:4063-
4071.

. Luo XH, Chang Y], Huang X]. Improving cytomegalovirus-specific T cell

reconstitution after haploidentical stem cell transplantation. | Immunol
Res. 2014;2014: 631951. https://doi.org/10.1155/2014/631951.

. Federmann B, Hagele M, Pfeiffer M, et al. Immune reconstitution after

haploidentical hematopoietic cell transplantation: impact of reduced
intensity conditioning and CD3/CD19 depleted grafts. Leukemia.
2011;25:121-129.

. Ciurea SO, Mulanovich V, Saliba RM, et al. Improved early outcomes using a

T cell replete graft compared with t cell depleted haploidentical hematopoi-
etic stem cell transplantation. Biol Blood Marrow Transplant. 2012;18:1835-
1844.

. Nichols WG, Corey L, Gooley T, Davis C, Boeckh M. High risk of death due to

bacterial and fungal infection among cytomegalovirus (CMV)-seronegative
recipients of stem cell transplants from seropositive donors: evidence for
indirect effects of primary CMV infection. J Infect Dis. 2002;185:273-282.

. Steffens HP, Podlech J, Kurz S, Angele P, Dreis D, Reddehase MJ. Cytomega-

lovirus inhibits the engraftment of donor bone marrow cells by downre-
gulation of hemopoietin gene expression in recipient stroma. J Virol.
1998;72:5006-5015.

. Soderberg C, Larsson S, Rozell BL, Sumitran-Karuppan S, Ljungman P, Mol-

ler E. Cytomegalovirus-induced CD13-specific autoimmunity—a possible
cause of chronic graft-vs-host disease. Transplantation. 1996;61:600-609.
Elmaagacli AH, Steckel NK, Koldehoff M, et al. Early human cytomegalovi-
rus replication after transplantation is associated with a decreased relapse
risk: evidence for a putative virus-versus-leukemia effect in acute myeloid
leukemia patients. Blood. 2011;118:1402-1412.

Green ML, Leisenring WM, Xie H, et al. CMV reactivation after allogeneic
HCT and relapse risk: evidence for early protection in acute myeloid leu-
kemia. Blood. 2013;122:1316-1324.

Jang JE, Kim SJ, Cheong JW, et al. Early CMV replication and subsequent
chronic GVHD have a significant anti-leukemic effect after allogeneic
HSCT in acute myeloid leukemia. Ann Hematol. 2015;94:275-282.
Takenaka K, Nishida T, Asano-Mori Y, et al. Cytomegalovirus reactivation
after allogeneic hematopoietic stem cell transplantation is associated with
a reduced risk of relapse in patients with acute myeloid leukemia who
survived to day 100 after Transplantation: the Japan Society for Hemato-
poietic Cell Transplantation Transplantation-Related Complication Work-
ing Group. Biol Blood Marrow Transplant. 2015;21:2008-2016.

Ito S, Pophali P, Co W, et al. CMV reactivation is associated with a lower inci-
dence of relapse after allo-SCT for CML. Bone Marrow Transplant.
2013;48:1313-1316.

Behrendt CE, Rosenthal ], Bolotin E, Nakamura R, Zaia ], Forman SJ. Donor
and recipient CMV serostatus and outcome of pediatric allogeneic HSCT
for acute leukemia in the era of CMV-preemptive therapy. Biol Blood Mar-
row Transplant. 2009;15:54-60.

Manjappa S, Bhamidipati PK, Stokerl-Goldstein KE, et al. Protective effect
of cytomegalovirus reactivation on relapse after allogeneic hematopoietic
cell transplantation in acute myeloid leukemia patients is influenced by
conditioning regimen. Biol Blood Marrow Transplant. 2014;20:46-52.

Bao X, Zhu Q, Xue S, et al. Cytomegalovirus induces strong antileukemic effect
in acute myeloid leukemia patients following sibling HSCT without antithy-
mocyte globulin-containing regimen. Am J Transl Res. 2016;8:653-661.
Elmaagacli AH, Koldehoff M, Lindemann M, et al. Response: T cells are
required for the CMV-induced antileukemia effect after transplant. Blood.
2012;119:1090-1091.

Foley B, Cooley S, Verneris MR, et al. Cytomegalovirus reactivation after
allogeneic transplantation promotes a lasting increase in educated NKG2C
+ natural killer cells with potent function. Blood. 2012;119:2665-2674.
Elmaagacli AH, Koldehoff M. Cytomegalovirus replication reduces the
relapse incidence in patients with acute myeloid leukemia. Blood.
2016;128:456-459.

Bigley AB, Rezvani K, Shah N, et al. Latent cytomegalovirus infection
enhances anti-tumour cytotoxicity through accumulation of NKG2C+NK
cells in healthy humans. Clin Exp Immunol. 2016;185:239-251.

Litjens NHR, van der Wagen L, Kuball ], Kwekkeboom J. Potential beneficial
effects of cytomegalovirus infection after transplantation. Front Immunol.
2018;9:389.

Scheper W, van Dorp S, Kersting S, et al. gammadeltaT cells elicited by
CMV reactivation after allo-SCT cross-recognize CMV and leukemia. Leuke-
mia. 2013;27:1328-1338.

Cichocki F, Schlums H, Theorell J, et al. Diversification and functional spe-
cialization of human NK cell subsets. Curr Top Microbiol Immunol.
2016;395:63-93.

Bryceson YT, March ME, Ljunggren HG, Long EO. Synergy among receptors
on resting NK cells for the activation of natural cytotoxicity and cytokine
secretion. Blood. 2006;107:159-166.

Moretta A, Bottino C, Vitale M, et al. Receptors for HLA class-I molecules in
human natural killer cells. Annu Rev Immunol. 1996;14:619-648.

Lanier LL. NK cell receptors. Annu Rev Immunol. 1998;16:359-393.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

J.E. Jang et al. / Biol Blood Marrow Transplant 25 (2019) 20702078

Long EO, Kim HS, Liu DF, Peterson ME, Rajagopalan S. Controlling natural
killer cell responses: integration of signals for activation and inhibition.
Annu Rev Immunol. 2013:227-258. 31.

Arnon TI, Markel G, Mandelboim O. Tumor and viral recognition by natu-
ral killer cells receptors. Semin Cancer Biol. 2006;16:348-358.

Bryceson YT, March ME, Ljunggren HG, Long EO. Activation, coactivation,
and costimulation of resting human natural Killer cells. Immunol Rev.
2006;214:73-91.

Lin X, Ou Y, Long H, et al. [Cytomegalovirus infection after haploidentical
stem cell transplantation may reduce relapse risk in leukemia]. Zhonghua
Nei Ke Za Zhi. 2016;55:107-110.

Chunduri S, Dobogai LC, Peace D, et al. Fludarabine/i.v. BU conditioning
regimen: myeloablative, reduced intensity or both. Bone Marrow Trans-
plant. 2008;41:935-940.

Luznik L, Bolanos-Meade |, Zahurak M, et al. High-dose cyclophosphamide
as single-agent, short-course prophylaxis of graft-versus-host disease.
Blood. 2010;115:3224-3230.

Ljungman P, Griffiths P, Paya C. Definitions of cytomegalovirus infection
and disease in transplant recipients. Clin Infect Dis. 2002;34:1540.
Filipovich AH, Weisdorf D, Pavletic S, et al. National Institutes of Health
consensus development project on criteria for clinical trials in chronic
graft-versus-host disease. I. Diagnosis and Staging Working Group report.
Biol Blood Marrow Transplant. 2005;11:945-956.

Kim YR, Eom JI, Kim SJ, et al. Myeloperoxidase expression as a potential
determinant of parthenolide-induced apoptosis in leukemia bulk and leu-
kemia stem cells. ] Pharmacol Exp Ther. 2010;335:389-400.

Seo S, Cho Y, Park ]. Serologic screening of pregnant Korean women for
primary human cytomegalovirus infection using IgG avidity test. Korean |
Lab Med. 2009;29:557-562.

Bukowski JF, Warner JF, Dennert G, Welsh RM. Adoptive transfer studies
demonstrating the antiviral effect of natural killer cells in vivo. ] Exp Med.
1985;161:40-52.

Jin F, Lin H, Gao S, et al. Characterization of IF'Ngamma-producing natural
killer cells induced by cytomegalovirus reactivation after haploidentical
hematopoietic stem cell transplantation. Oncotarget. 2017;8:51-63.

Ullah MA, Hill GR, Tey SK. Functional reconstitution of natural Killer cells
in allogeneic hematopoietic stem cell transplantation. Front Immunol.
2016;7:144.

Jacobs R, Stoll M, Stratmann G, Leo R, Link H, Schmidt RE. CD16- CD56+
natural Kkiller cells after bone marrow transplantation. Blood.
1992;79:3239-3244.

Giebel S, Dziaczkowska ], Czerw T, et al. Sequential recovery of NK cell
receptor repertoire after allogeneic hematopoietic SCT. Bone Marrow
Transplant. 2010;45:1022-1030.

Iguchi-Manaka A, Kai H, Yamashita Y, et al. Accelerated tumor growth in
mice deficient in DNAM-1 receptor. ] Exp Med. 2008;205:2959-2964.
Lakshmikanth T, Burke S, Ali TH, et al. NCRs and DNAM-1 mediate NK cell
recognition and lysis of human and mouse melanoma cell lines in vitro
and in vivo. J Clin Invest. 2009;119:1251-1263.

Gilfillan S, Chan (J, Cella M, et al. DNAM-1 promotes activation of cyto-
toxic lymphocytes by nonprofessional antigen-presenting cells and
tumors. ] Exp Med. 2008;205:2965-2973.

Nabekura T, Shibuya K, Takenaka E, et al. Critical role of DNAX accessory
molecule-1 (DNAM-1) in the development of acute graft-versus-host dis-
ease in mice. Proc Natl Acad Sci USA. 2010;107:18593-18598.

Nabekura T, Kanaya M, Shibuya A, Fu G, Gascoigne NR, Lanier LL. Costimu-
latory molecule DNAM-1 is essential for optimal differentiation of mem-
ory natural killer cells during mouse cytomegalovirus infection. Immunity.
2014;40:225-234.

Boeckh M, Leisenring W, Riddell SR, et al. Late cytomegalovirus disease
and mortality in recipients of allogeneic hematopoietic stem cell trans-
plants: importance of viral load and T-cell immunity. Blood. 2003;
101:407-414.

Weiden PL, Sullivan KM, Flournoy N, Storb R, Thomas ED, Seattle Marrow
Transplant T. Antileukemic effect of chronic graft-versus-host disease:
contribution to improved survival after allogeneic marrow transplanta-
tion. N Engl ] Med. 1981;304:1529-1533.

Sullivan KM, Weiden PL, Storb R, et al. Influence of acute and chronic
graft-versus-host disease on relapse and survival after bone marrow
transplantation from HLA-identical siblings as treatment of acute and
chronic leukemia. Blood. 1989;73:1720-1728.

Devillier R, Granata A, Furst S, et al. Low incidence of chronic GVHD after
HLA-haploidentical peripheral blood stem cell transplantation with post-
transplantation cyclophosphamide in older patients. Br | Haematol.
2017;176:132-135.

Ghosh N, Karmali R, Rocha V, et al. Reduced-Intensity transplantation for
lymphomas using haploidentical related donors versus HLA-matched sib-
ling donors: a Center for International Blood and Marrow Transplant
Research analysis. J Clin Oncol. 2016;34:3141-3149.

Moretta L, Locatelli F, Pende D, Marcenaro E, Mingari MC, Moretta A. Killer
Ig-like receptor-mediated control of natural killer cell alloreactivity in
haploidentical hematopoietic stem cell transplantation. Blood.
2011;117:764-771.


http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0003
https://doi.org/10.1155/2014/631951
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0021
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0021
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0021
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0033
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0033
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0033
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0034
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0034
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0035
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0035
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0035
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0035
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0036
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0036
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0036
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0040
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0040
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0040
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0041
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0041
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0041
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0042
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0042
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0042
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0043
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0043
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0044
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0044
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0044
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0045
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0045
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0045
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0046
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0046
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0046
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0047
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0047
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0047
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0047
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0048
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0048
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0048
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0048
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0049
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0049
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0049
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0049
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0050
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0050
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0050
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0050
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0051
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0051
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0051
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0051
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0052
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0052
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0052
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0052
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0053
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0053
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0053
http://refhub.elsevier.com/S1083-8791(19)30372-6/sbref0053

	Early Cytomegalovirus Reactivation and Expansion of CD56brightCD16dim/-DNAM1+ Natural Killer Cells Are Associated with Antileukemia Effect after Haploidentical Stem Cell Transplantation in Acute Leukemia
	Introduction
	Methods
	Patients
	Transplantation
	Prophylaxis, Monitoring, and Preemptive Therapy for CMV Infection
	GVHD, NRM, and Relapse
	Patient Samples and Flow Cytometry Analyses
	Statistical Methods

	Results
	Patient Characteristics
	Transplantation
	Characteristics of CMV Reactivation after HaploSCT
	Transplant Outcomes
	CMV Load and Survival Rate
	Immune Cell Recovery
	CD56brightCD16dim/-DNAM1+ NK CeAls associated with CMV and Relapse Rate
	Subgroup Analysis

	Discussion
	Acknowledgments
	Supplementary materials
	References



