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KEY PO INT S

l Posttransplantation
cyclophosphamide
eliminates most
mature donor NK cells
infused with the graft,
including alloreactive
NK cells.

l High levels of serum
interleukin-15 early
after HSCT provide
a favorable
environment for
adoptive infusion of
mature donor NK
cells.

The use of posttransplant cyclophosphamide (PT-Cy) as graft-versus-host disease (GVHD)
prophylaxis has revolutionized haploidentical hematopoietic stem cell transplantation
(HSCT), allowing safe infusion of unmanipulated T cell–replete grafts. PT-Cy selectively
eliminates proliferating alloreactive T cells, but whether and how it affects natural killer
(NK) cells and their alloreactivity is largely unknown. Here we characterized NK cell dy-
namics in 17 patients who received unmanipulated haploidentical grafts, containing high
numbers ofmatureNK cells, according to PT-Cy–based protocols in 2 independent centers.
In both series, we documented robust proliferation of donor-derived NK cells immediately
after HSCT. After infusion of Cy, a marked reduction of proliferating NK cells was evident,
suggesting selective purging of dividing cells. Supporting this hypothesis, proliferating NK
cells did not express aldehyde dehydrogenase andwere killed by Cy in vitro. After ablation
of mature NK cells, starting from day 15 after HSCT and favored by the high levels of
interleukin-15 present in patients’ sera, immature NK cells (CD62L1NKG2A1KIR2) became
highly prevalent, possibly directly stemming from infused hematopoietic stem cells. Im-
portantly, also putatively alloreactive single KIR1 NK cells were eliminated by PT-Cy and

were thus decreased in numbers and antileukemic potential at day 30 after HSCT. As a consequence, in an extended
series of 99 haplo-HSCT with PT-Cy, we found no significant difference in progression-free survival between patients
with or without predicted NK alloreactivity (42% vs 52% at 1 year, P 5 NS). Our data suggest that the majority of
mature NK cells infused with unmanipulated grafts are lost upon PT-Cy administration, blunting NK cell alloreactivity in
this transplantation setting. (Blood. 2018;131(2):247-262)

Introduction
Conceiving strategies to render allogeneic hematopoietic stem
cell (HSC) transplantation (HSCT) fromHLA-haploidentical family
donors safe and feasible has been one of the most challenging
efforts faced by the HSCT community over the past several
decades. Besides having cured numerous patients that lacked a
suitable donor, haploidentical HSCT provided fascinating sci-
entific insights into how the immune system operate upon
transfer into an allogeneic environment.1,2

One the most remarkable discoveries that originated from early
trials of haploidentical HSCT was the description of the principles
according to which natural killer (NK) cell alloreactivity ensues, and
the observation that, when unleashed, it is accompanied by bene-
ficial effects on HSCT outcome, including protection from relapse.3-5

In more recent years, another game-changing discovery stem-
ming from haploidentical HSCT has been the demonstration that
high-dose posttransplant cyclophosphamide (PT-Cy) can selec-
tively eliminate themost alloreactive donor T-cell clones in vivo.6-8

This fostered a true revolution in the field, and haploidentical
HSCT platforms based on PT-Cy are increasingly being used
worldwide,9,10 not only because of the impressive abatement of
graft-versus-host disease (GVHD) incidence they can convey, but
also of their very limited requirements in terms of graft processing
and specific expertise from the transplant team. It is largely un-
known, however, whether the models that were developed in
T cell–depleted haploidentical HSCT still hold true in this setting.

The aim of this study is to trace the dynamics of posttransplantation
NK cell recovery in 2 independent series of patients who received
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haploidentical HSCTwith aGVHDprophylaxis basedonPT-Cy, and
to investigate whether NK cell alloreactivity is preserved in this in-
novative and increasingly used transplant modality.

Materials and methods
Multiparametric flow cytometry
Absolute quantification of NK (CD32CD561) and T (CD31) cells
was performed in fresh whole blood samples as previously
described.11

For extended phenotypic analyses, mononuclear cells were
isolated from peripheral blood (PB) or bone marrow (BM) by
density gradient separation (Lymphoprep; Fresenius). Details on
antibodies and panel assembly are provided in the supplemental

Methods on the Blood Web site. Acquisition was performed on
an LSR Fortessa and an LSRII instrument (both from BD Bio-
sciences). Analysis was performed using FlowJo (TreeStar) and
visualized as heatmaps using the pheatmap function in R. Data
were further analyzed using the Barnes-Hut stochastic neighbor
embedding (bh-SNE) algorithm (using the CYT tool and the
MatLab software as described previously12). The input dataset
was resampled to obtain an equal number of NK cell events for
all of the samples analyzed; the bidimensional maps obtained
from this analysis were then processed with FlowJo software to
highlight the spatial distribution of NK cells at each time point.
Upon bh-SNE analysis,12 the k-means algorithm was used for
unsupervised clustering of data to identify and quantify in an
unbiased manner memory-like NK cells in patient and healthy
donor samples.
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Figure 1. NK cell counts and chimerism early after haploidentical HSCT and PT-Cy. (A) Outline of the haploidentical HSCT platforms used at OSR (left) and at JHU (right). (B)
Absolute counts of NK cells (red circles) and T cells (blue squares) circulating in the PB of patients (n 5 17) receiving haploidentical HSCT followed by PT-Cy (days of Cy
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Mafosfamide-sensitivity assay
An in vitro assay to test the effect of mafosfamide onNK cells was
adapted from a published protocol.13 Briefly, cryopreserved PB
mononuclear cells obtained from a donor’s graft were thawed,
marked with Cell Trace Violet (CTV, Life Technologies), and
cultured in Iscove modified Dulbecco medium (Lonza) supple-
mented with 10% human serum (Euroclone), 1% penicillin
streptomycin, 1% glutamine (Lonza), and 5 mg/mL interleukin-15
(IL-15, Miltenyi). Mafosfamide L-lysine salt (Niomech) was diluted
in distilled water and added to the culture after 3 days. After
1 hour of incubation, cells were centrifuged twice and then
plated in fresh medium supplemented with IL-15. CTV dilution
and quantification of live nonapoptotic cells (Annexin V2) were
assessed by flow cytometry, before (day 3) and 2 days after
(day 5) adding mafosfamide. The same experiment was per-
formed in the absence of CTV labeling to analyze proliferation
using Ki-67 intracellular staining.

Cytotoxicity assay
Cryopreserved PBmononuclear cells obtained from HSC donors
before granulocyte colony-stimulating factor mobilization, from
patients at day 30 after HSCT, and from healthy subjects, were
thawed and plated in Iscove modified Dulbecco medium sup-
plemented with 10% human serum in the presence of 20 IU/mL
of recombinant human IL-2 (Novartis). After overnight in-
cubation, NK cells were isolated by negative selection with
anti-CD3, anti-CD14, and anti-CD19 magnetic beads (Miltenyi),
labeled with CTV and plated in a 50:1, 10:1, or 1:1 effector:target
ratio in the presence of the following targets: K562 cell line, OCI/
AML3 cell line, and primary AML blasts collected from a patient
at diagnosis (90% purity). After a 6-hour incubation, apoptosis
of CTV-negative target cells was analyzed by assessing Annexin
V (Biolegend) expression by flow cytometry.

Statistical analyses
A detailed description of statistical analyses performed to
compare experimental data and patient outcome is provided in
the supplemental Methods.

Results
NK cell recovery displays similar metrics in
different PT-Cy–based haploidentical
HSCT protocols
To assess NK cell dynamics after haploidentical T cell–replete
HSCT with PT-Cy, we analyzed PB and BM samples collected
longitudinally in time from 17 patients treated over the same
period in 2 transplantation centers (Ospedale San Raffaele, Milano,
Italy [OSR]; John Hopkins University, Baltimore, MD [JHU]). Patient
and transplant characteristics are provided in the supplemental
Methods and summarized in Table 1; HSCT platforms are outlined
in Figure 1A.

After infusion of the graft, which for all patients included an ele-
vated content of mature donor NK cells (median, 9.183 106/kg;
range, 1.66-26.2 3 106/kg), absolute T-cell and NK cell counts
were measured in PB before (day 3) and after (days 5, 8, 15, and
30) cyclophosphamide administration (Figure 1A-B). As pre-
viously reported,14-16 T and NK cells were detectable at very low
levels even immediately after graft infusion. PT-Cy treatment
resulted in a further decrease of cell counts, with residual NK

cells barely detectable at day 5. After that, T and NK cells
progressively increased at days 15 and 30 after HSCT. Patients
treated in the 2 transplant centers displayed similar in vivo dy-
namics, with a slight delay in recovery in JHU patients (Figure 1C).
To assess the origin of the circulating NK cells, we analyzed
lymphocyte chimerism in 3 donor-recipient pairs mismatched for
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HLA-A*02. In both the T- and NK-cell compartments, donor-
derived lymphocytes accounted for the majority of cells even at
early time points (Figure 1D); host-derived lymphocytes became
undetectable by day 30. A minor deflection of chimerism was
observed at day 8, suggesting a preferential sensitivity of donor-
derived cells to PT-Cy administration.

PT-Cy eliminates proliferating donor-derived NK
cells in vitro and in vivo
Cyclophosphamide is an alkylating agent known to be partic-
ularly active on dividing immune cells.7,17 We thus used Ki-67
staining to investigate the effects of PT-Cy onNK cell proliferation.
At day 3 after transplantation, NK cells robustly proliferated, even

day 15
day 30

LP 
day 3 

A
CD16

-103 0 103 104 105

NKG2C

-103 0 103 104 105

CD57

-103 0 103 104 105

CD56bright

0 103 104

KIR

-103 0 103 104 105

NKG2A

-103 0 103 104 105

CD62L

-103 0 103 104 105

E 
HC day -6 LP day 3 day 5 day 8 day 15 day 30 

-60
-60

-30

0

30

60

-30 0 30 60 -60
-60

-30

0

30

60

-30 0 30 60 -60
-60

-30

0

30

60

-30 0 30 60 -60
-60

-30

0

30

60

-30 0 30 60 -60
-60

-30

0

30

60

-30 0 30 60 -60
-60

-30

0

30

60

-30 0 30 60 -60
-60

-30

0

30

60

-30 0 30 60 -60
-60

-30

0

30

60

-30 0 30 60

C

0

20

40

60

80

100

LP

day 3

day5

day 8

day 15

day 30

C
D

16

K
IR

N
K

G
2C

C
D

57

C
D

56
bright

N
K

G
2A

C
D

62L

-60
-60

-30

0

30

60

-30 0 30 60-60
-60

-30

0

30

60

-30 0 30 60-60
-60

-30

0

30

60

-30 0 30 60

-60
-60

-30

0

30

60

-30 0 30 60 -

+

-60
-60

-30

0

30

60

-30 0 30 60-60
-60

-30

0

30

60

-30 0 30 60

NKG2C

CD16 CD57 KIR

NKG2A CD62L

D

B CD16

%
 / 

NK
 c

el
ls

Days after HSCT

0 3 5 8 15 30

0

25

50

75

100
KIR

0 3 5 8 15 30

NKG2C

0 3 5 8 15 30

CD57

0 3 5 8 15 30

CD56bright

0 3 5 8 15 30

NKG2A

0 3 5 8 15 30

CD62L

0 3 5 8 15 30

Figure 4. The second wave of NK cells that appear after PT-Cy displays an immature phenotype. (A) Flow cytometry histograms depicting expression of indicated
maturationmarkers onCD561CD32NK cells froma representative patient (OSR #1) at the indicated time points (LP: red; day 3: orange; day 15: green; day 30: blue). (B) The expression
of the described maturationmarkers measured by flow cytometry in NK cells from the graft (day 0) and from patients longitudinally sampled after HSCTwith PT-Cy (n5 10). For each
marker, a normal reference interval (mean 6 SD) measured in NK cells from 5 healthy subjects is displayed (gray box). (C) Heat map of the average NK cell maturation marker
expression at different time points, with unsupervised hierarchical clustering, for 10 OSR patients analyzed by multiparametric flow cytometry at the indicated time points. (D-E)
Multidimensional single-cell analysis of thematuration status of NK cells harvested from 5 healthy controls (HC), from leukaphereses (LP, n5 10) and from10 patients at different time
points after HSCT. The panel Dbidimensionalmapswere obtained from flowcytometric data using the bh-SNE algorithm showall analyzedNK cell events, with coloringdenoting the
expression of each maturation marker, as indicated. The same data are depicted in panel E, where NK cells from a selected time point are displayed separately.

252 blood® 11 JANUARY 2018 | VOLUME 131, NUMBER 2 RUSSO et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/131/2/247/1406231/blood780668.pdf by guest on 21 M

ay 2024



D KIR 

%
 / 

NK
 c

el
ls

 

Days after HSCT 
0 30 60 90 180 270 360

0

25

50

75

100
NKG2A 

0 30 60 90 180 270 360

0

25

50

75

100
NKG2C 

0 30 60 90 180 270 360

0

25

50

75

100

E DNAM-1 

%
 / 

NK
 c

el
ls

 

Days after HSCT 
0 30 60 90 180 270 360

0

25

50

75

100
2B4 

0 30 60 90 180 270 360

0

25

50

75

100
KLRG1 

0 30 60 90 180 270 360

0

25

50

75

100

50

75

100
CD8 

0 30 60 90 180 270 360

0

25

B

0 30 60 90 180 270 360
0

10

20

30

40

Days after HSCT

%
 N

K 
ce

lls
 / 

ly
m

ph
oc

yt
es

A

0 30 60 90 180 270 360
0

250

500

1000

1500

2000

2500

Days after HSCT

Ce
lls

 / 
µL

NK cells T cells

C CD16 

0 30 60 90 180 270 360

0

25

50

75

100
CD57 

0 30 60 90 180 270 360

0

25

50

75

100
CD62L 

0 30 60 90 180 270 360

0

25

50

75

100
CD56bright

%
 / 

NK
 c

el
ls

 

Days after HSCT 
0 30 60 90 180 270 360

0

25

50

75

100

F NKp44 

0 30 60 90 180 270 360

0

25

50

75

100
NKp46 

0 30 60 90 180 270 360

0

25

50

75

100
NKp30 

%
 / 

NK
 c

el
ls

 

Days after HSCT 
0 30 60 90 180 270 360

0

25

50

75

100

Figure 5. Despite early recovery of NK cell counts after PT-Cy–based HSCT, NK cell phenotype normalization occurs only several months after transplantation.
(A) Absolute counts of NK cells (red circles) and T cells (blue squares) detected in the PB of 10 patients followed long-term after HSCT with PT-Cy (from days 30 to 360).
A reference physiological cell count interval (mean 6 SD) obtained from 5 healthy controls is shown for NK cells (light red box) and T cells (light blue box). (B) The
proportion of NK cells out of total lymphocytes in the infused donor graft (day 0) and longitudinally after HSCT is displayed for 10 OSR patients. (C-F) Flow cytometry
histograms depicting the expression of selected markers on CD561CD32 NK cells in the donor graft (day 0) or from patient PB obtained longitudinally after transplant in

NK CELL DYNAMICS AFTER HAPLO-HSCT WITH PT-CY blood® 11 JANUARY 2018 | VOLUME 131, NUMBER 2 253

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/131/2/247/1406231/blood780668.pdf by guest on 21 M

ay 2024



to a higher extent than T cells (Figure 2A-B). As previously de-
scribed for T lymphocytes,14,15 we found that NK cell proliferation
was completely abrogated by day 8, suggesting selective elimi-
nation of cycling NK cells. Importantly, similar NK cell proliferation
kinetics were observed in patients from the 2 centers (Figure 2C),
suggesting that this dynamic is minimally influenced by differ-
ences in graft source, conditioning intensity, and subsequent
pharmacological GVHD prophylaxis. Interestingly, in patients in
which the donor or host origin of circulating NK cells could be
assessed through the expression of mismatched HLA-A*02, we
found that the in vivo proliferation was largely restricted to donor-
derived NK cells (Figure 2D).

These observations suggested that actively proliferating donor-
derived NK cells were selectively eliminated upon cyclophos-
phamide administration. In line with this hypothesis, we failed to
record any activity of ALDH, an enzyme known to confer intrinsic
resistance to Cy,13,18,19 in NK cells contained within the graft or in
PB samples collected at day 3 after infusion (Figure 2E).

To directly demonstrate that proliferating NK cells are selectively
eliminated by Cy, we mimicked in vitro the transplantation
protocol by prompting the proliferation of NK cells with re-
combinant human IL-15 and challenging them after 3 days with
mafosfamide, a Cy analog suitable for in vitro use. After 2 ad-
ditional days, proliferating NK cells had been eliminated by
mafosfamide in a dose-dependent manner, as demonstrated by
a progressive decrease in the counts of viable cells (Figure 2F)
and in the abrogation of proliferation (supplemental Figure 1A-C).
Conversely, T cells and CD341 stem cells from the graft did not
proliferate in these experimental conditions and were conse-
quently not eliminated by in vitro administration of the drug.
Overall, these data demonstrate that NK cells contained in the
graft proliferate robustly upon infusion into patients, and that the
proliferation state and lack of ALDH of these NK cells jointly cause
them to be purged in vivo by PT-Cy.

IL-15 serum levels peak after PT-Cy administration
and correlate with the kinetics of NK cell recovery
IL-15 is a “4 a-helix bundle” cytokine primarily produced by
monocytes, macrophages, and dendritic cells, and is known to
play a pivotal role in lymphocyte homeostasis and especially
in NK cell development, maturation, and proliferation.20 In a
lymphodepleted environment, such as the one established in
patients after conditioning, elevated IL-15 levels can affect the
fate and the function of the infused donor NK cells.21,22 We thus
measured the serum concentration of IL-15 longitudinally during
the first months after haploidentical HSCT with PT-Cy (details
provided in supplemental Methods).

Systemic levels of IL-15 rose immediately after conditioning
(Figure 3A), possibly favoring the donor NK cell proliferation
seen early after graft infusion (Figure 2B). Interestingly, the high
levels of IL-15 documented at day 3 displayed a direct corre-
lation with the number of NK cells reconstituting thereafter
(Figure 3B) and an inverse correlation with the frequency of NK
cells proliferating at the same time point (Figure 3C). A potential

explanation is that higher early proliferation of NK cells con-
sumes IL-15, leading to lower measurable levels in these pa-
tients. Starting from day 15, a secondwave of highly proliferating
donor NK cells appeared in the PB of patients, followed by a
drop in IL-15 levels at day 30, suggesting again consumption of
the cytokine by reconstituting lymphocytes.

Although much remains to be discovered about the factors that
regulate NK cell dynamics in the early posttransplantation phase,
these findings highlight that the cytokine milieu early after
haploidentical HSCT with PT-Cy include high levels of IL-15, and
that these are significantly correlated with the metrics of NK cell
recovery.

Second wave of reconstituting NK cells appears
2 weeks after HSCT with PT-Cy and predominantly
consists of cells with an immature phenotype
Our analysis of absolute counts (Figure 1B-C) and proliferation
kinetics (Figure 2B-C) of NK cells after haploidentical HSCT and
PT-Cy demonstrated that a sizeable population of highly pro-
liferating NK cells becomes evident around day 15 after HSCT.
To evaluate the ability of these cells to provide an effective
protection against pathogens and disease recurrence, we
assessed their phenotypical features and maturation status. The
expression of maturation markers was assessed through multi-
parametric flow cytometry on NK cells contained within the
donor leukapheresis (shown as day 0 in Figure 4B), and on
patient PB NK cells immediately after HSCT (day 3) and after
PT-Cy (days 5, 8, 15, and 30). The results for OSR patients are
shown in Figure 4A-B; JHU patient results appear in supple-
mental Figure 2A-B.

As expected, NK cells in the donor graft exhibited high expres-
sion of markers associated with a mature phenotype (CD16, KIR,
NKG2C, and CD57) and low expression of markers of immature
NK cells (NKG2A and CD62L). Although the phenotype of NK
cells circulating in the PB of patients immediately after HSCT (day
3, Figure 4A-B) resembled that of infused NK cells, the NK cell
phenotype seen after PT-Cy administration was significantly dif-
ferent. By day 8, in fact, expression of maturation markers on NK
cells became low or absent, whereas the percentage of CD56bright

NK cells and the overall expression of NKG2A and CD62L in-
creased. Unsupervised clustering of fluorescence-activated cell
sorter data demonstrated clear differences between NK cells
found in the graft and in patients immediately after transplant
compared with patient NK cells at days 15 and 30, both in OSR
and in JHU patients (Figure 4C; supplemental Figure 2A-C).

To validate these findings, the same flow cytometry data were
analyzed using the bh-SNE algorithm for unbiased high-dimensional
analysis.12 NK cell events from all samples were plotted together
on a bidimensional map based on the similarities of expression
of maturation markers (Figure 4D). NK cells harvested from
healthy subjects, grafts, patients pretransplant, and at the early
time points after HSCT (from days 3 to 8) clustered in the upper
portion of the multidimensional map (Figure 4E), characterized

Figure 5 (continued) 10 OSR patients. For all panels, gray boxes show reference values (mean6 SD) obtained analyzing 5 healthy controls. (C) Expression of maturation
markers. (D) Expression of KIRs and lectin-type receptors. (E) Expression of markers of exhaustion or activation. (F) Expression of natural cytotoxicity receptors. Unless
otherwise specified, data are shown as mean 6 SEM.
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by high positivity for CD16, CD57, and KIR molecules and by
intermediate expression of NKG2C. Conversely, NK cells har-
vested from patients at days 15 and 30 after HSCT grouped in
the opposite part of the map, denoting high expression of
NKG2A and CD62L molecules (Figure 4D-E). Overall, these data
suggest that after the rapid purging of mature proliferating
lymphocytes operated by PT-Cy, the subsequent NK cell re-
covery occurs principally through maturation from graft pro-
genitors rather than by homeostatic expansion of mature graft
NK cells.

After haploidentical HSCT with PT-Cy, the
reconstitution of a mature NK cell compartment
can take up to 1 year
To address whether, and if so at what time, a mature and
functional NK cell repertoire is restored, we longitudinally traced
the phenotype of circulating NK cells during the first year after
transplant in OSR patients. Consistent with previous reports,23

we documented stable physiological absolute counts of circu-
lating NK cells from 1 month after HSCT onwards (Figure 5A).
Because of the relatively low number of circulating T cells in PB
during the first 3 months after transplant, NK cells were the most
abundant lymphocyte subset during this time (Figure 5B). Many
features linked to immaturity, such as increased proportions of
the CD56bright subset and of CD62L1 NK cells, decreased over
time and regained normal levels after 9 to 12 months post-
transplant (Figure 5C). An opposite trend, but with different
kinetics, was observed for the expression levels of thematuration
markers CD16 and CD57. The expression of KIRs returned to
normal levels by day 60 (Figure 5D), but, as previously reported
in other HSCT settings,24,25 the levels of the inhibitory receptor
NKG2A diminished only 6 months after HSCT, suggesting that
the ability of circulating NK cells to use target recognition
through HLA class I-KIR interactions is not fully recovered before
this time point. Of notice, we documented higher than normal
expression of the activating receptors NKG2C in reconstituting
NK cells from our patients, and acquisition of this receptor was
even faster in patients who developed cytomegalovirus (CMV)
reactivations during their posttransplant follow-up, in line with
previous reports26,27 (data not shown).

As observed for maturation markers, the expression of DNAM-1,
2B4, KLRG-1, and CD8 also rapidly decreased early after
transplant and normalized 2 to 6 months after HSCT (Figure 5E).
Finally, in line with other HSCT settings,24 we did not detect any
significant deviations from normal reference values in natural
cytotoxicity receptor (NKp30, NKp44, and NKp46) expression in
PT-Cy–based haploidentical transplant recipients (Figure 5F). Of

note, throughout the entire follow-up period, the receptor
repertoire appeared nearly identical between NK cells circu-
lating in the PB and those harvested at the same time point from
the BM (supplemental Figure 3). Overall, these data indicate that
the phenotypic recovery of the NK cell repertoire is a long
process, taking up to 1 year after haploidentical HSCT with PT-
Cy, similarly to what has been reported in other HSCT
settings.24,25

PT-Cy dampens NK cell–mediated alloreactivity,
and the graft-versus-leukemia effect correlates
with residual mature NK cells
In the context of T cell–depleted haploidentical HSCT, numerous
studies demonstrated that donor-recipient KIR ligandmismatches
can unleash reconstituting donor NK cells against residual tumor
cells.2-5 NK cell–mediated alloreactivity is, according to this
model, mediated by “single-KIR1” donor NK cells, expressing on
their surface a sole inhibitory receptor that can bind ligands
present in the donor and absent in the recipient.24,28,29 We thus
chose to explore this specific NK cell subset to address the effect
of PT-Cy on NK cell–mediated alloreactivity.

Using multiparametric flow cytometry, we compared the dy-
namics of potentially alloreactive single-KIR1 NK cells with their
nonalloreactive counterparts and with total NK cells. We found
similarly high levels of proliferation in all 3 groups of NK cells at
day 3 after graft infusion (Figure 6A) and an analogous behavior
in response to PT-Cy (Figure 6B). These ex vivo observations,
limited by the low number of NK cells circulating early after
HSCT, were supported by in vitro experiments, in which allo-
reactive and nonalloreactive NK cells from PBSC grafts pro-
liferated in a comparable manner upon exposure to IL-15, and
were equally susceptible to mafosfamide (Figure 6C-D).

Indeed, we documented that single-KIR1 NK cells present in the
graft became almost completely undetectable in the PB of patients
at day 30 (0.26 6 0.19% of total NK cells, P , .0001, Figure 6E).

To investigate the functional consequences of this marked re-
duction of single KIR1 after PT-Cy, we compared the antileu-
kemic potential of NK cells purified from 8 patients at day 30
after transplant. Compared with their counterparts from the
corresponding donor PB, patient NK cells displayed impaired
killing of the OCI/AML03 cell line and of primary AML blasts
(P 5 .026 and P 5 .004, respectively), whereas the ability to kill
the HLA class I–negative K562 cell line was less affected (Figure 6F;
supplemental Figure 4).

Figure 6. PT-Cy eliminates single-KIR1NK cells and thus dampensNK cell–mediated alloreactivity. (A) Flow cytometry histogram depicting proliferationmeasured by Ki-67
expression in total NK cells (red), in single KIR1 NK cells predicted to be alloreactive (green), and in single-KIR1 NK cells predicted to be nonalloreactive (purple) in a
representative patient (OSR #10) immediately before PT-Cy administration (day 3 after HSCT). (B) Time course of Ki-67 positivity in total NK cells (red circles), single-KIR1 NK cells
predicted to be alloreactive (green triangles), or single-KIR1 NK cells predicted not to be alloreactive (purple triangles) from the graft (day 0) or circulating in the PB from a
representative patient (OSR #10) after HSCT. (C) Percentage of Ki-67 positivity in total NK cells from 3 PBSC grafts (red), in the subset of single-KIR1 NK cells predicted to be
alloreactive (green), or in the subset of single-KIR1 NK cells predicted not to be alloreactive (purple) upon 3 days of exposure to IL-15, and after subsequent addition of
mafosfamide to the culture medium. (D) Percentage of proliferating cells, measured through CTV dilution, among total NK cells from 3 PBSC grafts (red), among the subset of
single-KIR1NK cells predicted to be alloreactive (green), and among the subset of single-KIR1NK cells predicted not to be alloreactive (purple) upon 3 days of exposure to IL-15
and after subsequent addition of mafosfamide to the culturemedium. (E) Frequency of predictably alloreactive single-KIR1NK cells within the graft and in PB NK cells in patients
30 days after HSCT, measured in 8 donor-recipient pairs with KIR-ligand mismatches. (F) Target cell death, expressed as Annexin V positivity (AnnV1), measured on K562 cells,
OCI/AML cells, or primary leukemic cells after incubation at a 10:1 effector:target ratio with NK cells purified from patient PB day 30 after HSCT with PT-Cy (n 5 8, red dots) or
from their respective donors PB (n5 8, black dots). (G-H) Progression-free survival (G) and overall survival (H) in patients who received PT-Cy–based haploidentical HSCT from
donor with (green line, n5 41) or without (purple line, n5 58) predictedNK cell alloreactivity. Tickmarks represent censoring for live patients. Unless otherwise specified, data are
shown in all panels as mean values 6 SEM.
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Although these in vitro data suggest that NK cells reconstituting
early after haploidentical HSCT with PT-Cy display an impaired
antileukemic potential compared with their mature donor
counterparts, this small but significant difference might still be
overruled by other factors in vivo. To provide more insights into
this relevant issue, we analyzed the clinical impact of predicted
NK alloreactivity in a cohort of 99 consecutive patients who
received haploidentical HSCT at OSR. All patients received a
myeloablative chemotherapy-based conditioning and a GVHD
prophylaxis based on PT-Cy. KIR ligand mismatches were

present in 41 of 99 patients (Table 2). In line with our expec-
tations, and contrary to what has been consistently documented
in T cell–depleted haploidentical transplants,2-4 predicted NK
cell alloreactivity did not significantly affect any of the major
HSCT end points (including GVHD, relapse incidence, and
survival) either in the entire cohort (Figure 6G-H; supplemental
Figure 5) or in subgroup analysis (supplemental Table 2). These
data suggest that by eliminating the majority of mature allo-
reactive NK cells transferred as part of the graft, PT-Cy dampens
the impact of KIR ligand mismatches on HSCT outcome.

Table 2. Characteristics of patients analyzed for the impact of NK alloreactivity on HSCT outcome

Characteristics
Patients with predicted NK

alloreactivity (n 5 41)
Patients without predicted
NK alloreactivity (n 5 58) P

Median follow-up, mo (range) 15.5 (5.2-38.6) 27.4 (3.5-44.3) .13

Median age, y (range) 53 (21-77) 49.5 (21-76) .54

Patient sex, n .39
M 29 36
F 12 22

Disease, n .66
AML 27 32
ALL 2 6
MPN 1 2
MDS 1 5
NHL 2 5
HL 7 7
MM 1 0
Median Sorror HCT-CI (range)* 2 (0-6) 3 (0-8) .14

Refined DRI, n† .28
Low 3 4
Intermediate 9 9
High 13 19
Very high 4 15
Previous allogeneic HSCT 12 11

Conditioning regimen, n‡ .36
Treo-Flu-Mel 25 34
Thio-Treo-Flu 13 12
Thio-Bu-Flu 0 3
Treo-Flu 1 5
Other 2 4

Source of stem cells, n .26
PB 41 55
BM 0 3

Graft composition
CD341 cells 3 106/kg, median (range) 5.6 (4-10.3) 5.4 (1.6-6.7) .69
CD31 cells 3 107/kg, median (range) 156 (5-400) 196 (4-729) .02

GVHD prophylaxis, n NA
PT-Cy, sirolimus, MMF 41 (100%) 58 (100%)

HCT-CI, hematopoietic cell transplantation-comorbidity index; MM, multiple myeloma; MPN, myeloproliferative neoplasm; NA, not available.

*HCT-CI calculated according to Sorror et al.50

†DRI calculated according to Armand et al.49

‡Conditioning regimens: Thio-Bu-Flu, thiotepa (5mg/kg/d on days27 and26), busulfan (3.2mg/kg/d on days25 to23), and fludarabine (50mg/m2/d on days25 to23); Treo-Flu, treosulfan
(14 g/m2/d on days 26 to 24) and fludarabine (30 mg/m2/d on days 26 to 22); Treo-Flu-Mel, treosulfan (14 g/m2/d on days 26 to 24), fludarabine (30 mg/m2/d on days 26 to 22), and
melphalan (70 mg/m2/d on days 22 and 21).
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Finally, to verify whether the proportion of mature NK cells
spared by PT-Cy might have a clinically relevant role in de-
termining HSCT outcome, we analyzed the maturation pheno-
type of NK cells circulating at day 30 after HSCT in 59 OSR
patients who underwent haploidentical HSCT with PT-Cy and
linked it to disease-related clinical end points. Beside the analysis
of single maturation markers, we also enumerated CD571CD161

KIR1NKG2C1 mature memory-like NK cells, based on un-
supervised data clustering of bh-SNE data using the k-means
algorithm (supplemental Figure 6). In univariate analysis, low
expression of CD62L and high expression of KIRs on NK cells
at day 30 after HSCT were significantly correlated with lower
relapse incidence (P 5 .03 and P 5 .0003, respectively), and
high absolute counts of total and memory-like NK cells dis-
played a trend toward significance for the same end point
(P 5 .08 and P 5 .07), in line with previous reports.30 Moreover,
high expression of KIRs on NK cells at day 30 displayed a
significant correlation with higher progression-free survival
(P 5 .02, Figure 7A-D; supplemental Table 3). Despite the
relatively small size of our patient series, the significant cor-
relation between KIR expression on NK cells at day 30 and lower
relapse incidence held true in multivariate analysis (P 5 .012;
supplemental Table 4), suggesting that KIR expression might
represent a clinically relevant proxy for the functional compe-
tence of reconstituting NK cells in preventing recurrence.

Discussion
By counterposing the immune systems of 2 individuals with
disparate HLA and KIR assets, haploidentical HSCT represents a
unique model to investigate the biological determinants of NK
cell tolerance and alloreactivity and has provided convincing in
vivo evidence of the immunotherapeutic potential endowed in
this cell subset.2,5,22,31 However, with the ongoing development
of strategies to render HLA-mismatched transplant more feasi-
ble, it is becoming increasingly evident that the complex dy-
namics of NK cell recovery are dramatically affected by changes
in the conditioning regimen and GVHD prophylaxis: for this
reason, immunogenetic models to predict NK cell–mediated
effects have to be validated in each HSCT platform.

In the present study, we integrated immunogenetic, functional,
and clinical data to analyze the metrics and correlates of NK cell
repertoire reconstitution in patients who received haploidentical
HSCT according to 2 different PT-Cy platforms. We undertook
this to address whether the models formulated in T cell–
depleted haploidentical HSCT also hold true in this more recent
and increasingly common transplantation modality.

We showed that the high numbers of mature NK cells infused
as part of the graft in this HSCT setting immediately encounter
high levels of homeostatic cytokines released as a consequence
of the conditioning regimen–mediated lymphodepletion. As a
result, we observed that infused NK cells are prompted to

proliferate to an even higher extent than their T cell counter-
parts, and showed in vitro and in vivo that such proliferation
confers NK cell sensitivity to Cy-mediated killing.

After the purging of the majority of mature donor NK cells from
the graft by PT-Cy, we observed the appearance of a second
wave of donor-derived NK cells. These cells, however, displayed
phenotypic and functional features of immaturity for several
months after HSCT, strongly suggesting that they might stem
directly from HSCs contained in the graft rather than from the
mature NK cells infused alongside them.

Although it is extremely difficult to track their complex dynamics
during the early posttransplant phase because of their very low
numbers, single-KIR1 NK cells, considered to include potentially
alloreactive NK cells, appeared to behave similarly to all other
mature NK cells and were thus almost completely eliminated by
PT-Cy. As a consequence, the most widely accepted algorithm
used to predict beneficial NK alloreactivity in T cell–depleted
transplants3 failed to predict clinical outcome in our patient
series. Conversely, and consistently with the role we described
for PT-Cy in this setting, the absolute counts and relative pro-
portion of mature NK cells at day 30 after HSCT appeared to be a
more reliable predictor of an effective NK cell–mediated immu-
nosurveillance against relapse in this HSCT platform.

Our results have several other practical implications: whereas, for
instance, it is becoming widely accepted that transplantation
from HLA-mismatched relatives represents a viable alternative
for patients who lack a conventional matched donor,9,10 the
question of which donor to select among several possible family
members is still debated.32,33 Here we found that the “classical”
KIR ligand mismatch model of NK cell alloreactivity did not
correlate with any of the major HSCT end points in PT-Cy–based
haploidentical HSCTs, indicating that, in this context, priority
should be given to other donor selection criteria, including CMV
serostatus, gender mismatch, and presence of donor-specific
anti-HLA antibodies in the recipient. It should be considered,
however, that different NK cell alloreactivity models, also taking
into account the donor-recipient KIR genotype, might be
needed to predict NK-mediated effects in this context, as widely
accepted for HLA-matched donor HSCT,34,35 and already pro-
posed by other studies for the haploidentical context.36,37

A second observation relates to the finding of a relatively long
time window in which most of the circulating NK cells display
phenotypic features of immaturity. Previous reports have high-
lighted that, despite the relatively rapid recovery of CD8 T-cell
counts, PT-Cy transplantation is often accompanied by frequent
viral reactivations, including those from CMV, polyomaviruses,
and human herpes virus 6.38 We can speculate that at least part
of this susceptibility might be due to the ineffective protection
conferred by the immature donor-derived NK cells, and future
studies should verify whether the dynamics of recovery of memory

Figure 7. Mature KIR1NK cells that are spared by PT-Cy can protect against posttransplantation disease relapse. (A) Absolute counts of circulating NK cells, (B) absolute
counts of CD571CD161KIR1NKG2C1memory-likeNK cells, (C) percentage of CD62L1NK cells, and (D) percentage of KIR1NK cells were determined in samples collected at day
30 after HSCT from 59 patients who received haploidentical HSCT followed by PT-Cy at OSR. For each of these parameters, dot plots to the left of the figure display the
distribution in the patient cohort, discriminating between patients with values above (red dots and background) or below (blue dots and background) themedian. Curves display
the cumulative incidence of disease relapse (center panels) and PFS (right panels) in each subgroup. P values reported in each panel corner are relative to univariate comparisons
performed using Gray’s test (for cumulative incidence of relapse) or log-rank test (for PFS).
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NK cells could predict antiviral immune competence more ef-
fectively than currently used biomarkers.

Besides pointing out these limitations in NK cell defense intrinsic
to PT-Cy–based haploidentical HSCTs, our study provides a
framework to integrate new strategies to better exploit the im-
munotherapeutic potential of NK cells for this transplant platform.

For instance, the marked increase in IL-15 levels in the time
window that immediately follows PT-Cy administration, reaching
levels not commonly detected in physiological conditions,
suggests that there is a temporal window here with a very fa-
vorable cytokine milieu for the in vivo expansion of alloreactive
NK cells and provides the rationale for adoptive infusion of
mature donor NK cells in this time frame. Of notice, several
investigational trials of PT-Cy–based haploidentical HSCT fol-
lowed by infusion of donor NK cells have recently been initiated
and already reported promising results.39-41

In addition, several new agents developed to improve NK cell–
mediated antileukemic responses might be integrated into
PT-Cy–based haploidentical HSCTs. For instance, the recently
developed anti-CD16/anti-CD33/IL-15 TriKe constructs42 might be
of benefit during the intermediate phase of recovery, when CD16
expression has been recovered but the KIR/NKG2A system has not
yet reached its final equilibrium and IL-15 serum concentration has
dropped to levels that might be insufficient to sustain the in vivo
expansion and persistence of adoptively transferred NK cells.

An additional ground for improvement relates to the pharma-
cological GVHD prophylaxis used after PT-Cy administration. In
accordance with the majority of current protocols for T cell–
replete haploidentical HSCT, both regimens used in our study
included mycophenolate mofetil during the first month after
transplant: a number of studies have shown that this drug can
negatively affect NK cell function43,44; thus, together with the in
vivo purging of mature alloreactive NK cells, it might further
reduce the antileukemic potential of early reconstituting NK
cells. Importantly, the observed effects may also relate to other
pharmacological agents and GVHD prophylaxis, an issue to be
addressed in more detail in future studies.

In conclusion, our study strongly supports the notion that the
complex and not yet fully elucidated dynamics of NK cell recovery
after haploidentical HSCT are heavily affected by competition with
other immune subsets and by the drugs used in the transplantation
protocol. Whereas models of predicted NK cell alloreactivity de-
veloped in the original T cell–depleted setting held true in trans-
plants performed with selective depletion of T-cell receptor ab
positive T cells from the graft,45 or with coinfusion of donor-derived
regulatory and conventional T cells,46,47 the same algorithms were

unable to predict outcome in the context of GIAC protocols48 or, as
shown in this report, in PT-Cy–based transplants.36,37 In the dawning
era of “personalized” haploidentical transplants, it is necessary to
adapt tools to predict outcome to an informed analysis of the
dynamics of immune recovery in eachHSCT setting and to leverage
this knowledge to develop appropriate adjunctive strategies to
improve HSCT outcome.
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