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ABSTRACT
Acute myeloid leukemia (AML) is associated with poor natural killer (NK) cell function through aberrant
expression of NK-cell-activating receptors and their ligands on tumor cells. These alterations are
thought to promote formation of inhibitory NK-target cell synapses, in which killer cell degranulation
is attenuated. Allogeneic stem cell transplantation can be effective in treating AML, through
restoration of NK cell lytic activity. Similarly, agents that augment NK-cell-activating signals within the
immunological synapse may provide some therapeutic benefit. However, the receptor–ligand
interactions that critically dictate NK cell function in AML remain undefined. Here, we demonstrate
that CD112/CD155 expression is required for DNAM-1-dependent killing of AML cells. Indeed, the low,
or absent, expression of CD112/CD155 on multiple AML cell lines resulted in failure to stimulate
optimal NK cell function. Importantly, isolated clones with low CD112/155 expression were resistant to
NK cell killing while those expressing abundant levels of CD112/155 were highly susceptible.
Attenuated NK cell killing in the absence of CD112/CD155 originated from decreased NK–target cell
conjugation. Furthermore, we reveal by time-lapse microscopy, a significant increase in NK cell ‘failed
killing’ in the absence of DNAM-1 ligands. Consequently, NK cells preferentially lysed ligand-
expressing cells within heterogeneous populations, driving clonal selection of CD112/CD155-negative
blasts upon NK cell attack. Taken together, we identify reduced CD155 expression as a major NK cell
escape mechanism in AML and an opportunity for targeted immunotherapy.
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Introduction

Acute myeloid leukemia (AML) is a hematological malignancy
characterized by the expansion and infiltration of irregularly or
poorly differentiated hematopoietic progenitor cells into the
bone marrow, peripheral blood and other tissues.1 Accumula-
tion of AML blasts in bone marrow interferes with the normal
production of erythrocytes, causing anemia, while immature
blasts have poor immune function and promote an immune-
compromised state in the patient.1 Intense chemotherapy
regimes, typically Cytarabine in combination with an anthyrcy-
cline,2 often invoke remission in AML patients; however,
relapse ultimately occurs in the majority of patients.3 In such
cases, allogeneic stem cell transplantation (ASCT) can be effec-
tive.1 Unfortunately, however, only a minority of patients are
deemed suitable for such therapy due to its invasive nature, and
graft-versus-host disease (GVHD) limits its efficacy. Thus,
there is an urgent need for more target-based immunotherapies
against AML.1,2

ASCT efficacy is thought to derive from the graft-vs.-leuke-
mia effect, in which host T cells are re-directed toward a minor
mismatch in histocompatibility antigens on leukemic blasts.4

Indeed, T-cell depletion increases the incidence of relapse after

ASCT, but does alleviate GVHD.5 Furthermore, poor cytotoxic
NK cell activity may be restored through generation of KIR-
dependent allo-reactivity, and through re-expression of NK-
cell-activating receptors such as DNAM-1 and NKG2D.4,6,7

Importantly, NK cell lytic activity against AML is correlated
with disease prognosis.8 AML blasts can escape NK cell-medi-
ated lytic activity through an extensive process of immune-edit-
ing, in which multiple NK cell activation receptors and their
ligands are manipulated to inhibit NK cell function (conjuga-
tion, degranulation and tumor cell lysis), leading to the induc-
tion of NK cell tolerance.9 Examples of such immune evasion
tactics include a dull NCR profile through downregulation of
NKp30 and NKp44,10 loss of NKG2D ligand expression
(MICA/B, ULBPs)11 and perturbation of the DNAM-1–
CD112/CD155 axis by inducing downregulation of DNAM-1
expression on NK cells.12 Therefore, compounds that can
increase the activity of NK cells toward AML are of consider-
able therapeutic interest. Indeed, cytokines, antibodies and
drugs can enhance NK cell activity through a variety of mecha-
nisms, including upregulation of NK-cell-activating receptors
and their corresponding ligands on AML cells.9 Thus, identify-
ing the key receptor–ligand interactions that promote this
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repressed NK cell phenotype is of extreme clinical importance
for the generation of targeted therapies.

NK cell receptor–ligand interactions occur within a
nanoscale space at the NK cell-tumor contact site, called an
immune synapse.13 Regions within the immune synapse can
be segregated into domains called supramolecular activation
clusters (SMACs).13 Upon synapse formation, signaling
molecules that drive NK cell activation are polarized into
the central SMAC region (cSMAC), while adhesion recep-
tors such as LFA-1, CD2 and DNAM-1 accumulate around
the cSMAC, called the peripheral SMAC (pSMAC).14 Exe-
cution of tumor cell killing is dictated by the relative
strength of activatory and inhibitory signals, delivered to
the NK cell from the tumor cell.15 In the case of activating
signal dominance, polarization of the microtubule organiz-
ing center (MTOC) occurs, and facilitates the delivery of
cytotoxic granules into the synaptic cleft.16 If inhibitory sig-
nals prevail, an inhibitory synapse is formed, in which NK
cell degranulation fails.15 Because AML is associated with
powerful inhibitory NK cell signals, understanding the criti-
cal molecular determinants in creating inhibitory NK cell
synapses is of great importance for the generation of tar-
geted therapies against AML.

DNAM-1 is a trans-membrane adhesion molecule and
member of the immunoglobulin superfamily, which is
expressed on T cells and NK cells.17 DNAM-1 drives NK-
cell-mediated cytotoxicity and interferon-g production in
response to diverse cancer types and infected cells, by act-
ing as an activation signal within the synaptic pSMAC.18

Upon stimulation, DNAM-1 drives a signaling cascade via
a tyrosine- and asparagine-based motif in the cytoplasmic
domain.19 This motif is phosphorylated by Src kinases to
promote activation of Vav-1, phosphatidylinositol 3 kinase,
and phospholipase C-g1.19 Indeed, DNAM-1 triggers NK
cell killing of freshly isolated ovarian carcinoma and neu-
roblastoma cells20,21 and is required for killing and control
of melanoma metastases.22,23 Similarly, mice lacking
DNAM-1 exhibit accelerated growth of DNAM-1 ligand-
expressing tumors.24 Thus, DNAM-1 appears to be a key
regulator of NK-cell-mediated cancer immunosurveilance.
Interestingly, the interaction of DNAM-1 with one of its
ligands, CD112, is a pathogenic target of herpesvirus, in
which a viral gene product (gD) stimulates degradation of
CD112 to avoid NK-cell-mediated lysis of infected cells
and subsequent viral clearance.25 Similarly, HIV infection
drives an exhausted T-cell phenotype, characterized by
loss of DNAM-1 expression.26 In line with a central role
for DNAM-1 in cancer immunosurveilance, genetic evi-
dence has emerged implicating DNAM-1 mutations as a
significant cancer risk factor.27 Taken together, these
observations suggest that DNAM-1 is a global regulator of
T-cell and NK-cell-mediated cytotoxicity, and perturba-
tions in this pathway are likely to result in dramatically
compromised antitumor and pathogen immunity.

Given that AML is typified by poor NK cell function, and
the role of DNAM-1 and DNAM-1 ligands in this context
remains unexplored, we examined the DNAM-1-CD112/
CD155 receptor–ligand axis in controlling NK-cell-mediated
cytotoxicity toward AML cells.

Results

AML cells promote poor NK-cell-mediated conjugation and
killing

To interrogate the mechanisms underpinning poor NK-cell-
mediated cytotoxicity in AML, we initially monitored the
killing efficiency of allogeneic NK cells against a panel of
AML cell lines. The archetypical human NK target cell line,
K562, served as a control for efficient NK-cell-mediated
lysis. As Fig. 1A demonstrates, all AML cell lines tested
exhibited more resistance to NK cell killing over various
effector:target ratios (see also Fig. S1). NK-cell-mediated
killing was dependent on the cytotoxic granule exocytosis
pathway, as the calcium chelator EDTA (which blocks per-
forin function), suppressed NK-cell-mediated killing entirely
(Fig. 1B).

We hypothesized that the poor NK-cell-mediated killing
of AML cells may be due to sub-optimal conjugation and
subsequent failure to form a cytotoxic synapse. Indeed, we
found that while K562 cells formed high-frequency NK–
tumor cell conjugates, NK cells were impaired in their abil-
ity to form stable conjugates with multiple AML cell lines
(Fig. 1C). Furthermore, when we monitored NK cell
degranulation upon exposure to the AML cell lines, we
found that multiple AML cell lines triggered very poor NK
cell degranulation (Fig. 1D), consistent with poor target cell
lysis (Fig. 1A).

Given that NK cells formed stable cytotoxic synapses
with AML cells at a poor frequency (Fig. 1D), this sug-
gested that synapse-associated adhesion/activation interac-
tions were not occurring efficiently in the pSMAC,
resulting in a failure to breach the activation threshold
necessary to trigger degranulation.28 DNAM-1 is known to
be involved in NK cell adhesion, activation and tumor
immune surveillance, and is often downregulated on
immune cells from AML patients.12 The observed poor
NK cell conjugation and killing of AML cells suggested
that the DNAM-1-CD112/155 receptor–ligand axis might
not be functioning optimally. To investigate this, we ini-
tially screened the AML cell lines for expression of the
DNAM-1 ligands, CD112 and CD155. While K562 cells
expressed DNAM-1 ligands abundantly, all other cell lines
expressed poorly, or failed to express, either CD112 or
CD155 (Fig. 2A). All cell lines, however, did express the
hematopoietic progenitor marker, CD33 (Fig. 2A). Impor-
tantly, while low levels of DNAM-1 ligand expression
could be detected on PL21, THP-1, MV411 and HL60
cells, the majority of cells within these cultures expressed
no CD112 or CD155 (Fig. 2B). Thus, DNAM-1 ligand
expression, particularly CD155, is expressed heteroge-
neously, both among AML cell lines and clonally. We also
confirmed by confocal microscopy that particular clones
within the AML cell cultures expressed heterogeneous lev-
els of CD155 expression, with only a minority of cells
expressing high levels of CD155 (with the majority being
negative for CD155 expression) (Fig. 2C). Thus, sub-opti-
mal expression of DNAM-1 ligands was likely responsible
for the poor NK cell conjugation and subsequent killing of
AML cells we observed (Fig. 1).
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DNAM-1 ligands promote NK cell degranulation and AML
cell lysis

To further explore the heterogeneity of DNAM-1 ligand
expression on AML cells, we analyzed the expression of CD112
and CD155 simultaneously on K562 cells. Expression of both
ligands ranged from largely negative, to high-expressing clones,
suggesting a sub-population of cells may exist that is refractory
to DNAM-1 interactions during NK cell attack. To investigate
this, we sorted the two populations, now referred to as ‘high’
and ‘low’ AML cell populations based on CD112/CD155
expression (Fig. 3A). We found that cells expressing low levels
of DNAM-1 ligands failed to trigger NK cell degranulation to
levels observed when the NK cells were exposed to high ligand-
expressing AML targets (Fig. 3B). Importantly, this resulted in
a dramatic reduction in the ability of NK cells to induce tumor
cell lysis (Fig. 3C). Therefore, decreased CD112/155 expression
allows AML cells to avoid NK cell-mediated lytic activity. Simi-
larly, CD112/155 expression could be characterized as ‘low’
and ‘high’ on MV-411 cells and separated accordingly by flow
cytometry (Fig. 3D). Again, NK cells largely failed to degranu-
late when exposed to ‘low’ ligand-expressing targets (Fig. 3E),
and this translated to dramatically attenuated tumor cell killing
(Fig. 3F). Consistent with these data, upregulation of CD155 by
the anti-myeloma drug, Bortezomib, restored sensitivity of the
‘low’ ligand-expressing AML targets to NK cell killing (Fig. S2).

While DNAM-1 is considered the dominant NK-cell-acti-
vating receptor that interacts with CD155 and CD112, these

ligands also function through CD96/TACTILE and TIGIT
(T cell immunoreceptor with Ig and ITIM domains). While
CD96 can serve to limit DNAM-1-induced NK cell activation
through competitive binding to CD155,29 it may also enhance
NK cell killing by promoting NK–tumor cell conjugation.30

Therefore, we investigated if the enhanced NK-cell-mediated
killing of CD112/CD155 high ligand-expressing cells was
indeed DNAM-1 dependent. To address this question, we neu-
tralized DNAM-1 activity using a blocking monoclonal anti-
body and found that neutralization of DNAM-1 significantly
attenuated NK cell killing of multiple AML cell lines (Fig. 3G).
As expected, K562 cells expressing high DNAM-1 ligands were
killed rapidly in the presence of a control antibody (Fig. 3H). In
the presence of the anti-DNAM-1 antibody, however, this
increase was normalized to DNAM-1 ligand ‘low’ levels. Fur-
thermore, anti-DNAM-1 antibody treatment had a negligible
effect on the killing of AML cells that expressed minimal
DNAM-1 ligands (Fig. 3H). Similar results were obtained with
MV-411 cells (Fig. 3I). Thus, CD112/CD115 expression directly
impacts on DNAM-1-dependent NK cell killing of AML cells.

The cytotoxic synapse is ‘normal’ in the absence of DNAM-
1 ligands, but occurs less frequently

To explore the effect of DNAM-1 ligand expression on NK
cell conjugation, we monitored the frequency of NK–tumor
cell synapse events by confocal microscopy. K562 and

Figure 1. NK cells have poor activity against AML cells. (A) Chromium release assay using donor NK cells as effectors and the indicated AML cell lines as targets. (B) Chro-
mium release assay as in (A) in the presence or absence of EDTA (2 mM). (C) NK cell conjugation assay using the indicated AML cell lines as targets. At the indicated time-
points, NK-AML cell conjugates were analyzed by flow cytometry, as described in materials and methods. (D) NK cell degranulation assay in which CD107a exposure was
monitored by flow cytometry after incubation with the indicated AML cell lines. Error bars represent the mean § SEM of triplicate determinations from a representative
experiment (n D 3).

ONCOIMMUNOLOGY e1196308-3



Figure 2. AML cells exhibit no, or heterogeneous, expression of DNAM-1 ligands. (A) The indicated AML cell lines were analyzed for expression of CD112, CD155 and CD33
by flow cytometry. Iso refers to immunoglobulin isotype matched control antibody while stain indicates specific antibody staining. (B) The percentage of cells expressing
the indicated ligands within populations of the indicated cell type, as analyzed from (A). (C) CD155 expression on the indicated AML cell lines was visualized by confocal
microscopy. Scale bar represents 20 mm.
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MV-411 cells expressing low levels of DNAM-1 ligands
formed very few synapses with NK cells compared to high
ligand-expressing cells (Fig. 4A and B). We then interro-
gated polarization of key molecules to the NK cell synapse
interface when exposed to high or low DNAM-1 ligand-
expressing cells. We observed efficient polarization of the
MTOC, actin, LFA-1, CD2 and perforin to the target con-
tact site in MV-411 ‘high’ cells (Fig. 4C, left panel and D).
While these events appeared to also occur in MV-411 ‘low’
cells (Fig. 4C, right panel and D), the frequency in which
NK–tumor cell synapses could be detected was severely
reduced (Fig. 4A). Similar results were observed for K562
cells (Fig. 4D). Thus, we conclude that the DNAM-1-
CD112/155 axis is required to breach a conjugation and
subsequent activation threshold,28 which is required for sta-
ble synapse formation and delivery of cytotoxic granules.

As a result, a large proportion of NK-tumor cell contacts
fail to proceed to cytotoxic synapse formation in the
absence of sufficient DNAM-1 ligand stimulation.

Low DNAM-1 ligand expression promotes ‘failed killing’ of
AML cells

Having uncovered a diminished frequency of NK cell-AML sta-
ble synapse events in the absence DNAM-1 ligand expression
(Fig. 4), we used time-lapse microscopy to further interrogate
this phenomenon at the single cell level in real time. Upon con-
jugation of NK cells with target cells, receptor activation trig-
gers calcium influx into the NK cell which is required, but not
sufficient, for NK cell degranulation.31 Furthermore, Propidium
Iodide (PI) rapidly diffuses through the perforin pore upon
delivery of the lethal hit, when added to the assay medium.32

Figure 3. DNAM-1 ligands are required for NK cell activity against AML targets. (A) K562 cells were stained with anti-CD112 and anti-CD155 antibodies, then FACS sorted
into high expressing (both CD112 and CD155) and low expressing (both CD112 and CD155) populations. (B) K562 cells were FACS sorted as in (A), then used as targets in
an NK cell degranulation assay. (C) K562 cells were FACS sorted as in (A), then used as targets in an NK cell chromium release assay. (D) MV4-11 cells were stained with
anti-CD112 and anti-CD155 antibodies, then FACS sorted into high expressing (both CD112 and CD155) and low expressing (both CD112 and CD155) populations. (E)
MV4-11 cells were FACS sorted as in (D), then used as targets in an NK cell degranulation assay. (F) MV-411 cells were FACS sorted as in (D), then used as targets in an NK
cell chromium release assay. (G) NK cell chromium release assay against the indicated AML targets (5:1 E:T ratio) in the presence or absence of anti-DNAM-1-neutralizing
antibody (5 mg/mL). (H–I) NK cell chromium release assay at the indicated E:T ratios using FACS sorted high and low CD112/CD155 expressing K562 and MV-411 cells, in
the presence or absence of anti-DNAM-1-neutralizing antibody (5 mg/mL). Error bars represent the mean§ SEM of triplicate determinations from a representative experi-
ment (nD 3). �p < 0.05 by unpaired Student’s t test.
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Figure 4. DNAM-1 ligands increase the frequency of ‘normal’ NK-target cell synapses. (A–B) FACS sorted (CD112/155 high and low) K562 and MV-411 cells were seeded in
chamber slides using serum free media, then overlaid with NK cells 30 min later, followed by fixing. The percentage of targets that had conjugated with an NK cell was
then quantitated by confocal microscopy. A minimum of 20 fields of view was analyzed and is representative of two independent experiments. (C) FACS sorted (CD112/
155 high and low) MV4-11 cells were seeded in chamber slides using serum free media, then overlaid with NK cells 30 min later. After 1 h, cells were fixed, stained with
the antibody combinations indicated, then analyzed by confocal microscopy. Representative images of NK-target cell synapses are presented. Scale bar represents 10
mm. (D) The percentage of NK cells that had polarized LFA-1 and perforin to the synapse was quantified from (C). A minimum of 20 NK-target cell synapses was analyzed
and data from two independent experiments was pooled. Error bars represent the mean § SEM �p < 0.05 by unpaired Student’s t test.
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These events can be monitored by imaging the cells in real time
using time-lapse microscopy32 and allows accurate quantifica-
tion of the proportion of NK–tumor cell interactions that trig-
ger calcium influx and result in a successful lethal hit.

We utilized this technique to investigate NK cell interactions
with MV-411 AML cells expressing low or high levels of
CD112/CD155. Fig. 5A shows a series of still images captured
from Movie 1 (supplemental data) in which six AML ‘high’
cells were lysed by the NK cells within 2 h from the time of NK
cell addition. The first successful lethal hit can be detected
within 45 min and is indicated by sudden PtdIns positivity
within the tumor cells (‘PI blush’), which is preceded by robust
NK cell calcium fluxing. Interestingly, however, when MV411
cells that express no/low CD112/CD155 were analyzed, NK
cells did not kill any of the six available tumor cells within the
same time period, despite multiple attempts (Movie 2, supple-
mental data). Indeed, NK cell calcium flux could be detected to
comparable levels as that with high ligand-expressing cells;
however, these interactions resulted in ‘failed killings’ (as evi-
dent by the absence of PtdIns blush and morphological cell
death) (Fig. 5A). Indeed, five AML ‘low’ cells remained alive
even after an extended time period of 6.5 h, despite repeated
attempts by NK cells to lyse the targets (Fig. S3 and Movie 3,
supplemental data). Quantification of these ‘failed killing’
events (Fig. 5B) translated into a poor rate of successful target
lysis (Fig. 5C). Consistent with our confocal microscopy, a
small number NK cell interactions with low ligand-expressing
AML cells did result in successful killing. In these less frequent
occurrences, the time from initial NK cell contact to PI blush
was not altered by ligand expression (Fig. 5D). We also con-
firmed these findings using K562 cells as target cells
(Fig. 5E–F). Interestingly, when K562 low cells were killed by
NK cells, the time from contact to kill was significantly
increased, compare to K562 high cells (Fig. 5G). These data
suggest that loss of DNAM-1 ligand expression on AML cells
promotes a sub-optimal synapse in which an activation thresh-
old, required for cytotoxicity, is rarely breached, resulting in
frequent ‘failed killing’ events.

Low DNAM-1 ligand-expressing AML clones are enriched
following NK cell attack

AML cells can evade destruction by the immune system
through extensive immuno-editing of receptors that promote
and inhibit cytotoxic lymphocyte attack to generate a state of
immune tolerance.28,33 Given the heterogeneity of CD112
and CD155 expression within AML cultures (Fig. 2), we
questioned whether poor NK-cell-mediated lysis of these
populations is derived from clones that fail to express these
ligands. Initially, we isolated K562 clones expressing high or
low CD112/CD155 and labeled these populations with CFSE
and CTV dyes, respectively, prior to NK cell exposure.
Indeed, specific NK cell killing could be determined through
loss of these dyes within the viable cell populations
(Fig. 6A). As expected, ‘high’ ligand clones were preferen-
tially eliminated from the target mixture, with ‘low’ ligand-
expressing cells evading killing entirely at 2.5 and 1.25 E:T
ratios (Fig. 6B). We confirmed our observations using
MV411 cells (Fig. 6B). Thus, DNAM-1 ligand negative AML

clones, within a heterogeneous population, are resistant to
NK cell killing and are enriched following NK cell exposure.
To explore this phenomenon during prolonged NK cell
attack, we exposed K562 and MV-411 cells to NK cells for 5
d. When the surviving clones were then analyzed, these cells
had dramatically reduced expression of DNAM-1 ligands
(Fig. 6C and D). Thus, AML cell resistance to NK cell killing
is likely to originate through clonal selection, and subsequent
outgrowth of DNAM-1 ligand negative blasts.

Discussion

NK cell activity (including target cell conjugation and decision
to degranulate) is governed by the balance of activatory and
inhibitory signals that are delivered to receptors expressed by
the NK cells. Thus, the loss of signals that promote conjugation
can dramatically affect the propensity of NK cells to degranu-
late. Furthermore, certain receptors, such as DNAM-1 and
LFA-1, can serve to promote conjugation and activation/
degranulation simultaneously. Indeed, DNAM-1 is a known
adhesion molecule for NK and T-cells, but can also deliver a
co-stimulatory/activatory signal through triggering of down-
stream signaling cascades.34 Therefore, these receptors and
their ligands are likely to be deregulated in diseases where NK
cell activity is subdued.

AML is a disease that can potentially be eradicated by the
immune system, as evident by the success of ASCT treat-
ment. However, because this course of action is often not an
option, a better understanding of the events that promote a
state of immune suppression in AML is critical. AML pro-
gression is associated with the failure of NK cells to form
cytotoxic synapses with AML blasts.33 Poor NK cell cytotox-
icity may be attributed to the deregulation of several critical
steps that are required for optimal NK-cell-mediated immu-
nity. Initially, it has been demonstrated that NK cells form
low-frequency conjugates with AML cells.35 Downstream of
this early event, NK-AML cell conjugation events may not
necessarily result in formation of a cytotoxic synapse, in
which the tumor cell is successfully lysed.35 Finally, intrinsic
resistance to apoptosis may play a role in resistance to NK-
cell-mediated killing, downstream of granule entry.36 Here,
we demonstrate that poor NK cell function against AML
cells originates through an early conjugation defect, which is
deregulated through aberrant expression of DNAM-1
ligands. This resulted in a failure of NK cells to degranulate
and kill the AML tumor cells. Furthermore, through time-
lapse imaging, we reveal for the first time that, in the absence
of DNAM-1 ligands, NK-tumor cell contacts fail to proceed
to cytotoxic granule delivery, resulting in failed killing.

It was demonstrated that DNAM-1 drives NK cell func-
tion through two steps; first, DNAM-1–CD112/CD155 inter-
actions promote NK cell adhesion to target cells, an event
that can be uncoupled from signaling.19 Upon stable target
cell adhesion/conjugation, DNAM-1 stimulation then trig-
gers an intracellular signaling cascade through its cyto-
plasmic tyrosine-based tail to drive ERK, AKT and calcium
flux.19 Thus, perturbation of the DNAM-1 axis attenuates
NK cell function via two distinct mechanisms, which syner-
gize to result in poor cytotoxicity.
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Figure 5. Live imaging reveals that AML cells lacking DNAM-1 ligand expression drive NK cell failed killing. (A) FACS sorted (CD112/155 high and low) MV4-11 cells were
seeded in chamber slides using serum free media, then overlaid with NK cells labeled with fluo-4 acetoxymethyl AM (green) to indicate calcium signaling, and analyzed
by time-lapse microscopy. PtdIns (red) (100 mg/mL) was added to the medium to indicate perforin-induced target membrane puncture. Representative still images at the
indicated time-points are depicted (hr:min). (B–C) Individual NK-MV-411 CD112/CD155 high and low contacts were monitored for events that did (successful kill) or did
not (failed kill) result in target killing, as indicated by PI influx and apoptotic morphology. (D) The time interval between initial NK-target cell contact and target cell death
(PtdIns influx) was analyzed. (E–G) K562 cells were used as targets in the assays described in (B–D) above. All quantification data is pooled from individual movies (nD 3).
Error bars represent the mean § SEM �p < 0.05 by unpaired Student’s t test.
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Our finding that NK cells attempt, but fail to kill AML
targets, has important implications beyond a direct loss in
cytotoxicity. It is now appreciated that cytotoxic cells,
including CD8C T cells, are driven into a state of ‘exhaus-
tion’ following prolonged exposure to antigen during cancer
or infection.37 This compromised state occurs, at least in
part, through upregulation of immune checkpoint inhibitors
such as PD-1 and CTLA-4.37 Thus, NK cells that repeatedly
fail to lyse target cells due to sub-optimal DNAM-1

stimulation are likely to become exhausted and lose func-
tion over time. Furthermore, T cells and NK cells that
engage in failed killing hypersecrete pro-inflammatory cyto-
kines and chemokines.38 Importantly, inflammation driven
through this process is responsible for the pathogenesis of
diseases including hemophagocytic lymphohistiocytosis
(FLH)38 and inflammation is a potent driver of tumor initi-
ation, proliferation and metastases.39 Therefore, NK-cell-
failed killing through poor DNAM-1 function may actually

Figure 6. NK cells preferentially target DNAM-1 ligand-expressing cells and drive clonal selection of DNAM-1 ligand negativity. (A) FACS-sorted K562 CD112/CD155 high
and low cells were labeled with CFSE and CTV, respectively, then exposed to NK cells at the indicated E:T ratios. After 4 h, cells were analyzed by flow cytometry and loss
of dye was monitored from viable populations. (B) Extended E:T ratio titration for the assay described in (A), using FACS-sorted K562 and MV-411 CD112/CD155 high and
low cells as targets. Error bars represent the mean § SEM of triplicate determinations from a representative experiment (n D 2). �p < 0.05 by unpaired Student’s t test.
(C–D) K562 and MV-411 cells were either exposed to NK cells (1:1 E:T Ratio), or not, for 5 d. Viable AML cells (fixable yellow negative, CD33 positive) were then analyzed
for CD112 and CD155 expression by flow cytometry, and compared to parental cells (no NK cell exposure). Bar charts represent the number of CD112/CD155 double posi-
tive cells after 5 d in the presence or absence of NK cell exposure. Error bars represent the mean § SEM of triplicate determinations from a representative experiment
(nD 3). �p < 0.05 by unpaired Student’s t test.
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drive disease progression, independently from a direct loss
of cytotoxicity.

Because NK cell function is governed by receptor–ligand
interactions, agents that can upregulate NK cell activating
receptors and/or their ligands hold great promise therapeuti-
cally. Indeed, drugs that have pleiotropic immune-modulatory
effects, such as lenalindomide provide some efficacy in hemato-
logical malignancies. Lenalidomide is thought to operate, at
least in part, through augmenting NK cell synapse formation
with tumor cells.40 However, the precise mechanism of action
is unknown and problematic side effects limit the use of this
agent. Thus, more targeted drugs that directly stimulate upre-
gulation of NK-cell-activating ligands, such as CD112 and
CD155, are required. Recent studies demonstrate that DNAM-
1 ligands are regulated by ATM and ATR pathways, which are
induced by DNA damage, at least in multiple myeloma.41 Con-
sistent with this observation, standard chemotherapeutics such
as doxorubicin and melphalan can promote DNAM-1 ligand
expression when administered at low concentrations, promot-
ing NK cell cytotoxicity.41 However, as these drugs are intrinsi-
cally cytotoxic, further studies are required to understand ways
to specifically regulate DNAM-1 ligand expression in AML and
other malignancies.

Taken together, we have demonstrated that the DNAM-1
receptor–ligand axis is critical to NK-cell-mediated AML
immunity. Perturbation of this axis, through selective pressure
of AML clones expressing low levels of these ligands can dra-
matically attenuate NK cell cytolytic activity against these
tumor cells. We therefore identify a critical interaction for tar-
geted immunotherapy.

Materials and methods

Antibodies

Directly conjugated antibodies were used for of the analy-
sis of NK cell ligands and consisted of anti-human
CD155-PE (FAB25301, R&D systems), CD112-FITC
(FAB2229G, R&D systems), CD33 PECy7 (333946, BD)
and anti-mouse CD112-FITC (690912 R&D systems),
CD155-PE (690912, R&D systems). For microscopy, the
following antibodies were used: rat anti–LFA-1 (55378, BD
Biosciences), anti-CD2 (55325, BD Biosciences) and anti-
perforin (556434, BD Biosciences); phalloidin-rhodamine
(Molecular Probes), and rabbit and rat anti-tubulin (Rock-
land). Secondary antibodies conjugated to Alexa Fluoro-
phores and ProLong antifade with DAPI were purchased
from Molecular Probes.

Cells

The cell lines K562, MV-411, PL-21, ML-2, HL-60, and THP-1
were cultured in RPMI medium (Gibco, Invitrogen) supple-
mented with 10% FCS (Thermo Scientific) with penicillin/strep-
tomycin (Gibco), and incubated at 37�C in 5% CO2. Primary
NK cells were derived from PBMC of healthy volunteer donors
and from buffy coat provided by the Australian Red Cross, using
negative selection isolation kits (StemCell Technologies, Inc.).
NK cell (CD56C, CD16C, CD3¡) purity of above 90% purity

was considered adequate for assays. NK cells were cultured in
RPMI medium supplemented with 10% fetal calf serum (FCS),
L-glutamine, penicillin/streptomycin, non-essential amino acids,
sodium pyruvate, HEPES, b-2-mercaptoethanol (Calbiochem),
and 25 IU/mL recombinant human IL-2 (ROCHE), at 37�C in a
5% CO2 atmosphere.

Flow cytometry

For cell soring by flow cytometry, 10 £ 106 AML cells were
incubated with anti CD112-FITC and CD155-PE for 20 min at
37�C in PBS, 2% FCS (FACS buffer). Cells were washed three
times with FACS buffer prior to capture of ‘high’ and ‘low’
ligand-expressing cells by flow cytometry (Fusion 5, GE
Healthcare). Cells were then cultured for at least 24 h under
normal conditions prior to use in an assay. Acquisition of all
flow cytometry data was performed using a Fortessa analyzer
(BD Biosciences). All analysis of flow cytometry data was
undertaken using Flowjo (Treestar).

Degranulation assay

NK cells were pre-treated with Golgi Plug (BD Biosciences) for
15 min prior to addition of targets at an E:T ratio of 2:1, in 96-
well v bottom plates (Nunc). PE conjugated anti-CD107a (BD
Biosciences) was added to the assay medium at a concentration
of 1 mg/mL. At the indicated time-points, cells were washed
then fixed in 2% PFA, and analyzed by flow cytometry.

Cytotoxicity assay

NK cell cytotoxic activity was measured using a standard
chromium release assay as follows: of 1 £ 106 targets were
labeled with 100 mCi of 51Cr (Perkin Elmer) and added to
V bottom plates. NK cells were then added to the targets at
the indicated effector to target (E:T) ratios. After 4 h at
37�C in 5% CO2, supernatants were harvested, and the level
of 51Cr was quantified by a gamma counter (Wallac Wiz-
ard). Percentage specific killing was determined using the
formula: (Sample 51Cr release – Spontaneous 51Cr release)/
(Total 51Cr release – Spontaneous 51Cr release) £ 100.

Immunofluorescent fixed microscopy

Indicated AML cells were adhered onto 8-well chamber slides
in serum-free media for 30 min, prior to addition of NK cells
for the indicated time periods. Cells were then fixed and per-
meabilized, then labeled with primary Abs, followed by detec-
tion with Alexa Fluor–conjugated secondary Abs and mounted
in Prolong anti-fade containing DAPI (Molecular Probes). The
slides were imaged using a FV1000 confocal microscope
(Olympus, NY). NK cells selected for protein scoring had a sin-
gle contact site with one tumor cell, indicating a single synapse
event. Polarization to the synapse was determined by quantitat-
ing the amount of non-nuclear fluorescence in the proximal
(P) region (first third of NK cell closest to tumor cell) and distal
(D) region (rest of NK cell). A minimum of 20 synapse events
were counted per treatment.
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Time-lapse microscopy

Target cells were prepared for live cell imaging by seeding
1 £ 104 K562 or MV-411 cells into each well of an 8-well
chamber slide (Ibidi, Munich, Germany) and incubating over-
night at 37�C/10% CO2 in serum-free media to promote adher-
ence to the slide. 2 £ 104 NK cells were labeled with Fluo-4 for
20 min (1 mM Fluo-4 and 0.02% [w/v] Pluronic F-127 carrier
at 37�C/10% CO2), then added to adherent targets, in media
containing 100 mM PI (PtdIns).32 Chamber slides were
mounted on a heated stage within a temperature-controlled
chamber maintained at 37�C, and constant CO2 concentrations
(5 or 7%) were infused using a gas incubation system with
active gas mixer (“The Brick;” Ibidi). Optical sections were
acquired through sequential scans of Fluo-4 (excitation
488 nm; 5-mm pinhole), PI (excitation 561 nm; 1.38-mm pin-
hole), or Brightfield/DIC on a TCS SP5 confocal microscope
(Leica Microsystems, Deerfield, IL) using a 40£ (NA 0.85) air
objective and Leica LAS AF software. Images were acquired at
»6–7 frames/min. Image analysis was performed using Meta-
Morph Imaging Series 7 software (Universal Imaging, Down-
ingtown, PA).

Statistical analysis

In all cases, data was considered to be statistically significant
when p � 0.05, by unpaired students t-test.
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