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Rationale: Natural killer (NK) cells are innate lymphocytes that target
virus-infected and tumor cells.Much less is known about their ability
to limit adaptive immune responses.
Objectives: Thus, we investigated to what extent NK cells can influ-
ence mouse lung allograft rejection.
Methods: For this purpose, we employed an orthotopic lung trans-
plantation model in mice.
Measurements and Main Results: We demonstrate here that NK cells
infiltratemouse lungallograftsbeforeTcellsandtherebydiminished
allograft inflammation, and that NK-cell deficiency enhanced allo-
graft rejection. In contrast, expansion of recipient NK cells through
IL-15/IL-15Ra complex treatment resulted in decreased T-cell infil-
tration and alloreactive T-cell priming as well as improved function
of the allogeneic lung transplant. Only perforin-competent, but not
perforin-deficient, NK cells were able to transfer these beneficial
effects into transplanted NK cell–deficient IL-15Ra2/2 mice. These
NK cells killed allogeneic dendritic cells (DCs) in vitro and signifi-
cantlydecreased thenumberof allogeneicDCs in transplanted lungs
in vivo. Furthermore, DC-depleted lung allografts presented de-
creased signs of rejection.
Conclusions: These results suggest thatNK cells favor allograft accep-
tance by depleting donor-derived DCs, which otherwise would
prime alloreactive T-cell responses. Thus, conditioning regimens
that augment NK-cell reactivity should be clinically explored to pre-
pare lung allograft recipients.
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Nearly 50 years after the first lung transplantation (1), this med-
ical procedure has been performed more than 32,000 times
worldwide (2). The main indications are nonmalignant lung dis-
eases such as cystic fibrosis, chronic obstructive pulmonary dis-
eases, and idiopathic pulmonary fibrosis. Although donor organ
preparation, surgical procedures, and immune suppression man-
agement have continuously improved, long-term survival of
transplant recipients does not exceed 60% beyond 5 years after
transplantation. In addition, numbers of suitable major histo-
compatibility complex (MHC)–matched donor organs remain
low, but this limitation could be overcome by limiting immuno-
logical transplant rejection of MHC-mismatched allografts, which
could serve as an additional donor organ source.

Although immune-suppressive treatments are essential for lung
graft acceptance and maintenance, and are a standard for clinical
care after transplantation, the immunomodulatory ability of the
immune system itself has so far not been explored to improve lung
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

This study builds on our initial findings that natural killer (NK)
cells can eliminate dendritic cells (DCs) by cytotoxicity. Since
then, this editing function toward the hematopoietic lineage
has been described in ameliorating graft-versus-host disease
after bone marrow transplantation. During solid organ
transplantation, however, prevention of transplant rejection
due to NK cell–mediated killing of donor DCs has been less
explored.

What This Study Adds to the Field

Our study describes, in an orthotopic allogeneic trans-
plantation model of a large blood-perfused organ, namely
the lung, that recipient NK cells can eliminate donor
antigen-presenting cells, mainly DCs, to ameliorate allo-
graft rejection. These donor-derived DCs prime direct
alloreactive immune responses and, accordingly, DC-de-
pleted lung allografts are less rejected. We demonstrate that
recipient NK cells, especially after IL-15/IL-15Ra complex
expansion, can regulate donor DC content of the transplant
via their cytotoxicity, and that this affects recipient leuko-
cyte infiltrates, alloreactive T-cell responses, and transplant
function as indicated by magnetic resonance imaging as
well as blood oxygenation. These findings suggest a role for
recipient NK cells in the regulation of lung allograft re-
jection, and suggest novel avenues for conditioning of
transplant recipients for better graft acceptance.
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transplant survival. Meanwhile, natural killer (NK) cells, which are
innate lymphocytes that restrict viral infections and are able to tar-
get tumor cells (3), have been shown to regulate immune
responses by editing populations of antigen-presenting cells (APCs)
that induce these responses, and T cells that mediate them (4–7).
Along these lines, NK cells can eliminate dendritic cell (DCs) and
T-cell populations by perforin-mediated lysis, limiting in this way
autoimmunity and antiviral immunity (8–14). In contrast to virally
infected or transformed target cells, these leukocytes are thought to
be recognized by NK cells not on loss of MHC class I ligands for
inhibitory NK-cell receptors (missing self-recognition), but via high
expression of ligands for activating NK-cell receptors (altered self-
recognition), such as NKG2D and natural cytotoxicity receptors (8,

15, 16). Thus, NK cells can directly kill APCs and T cells to limit
immune responses.

Alternatively, however, they can also augment adaptive im-
mune responses via cytokines. In particular, NK cell–secreted tu-
mor necrosis factor (TNF)-a can mature DCs, and IFN-g of NK
cells promotes helper T-cell type 1 (Th1) polarization during an-
tigen presentation (17). This NK-cell assistance for adaptive im-
munity improves DC-dependent T-cell priming and Th1-mediated
restriction of Leishmania infection in mice (18–20). In addition,
NK cell–derived IFN-g augments Th1 polarization of DC-induced
alloreactive T-cell responses (21). Therefore, cytokine production
by NK cells can shape adaptive immune responses and enhance
Th1-polarized T-cell immunity.

Figure 1. Mouse lung allografts are rapidly rejected in the MHC class I and II–mismatched mouse model of orthotopically transplanted lung

allografts. (a) Left lungs from donors were removed from the donor; and the artery, bronchus, and vein were cuffed and subsequently telescopically

introduced into the respective recipient structures. (b) Representative images: Left: Macroscopic appearance (top row), magnetic resonance imaging
(middle row), and histology, hematoxylin and eosin (H&E) staining (bottom row; magnification, 3100) on Days 1, 3, and 5 after transplantation (Tx)

(data are representative of six experiments). Right: In line with the corresponding H&E stainings (top row), lung sections were immunohistochemi-

cally further characterized on respective days for T cells (CD3), B cells (B220), macrophages (F4/80), and natural killer cells (NKp46) (magnification,3200;

data are representative of six experiments). (c) Kinetics of CD451 infiltrating lung cells by flow cytometric analysis for CD41, CD81, NKp461, and CD11c1

dendritic cells in transplanted versus naive lungs (six independent experiments, means 6 SEM, *P , 0.05, **P , 0.01). (d) Flow cytometric analysis by

intracellular staining for IFN-g, produced by CD451NKp461 NK cells on Day 3, and kinetics from Day 1 to 5 after allogeneic lung Tx compared with naive

lungs (data are representative of six independent experiments).
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In the present study we investigated the net outcome of these
opposing functions of NK cells in regulating the adaptive T-cell
response in a mouse model of allogeneic lung transplantation.
We found that NK-cell activity prolonged graft function and lim-
ited alloreactive immune responses and, therefore, rejection by
targeting donor-derived DCs, which are known to be inducers of
graft-reactive T-cell responses. Our results suggest that NK-cell
alloreactivity against DCs can be used to purge allogeneic solid
organ transplants of these APCs, which otherwise would initiate
direct allograft rejection.

METHODS

Mouse Models of Orthotopic Single-Lung Transplantation

and Interventions

Orthotopic single-lung transplantation was performed as previously de-
scribed (22) and the respective manipulations in this model, including
IL-15/IL-15Ra (IL-15 receptor, a chain) administration (23), are described
in the online supplement.

Histology and Immunohistochemistry

Histology and immunohistochemistry were performed as described in
the online supplement.

Magnetic Resonance Imaging

All magnetic resonance imaging (MRI) measurements were performed
at the indicated time points as described previously (24) and as specified
in the online supplement.

Transplant Oxygenation Analysis

Graft oxygenation was evaluated by sampling blood (z250 ml) directly
from the pulmonary vein of the transplanted (3 min after clamping the
hilum of the right lung) or naive lung at the indicated time points
through a heparinized needle, which was inserted proximal to the anas-
tomotic cuff.

Cell Isolation and Mixed Leukocyte Reactions

The respective experiments were conducted as outlined in the online
supplement.

CD107a Degranulation Analysis and

NK-Cell Adoptive Transfer

The online supplement contains the experimental information for these
analyses.

Statistical Analysis

Statistical analysiswas performedwithGraphPadPrism software (GraphPad
Software, San Diego, CA). A nonparametric unpaired two-tailed Student
t test, Mann-Whitney test, and one- or two-way analysis of variance with
Bonferroni post-test were used if not otherwise indicated. P values less
than 0.05 were considered statistically significant.

RESULTS

NK Cells Infiltrate and Become Activated in Rejected

Allogeneic Lung Transplants

We have established a mouse model of orthotopic single-lung
transplantation (Tx) (Figure 1a) (22), a technique that physio-
logically mimics the human lung Tx settings (see video in the
online supplement). To induce a vigorous allogeneic rejection,
we employed a fully MHC class I and class II–mismatched
strain combination, using BALB/c as donors and C57BL/6 as
recipients of orthotopically transplanted lungs. In this strain
combination, recipients developed typical acute cellular rejec-
tion patterns reminiscent of those found in human acute pulmo-
nary allograft rejection (25). Allografts analyzed 1 day after Tx
displayed macroscopically a slightly swollen and reddish sur-
face. To properly analyze changes in lung parenchyma and to
be able to monitor the development of graft rejection, we per-
formed magnetic resonance imaging (MRI). MRI allows the
depiction of increased fluid and/or cell infiltration into the lung
parenchyma. Applying regular echo times in MRI (5,000 ms),
normal lung appears black without yielding a signal. In contrast,
fluid or cell infiltration is reflected by a decrease in transpar-
ency. By shortening the echo time sequences from 5,000 to 50
milliseconds, the transplanted lung can be evaluated in an ob-
jective manner by measuring the proton density. Allograft re-
jection is characterized by enhanced density of the transplanted
organ. On Day 1, the transplanted lung appeared transparent in
MRI when compared with naive lung (Figure 1b, middle row),
indicating a viable and functional graft. The histology showed
that macrophages and neutrophils dominated in the initial graft
infiltrates, followed, however, over time by increased numbers
of T and B lymphocytes, which characteristically accumulated
around arteries and venules because the endothelium is the
primary target of alloreactive responses. On Day 5 post-Tx, the
morphology of the allograft displayed features of a nonfunc-
tional organ, showing an inflamed and severely swollen surface.
These findings were confirmed by MRI, which revealed an al-
most complete loss of transparency (Figure 1b). These data

;

Figure 2. Natural killer (NK)-cell expansion by IL-15 complexes favors transplantation outcome. (a) Amount of CD451NKp461 cell content in the

indicated tissues from untreated, IL-15Ra(IL-15 receptor, a chain)2/2, and IL-15 complex–treated wild-type C57BL/6 mice (lung cells from three
mice each are shown, means 6 SEM; LN ¼ cervical and mediastinal lymph nodes). (b) Flow cytometric analysis of CD451NKp461 lung cells from

transplanted mice with and without IL-15 complex treatment stained for granzyme B, CD27, and CD11b expression by NKp461 NK cells (repre-

sentative data of six mice per group). (c) Lung cells gated on CD451NKp461 cells from naive and transplanted mice compared with IL-15 complex–

treated mice (Tx Lung: Day 3 after transplantation, six mice per group, means6 SEM, ***P, 0.001). (d) Total numbers of IFN-g-producing CD41 T
cells from transplanted lungs with (Tx IL-15 complex [cplx] lung) and without (Tx lung) IL-15 complex treatment of the recipient after 3 days of

culture with syngeneic (syn SPL) or allogeneic (allo SPL) T cell-depleted splenocytes (composite data of three independent experiments, three mice

per group, means 6 SEM, *P , 0.05). (e) Representative magnetic resonance images from allotransplanted and IL-15 complex–treated allotrans-
planted mice on Days 3, 5, 7, 10, and 14 after transplantation. Infiltrations into lungs were assessed in four regions of interest for each lung and

expressed by proton density in arbitrary units comparing transplanted with contralateral, normal lungs (percent differences). Naive lungs and

syngeneically transplanted mice were also assessed (seven mice per group for Days 3 and 5, three mice per group for Days 7, 10, and 14 are shown,

means 6 SEM, *P , 0.05, **P , 0.01). (f) Representative lung sections stained with hematoxylin and eosin in untreated and IL-15 complex–
stimulated allotransplanted mice on Days 3, 5, 7, 10, and 14 after transplantation. Quantification of the histologic analysis was performed by

counting nuclei of infiltrating cells in 20 fields, each measuring 0.1 mm2 (six independent experiments per group for Days 3 and 5, three

independent experiments per group for Days 7, 10, and 14 are shown, means6 SEM, Mann-Whitney, **P , 0.01). (g) Oxygenation measurements

from blood samples taken from the left pulmonary vein at the indicated time points after Tx are shown for naive (naive lung), transplanted (Tx lung),
and IL-15 complex–treated recipient of transplanted (Tx lung 1 IL-15 cplx) lungs (three independent experiments per group are shown, means 6
SEM, Mann-Whitney, *P , 0.05, NS ¼ no statistical significance).
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were further supported by kinetic analysis of immunohisto-
logical scoring (see Figure E1 in the online supplement).
Moreover, by flow cytometry we could observe that on Day
5 after Tx, CD41 and CD81 T cells were the main cell infil-
trates of the Tx lung whereas NK cells had already reached
their maximum on Day 3 post-Tx followed by a moderate
decrease (Figure 1c). The amount of CD11c1 dendritic cells,
presumably of recipient origin, increased mildly in a time-
dependent fashion. We then performed intracellular staining
of IFN-g to study NK-cell activation and effector functions.
We could already observe a massive increase in IFN-g secre-
tion on Day 3 post-Tx when compared with the naive lung,
and this difference reached a peak on Day 3 post-Tx (Figure
1d). Three subsets of NK cells differing in expression of
CD11b and CD27 have been described (26), with CD11b1

CD27dull NK cells being the most mature. On Tx, we found
that NK cells acquired the CD11b1CD27dull phenotype in
contrast to those NK cells found within naive lungs (data
not shown). Collectively, these data show the characteristic
pattern of CD41 and CD81 T-cell infiltration during lung
allograft rejection and describe NK cells as activated and dif-
ferentiated effector cells that home to the transplanted organ
early after lung Tx.

IL-15 Mediates NK-Cell Expansion and Promotes

Lung Allograft Acceptance

IL-15 is a regulator of memory CD81 T-cell maintenance and
NK-cell development, expansion, and activation (27). To investi-
gate the influence of NK-cell expansion in the context of lung
transplantation, we injected wild-type C57BL/6 (WT) mice with
IL-15/IL-15Ra complexes (23) and analyzed their effect on NK
(CD451NKp461) cells by flow cytometry. On treatment, we
found a considerable expansion of NK cells in various organs
(Figure 2a). Whereas we observed a 2- to 5-fold increase in
the number of NK cells in blood, lymph nodes, and spleen of
IL-15 complex–treated mice, the number of NK cells within
the lung increased more than 20-fold when compared with
untreated naive animals. A considerable increase in NK cells
was also observed in the liver. In contrast and as expected,
NK cells were missing in all the organs of IL-15Ra2/2 mice.

Degranulation of NK cells leads to the release of lytic granules
containing perforin and granzymes (e.g., granzymeB).When com-
paring NK cells from lung transplants of IL-15 complex–stimulated
or untreated recipients, 86% of the NK cells from IL-15 complex–
treated recipients were granzyme B positive, whereas 70% of NK
cells from control transplants carried this cytotoxic marker (Figure

Figure 3. IL-15 receptor, a chain (IL-15Ra)2/2 transplant recipients demonstrate enhanced lung allograft rejection in the absence of natural killer

(NK) cells. (a) Kinetics of lung-infiltrating CD451NKp461 NK cells in allotransplanted wild-type versus IL-15Ra2/2 mice from Day 1 to Day 5 after

transplantation. (b) Representative lung sections stained with hematoxylin and eosin in IL-15Ra2/2 allotransplanted mice on the indicated days after

transplantation (representative images for five mice per group). (c) Representative magnetic resonance images from allotransplanted wild-type and
IL-15Ra2/2 mice on Days 1, 3, and 5 after transplantation. Infiltrations into lungs were assessed in four regions of interest for each lung and

expressed by proton density in arbitrary units comparing transplanted with contralateral, normal lungs (percent differences, seven mice per group

were analyzed, means 6 SEM, *P , 0.05).
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2b). Moreover, further characterization of NK subsets within
transplanted lungs in IL-15 complex–treated recipients showed
that they had matured into CD11b1CD27dull cells (Figure 2b).

Thus, IL-15 complex–stimulated NK cells were not only increased
in number in the transplanted and naive lungs (Figure 2c) but they
acquired a more differentiated effector phenotype within the
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transplant. To investigate the effect of the expanded NK cells on
alloreactive T-cell responses, we first analyzed infiltrating total cell
numbers by counting and flow cytometry and we observed that
the large amounts of infiltrating NK cells on Day 1 were followed
by a progressive decrease, and that initially accumulating T cells
also decreased over time, together with a mild reduction of den-
dritic cells (Figure E2). Furthermore, ex vivo analysis of IFN-g
and TNF-a production by T cells showed a significant decrease in
the T-cell effector function of those mice treated with IL-15
complex (Figures E2b–E2d). In addition, stimulation of these
lung-infiltrating T cells with allogeneic T cell–depleted splenocytes
revealed that these cells had reduced alloreactivity and secreted
significantly less IFN-g (Figure 2d; and Figures E2e and E2f) or
TNF-a (Figure E2f) when compared with lung T cells of untreated
transplanted mice. To correlate these observations to a functional
outcome, we performed MRI of the lungs of transplanted mice
with or without previous IL-15 complex treatment (Figure 2e). In
both conditions on Day 3 post-Tx, the lung transplants from un-
treated and IL-15 complex–treated mice revealed increased proton
density even though IL-15–treated transplanted recipients had
fewer cellular infiltrates by histology and flow cytometry. This
phenomenon is most likely related to the ischemia–reperfusion
injury that inevitably occurs during the first 48 hours after trans-
plantation. Indeed, the proton density decreased over time in syn-
geneically transplanted recipients, underlining the role of edema
that usually diminishes by 3 days after Tx. However, from Day 5
up to 14 days post-Tx, lungs from IL-15 complex–stimulated mice
showed significantly decreased proton density (Figure 2e). These
results were supported by the amount of cell infiltrates in the
Tx lung and a partial reconstitution of pulmonary architecture
detected by histology (Figure 2f). As a functional test for the
pulmonary capacity, we next measured the oxygenation levels.
On Days 5, 7, and 10, we detected significant higher oxygen levels
in IL-15 complex–treated allograft recipients than in those that
were untreated (Figure 2g). However, on Day 14 this improved
functionality was no longer observed. Taken together, these data
indicate that IL-15 complex–mediated NK-cell expansion ame-
liorates lung allograft rejection up to 14 days.

IL-15Ra Deficiency Leads to Enhanced Lung

Allograft Rejection

To demonstrate further that NK cells have a beneficial effect on
the Tx outcome, we used a mouse strain deficient for the a chain
of the IL-15 receptor, which displays a functional deficiency of
IL-15 by its inability to trans-present to NK and memory CD81

T cells (28, 29). Thus, similar to IL-152/2 mice (27), IL-15Ra2/2

mice lack NK cells and memory CD81 T cells (28, 29). This
approach allowed us to study the course of allograft rejection in
the absence of NK cells. As shown in Figure 2a, NK cells were
missing in the various organs of IL-15Ra2/2 mice. Three days
after lung transplantation, NK cells of WT mice reached the
highest numbers in the graft, followed by a decrease on Day 5

post-Tx (Figure 3a). As expected, transplanted lungs of IL-
15Ra2/2 mice contained no NK cells. Interestingly, over time,
the transplanted lungs in IL-15Ra2/2 mice showed higher
numbers of CD41 and CD81 T cell infiltrates than lungs
transplanted into WT recipients, as demonstrated by flow
cytometry (Figure E3a). Also, DCs within the transplant in-
creased over time to even higher amounts compared with WT
transplanted mice, indicating that these DCs survive in the
absence of NK cells (Figure E3a). Confirming these flow cyto-
metric results, the allograft of IL-15Ra2/2 recipients displayed
more cell infiltrates over time by histology, which continuously
increased up to Day 5 post-Tx (Figure 3b; and Figure E3b). In
line with these observations, transplanted IL-15Ra2/2 mice
had a high proton density by MRI on Day 1 after Tx, whereas
WT transplanted mice displayed a more modest loss of trans-
parency (Figure 3c). Interestingly, during the course of al-
lograft rejection, IL-15Ra2/2 transplant recipients displayed
a higher increase in proton density than did WT allograft re-
cipient mice (Figure 3c). We also assessed the functionality of
the grafted lung and noticed a gradual decrease in the oxygen-
ation capacity of the engrafted lung in IL-15Ra2/2 recipients
compared with transplanted WT recipients (Figure E3c).
These differences, although not statistically significant, dem-
onstrate a trend to worsened functionality of the grafted lung
in the absence of NK cells. From these data we suggest that
decreased NK-cell numbers lead to enhanced lung allograft
rejection.

Perforin-Competent, but Not Perforin-Deficient, NK Cells

Reconstitute Restriction of Alloreactive T-Cell Responses

during Allogeneic Lung Transplantation

To confirm that NK cells were responsible for the observed ben-
eficial effects of IL-15/IL-15Ra complex treatment in the graft
outcome, we adoptively transferred NK cells isolated from
IL-15/IL-15Ra complex–treated WT or perforin2/2 mice into
IL-15Ra2/2 lung transplant recipients. Interestingly, perforin-
positive, but not perforin-deficient, NK-cell transfer diminished
the T-cell infiltration of the transplanted lungs (Figure 4a).
In addition, lungs and draining lymph nodes of mice with
WT NK-cell transfer contained decreased numbers of ex
vivo IFN-g– and TNF-a–secreting effector T cells (Figures
4b and 4c). Furthermore, mixed lymphocyte reaction cul-
tures of these T cells with allogeneic splenocytes displayed
reduced alloreactive responses as demonstrated by the re-
duced production of IFN-g (Figures 4d, 4e, and 4g) and
TNF-a (Figures 4f and 4g). The reactivity against syngeneic
splenocytes in these assays probably reflects persisting acti-
vation after in vivo stimulation in this 3-day in vitro assay.
These experiments establish that NK-cell transfer can diminish
alloreactive T-cell responses during allogeneic lung transplan-
tation and that NK cells require perforin to exert this beneficial
effector function.

;

Figure 4. Natural killer (NK) cells require perforin to limit the induction of alloreactive T-cell responses. (a) Total numbers of infiltrating CD41 and

CD81 T cells were analyzed in transplanted lungs (lung) and draining lymph nodes (LN) of IL-15Ra(IL-15 receptor, a chain)–deficient recipients with
and without NK-cell transfer from wild-type (wt NK) or perforin-deficient (PKO NK) animals. Compiled data from three experiments and three mice

per group are shown (means 6 SEM, *P , 0.05). (b) Ex vivo IFN-g production was measured by intracellular cytokine staining in CD41 T cells of

transplanted lungs and draining lymph nodes in the same experimental groups as in (a) (means 6 SEM, *P , 0.05). (c) Representative dot plots for

intracellular cytokine staining of IFN-g and tumor necrosis factor (TNF)-a in CD41 T cells for the experimental groups as outlined in (a). (d and e)
IFN-g and (f) TNF-a production as assessed by intracellular cytokine staining in (d and f) CD41 T cells and (e) CD81 T cells from the same

experimental groups as in (a) after in vitro expansion with syngeneic (syn SPL) or allogeneic (allo SPL) T cell–depleted splenocytes. Compiled data

from three experiments and three mice per group are shown (means6 SEM, *P, 0.05). (g) Representative dot blots of intracellular IFN-g and TNF-
a staining in CD41 (top row) and CD81 (bottom row) T cells of transplanted lung and draining lymph nodes after expansion with allogeneic

splenocytes.
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Depletion of Donor Dendritic Cells by NK Cells Improves

Allograft Acceptance

To understand the mechanism through which NK cells could im-
prove transplant viability, we used aCD107a degranulation assay
to evaluate the cytotoxic properties of NK cells toward dendritic
cells of the donor allograft, because these antigen-presenting
cells have been implicated to initiate direct alloreactivity during
acute allograft rejection (30). CD107a or lysosome-associated
membrane protein (LAMP)-1 has been described as a marker of
lymphocyte cytotoxicity, present on surfaces after exocytosis
of cytotoxic granules (31). Using this assay, the cytotoxic abil-
ity of NK cells was determined in the absence of target cells to
detect spontaneous degranulation and in the presence of syn-
geneic and allogeneic donor dendritic cells to assess the spe-
cific cytotoxicity. We tested these conditions, analyzing NK
cells after in vivo IL-15 complex administration and additional
in vitro IL-2 stimulation. Whereas spontaneous degranulation
was observed on less than 5% of lung NK cells, it increased
to about 10% on incubation with immature syngeneic DCs.
Furthermore, allogeneic DCs elicited degranulation of about
20% of NK cells (Figures 5a and 5b). To demonstrate that the
level of NK-cell reactivity also affected donor DC content in
transplanted lungs, we used congenic markers (CD45.1 and
CD45.2) to trace and quantify the amount of donor and recip-
ient DCs. On Day 3 after Tx, we could detect a more than
twofold reduction of CD11c1 MHC class II1 donor (CD45.21)
DCs in the transplanted lungs of IL-15 complex–treated recipi-
ents by flow cytometry (Figure 5c). Furthermore, total donor-
derived DC numbers were also reduced in allogeneic transplants
of mice that had received perforin-positive NK cells (Figures 5d–
5f). Strikingly, there was also a significant decrease in recipient-
derived (CD45.11) infiltrating CD41 and CD81 T cells into the
allograft of IL-15 complex–treated mice (Figure E4). To evaluate
whether the NK cell–dependent donor DC depletion plays a role
in direct alloantigen presentation during the early course of
lung allograft rejection, we assessed the rejection process after
DC depletion in lung transplants from CD11c-DTR transgenic
BALB/c mice. We successfully depleted lung DCs in CD11c-
DTR donor mice more than fourfold by diphtheria toxin (DT)
administration (Figure 5g). On Day 5 post-Tx we could observe
a significant increase in CD41, but not in CD81, T-cell infil-
trates in the transplanted lung of those mice without DC deple-
tion compared with DT-treated mice before Tx (Figure 5h).
Furthermore, lung infiltration on Day 5, as assessed by MRI,
was significantly decreased in DC-depleted allografts (Figure
5i). However, these results were less pronounced than after

IL-15/IL-15Ra treatment, possibly because of incomplete DC
depletion before transplantation and/or cotransplanted DC pre-
cursors, which could develop into potent antigen-presenting
cells during the course of the experiments. Nevertheless, these
results collectively indicate that donor dendritic cells are the
target for recipient NK cells and that their depletion reduces
T-cell alloreactivity, resulting in an improved allograft outcome.

DISCUSSION

Our study documents that recipient NK cells are able to purge
donor DCs from transplanted lungs and may thereby prolong
graft acceptance and function. Graft-invading NK cells target al-
logeneic DCs and DC-depleted grafts display a survival benefit.
These studies suggest that preconditioning of lung transplant
recipients with regimens that augment NK-cell reactivity could
be beneficial for transplantation outcome.

This observation is somewhat counterintuitive because NK
cells have been implicated in enhancing Th1 polarization of
cell-mediated immune responses via the production of cytokines
(17) as also evidenced in direct allograft rejection of heart trans-
plants (32–34). In contrast, during transplantation of allogeneic
pancreatic islet, skin, and in this study of lung, NK cells seem to
play a beneficial role in graft outcome (35, 36). During pancre-
atic islet transplantation, a cytolytic NK-cell function was iden-
tified as critical for the survival of allogeneic transplants (35).
However, it remained unclear whether NK cells targeted donor-
derived antigen-presenting cells (APCs) or effector T cells dur-
ing pancreatic islet allograft rejection. Instead, in a model of
allogeneic skin transplantation, it was shown that allograft-
derived donor APC dissemination was restricted by NK cells
(36). These APCs, among which also DCs were identified,
primed directly alloreactive T-cell responses. In a similar model
of allogeneic skin transplantation, these findings were extended
to demonstrate that donor DCs were eliminated by NK cells in
secondary lymphoid organs by perforin-mediated killing (30).
Thus, especially early after allograft transplantation, NK cells
seem to promote allograft acceptance by eliminating donor
APCs, which otherwise would directly prime recipient-derived
alloreactive T cells. However, this beneficial effect seems to be
transient and might be compromised after mature recipient DC
infiltration, which could then initiate indirect alloreactivity by
presenting mismatched antigens on self-MHC molecules for graft
rejection. In addition to an early NK-cell influence on DCs
during transplantation and only in some transplantation set-
tings, primarily documented for cardiac allografts, somatic
cells of the transplant might later up-regulate activating

;

Figure 5. IL-15–stimulated natural killer (NK) cells target allogeneic dendritic cells (DCs) in vitro and in vivo, and DC-depleted allografts are better

accepted. (a) NK cells were stimulated with IL-15 complexes in vivo and with IL-2 ex vivo. Their degranulation was determined by CD107a surface
expression in response to syngeneic or allogeneic DCs. NK cells were purified from lungs of naive or transplanted mice (representative flow

cytometric plots from nine independent experiments are shown). (b) Compiled data of degranulation experiments (nine mice per allogeneic

group, and four mice per allogeneic transplanted group, means, *P, 0.05, Mann-Whitney). (c) Representative flow cytometric analysis of congenic

markers on DCs of lung transplants with CD45.1 indicating recipient origin (C57BL/6) and CD45.2 donor origin (BALB/c). Lung cells were gated on
MHC class IIhighCD11c1 dendritic cells from allotransplanted untreated versus IL-15 complex–treated mice (three mice per group are shown,

means 6 SEM, *P , 0.05, two-way analysis of variance with Bonferroni post-test). (d) Total DC number in transplanted lungs (lung) and draining

lymph nodes (LN) of IL-15Ra (IL-15 receptor, a chain)–deficient recipients with and without NK-cell transfer from wild-type (wt NK) or perforin-
deficient (PKO NK) animals. Compiled data of three experiments and three animals per group are shown (means 6 SEM, *P , 0.05). (e) Total cell

numbers of donor-derived DCs (BALB/c MHCI1) in transplanted lungs and draining lymph nodes of the experimental groups as in (d) (means 6
SEM, *P, 0.05). (f) Representative contour plots of total (left column) and donor-derived (right column) DCs in the same experimental groups as in (d). (g)

Dendritic cells of CD11c-DTR mice were depleted with diphtheria toxin 24 hours before flow cytometric analysis (three mice per group, means 6
SEM, **P , 0.01). (h) Recipient CD41 and CD81 T-cell infiltrates on Days 1, 3, and 5 in lung allotransplants from mice with and without prior

diphtheria toxin treatment (four mice per group, means6 SEM, *P, 0.05). (i) Infiltrations into lungs were assessed by magnetic resonance imaging

in four regions of interest in each lung and expressed by proton density in arbitrary units comparing transplanted to contralateral, normal lungs

(percent differences, four mice per group are shown, means 6 SEM, **P , 0.01).
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ligands for NK cells and recruit these innate lymphocytes to
the rejection reaction.

In addition to their immunoregulatory role during solid organ
transplantation, NK cells are currently being explored for their
beneficial role during allogeneic bone marrow transplantation.
In patients with acute myeloid leukemia, NK cells from those
donors with a mismatch in MHC class I ligands for inhibitory
NK-cell receptors were found not only to mediate potent
graft-versus-leukemia effects against residual disease, but also
to control graft-versus-host disease (37). The latter was attrib-
uted to donor NK cell–mediated killing of allogeneic recipient
DCs, which otherwise would prime alloreactive donor T cells to
attack the host. Indeed, this beneficial effect has now been ob-
served in several clinical studies (38–40), and seems to be great-
est, if not only the recipient is lacking some of the inhibitory
MHC class I ligands for killer immunoglobulin-like receptors of
donor NK cells, but also if the donor carries distinct NK-cell
populations that rely on the mismatched inhibitory ligand for
self-tolerance. Thus, these studies complement the findings in
solid organ transplantation models and suggest that NK-cell
alloreactivity should be harnessed for clinical benefit to target
donor DCs in solid organ transplants and recipient DCs to prevent
graft-versus-host disease during bone marrow transplantation.

Our study describes one such possible intervention by boost-
ing NK-cell function with IL-15, an essential cytokine for
NK-cell development and activation (27, 28, 41–43). Although
this cytokine seems to be an attractive candidate for condition-
ing allogeneic recipients before transplantation, several caveats
need to be considered. First, IL-15 also promotes survival and
proliferation of memory CD81 T cells in mice, which could also
include alloreactive memory T cells in the transplant setting (27,
29). Second, in addition, this cytokine might also affect CD41

T-cell lineages in humans (44). And third, in recipients that
have been rendered lymphopenic by the conditioning regimen
before transplantation NK cells were found to restrict alloreac-
tive T-cell proliferation by constituting a sink for available IL-
15 (45), which would be overcome by IL-15 supplementation.
Thus, NK cells constitute an attractive target for immunomod-
ulatory treatments during transplantation and cytokines that
regulate their activity as well as expansion should be cautiously
evaluated for clinical benefits in allograft acceptance.

Author disclosures are available with the text of this article at www.atsjournals.org.
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