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Key Points

• Donor T cells compete for
IL-15 with NK cells during
GVHD, resulting in profound
defects in NK-cell
reconstitution.

• GVHD impairs NK-cell–
dependent leukemia and
pathogen-specific immunity.

Allogeneic bone marrow transplantation (allo-BMT) is a curative therapy for hematolog-

ical malignancies, but is associated with significant complications, principally graft-

versus-host disease (GVHD) and opportunistic infections. Natural killer (NK) cells

mediate important innate immunity that provides a temporal bridge until the reconstruc-

tion of adaptive immunity. Here, we show that the development of GVHD after allo-BMT

prevented NK-cell reconstitution, particularly within the maturing M1 and M2 NK-cell

subsets in association with exaggerated activation, apoptosis, and autophagy. Donor

T cells were critical in this process by limiting the availability of interleukin 15 (IL-15), and

administration of IL-15/IL-15Ra or immune suppression with rapamycin could restore

NK-cell reconstitution. Importantly, the NK-cell defect induced by GVHD resulted in the

failure of NK-cell–dependent in vivo cytotoxicity and graft-versus-leukemia effects.

Control of cytomegalovirus infection after allo-BMT was also impaired during GVHD.

Thus, during GVHD, donor T cells compete with NK cells for IL-15 thereby inducing profound defects in NK-cell reconstitution that

compromise both leukemia and pathogen-specific immunity. (Blood. 2017;129(5):630-642)

Introduction

Although stem cell transplantation is an important therapy for
hematological malignancies, the relatively high incidence of
complications, namely graft-versus-host-disease (GVHD), dis-
ease relapse, and opportunistic infections, remains a challenge for
improving mortality rates. GVHD occurs in 50% to 70% of
patients and effects are commonly observed in the gastrointestinal
tract, liver, and skin.1,2 GVHD is mediated by donor T cells and
proinflammatory cytokines, however, the same cognate T-cell
interactions also mediate curative graft-versus-leukemia (GVL)
effects.

Natural killer (NK) cells are present in most tissues; they originate
from progenitors in the bone marrow (BM)3,4 and rely primarily on
IL-15 to undergo differentiation.5 NK cells progress through 3 stages
of differentiation: (1) immature CD271CD11b2KLRG12 NK cells,
which are most prevalent in the BM; (2) effector CD271CD11b1

KLRG12 M1 NK cells, which possess the highest level of cytokine

production and cytolytic function; and (3) terminally differenti-
ated CD272CD11b1KLRG11 M2 mature NK cells, which
appear senescent.6,7 NK cells are capable of recognizing and
killing virus-infected and malignant cells through simultaneous
detection of altered major histocompatibility complex (MHC)
class I levels and a balance of activating and inhibitory
signals.8,9 Activated NK cells can also potentiate immune re-
sponses through the rapid production of interferon-g (IFN-g).4,10

In view of these functions, NK cells have been considered a
promising adjunct therapy for the treatment of leukemia, as well
as cytomegalovirus (CMV) reactivation, because alloreactive
NK cells do not appear to induce GVHD.11 As a result,
numerous studies have investigated the therapeutic value of
large doses of ex vivo–expanded NK cells to eradicate leukemia
and prevent CMV reactivation with varying, but clear evidence
of efficacy.12
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Figure 1. NK-cell reconstitution is impaired in GVHD. (A) B6 (non-GVHD) and B6D2F1 (GVHD, MHC-mismatch) mice were transplanted with B6.CD45.1 BM and CD31

T cells. Donor-derived CD32CD192NKp461CD1221 NK cells were enumerated thereafter. Representative dot plots from the spleen at the time points indicated are shown.

Mean 6 standard error of the mean (SEM) pooled from 2 or 3 independent experiments per time point for BM, spleen, pLNs. Data shows mean 6 standard deviation (SD)

from a single experiment per time point for blood, liver, and lung; n5 4-14 per group per time point. Representative plots of NKp46 and NK1.1 staining in the BM and spleen at

day 14 posttransplant. (B) B6 (non-GVHD) and BALB/b (GVHD, MHC-matched, minor histocompatibility antigen-mismatched) mice were transplanted with B6.CD45.1 BM

and CD31 T cells and donor NK cells enumerated thereafter. Representative dot plots from the spleen at the time points indicated are shown. Mean6 SEM pooled from 1 or 2

independent experiments per time point for all tissues; n 5 3-8 per group per time point. Tx, transplant.
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Figure 2. NK-cell subset reconstitution and activation during GVHD. (A) Donor NK-cell subsets (CD271CD11b2CD431KLRG12 [iNK], CD271CD11b1CD431KLRG12

[M1 NK], CD11b1CD272CD431KLRG11 [M2 NK]) were examined, as indicated, in BM in the B6→B6D2F1 system. Representative dot plots from the BM at day 14 posttransplant

are shown. Mean6 SEM pooled from 2 or 3 independent experiments per time point; n5 8 – 12 per group per time point. (B) Donor NK-cell subsets were examined in the BM in the

B6→BALB/b system. Representative dot plots from the BM at day 14 posttransplant are shown. Mean 6 SEM pooled from 2 independent experiments per time point; n 5 7-8 per

group per time point. (C) Quantitation of donor-derived splenic NK-cell subsets (B6→BALB/b). Mean6 SEM pooled from 1 (day 7) or 2 (day 14 and day 28) independent experiments

per time point; n 5 3-8 per group per time point. (D) CD69 expression by donor NK cells in the BM, spleen, liver, and lung was assessed at day 7, day 14, and day 28 in the

B6→BALB/b model. Representative histograms are shown from 2 independent experiments per time point; n 5 3-8 per group per time point.
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Although the role of donor T cells and NK cells in controlling
leukemia and CMV is well established, the interplays between
these cells and how they affect their function after transplant
remains unclear, especially in the context of GVHD. In this
study, we demonstrate profound NK-cell defects during GVHD,
mediated by donor T cells outcompeting NK cells for interleukin
15 (IL-15). We demonstrate that treatment with exogenous

IL-15, or the immunosuppressive agent rapamycin, can rescue
the NK-cell defects observed during GVHD. This study has
implications for the protocols currently used to treat hemato-
logical malignancies, and highlights the need for considered
approaches to immunotherapy that take into account the im-
portant interplays that occur between T and NK cells during
GVHD.
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Figure 3. Increased apoptosis of splenic donor NK cells during the early phase of GVHD. (A) Donor NK cells in the BM (top) and spleen (bottom) at day 7 and day

14 posttransplant (B6→B6D2F1) were stained with Sytox Blue and Annexin V and analyzed by flow cytometry to quantify live cells (live/dead2Annexin V2), apoptotic

cells (live/dead2Annexin V1), and dead/necrotic cells (live/dead1Annexin V1). Representative dot plots from the BM and spleen at the time points indicated are shown.

Day 7 mean 6 SEM pooled from 2 independent experiments per time point; n 5 7-8 per group. Day 14 mean 6 SD from 1 experiment; n 5 4 per group. (B) Ki-67

expression by donor NK cells in the BM and spleen (B6→B6D2F1). Representative histograms shown with the same isotype control (shaded histogram) shown for day 7

and day 14. Mean 6 SD from 1 experiment; n 5 4-6 per group per time point.
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Figure 4. Donor T cells competing for IL-15 signaling impairs NK-cell reconstitution. (A) B6 and B6D2F1 recipients were transplanted with B6.CD45.11 BM and CD31

T cells or TCD BM and donor NK cells were quantified at day 14. BM and spleen data show mean 6 SEM pooled from 2 to 4 independent experiments; n 5 9-18 per group.

pLN data show mean6 SEM pooled from 1 to 5 independent experiments; n5 4-23 per group. (B) B6D2F1 recipients were transplanted with 53 106 B6.BM and 13 106 B6.

CD31 T cells or 0.5 3 106 sorted B6.CD41 or 0.5 3 106 sorted B6.CD81 T cells or B6.TCD BM. Donor NK cells were quantified at day 14. Mean 6 SD from 1 experiment;

n 5 4 per group. (C) B6D2F1 recipients received B6.TCD BM, B6.BM or IL-21R2/2, IFNgR2/2, IFNaR2/2, TNFRI/II2/2, or NKp46cre1.TGFRIIfl/fl BM together with B6.CD31

T cells and BM and spleen NK cells were quantified at day 14. Mean 6 SEM pooled from 2 to 5 experiments for B6 TCD, B6 BM 1 T-cell and IFNgR2/2 TCD BM groups;

n 5 8-20. Mean 6 SD from a single experiment for remaining groups; n 5 2-5 per group. (D) Quantitation of serum IL-15/IL-15R complex levels by enzyme-linked

immunosorbent assay (ELISA) at day 14 posttransplant. Enumeration of respective donor NK-cell numbers in BM and spleen is shown. Mean 6 SEM, pooled from 3 to 5

experiments; n 5 10-18 per group. (E) Recipients were transplanted with B6 BM and either B6.CD31 T cells or IL-15Ra2/2.CD31 T cells. BM and T cells for these
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Methods

Mice

Female (8-16 weeks) C57BL/6J (B6.WT, H-2b, CD45.21), B6.CD45.1 (B6,
H-2b, CD45.11), B6D2F1 (H-2b/d), and BALB/c (H-2d) mice were from the
Animal Resources Centre (Perth, WA, Australia). B6 IFNgR2/2, TNFRI/II2/2,
IL-21R2/2, BALB/b (H-2Db), IFNaR2/2, NKp46cre1-Mcl1fl/fl, NKp46cre1-
TGFRIIfl/fl, B6.CD11c-DOG were bred in-house. IL-15Ra2/2 mice and
controls were from The Jackson Laboratory (Bar Harbor, ME). Proce-
dures were performed with approval from the institutions’ animal ethics
committees.

BM transplantation

Total-body irradiation was administered in 2 doses separated by 3 hours (137Cs
source at 82 cGy per minute). B6, B6D2F1, and BALB/b mice received
1000, 1100, and 900 cGy, respectively. The next day,micewere injected IVwith
53 106 whole or T-cell depleted (TCD) BM, with or without 13 106 (B6 and
B6D2F1 recipients) or 33 106 (BALB/b recipients) T cells (80%-90% CD31).
TCD grafts containing 53 106 TCDBMonly were transplanted as non-GVHD
controls. For GVL transplants, 103 106 TCD BM, with or without 2-53 106

sorted CD81 T cells were injected IV on day 0.

Assessment of GVHD

Mice were monitored daily and GVHD assessed as described.13 Mice with
GVHD scores$6 were sacrificed and the date of death deemed as the next day.

Leukemia challenge

Recipients were injected IV on day 14 posttransplant with MLL-AF9-GFP1

tumor cells generated in B6-b2m2/2 mice. Survival, clinical scores, and
leukemia burdens in blood were determined via green fluorescent protein
positive (GFP1).

Virus infection and quantitation

Mice were infected with MCMV-K181-Perth and organs collected at day 4
postinfection to determine viral titers, as described.14

IL-2 and IL-15 complexes

Each mouse received 200 mL of saline containing either 1.5 mg of
recombinant murine IL-2 eBioscience) and 50 mg of anti-IL-2 (S4B6) or
0.5mg of recombinant human IL-15 (Shenandoah Biotechnology) and 3mg
of recombinant murine IL-15Ra-Fc chimera (R&D Systems) on days
described posttransplant.

Additional methods are included in supplemental Methods (available on the
BloodWeb site).

Results

Impaired donor NK-cell reconstitution in BMT recipients

with GVHD

To understand the influence of alloreactive donor T cells on donor NK-
cell reconstitution posttransplant, we used aBM transplantation (BMT)
model where GVHD is directed against both MHC class I and II

disparities (B6→B6D2F1) (supplemental Figure 1A). Donor NK cells
(NKp461CD1221CD32CD192) were examined in various organs
posttransplant, comparing GVHD mice, which received an alloge-
neic transplant, with non-GVHD mice receiving a syngeneic
(B6→B6) transplant. Significantly delayed reconstitution of donor
(CD45.11) NK cells was observed in the BM of mice with GVHD
relative to BMT recipients without GVHD (Figure 1A), from day
7 onwards. This observation was even more striking in the blood,
spleen, peripheral lymph nodes (pLNs), liver, and lung (Figure 1A),
suggesting that in the presence of GVHD, donor NK cells fail to
efficiently repopulate host tissues. Using congenic donor BM and
T cells, we noted that NK cells derived predominantly from the BM
(.80%). This profound NK defect was established by day 14,
before GVHD-associated lymphopenia was evident and splenic
hypertrophy was still present in mice with GVHD (spleen size,
120.16 43.9 vs 59.76 21.33 106 cells in GVHD vs non-GVHD
controls). It should be noted that the defect in NK-cell re-
constitution was confirmed by costaining donor NK cells with
NKp46 and NK1.1, excluding NKp46 downregulation as being
relevant (Figure 1A bottom).

NK-cell reconstitution was then examined in a MHC-matched
system in which GVHD (supplemental Figure 1B) is induced against
multiple minor histocompatibility antigens (B6→BALB/b). In this
system, NK-cell reconstitution in the BMwas only transiently reduced
(Figure 1B). However, NK-cell numbers in the blood, spleen, pLNs,
liver, and lung of GVHD mice were again significantly diminished
(Figure 1B), consistent with a broad defect in donor NK-cell re-
constitution in the presence of GVHD.

Using CD27 and CD11b, 4 stages of NK-cell development and
differentiation can be identified and further refined using KLRG1 and
CD43 expression.6,7 Immature and M1 NK cells, identified as CD271

CD11b2CD431KLRG12 (herein iNK) and CD271CD11b1CD431

KLRG12 (herein M1), respectively, were significantly reduced in
number in the BM of major MHC-mismatched mice with GVHD
at days 14 and 28 posttransplant, compared with their non-GVHD
counterparts (Figure 2A). In the second BMT model, numbers of
donor iNK and M1 NK cells in the BM of mice with GVHD were
similar to those in non-GVHD mice (Figure 2B), suggesting that
GVHD predominantly affects NK-cell differentiation in the
periphery. Consistent with this, M1 and M2 NK cells were
significantly reduced in the spleen of mice with GVHD (Figure 2C).
Together, these data indicate that during GVHD, donor NK-cell
development is impaired, predominantly in the periphery due to
a defect in donor NK-cell differentiation that occurs after the
iNK-cell stage.

Donor NK cells are activated during GVHD

GVHD results in a characteristic cytokine storm early after BMT
that likely influences innate immunity.15,16 In mice with GVHD,
early after BMT (day 7), donor NK cells in all tissues expressed
increased levels of CD69 relative to donor NK cells in syngeneic
BMT recipients (Figure 2D). By days 14 and 28 posttransplant
the overall expression level of CD69 had decreased, but was still

Figure 4 (continued) experiments originated in the United States, hence the reduced overall cell numbers. Donor NK cells were enumerated in the BM and spleen at day 18

posttransplant. Mean 6 SD from 1 experiment; n 5 3-6 per group. (F) B6D2F1 recipients were transplanted with donor grafts containing either B6 TCD BM with B6.CD31

T cells, B6 TCD BM alone, or B6.CD11c-DOG TCD BM alone. CD11c1 cells were depleted with diphtheria toxin (DT) administered from day 5 post-SCT (160 ng per dose per

mouse) and then every 2 days thereafter. NK cells were enumerated in BM and spleen on day 14. Mean6 SEM from 1 experiment is shown; n 5 6 per group. Kruskall-Wallis

test with the Dunn multiple comparisons correction was performed in panels A through C. Comparisons were made with the TCD BM group in panel C. The Mann-Whitney test

was performed in panels D, E, and F.
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higher in NK cells within the liver and lung of mice with GVHD
(Figure 2D). Thus, donor NK cells are activated within target
tissues during GVHD.

Having established that the presence of GVHD impairs donor
NK-cell reconstitution, concomitantly with increased activation, we
examined whether these defects were associated with changes in
apoptosis and/or proliferation. At day 7 posttransplant, donor NK cells
in the BM of mice with GVHD exhibited significantly reduced
proportions of live cells and increased frequencies of necrotic cells.
Significantly reduced proportions of live donor NK cells were also
observed in the spleen of GVHD mice, together with significantly
increased frequencies of apoptotic cells (Figure 3A). No differencewas
noted between the groups in either theBMor splenicNKcells at day 14
posttransplant (Figure 3A). In addition, NK-cell proliferation, as
assessed byKi67, was equivalent in BMdonor NK cells in GVHD and
non-GVHD mice (Figure 3B). In contrast, in the spleen at day 7, we
observed a small but significant reduction in donor NK-cell pro-
liferation in mice with GVHD, which was reversed at day 14
(Figure 3B). Together, these data indicate that during GVHD, poor
NK-cell reconstitution in the BM and spleen is due to enhanced
apoptosis with an early defect in proliferation of donor NK cells also
observed in the spleen.

GVHD induced by both CD41 and CD81 T cells impairs

NK-cell reconstitution

During lymphocyte reconstitution, extensive homeostatic expansion
occurs due to the lymphopenic environment induced by conditioning,
in addition to responses to alloantigen. Cell lineages with similar
growth factor requirements can thus compete with each other during
this time. To determinewhether donor T cellswere involved in the poor
NK-cell reconstitution, we performed transplants with TCD grafts in
syngeneic and allogeneic settings and compared these with T-cell
replete grafts. As expected, we noted significant reductions in donor
NK-cell numbers with T-cell replete allogeneic grafts, compared with
T-cell replete syngeneic grafts (Figure 4A). Higher NK-cell numbers
were also observed in syngeneic transplants that did not receive T cells,
consistent with an inhibitory interplay occurring between donor T and
NK cells even in the absence of GVHD (Figure 4A).

To further define whether donor CD41, CD81, or both T-cell
subsets were mediating this effect during GVHD, we sorted CD41 and
CD81 T cells by fluorescence-activated cell sorting, and transplanted
them into allogeneic recipients in equivalent numbers to those found in
ourwholeCD31T-cell preparation, and quantifiedNK-cell numbers at
day 14 posttransplant. Analysis of the BM, spleen, and pLNs revealed
that both CD41 and CD81 T cells impaired donor NK-cell reconsti-
tution to a similar extent as grafts containing both T-cell subsets
(Figure 4B). These data suggest that donor T cells compete with NK
cells, and that this is not restricted to a single T-cell subset.

IL-15 consumption by donor T cells impairs

NK-cell reconstitution

In order to define the factors that donor T cells might be providing or
consuming to abrogatedonorNK-cell expansion,weperformeda series
of allogeneic transplants with grafts containing relevant cytokine or
cytokine receptor deficiencies. In some settings, IL-21 has been shown
to inhibit NK-cell expansion,17-19 thereforewe transplanted IL-21R2/2

BM together with wild-type (WT) T cells into lethally irradiated
recipients and quantified donor NK-cell numbers. Like recipients
receivingWT T-cell replete grafts, IL-21R2/2 grafts failed to generate
NK cells in the BM and spleen (Figure 4C). Similarly, BM lacking
expression of the IFN-g, IFN-a, or tumor necrosis factor I/II (TNFI/II)
receptors failed to restore donor NK-cell numbers to those observed
in non-GVHD controls (Figure 4C). Furthermore, specific deletion of
the transforming growth factor bRII (TGFbRII) in NK cells, to
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Figure 5. Exogenous IL-15 administration restores donor NK-cell reconstitu-

tion during GVHD. (A) B6D2F1 recipients were transplanted with B6 BM and CD31

T cells and treated with saline (red) or IL-15/IL-15Ra complexes (blue). On day 7

posttransplant, donor-derived NK cells in the BM, spleen, and pLNs were quantified.

Mean 6 SEM pooled from 2 independent experiments; n 5 6 per group. (B)

Mice transplanted as in panel A were treated with IL-2/anti-IL-2 S4B6 complex.

Donor NK-cell numbers were quantified on day 7. Mean 6 SD from 1 of 2

independent experiments; n 5 4-5 per group. (C) Mice were transplanted as in

panel A, but received daily doses of saline or rapamycin (600 mg/kg; Wyeth)

intraperitoneally daily for 9 days. Donor NK cells in the BM and spleen were enumerated

at day 10 posttransplant. Mean 6 SEM pooled from 2 independent experiments;

n 5 9-10 per group. Mann-Whitney tests were performed in panels A-C.
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preclude the TGFb-mediated signaling that is known to impair NK-
cell function,20 failed to improveNK-cell reconstitution (Figure 4C).

IL-15 is crucial for NK-cell survival and proliferation; CD8 T cells
also have strict requirements for IL-15.21 To investigate whether IL-15
consumption by donor T cells was responsible for the NK-cell defect

during GVHD, we analyzed levels of IL-15/IL-15R complexes in the
serum. Allogeneic recipients of TCD grafts had high levels of IL-15/
IL-15R complexes, whereas GVHD mice presented with signifi-
cantly lower levels which correlated with reduced NK-cell numbers
(Figure 4D). To determine whether IL-15 consumption by T cells is
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Figure 6. Autophagy and mitophagy are enhanced during GVHD. (A) B6 and B6D2F1 mice were transplanted with B6.CD45.1 BM and CD31 T cells. The frequency of

Cyto-ID1 NK cells in the BM and spleen and the Cyto-ID MFI in the spleen of donor NK cells was quantified. Representative histograms at day 14 posttransplant are shown.

Mean 6 SEM pooled from 2 independent experiments; n5 8 per group. (B) Levels of MitoSox Red, MitoTracker Green, and TMRE were examined in the donor NK cells from

the mice in panel A. MFI values for the 3 mitophagy stains were quantified. Representative histograms at day 14 posttransplant are shown. Mean 6 SEM pooled from 2
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BLOOD, 2 FEBRUARY 2017 x VOLUME 129, NUMBER 5 GVHD ABROGATES NK-CELL–DEPENDENT INNATE IMMUNITY 637

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/129/5/630/1401300/blood734020.pdf by guest on 03 June 2024



GVHD non-
GVHD

P=0.003

P<0.015

P=0.0004

0

1

2

3

4

5

6

7

Lo
g 1

0P
FU

/li
ve

r

- + - +α-NK1.1

P=0.0011

P<0.0001

P<0.0001

0

1

2

3

4

5

6

7

Lo
g 1

0P
FU

/s
pl

ee
n

GVHD non-
GVHD

- + - +α-NK1.1

F

0

5

10

15

20

25

Sp
le

en
cy

to
to

xi
ci

ty
 in

de
x

P<0.0001

B6 BM + T → B6
B6 BM + T → B6D2F1

A

0

1

2

3

4

5

6

Li
ve

r
cy

to
to

xi
ci

ty
 in

de
x P<0.0001

0

5

10

15

20

25

30

Lu
ng

cy
to

to
xi

ci
ty

 in
de

x P<0.0001

Violet dye

liver

spleen

lung

B6 BM + T →
B6

B6 BM + T →
B6D2F1

B

Days post Tx

Pe
rc

en
t s

ur
vi

va
l

0 7 14 21 28 35 42 49 56 63 70
0

20

40

60

80

100

B6 TCD BM → B6 + β2m-/- MLL-AF9

NK-/- TCD BM → B6 + β2m-/- MLL-AF9

P=0.0093

B6 TCD BM → B6 NK-/- TCD BM → B6

GFP

0.039 7.57

0.0195 5.37

Days post Tx
Pe

rc
en

t s
ur

vi
va

l
0 7 14 21 28 35 42 49 56 63 70 77 84 91

0

20

40

60

80

100

BALB/c TCD BM + CD8+ T cells → B6 + β2m-/- MLL-AF9

BALB/c TCD BM → B6 + β2m-/- MLL-AF9

P<0.0001

GFP

BALB/c TCD BM
+ CD8+ T → B6

BALB/c TCD
BM → B6

D

E

0 20 40 60 80

Days after BMT

Le
uk

em
ia

 m
or

ta
lit

y

0

20

40

60

80

100

P<0.0001

C
P<0.0001

P=0.0004

0.0

0.5

1.0

1.5

2.0

2.5

Do
no

r N
K 

ce
lls

 (x
10

5 ) BALB/c BM + T → B6 + saline

BALB/c BM + T → B6 + anti-NK1.1

BALB/c TCD BM → B6 + anti-NK1.1

Figure 7.

638 BUNTING et al BLOOD, 2 FEBRUARY 2017 x VOLUME 129, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/129/5/630/1401300/blood734020.pdf by guest on 03 June 2024



responsible for the NK-cell defect, we transplanted recipients withWT
BM and WT T cells or WT BM and IL-15Ra2/2 T cells in both non-
GVHD and GVHD settings. NK-cell reconstitution was significantly
improved in recipients of IL-15Ra2/2 T cells, compared with those
that received WT T cells, with effects seen in both GVHD and non-
GVHD groups (Figure 4E). These data demonstrate that donor T cells
out competed NK cells for IL-15 after BMT, impairing NK-cell
reconstitution. Because donor dendritic cells may be an important
source of IL-15 after BMT, we deleted them after BMT as previously
described.22 We undertook these experiments in syngeneic recipients
because NK cells were already absent in GVHD animals, making
quantification of further reductions difficult. Importantly, dendritic cell
depletion had no effect on NK-cell numbers (Figure 4F).

Exogenous IL-15 or immunosuppression restores

NK-cell reconstitution

Having established that IL-15 consumption by donor T cells impairs
NK-cell reconstitution, we investigated whether this effect could be
overcome by providing exogenous IL-15. GVHD-affected mice were
treated with 2 doses of IL-15–IL-15Ra complexes, which more
effectively stimulate cell expansion than IL-15 alone and replicate the
trans-presentation of IL-15 that occurs in vivo.5,23 The provision of
supraphysiological levels of IL-15 is likely to expand both NK
progenitors as well as known effects on mature NK cells.24 Indeed,
administration of IL-15 complexes significantly increased NK-cell
numbers in the BM, spleen, and pLNs (Figure 5A).

IL-2 is also noted for its ability to stimulate T- and NK-cell
activation and proliferation. Thus, GVHDmice were treated with IL-2
complexed with the anti-IL-2 antibody S4B6 and donor NK cells
enumerated. IL-2 complexes mediated a significant but very minor
expansionof donorNKcells (Figure5B), consistentwith thenotion that
IL-15 consumption is the primary mechanism for failure of NK-cell
reconstitution during GVHD.

Immune suppression is routinely used clinically to reduce donor
T-cell proliferation and effector function, and thus GVHD. We
hypothesized that the NK-cell defect seen during GVHD would
be improved by treating mice with the immunosuppressive drug
rapamycin through reducing donor T-cell activation25,26 and their
consumption of IL-15. BMT recipients were thus treated daily for
9 days and on day 10 posttransplant NK-cell numbers were quantified.
Treatment with rapamycin significantly increased NK-cell numbers in
the BM and spleen compared with saline control (Figure 5C), while
reducing T-cell expansion (2.8 6 0.3 vs 3.9 6 0.3 3 105 per femur;
P5 .02) and GVHD severity (clinical score, 3.36 0.3 vs 4.66 0.1;
P 5 .02). Taken together, these data indicated that poor NK-cell
reconstitution could be improvedby treatmentwith exogenous IL-15or
T-cell targeted immune suppression.

GVHD results in autophagy and mitophagy in NK cells

Autophagy is a process of cytosolic protein degradation and recycling
that promotes cellular survival at times of cellular stress, particularly
during cytokine starvation.27 To understand the effect of IL-15
starvation on autophagy in NK cells during GVHD, we stained donor
NK cells from the BM and spleen with Cyto-ID which labels vesicles
generated during autophagy.At day 14 posttransplant, the frequency of
BM-isolated donor NK cells expressing high levels of Cyto-ID was
significantly increased in mice with GVHD (Figure 6A). These
differences were more obvious in the spleen where a dramatic decrease
and increase in Cyto-IDlo and Cyto-IDhi donor NK cells, respectively,
were observed during GVHD (Figure 6A). This is consistent with a
significant increase in the mean fluorescence intensity (MFI) of Cyto-
ID in donor NK cells (Figure 6A). Autophagy of dysfunctional/
damaged mitochondria, termed mitophagy, is a process that
occurs in memory NK cells to promote their survival.28 We used
3 cellular stains to interrogate donor NK-cell mitochondrial
quality postallogeneic transplant. At day 14, donor NK cells in
non-GVHD and GVHD mice expressed equivalent levels of
MitoSox Red (measuring mitochondrial-associated reactive
oxygen species) in the BM and spleen (Figure 6B left). The
MFI for tetramethylrhodamine, ethyl ester, perchlorate (TMRE;
measuring mitochondrial membrane potential) was significantly
higher in splenic NK cells, but not BM-derived NK cells, in
GVHD compared with non-GVHD mice (Figure 6B center). No
difference in MitoTracker Green MFI (measuring mitochondrial
density) was observed in donor NK cells from the BM, however,
this was significantly increased in the spleen of mice with GVHD
(Figure 6B right). Next, we examined the effect of IL-15 rescue
on mitochondrial stress during GVHD. The levels of MitoSox
Red, TMRE, and MitoTracker Green in donor NK cells from the
BM decreased in IL-15 complex treated recipients, down to
levels seen in nontransplanted mice (Figure 6C). To establish
whether the NK-cell expansion induced by IL-15 administration
was autophagy dependent, we performed allogeneic transplants
with either NKp46cre1.Atg7WT/WT BM or NKp46cre1.Atg7fl/fl

BM. In this system,NKcells derived from theBMofNKp46cre1.Atg7fl/fl

are specifically unable to use the autophagy pathway. We
enumerated donor NK cells in the BM at day 14 posttransplant
and observed that IL-15 complex treatment could not rescue
NK-cell numbers if the NK cells lacked Atg7 (Figure 6D).
Together, these data show that GVHD induces autophagy and
mitophagy in donor NK cells when IL-15 is limiting. Exogenous
IL-15 leads to NK-cell expansion that requires autophagy in
order to ameloriate mitochondrial stress. This is consistent with
the notion that the autophagy induced by GVHD is the result of
IL-15 starvation.

Figure 7. Failure to reconstitute NK-cell during GVHD impairs GVL and CMV responses. (A) B6.BM and CD31 T cells were transplanted into lethally irradiated B6 or

B6D2F1 recipients. At day 14 posttransplant, 20 3 106 NK-resistant RMA cells and 20 3 106 NK-sensitive RMA-S cells labeled with high and low concentrations of violet

proliferation dye, respectively, were injected IV. Sixteen hours later, the ratio of RMA:RMA-S was quantified to determine the cytotoxic capacity of NK cells in the spleen, liver,

and lung. Representative histograms are shown. Mean 6 SEM pooled from 2 independent experiments; n 5 10 per group. (B) Lethally irradiated B6 mice received either B6.

TCD BM or TCD B6.NKp46cre1.Mcl1fl/fl BM together with 104 GFP1 b2m2/2 MLL-AF9 AML cells and monitored for survival. Representative dot plots of peripheral blood day

42 post-MLL-AF9 injection are shown. Kaplan-Meier overall survival plot from 2 independent experiments is shown; n 5 10 per group. (C) Lethally irradiated B6 mice were

treated with saline or anti-NK1.1 and transplanted with TCD BALB/c.BM 6 T cells. Donor NKp461CD1221 NK cells were enumerated at day 7; n 5 9-15 in T-cell replete and

n 5 6 in TCD groups from 2 combined experiments. (D-E) Lethally irradiated B6 mice received either TCD BALB/c.BM with or without sorted BALB/c CD81 T cells. At day 14

posttransplant, 2 3 105 GFP1 b2m2/2 MLL-AF9 AML cells were transferred and survival was monitored. Representative dot plots of peripheral blood from day 49 post-MLL-

AF9 injection are shown. (D) Kaplan-Meier overall survival plot and (E) leukemia mortality by competing risk analysis from 3 independent experiments is shown; n 5 18 per

group. (F) Lethally irradiated BALB/c recipients were transplanted with either B6.BM and CD41 T cells (GVHD group) or B6.TCD BM alone (non-GVHD group), allowed

to engraft for 21 days, then infected with MCMV. Two additional GVHD and non-GVHD groups received anti-NK1.1 antibody prior to and during MCMV infection (day 22, 0,

and12). Viral loads, measured as plaque-forming units (PFU), in the spleen and liver were determined 4 days later. Mean6 SEM pooled from 2 independent experiments; n5 6-

11 per group. Mann-Whitney tests performed in panels A, C, and F. The log-rank (Mantel-Cox) test was performed for the survival data in panels B and D. Incidence of leukemia

mortality in panel E was performed by competing risk analysis using R software.
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GVHD-induced NK-cell defects compromise both leukemia and

virus-specific immunity

Having established that GVHD results in profound NK-cell defects via
competition for IL-15 by donor T cells, we hypothesized that this defect
would impact the control of leukemia and CMV infection. First, we
examined the cytotoxic capacity of NK cells by labeling RMA (NK
resistant) andRMA-S (NK sensitive) cell lineswith high and lowdoses
of violet proliferation dye, respectively, mixing them in a 1:1 ratio
and injecting them into GVHD and non-GVHD mice at day 14
posttransplant. We then analyzed clearance of these tumor cell lines in
vivo. RMA-S cells were eliminated less effectively from the spleen,
liver, and lung of mice with GVHD compared with non-GVHD con-
trols, as determined by cytotoxicity indexes (Figure 7A). Next, we
developed a primary tumor deficient in b2m through transduction
of the common acute myeloid leukemia (AML) translocation
MLL-AF9 into b2m2/2 stem cells, which were then propagated in
vivo. The resulting MLL-AF9 AML expresses GFP, enabling
tracking of tumor growth through serial bleeds. We initially
demonstrated thatb2m2/2MLL-AF9 AMLwas NK-cell sensitive
by transplanting this leukemia, together with either WT TCD BM
or TCD BM from NKp46Cre1.Mcl1fl/fl mice (which lack NK cells
and hereafter referred to as NK2/2).29 Mice that received BM
deficient in NK cells showed significantly impaired survival and
increased proportions of MLL-AF9 AML in the blood from days 21 to
49 posttransplant (Figure 7B). The BALB/c→B6 model which also
showed impaired donor NK-cell reconstitution during GVHD demon-
strated that this was not altered by the specific deletion of recipient NK
cells (Figure 7C), excluding this population as amajor competing source
for IL-15 after BMT. Importantly, when b2m2/2MLL-AF9 AML was
transplanted into mice with GVHD (induced by CD8 T cells) and thus
NK-cell deficient, or mice without GVHD and NK-cell replete, the
former succumbed to leukemia with detectable circulating GFP1 AML
cells (Figure7D).Thismarked reduction in overall survival in animals
with GVHD (and NK deficiency) was primarily due to high levels
of mortality from this NK-sensitive leukemia (Figure 7E), confirming
impaired NK-dependent GVL during GVHD.

CMV is a significant opportunistic infection following allo-BMT,
as patients are lymphopenic and NK cells are important in controlling
the virus during this time. Thus, we compared the ability of donor NK
cells in theGVHDand non-GVHD setting to control CMV replication.
Sorted CD41 T cells were used to induce GVHD and the associated
NK-cell defect becauseCD41Tcells do not contribute toCMVcontrol
early after infection (M.A.D.-E., University of Western Australia and
Lions Eye Institute, oral communication, December 2014). BMT
recipients were infected with murine CMV (MCMV) and viral loads
were measured. Viral loads were significantly higher in mice with
GVHD compared with non-GVHD mice, in both the spleen and liver
(Figure 7F).Depletion ofNKcells frommicewithoutGVHD increased
viral loads in spleen and liver, consistent with the protection afforded
by these effectors. In GVHD mice depleted of NK cells, viral loads
were increased compared with their nondepleted counterparts to levels
equal to those observed in NK-cell–depleted non-GVHD mice
(Figure 7F). Thus, the GVHD-induced NK-cell defects after BMT
compromise both leukemia and pathogen-specific immunity.

Discussion

The control of viral reactivation and antitumor immunity posttransplant
is intimately linked with the function of donor T cells and NK cells.

Previous studies have investigated the contributions of these cells in
isolation, but have not considered the reciprocal effects theymight have
on each other during reconstitution after BMT. Here, we show that
during GVHD, donor T cells impair donor NK-cell reconstitution
through competition for the critical survival/differentiation cytokine
IL-15. Importantly, inhibition of donor T-cell proliferation/activation
by pharmacological immunosuppression, or provision of IL-15, could
restore NK-cell numbers. The donor NK-cell defect observed during
GVHD results in compromised control of leukemia and murine CMV
infection. Taken together, this study demonstrates the negative impact
that alloreactive donor T cells have on NK-dependent control of
transplant complications that, to our knowledge, has not previously
been functionally demonstrated.

NK cells, derived from the donor graft, are generally restored
to pretransplant levels within the first month following allogeneic
transplantation30 and contribute to early protection from opportunistic
infections. The majority of expanding NK cells are derived from
progenitor cellswithin the graft, and reconstitution is faster in recipients
of TCD grafts compared with grafts that are not (ie, TCRab-depleted
vs CD34-selected).31 The expansion of NK cells is exaggerated in
recipients of haploidentical TCD grafts32,33 who, in the absence of
donor T cells, do not developGVHD, supporting ourfinding that donor
T cells impact on NK-cell recovery after BMT. In our studies,
reconstitution of NK cells was highly corrupted in the presence of an
allogeneic T-cell response. The effect of donor T cells on NK-cell
reconstitution and function is difficult to ascertain in the clinic because
of concomitant and confounding variables, such as the administration
of immune suppression and GVHD. The presence of donor T cells in
stem cell grafts has been associated with enhanced NK-cell maturation
and acquisition of IFN-g secretion and cytotoxic capacity.33-35 The
ability of donor T cells to enhance early NK-cell functional maturation
in the clinic is unclear, but may be related to the provision of relevant
cytokines such as IL-2, IL-12, or IL-18 from numerous sources.36 This
is in contrast to the impact of GVHD on NK-cell numbers, where a
clear deficiency exists37,38 and indeed NK-cell deficiency has been
suggested as a biomarker for GVHD,39 although mechanisms are
hitherto unknown. Our data show that during GVHD, competition
between alloreactive T cells and NK cells for IL-15 results in impaired
reconstitution of donor NK cells, with most remaining being early
immature NK cells that are known to survive at low levels of IL-15.5

In clinical BMT, CMV reactivation is determined by serological
status, the use of mismatched and unrelated donors, and the presence
of GVHD.40 Although relapse and CMV reactivation are problematic
after TCD BMT, a clear role for NK cells has been established in
TCD-haploidenticalBMT in relation to killer cell immunoglobulin-like
receptor disparities between donor and recipient, and in response to
AML.41,42 Although CD8 T cells are clearly important in GVL effects,
malignancies refractory to T-cell control exist and in situations where
MHC expression is modified, NK cells may be particularly relevant.43

Our study demonstrated that NK cells are indeed essential for both
GVL and CMV control. Somewhat surprisingly, CMV responses
may have beneficial effects onGVL because early CMV reactivation
after transplant has been associated with a decreased risk of AML
relapse.44,45 The relevant mechanisms remain unknown, but CMV
reactivationmay induce an inflammatory environment that enhances
NK-cell functionality and consequently improves antileukemic
effects.46-49

An emerging body of evidence has highlighted the role of
autophagy in NK-cell differentiation and function. Autophagy is active
in iNK cells, but not NK precursors or mature NK cells, and promotes
NK-cell differentiation.50 Sun and colleagues recently demonstrated a
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role for mitophagy in protecting MCMV-specific memory NK cells
from apoptosis.28 We show that in donor NK cells from mice with
GVHD, autophagy is exaggerated, which likely accounts for the
accumulation of dysfunctional mitochondria also observed in this
setting. We also show that treatment with IL-15 complexes rescues
the NK-cell defect in an autophagy-dependent manner. Although
inhibition of mechanistic target of rapamycin can initiate autophagy,
a recent study by Wang and colleagues showed that in NK cells
autophagy is dependent on FoxO1.50 Here, we observed NK-cell
expansion following rapamycin treatment, but attribute this
to inhibitory effects of rapamycin on donor T cells and sparing
of IL-15.

A number of clinical trials are under way utilizing different
approaches to isolate, activate, and expand NK cells as immunother-
apeutics after BMT and in patients with myeloid malignancies.
Theoretically, this approach provides an attractive therapeutic strategy
to generate GVL effects in the absence of GVHD. These protocols
involve ex vivo stimulation/expansion and adoptive transfer of
alloreactive NK cells, together with careful screening and selection
of donor NK cells based on inhibitory KIR mismatch with the
recipient.41,42,51-54 Previous studies investigated the use of NK-cell
adoptive transfer prior to IL-2 administration in patients, but this
resulted in expansion of regulatory T cells and a high level of AML
relapse.55 Therefore, ex vivo activation of NK cells with a combination
of IL-12, IL-15, and/or IL-18 followed by adoptive transfer has been
proposed to eliminate the bystander effects on other cell populations,
such as regulatory T cells. In support of this approach, a correlationwas
found between the level of leukemia clearance and the survival and
expansion of transferred NK cells.12 Genetic manipulation of trans-
ferred NK cells is also being explored clinically.12 However, limited in
vivo survival, lack of antigen specificity and the potential for NK-cell
exhaustion12,56 may limit these approaches, and results of clinical
studies are eagerly awaited.

In the BMT setting, administration of cytokines with activity on
both conventional T cells and NK cells posttransplant is likely to
promote GVHD. IL-15, like high dose IL-2, is likely to drive acute
GVHD via effects on conventional CD8 T cells.57,58 Although the in
vitro expansion, activation, and adoptive transfer of NK cells is an
attractive therapeutic approach, early studies have already suggested
the capability to invoke GVHD via donor T-cell activation in patients
not receiving immune suppression.59

Our study highlights the clinical need for recognition that
the presence of GVHD precludes an effective NK-cell–dependent
leukemia and pathogen-specific response that no doubt contributes
to poor outcomes. The effective prevention of alloreactive T-cell
responses and the consequent consumption of IL-15 is paramount to

preventing this important innate immune deficiency and should be
the focus of clinical studies.Once significantGVHDispresent,NK-cell
reconstitution will require effective interruption of IL-15 consumption
by donor T cells, which may be achieved by immune suppression
or alloreactive T-cell depletion, with or without subsequent exogenous
IL-15 supplementation.
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