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ABSTRACT

Although natural killer cells (NK cells) were traditionally classified as members
of the innate immune system, NK cells have recently been found also to be an
important player in the adaptive immune systems. In this context, in vitro activation
of NK cells by cytokines leads to generation of NK cells with memory-like properties
characterized by increased interferon-y (IFNy) production. However, it remains to be
defined whether these memory-like NK cells exist in vivo after cytokine activation.
Furthermore, it is also unclear whether such memory-like NK cells induced in vivo by
cytokines could have effective anti-leukemia response. To address these issues, we
used an in vivo pre-activation and re-stimulation system that was able to produce NK
cells with increased IFNy secretion. It was found that after in vivo pre-activation and
re-stimulation with interleukins (ILs), NK cells retained a state to produce increased
amount of IFNy. Of note, whereas this intrinsic capacity of enhanced IFNy production
after in vivo IL pre-activation and re-stimulation could be transferred to the next
generation of NK cells and was associated with prolonged survival of the mice with
acute lymphoid leukemia. Moreover, the anti-leukemia activity of these memory-like
NK cells was associated with IFNy production and up-regulation of NK cells activation
receptor-NK Group 2 member D (NKG2D). Together, these findings argue strongly
that in vivo IL pre-activation and re-stimulation is capable to induce memory-like NK
cells as observed previously in vitro, which are effective against acute lymphoblastic
leukemia, likely via NKG2D-dependent IFNy production, in intact animals.

Published: November 01, 2016

INTRODUCTION

As NK cells play a crucial role in immunosurveillance
against tumor formation, NK cells and their receptors can
be targeted in many therapeutic approaches [1]. Although
NK cells are traditionally considered to play the key role
in the innate immune reaction, they have recently been
discovered as an important component with memory-
like function in the adaptive immune systems as well.
Immunological memory is the ability of certain immune
cells (e.g., T and B cells) to “remember” the first encounter
with a pathogen and thus to provide an enhanced immune
response to the secondary encounter with the same
pathogen. Memory cells are often long-lived cells while
phenotypically and epigenetically distinct from their
naive counterparts, which thus respond more robustly to
secondary infection than the latter. However, the classical

concept of immunological memory solely applied to
lymphocytes (i.e., T and B cells) has recently been
challenged by the findings from the studies of NK cells,
including that 1) antigen-specific NK memory cells can be
induced by MCMV (mouse cytomegalovirus) infection; 2)
NK memory cells can also be induced by exposure to
cytokines alone; and 3) liver-restricted NK memory cells
display highly antigen-specific recall immune responses
[2]. In this context, activation of NK cells by cytokines
alone leads to generation of NK cells with memory-like
properties characterized by increased IFNy production [3].
Notably, such a property of NK cells induced by cytokine
itself are not found in the typical adaptive immune
memory of B and T cells, as their activation requires both
antigen-receptor signals and co-stimulation with cytokines
[4]. Interestingly, the memory-like properties occur not
only in NK cells that have not undergone cell division,
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but also in those that are the product of division [5]. The
mechanism by which cytokine stimulation generates
memory-like function of NK cells still remains unknown.
However, there is a possibility that upon cytokine-induced
activation, certain epigenetic changes occur at certain loci
in NK cells, which imprint a memory-like phenotype. As
NK cells constitutively express IFNy transcripts [6], it
is most likely that those epigenetic modifications appear
at the loci responsible for post-transcriptional or post-
translational up-regulation of this cytokine.

The NK cells activation receptor NKG2D is a C-type
lectin-like activating receptor expressed on the surface of
NK, CD8 T, and yd T cells [7]. Its ligands (NKG2DL)
are UL16-binding proteins, which are structurally similar
to MHC class I molecules and thus comprise members
of the MHC class I-related chain (MIC) family (MICA
and MICB) [8, 9]. On the cell membrane, human NKG2D
associates with DAP10, while mouse NKG2D may
associate with both DAP10 and DAP12, which activate
downstream signaling pathways, resulting in activation
of NK cells as well as co-stimulation of CD8 T cells
[10]. NKG2D-deficient mice are more prone to develop
cancer than their wild-type counterparts [11]. Moreover,
neutralization of NKG2D increases the susceptibility of
mice to carcinogen-induced sarcomas [12]. Whereas NK
cells secrete high levels of IFNy in response to agonists
of IL-12, this effect can be further enhanced by co-
stimulation of NKG2D [13]. While the stimulatory effect
of MICA-NKG2D interaction is able to induce NK cells
with a capacity of IFNy production [14], the number of
NK cells secreting IFNy is significantly reduced when
NKG2D is blocked by anti-NKG2D antibodies [15].

It is noteworthy that virtually all of the earlier
studies used the models of in vitro pre-activation and
ex vivo or in vivo re-stimulation with cytokines. For
example, in the study by Yokoyama et al., pre-activation
by cytokines was carried out in vitro, followed by ex vivo
re-stimulation for cytokine production [3]. However, after
transfusion, NK cells are disabled early due to loss of [FNy
production, probably in association with down-regulation
of the transcription factors Eomesodermin and T-bet [16].
Consequently, attempts so far to translate the promising
biologic functions of NK cells in vitro activated by
cytokines, through adoptive cell transfer (ACT), for the
treatment of cancer have shown limited benefit. Therefore,
certain critical issues remain to be addressed whether
memory-like properties of NK cells also occur in vivo after
activation with cytokines and whether such properties are
required for anti-tumor activity of NK cells. To this end,
a model of in vivo pre-activation and re-stimulation with
cytokine was used in the present study. Here we report
that NK cells indeed retained a state to produce increased
amount of IFNy state after in vivo interleukin (IL)
pre-activation and re-stimulation. Such an intrinsic
capacity of NK cells induced by in vivo IL pre-activation
and re-stimulation not only could be passed to the next

generation of NK cells, but also played an important
role in anti-leukemia activity. Moreover, the mechanism
underlying anti-leukemia activity of these NK cells was
associated with increased IFNy secretion via up-regulation
of NKG2D. These findings indicate that the strategy
of in vivo IL pre-activation and re-stimulation could
induce retained memory-like NK cells with enhanced
IFNy production, which contribute to markedly increase
anti-leukemia activity, thereby suggesting a novel and
potentially effective approach of NK cell ACT therapy to
treat acute lymphoblastic leukemia.

RESULTS

In vivo interleukin pre-activation and re-
stimulation is able to induce memory-like NK
cells with enhanced IFNy production

Memory-like NK cells that produce abundant IFNy
are virtually all generated by in vitro IL pre-activation [3].
Although these NK cells are able to traffic to tumor sites,
they often, if not always, fail to control tumor growth or
improve survival. Such dysfunction is associated with
rapid down-regulation of activating receptor expression
and loss of “effector” functions in these NK cells [16].
It has been reported that a population of MCM V-specific
long-lived memory NK cells are able to respond robustly
in vivo to subsequent challenge with MCMYV [17]. Thus,
we hypothesized that NK cells activated in vivo might be
more effective, than NK cells activated in vitro, to treat
leukemia. To address this hypothesis, we first attempted
to generate memory-like NK cells with increased IFNy
production (IFNy" NK cells) using a new approach
of in vivo IL stimulation for both pre-activation and
re-stimulation. To this end, the proliferation rate of NK
cells and the percentage of IFNy" NK cells after in vivo
IL pre-activation and re-stimulation were first examined.
Mice were randomly divided into three groups (Figure 1A),
including the in vivo IL stimulation group, the negative-
control group, and the positive-control group, in order
to compare the number of NK cells and their capacity to
produce IFNy after IL pre-activation and re-stimulation
in the different ways. In the in vivo IL stimulation group,
mice received I1L-12, IL-15, and IL-18 for pre-activation,
followed by IL-12 and IL-15 for re-stimulation. In the
negative-control group, mice received only pre-activation
with IL-12, IL-15, and IL-18. In the positive-control group,
NK cells isolated from the spleen of donor mice were pre-
activated with IL-12, IL-15, and IL-18 for overnight, after
which cells were labeled with carboxyfluorescein diacetate
succinimidyl ester (CFSE) and then adoptively transferred
into the recipient mice; three weeks later, enriched NK
cells harvested from the spleen of the recipient mice
were re-stimulated in vitro with 1L-12 and IL-15. As
shown in Figure 1 and Table 1, while the percentages
of NK cells (24.23 + 3.16%, Figure 1B) and IFNy" NK
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cells (14.09 + 3.34%, Figure 1C) in the spleen of mice
in the in vivo IL re-stimulation group did not reach the
levels of NK cells in the positive-control group (NK,
34.87 £ 6.24%; IFNy" NK, 18.72 + 3.97%), they were
significantly increased, compared to those in the negative-
control group (NK, 5.67 £ 1.52%; IFNy" NK, 7.22 +
1.71%; p < 0.0001 for each case). Thus, although NK cells
induced by in vivo IL pre-activation and re-stimulation
displayed less proliferation and IFNy production than
those induced by in vivo pre-activation followed by in vitro
re-stimulation with ILs, their capacity to proliferate and
produce IFNy was significantly stronger than the NK cells
induced by in vivo IL pre-activation only.

We next determine whether NK cells induced by
in vivo IL pre-activation and re-stimulation are able to
maintain their capacity to secret increased amount of
IFNy after the syngeneic adoptive infusion in mice. After
in vivo IL pre-activation with or without IL re-stimulation,
equal numbers (2 x 10°) of NK cells isolated from the
spleen of Ragl KO B6 (CD45.2+) mice were transferred
to syngeneic B6 (CD45.1+) mice. After three weeks,
NK cells harvested from the spleen of B6 (CD45.1+)
mice were analyzed using specific anti-CD45.1 (A20)
antibody by flow cytometry to distinguish the donor
NK cells from those of the host, confirming the success
of this ACT approach. On note, it was observed that
the percentage of NK cells in the peripheral blood was
significantly increased in the in vivo IL stimulation group,
compared to those in the negative control group that
only received IL pre-activation, at first (18.52 + 1.69%
vs 3.67 + 0.84%, p <0.0001), second (17.36 £ 2.46% vs
4.63 £ 0.75%, p <0.0001), or third week (15.76 £ 2.71%
vs 3.76 £ 0.59%, p < 0.0001) after the adoptive infusion
(Figure 1D). Moreover, NK cells in the in vivo IL
stimulation group produced the significantly increased
amount of IFNy, compared to those in the negative control
group, at first (9.53 £ 1.36% vs 5.06 £ 0.79%, p < 0.0001),
second (9.03 + 1.96% vs 4.73 = 1.09%, p < 0.0001), or
third week (9.86 + 1.27% vs 4.46 + 0.97 %, p < 0.0001)
post the adoptive infusion (Figure 1E). Together, the
results indicate that in vivo IL pre-activation followed
by re-stimulation is capable to produce NK cells with
increased capacity of proliferation and IFNy production.
Importantly, although the half-life of NK cells is about
7 days [18], the present results also suggest that NK
cells induced by this new approach could maintain their
properties in vivo for at least three weeks after ACT,
indicating long-lived memory-like cytokine responses.

Continuous in vivo interleukin re-stimulation
is not necessary for maintaining memory-like
properties of NK cells with enhanced IFNy
production

To test whether continuous in vivo IL re-stimulation
is required for generation of memory-like NK cells,

the recipient RaglKO B6 mice were divided into the
continuous and discontinuous IL re-stimulation group.
Both groups of mice received pre-activation with 1L-12,
IL-15, and IL-18, after which re-stimulation with 1L-12
and IL-15 was given only once to mice in the discontinuous
IL re-stimulation group, while mice in the continuous IL
stimulation group were administered weekly with the
same doses of IL-12 and IL-15. After IL re-stimulation,
NK cells harvested from peripheral blood were analyzed
by flow cytometry every week. The results revealed that
although continuous IL re-stimulation produced more NK
cells than IL re-stimulation only once, at first (34.76 +
5.43% vs 17.78 + 1.90%, p = 0.0074), second (31.34 +
4.78% vs 22.67 £ 2.18%, p = 0.1131), or third week (32.08
+4.73% vs 19.15 + 2.53%, p = 0.0247; Figure 2A and
Table 1), there was no significant difference in the absolute
number of NK cells producing increased IFNy (IFNy" NK
cells) between two groups at first (43.67 +4.05 x 10°/ml
vs 38.63 + 491x10%ml, p 0.4369), second
(44.11 £ 3.45 x 10%ml vs 41.33 £ 2.85 x 10%ml,
p = 0.5408), or third week (42.18 + 3.60 x 10°/ml vs
39.63 £2.97 x10%ml, p = 0.5903; Figure 2B and Table 1).
Therefore, these results indicate that although continuous
in vivo IL re-stimulation promotes the proliferation of NK
cells, it is not required for maintaining the levels of NK
cells with enhanced IFNy production. They also suggest
that in vivo IL re-stimulation only once might be able to
induce long-term memory-like of NK cells to produce
increased amount of IFNy, consistent with the previous
observation that NK cells after pre-activation by cytokines
can keep a stable memory-like state with increased IFNy
production [3].

Memory-like properties of NK cells induced
by in vivo interleukin pre-activation and re-
stimulation can be passed to next generation cells

We further compared the properties of NK cells
induced by in vivo IL pre-activation and re-stimulation
between the donors and the recipients after NK cell ACT
in syngeneic mice. NK cells were harvested through
negative selection from the spleen of the RaglKO B6
(CD45.2+) donors after in vivo IL pre-activation and
re-stimulation. Equal numbers of these NK cells were
adoptively transferred to the syngeneic B6 (CD45.1+)
recipients. Within three weeks after ACT, NK cells were
harvested every week from peripheral blood of the donors
or recipients and labeled with CFSE for further analysis.
A20-negative NK cells of the RaglKO B6 (CD45.2+)
donors were distinguished from A20-positive NK cells
of the B6 (CD45.1+) recipients by flow cytometry. The
proliferation rate of NK cells from peripheral blood of the
donors was significantly higher than that of the recipients
at first week (21.75 £ 1.56% vs 5.04 £ 0.92%, p < 0.0001),
second (20.62 + 2 .64% vs 4.95 £ 0.99%, p < 0.0001), or
third week (20.91 £ 2.16% vs 5.88 + 0.80%, p < 0.0001;
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Figure 1: Generation of memory-like NK cells with enhanced IFNy production by in vive interleukin pre-activation
and re-stimulation. RaglKO B6 mice were divided into three groups: (a) the IL re-stimulation group, in which mice received via tail
vein a combination of IL-12 (4.5 pg/mouse), IL-15 (5.5 pg/mouse), and IL-18 (22 ng/ mouse) for pre-activation, after three weeks, further
received IL-12 (5 pg/mouse) and IL-15 (8 pg/mouse) for re-stimulation; (b) the negative control group, in which mice only received
pre-activation as described above. For these two groups, NK cells were harvested from the spleen of the mice in next day after in vivo IL
pre-activation and/or re-stimulation and subjected to further flow cytometric analyses; and (c) the positive control group, NK cells from the
spleen of RaglKO B6 donor mice were in vitro pre-activated with IL-12 (10 ng/mL), IL-15 (10 ng/mL), and IL-18 (50 ng/mL) overnight,
after which NK cells were labeled with CFSE and adoptively transferred into Rag1KO B6 recipient mice. Three weeks later, enriched NK
cells (2 x 10% from spleen were harvested by negative selection and in vitro re-stimulated with IL-12 (10 ng/mL) and IL-15 (100 ng/mL)
for 4 hrs, after which cells were further analyzed by flow cytometry. (A) Experiment schema for three groups. (B) The percentage of NK
cell proliferation was analyzed by flow cytometry. (®) the negative control group; (©) the IL re-stimulation group; (A ) the positive control
group. (C) The percentage of IFNy* NK cells in three groups. (D) Equal numbers (2 x 10°) of CFSE-labeled NK cells from the spleen of
Ragl1KO B6 (CD45.2+) mice pre-activated and/or re-stimulated with ILs as above were adoptively transferred to syngeneic B6 (CD45.1+)
recipient mice, after which NK cells were harvested from peripheral blood of the recipients every week. Donor NK cells were distinguished
from recipient NK cells using anti-A20 antibody. In A20~ donor NK cells, the percentage of NK cell proliferation were determined by
flow cytometry at the indicated intervals after the adoptive infusion. (m) the negative control group; (00) the IL re-stimulation group. (E)
In parallel, the percentage of IFNy" NK cells were also determined in A20~ donor NK cells. (m) the negative control group; (0) the IL
re-stimulation group. Values indicate mean + SD (n = 10 per group, *** p < 0.0001).
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Table 1: Comparison of NK cell kinetics between

re-stimulation

in vivo IL pre-activation with and without

Group Week 1 Week 2 Week 3
Syngeneic NK cell transfusion
Donor NK cell proliferation (%) in PB of the recipients
IstIL 3.667 + 0.84% 4.63 +0.75% 3.76 £0.59%
2nd IL 18.52 £ 1.69% 17.36 + 2.46% 15.76 £2.71%

Donor IFNy * NK cells (%) in PB of the recipients

IstIL 5.06 +0.79% 4.73 £ 1.09% 4.46+0.97 %
2nd IL 9.53+1.36% 9.03 +£1.96% 9.86 +1.27%
NK cell proliferation (%) in PB of the recipients

Donor NK cells (2nd IL) 21.75 £ 1.56% 20.62 +2.64% 20.91 +£2.16%
Recipient NK cells 5.04 +0.92% 4.95+0.99% 5.88 £0.80%
IFNy * NK cells (%) in PB of the recipients

Donor NK cells (2nd IL) 9.32+0.63% 8.86 +£0.87% 8.47+0.86%
Recipient NK cells 2.41+0.42% 2.94+0.24% 2.46 £ 0.32%

NK cells transfusion into MCs

Donor NK cell proliferation

(%) in PB of the recipients

IstIL 4.25+0.65% 3.68 £ 0.58% 3.23 +£0.34%
2nd IL 19.64 £2.14% 2294 +2.35% 22.61 £3.08%
Donor IFNy * NK cells (absolute number/ml, x103) in PB of the recipients

Ist IL 9.85+1.65 9.35+1.15 8.79+1.41
2nd IL 38.35+6.35 36.05+5.45 33.73+4.23

NK cells proliferation (%) in PB of the recipients

Donor NK cells (2nd IL) 19.64 +2.14% 22.94 +2.35% 22.61 +3.08%
Recipient NK cells 3.65 £ 0.69% 3.85+£0.35% 338+£0.71%
IFNy * NK cells (absolute number/ml, x103) in PB of the recipients

Donor NK cells (2nd IL) 38.35+6.35 36.05+5.45 33.73+4.23

Recipient NK cells 10.43 +0.93 11.54 £2.24 10.08 +2.48

Ist IL, IL pre-activation only; 2nd IL, IL pre-activation and re-stimulation ; PB, peripheral blood; MCs, a mixed chimera
model of the bone marrow transplantation from syngeneic BALB/c plus RaglKO B6 to BALB/c.
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Figure 2: Continuous in vivo interleukin re-stimulation is not necessary for NK cells to produce increased amount of
IFNy. RaglKO B6 recipient mice were divided into two groups: the continuous IL re-stimulation group and the IL re-stimulation only
once group. Both groups of mice received the same doses of IL-12 (4.5 pg/mouse), IL-15 (5.5 pg/mouse), and IL-18 (22 ng/ mouse) for
pre-activation. After three weeks, mice further received IL-12 (5 pg/mouse) and IL-15 (8 pg/mouse) for re-stimulation either only once (the
IL re-stimulation only once group) or weekly (the continuous IL re-stimulation group). The percentages of NK cells proliferation (A) and
IFNy" NK cells (B) were determined by flow cytometry every week after IL re-stimulation. (o) the IL re-stimulation only once group; (m) the
continuous IL re-stimulation group. Values indicate mean + SEM (n = 12 per group, *p < 0.05, **p > 0.01, and ns = not significant, p > 0.05).
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Figure 3A and Table 1). Similarly, the percentage of
NK cells producing IFNy (IFNy* NK cells) was also
significantly higher in the donors than that in the recipients
at first (9.32 £ 0.63% vs 2.41 £ 0.42%, p < 0.0001), second
(8.86 £ 0.87% vs 2.94 = 0.24%, p < 0.0001), or third week
(8.47 £ 0.86% vs 2.47 + 0.32%, p < 0.0001) (Figure 3B
and Table 1).

We then analyzed whether next generation NK cells
derived from the donor NK cells induced by in vivo IL
pre-activation and re-stimulation could maintain the
enhanced capacity to produce IFNy. To this end, equal
numbers of the donor NK cells labeled with CFSE were
adoptively transferred to the syngeneic B6 (CD45.1+)
recipients. Notably, similar percentages of NK cells
with enhanced IFNy production ( IFNy* NK cells) was
observed in the population of A20-negative NK cells, when
comparing parental (first generation) and daughter cells
(second or third generations) (Figure 3C). Together, these
results indicate that the memory-like properties of NK
cells with enhanced IFNy production induced by in vivo
IL pre-activation and re-stimulation was independent of
NK cell proliferation. They also suggest that this enhanced
capacity of NK cells to produce IFNy represents an
intrinsic memory-like property of NK cells generated by
in vivo 1L pre-activation and re-stimulation, which thereby
could be passed to next generation NK cells.

NK cells induced by in vivo interleukin
pre-activation and re-stimulation remain their
memory-like properties in an allogeneic bone
marrow transplantation (BMT) model

NK cells, as the first type of cells reconstituted
after transplantation, play a pivotal role in controlling
infections and leukemia relapse, which still remain the
major obstacles of hematopoietic stem cell transplantation.
In this context, memory-like NK cells generated by in vivo
IL pre-activation and re-stimulation were tested in a
mixed chimera model for BMT from syngeneic BALB/c
plus Ragl KO B6 to BALB/c mice. At eighth week post
BMT, the mixed chimeras (MCs) were infused with
NK cells harvested from the RaglKO B6 donor mice
that had received IL pre-activation and re-stimulation
as described above three weeks prior to transplantation,
after which body weight changes were monitored. The
BALB/c recipient mice of BMT were divided into two
groups: one group of mice received NK cells from the
spleen of RaglKO B6 mice with IL pre-activation only,
and another group of mice received the equal number
of NK cells from the spleen of RaglKO B6 mice with
both IL pre-activation and re-stimulation. Of note, there
was no significant difference in body weight change
between these two groups (Figure 4A, p > 0.05 for all
time points), suggesting that the adoptive transfusion
of NK cells induced by in vivo IL re-stimulation has no
significant effect on graft-versus-host disease (GVHD) of

the BMT recipient mice. We further assessed the kinetics
of the donor and recipient NK cells labeled with CFSE
in peripheral blood of mice after infusion of NK cells.
Interestingly, there was also no significant change in the
proliferation rate of the recipient NK cells prior to or post
donor NK cell infusion in the IL pre-activation only group.
However, the proliferation rate of the donor NK cells was
significantly increased in the IL re-stimulation group,
compared to the pre-activation only group at first (19.64 +
2.14% vs 4.25 £ 0.65%, p < 0.0001), second (22.94
+ 2.35% vs 3.68 = 0.58%, p < 0.0001), and third week
(22.61 +3.08% vs 3.23 £ 0.34%, p < 0.0001) after infusion
of the donor NK cells (Figure 4B and Table 1). Similarly,
there was also no significant difference in the absolute
number of recipient IFNy* NK cells between prior to or
post donor NK cell infusion, while the donor IFNy" NK
cells were significantly increased in the IL re-stimulation
group, compared to the pre-activation only group, at
first (38.35 £ 6.35x10%ml vs 9.85 £ 1.65 x 10%ml,
p < 0.0001), second (36.05 =+ 5.45x10%ml vs
935 £ 1.15 x 10%ml, p < 0.0001), and third week
(33.73 £4.23 x 10°/ml vs 8.79 + 1.41 x 10*/ml, p <0.0001)
after donor NK cells infusion (Figure 4C and Table 1).

Together, these results indicate that the in vivo IL
re-stimulation is capable to increase proliferation of NK
cells as well as the absolute number of IFNy* NK cells
in this model of BMT. They also suggest that memory-
like NK cells with enhanced IFNy production generated
by in vivo IL pre-activation followed by re-stimulation
might also be used not only in syngeneic mice, but also in
allogeneic mice, thereby probably in leukemia patients via
allogeneic BMT as well.

Memory-like NK cells induced by in vivo
interleukin pre-activation and re-stimulation
prolong animal survival in a leukemia xenograft
model

To examine anti-leukemia activity of memory-like
NK cells with enhanced IFNy production induced by
in vivo IL pre-activation and re-stimulation, Ragl KO
B6 (CD45.2+) mice were divided into three groups: the
vacant control group, in which mice received PBS; the
negative control group, in which mice received IL pre-
activation only; and the IL re-stimulation group, in which
mice received both IL pre-activation and re-stimulation
as described above. After NK cell stimulation, all three
groups of mice were inoculated with 1 x 10* Notch1-T-
ALL leukemia cells. Of note, while IL pre-activation
only had a moderate effect (37 days vs 21 days for
vacant control, p < 0.05), median survival of animal was
significantly prolonged in the IL re-stimulation group
(73 days), compared to those in both the vacant control
group (21 days, p < 0.05) and the negative control group
(37 days, p < 0.05). Moreover, 30% mice in the IL
re-stimulation group had a long-term survival (> 100 days,
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Figure 5A and Table 2). Furthermore, to determine how
potently NK cells induced by in vivo IL re-stimulation
could kill leukemia cells in this model, mice with IL
re-stimulation were divided into four groups, inoculated
with different numbers of leukemia cells (1 x 105, 2 x 107,
5% 10% or 1 x 10°), while the vacant control group of mice
received only 1 x 10*leukemia cells. Significantly, median
survival of animal was significantly prolonged in the IL
re-stimulation groups with inoculation of 1 x 10° (64 days),
2 x 10° (46 days), and 5 x 10° (31 days) leukemia cells,
compared to that in the vacant control group (21 days,
p < 0.05 for each case, Figure 5B and Table 2), till the
number of leukemia cells reached 1 x 10°. Thus, lethal
dose of leukemia cells was about 100 times increased
(from 1 x 10*to 1 x 10°) in mice received NK cells with
in vivo IL pre-activation and re-stimulation, compared
to those receiving PBS. Together, these results support a
notion that NK cells induced by in vivo IL pre-activation

and re-stimulation have a potent anti-leukemia activity
in vivo, at least in this xenograft model of Notch1-T-ALL.

IFNy production is crucial for anti-leukemia
activity of memory-like NK cells induced by
in vivo interleukin pre-activation and
re-stimulation

To determine whether the enhanced capacity to
produce IFNy is required for the anti-leukemia effect
of NK cells induced by in vivo IL pre-activation and
re-stimulation, anti-IFNy antibody was employed to
neutralize IFNy secreted by NK cells. To this end,
Rag1KO B6 mice were divided into two groups, one group
of mice received anti-IFNy antibody while another group
of mice received IgG1 as control for comparison, while
IL pre-activation and re-stimulation were given to both
groups of mice as described above. After one day, both
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Figure 3: NK cells induced by in vivo IL pre-activation and re-stimulation remain the enhanced capacity to produce
IFNy after syngeneic adoptive infusion. NK cells from the spleen of Ragl KO B6 (CD45.2+) donor mice were harvested by negative
selection after received IL-12 (4.5 pg/mouse), IL-15 (5.5 pg/mouse), and IL-18 (22 ng/ mouse) for pre-activation and following IL-12
(5 pg/mouse) and IL-15 (8 pg/mouse) for re-stimulation. Equal numbers (2 x 10°) of NK cells were adoptively transferred to syngeneic
B6 (CD45.1+) recipient mice. After three weeks, NK cells from peripheral blood of the recipients were harvested and analyzed by flow
cytometry. Donor and recipient NK cells were distinguished using anti-A20 antibody. NK cells were labeled with 2.5 mM CFSE before
adoptive transfer or flow cytometry analysis. (A) The percentages of cell proliferation were determined for A20~ donor NK cells (o)
and A20" recipient NK cells (m) at the indicated interval after adoptive transfer. (B) In parallel, the percentages of IFNy" NK cells were
determined for A20~ donor NK cells (o) and A20" recipient NK cells (m) at the indicated interval after adoptive transfer. For panels A and
B, the baseline percentage of A20" NK cell proliferation in the recipient mice without adoptive transfer is shown as control (A ). For panels
3A and 3B, values indicate mean + SEM (n = 12 per group, *** p <0.0001). (C) After IL pre-activation and re-stimulation as above, I[FNy
production in the A20~ donor NK cell population was monitored in parental (#1) and daughter (#2, second generation; #3, third generation)
NK cells 7 days after adoptive transfer. Different generation memory-like NK cells were identified based on dilution of CFSE labeling.
Values indicate the mean of 3 independent experiments (n = 15).
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groups of mice were inoculated with 1 x 10* Notch1-T- and Table 2). This result suggests that IFNy production

ALL leukemia cells. Notably, administration of anti-IFNy is required for anti-leukemia activity of memory-like
antibody significantly shortened median survival of animal NK cells induced by in vivo IL pre-activation and
(48 days), compared to IgG1 (75 days, p <0.05, Figure 6A re-stimulation.
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Figure 4: NK cells induced by in vivo IL pre-activation and re-stimulation display their enhanced capacity to produce
IFNy, while did not cause GVHD in allogeneic transplantation. A mixed chimeras (MCs) mouse model were prepared by injection
with a mixture of 0.5 x 107 BMCs from TCD syngeneic BALB/c mice and 1.5 x 107 BMCs from TCD allogeneic Rag1 KO B6 mice into
lethally irradiated (8 Gy) BALB/c mice. At 8 weeks after injection of TCD BMCs, donor NK cell infusion was performed using NK cells
(2 x 10° from the spleen of RaglKO B6 mice after IL pre-activation (4.5 pg/mouse IL-12, 5.5 pg/mouse IL-15, and 22 ng/mouse IL-18)
and/or re-stimulation (5 pg/mouse IL-12 and 8 pg/mouse IL-15). (A) The changes of body weight were measured in the pre-activation only
group (negative control, m) and the re-stimulation group (IL re-stimulation, o). Values indicate mean + SEM (n = 12 per group, p > 0.05 for
each indicated day post donor cell infusion). (B) The percentage of NK cell proliferation in white blood cells (WBC) of peripheral blood
was determined for the donor and recipient NK cells in the pre-activation only group (1st) and the re-stimulation group (2nd) at the indicated
interval after donor NK cell infusion. (C) In parallel, the absolute number of donor IFNy" NK cells was determined in the pre-activation only
group (1st) and the re-stimulation group (2nd) at the indicated interval after donor NK cell infusion. For panels 4B and 4C, values indicate
mean + SEM (n = 23 per group, ***p < 0.0001 for comparison of donor NK cell proliferation between 1st and 2nd groups).
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Figure 5: NK cells induced by in vivo IL pre-activation and re-stimulation prolongs survival of leukemia mice. (A) Rag1KO
B6 (CD45.2+) mice were divided into three groups: (@) one group of mice received neither IL pre-activation nor re-stimulation as vacant
control; (m) one group of mice received IL pre-activation only as negative control; (0) the experimental group of mice received both pre-
activation (4.5 pg/mouse IL-12, 5.5 pg/mouse IL-15, and 22 ng/mouse IL-18) and re-stimulation (5 pg/mouse IL-12 and 8 pg/mouse IL-15).
After IL stimulation, all mice were inoculated with 1 x 10*Notch1-T-ALL leukemia cells. Kaplan-Meier analysis was performed to assess
survival of mice (median survival time: 21 days for the vacant control group, 37 days for the negative control group, and 73 days for the
IL re-stimulation group (n = 10 per group, p < 0.05). (B) Mice received both IL pre-activation and re-stimulation as above were inoculated
with 1 x 10%,2 x 105, 5 x 105, and 1 x 10° Notch1-T-ALL cells, respectively. Mice received no IL stimulation as described above as vacant
control were inoculated with 1 x 10*leukemia cells. Kaplan-Meier analysis was performed to assess survival of mice. Median survival time:
21 days for control (o), 64 days for 1 x 10°cells (0), 46 days for 2 x 10°cells (V), 31 days for 5 x 10°cells (A), or 19 days for 1 x 10°cells
(m), respectively (n = 10 per group, p < 0.05 for comparison between 1 — 5 x 10° cells vs. control, p > 0.05 for 1 x 10°cells vs. control).
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Table 2: Survival of leukemia mice (n = 10 per group) after in vivo IL pre-activation and

re-stimulation

Tumor cell number Median OS (d) Death (n) DFS (n)

1 x 10* 21 10 0
1 x 10*+ 1stIL 37 10 0
1 x 10*+ 2nd IL 73 7 3
1 x10°+2nd IL 64 10 0
2 x 10°+2nd IL 46 10 0
5x10°+2nd IL 31 10 0
1 x10°+2nd IL 19 10 0
Antibody neutralization

1 x10*+2nd IL 75 8 2
1 x 10*+ 2nd IL + anti-IFNy 48 10 0
1 x 10*+2nd IL + anti-NKG2D 59 10 0

Ist IL, IL pre-activation only; 2nd IL, IL pre-activation and re-stimulation ; OS, overall survival ; DFS, disease-free survival;

d, day after tumor cell inoculation ; 7, mouse number.

NKG2D expression is associated with prolonged
survival of leukemia mice after in vivo
interleukin pre-activation and re-stimulation,
likely via promoting IFNy production

Increased amounts of IFNy have been shown
to decrease NKG2D expression and impair NKG2D-
mediated lysis of target cells [19]. We therefore tested
whether this mechanism is also applied in this present
setting. RaglKO B6 mice received anti- IFNy antibody
for neutralization or IgGl as control, followed by IL
pre-activation and re-stimulation given to both groups of
mice as described above. Two weeks after inoculation of
Notch1-T-ALL leukemia cells, mRNA levels of NKG2D
were assessed by RT-PCR. As shown in Figure 6B, there
was no significant difference in relative mRNA expression
of NKG2D between the anti-IFNy antibody and IgG1
groups (n = 10 per group, p > 0.05), suggesting that while
IFNy contributes functionally to anti-leukemia activity
of NK cells induced by in vivo IL pre-activation and
re-stimulation, it acts likely via a mechanism independent
of NKG2D.

Nevertheless, to test the potential effect of NKG2D
expression on survival of leukemia mice receiving IL
pre-activation and re-stimulation, Rag1 KO B6 mice were
divided into two groups, one group of mice received
anti-NKG2D antibody for neutralization, another group
of mice received IgG1 as control, while both groups of
mice were given IL pre-activation and re-stimulation as
described above. After one day, both groups of mice were
inoculated with 1 x 10* Notch1-T-ALL leukemia cells.
Of note, mice with anti-NKG2D antibody neutralization
exhibited significant shorter median survival (59 days)
than those receiving IgG1 (75 days, p < 0.05, Figure 7A
and Table 2). To further test whether NKG2D activates

or inhibits production of IFNy, the absolute number of
IFNy* NK cells was analyzed in both the anti-NKG2D
antibody neutralization and IgG1 control groups, two
weeks after inoculation of Notchl-T-ALL leukemia
cells. Unexpectedly, the percentage of IFNy" NK cells
was significantly decreased in the anti-NKG2D antibody
neutralization group, compared to the IgG1 control group
(9.63 £ 1.65% vs 7.65 + 1.24%, p = 0.0071, Figure 7B).
Together, these findings suggest that while IFNy fails to
decrease NKG2D expression, NKG2D levels correlate
to prolonged animal survival of mice receiving in vivo
IL pre-activation and re-stimulation, likely in association
with increased IFNy production.

DISCUSSION

Although memory-like NK cells with enhanced
IFNy production can be generated by in vitro IL
re-stimulation [3], they often loss their “effector” function
after ACT [16], thereby displaying limited benefit in
controlling tumor growth or improving survival. The
present study provided evidence supporting that a novel
approach of in vivo IL pre-activation followed by in vivo
re-stimulation once was able to induce memory-like
properties of NK cells with enhanced IFNy production, and
significantly, these memory-like NK cells retained their
enhanced capacity to produce IFNy in mice for at least
three weeks, despite the fact that the half life of NK cells
is only about 7 days [18]. An issue then arises whether
continuous administration of ILs for re-stimulation, which
could cause serious adverse events [20], is required to
maintain the memory-like properties of NK cells induced
by this approach. Of note, the present results indicated
that continuous IL re-stimulation was not necessary for
sustaining the absolute number of NK cells with enhanced
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IFNy production (i.e., IFNy" NK cells), though it could
increase total number of NK cells. Moreover, it was
also observed that memory-like NK cells with enhanced
IFNy production after in vivo IL pre-activation and
re-stimulation could be passed to their daughter cells with
similar properties. It is noteworthy that in addition to
ACT in syngeneic mice, NK cells induced by in vivo IL
pre-activation and re-stimulation could be transfused into
a mixed chimera (MC) model of BMT, without effects
on the incidence of graft-versus-host disease (GVHD) of
the recipient mice, an adverse event recently reported in

a study of allogeneic NK cells pre-activated in vitro [21].
Furthermore, in this MC model of BMT, the memory-
like properties of NK cells to produce IFNy also persisted
for at least three weeks after transfusion. Significantly,
NK cells induced by in vivo IL pre-activation and
re-stimulation significantly prolonged survival of animal in
a xenograft model of Notch1-T-ALL, arguing their in vivo
anti-leukemia activity. Last, the anti-leukemia activity of
these memory-like NK cells was associated with increased
IFNy production and expression of the NK cells activation
receptor NKG2D which promotes IFNy production.
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Figure 6: IFNy production plays an important role in anti-leukemia activity of NK cells induced by in vivo IL
pre-activation and re-stimulation. (A) RaglKO B6 (CD45.2+) mice were divided into two groups: one group of mice received IgG1
as control (IL, m), and another group of mice received anti-IFNy antibody for neutralization (IL+INF-g mAb, o). Both groups of mice
received pre-activation (4.5 pg/mouse IL-12, 5.5 pg/mouse IL-15, and 22 ng/mouse 1L-18) and re-stimulation (5 pg/mouse IL-12 and
8 ng/mouse IL-15) prior to treatment with the antibodies and 1 x 10*Notch1-T-ALL cells post IFNy neutralization. Kaplan-Meier analysis
was performed to assess survival of mice (median survival time: 75 days for the IgG1 control group and 48 days for the anti-IFNy mAb
group. Values indicate mean + SD (n = 10 per group, p <0 .05). (B) In parallel, mRNA expression levels of NKG2D were determined by
qRT-PCR (n = 10 per group, ns = not significant, p > 0.05).
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Figure 7: NKG2D expression correlates to survival of leukemia mice after in vivo IL pre-activation and re-stimulation.
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received anti-NKG2D antibody for neutralization (IL+NKG2D mAb, m). Both groups of mice received pre-activation (4.5 pg/mouse 1L-12, 5.5
pg/mouse IL-15, and 22 ng/mouse IL-18) and re-stimulation (5 pg/mouse IL-12 and 8 pg/mouse IL-15) prior to treatment with the antibodies
and 1x10*Notch1-T-ALL cells post NKG2D neutralization. Kaplan-Meier analysis was performed to assess survival of mice (median survival
time: 75 days for the IgG1 control group and 59 days for the anti-NKG2D mAb group. Values indicate mean + SD (n = 10 per group, p < 0.05).
(B) In parallel, mRNA expression levels of IFNy were determined by qRT-PCR, Values indicate mean + SD (n = 10 per group).
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Recent approaches for NK cell ACT have been
focusing on infusion of NK cells after ex vivo activation
and expansion with cytokines including IL-2, IL-12,
IL-15, IL-18, IL-21, and type I interferons [22]. In
this context, it has been reported that NK cells can be
pre-activated and expanded by ex vivo stimulation
with IL-12, IL-15, and IL-18 alone or in combination,
which produces the memory-like IFNy response upon
re-stimulation in vitro and in vivo [5, 23]. However,
NK cells pre-activated only by these ILs administered
in combination has exhibited promising activity against
established tumors in mice, while combined treatment
with irradiation is essential for the anti-tumor activity of
transferred NK cells [24]. The present findings indicate
that in vivo IL pre-activation and re-stimulation lead to
generation of NK cells with enhanced IFNy production, but
suggest that this new approach resulted in a long-term gain
of these memory-like properties in both parental NK cells
and their daughter cells which have never been exposed
directly to ILs. These results are consistent with the
previous finding that NK cells activated by cytokines can
differentiate into a stable memory-like state with enhanced
IFNy production upon re-stimulation [5]. However, this
enhanced capacity to produce IFNy is independent of
NK cell proliferation in vitro, an event distinct from
short-term arming/priming during infection [3]. While
the memory of some NK cells is driven by antigens, it
is unlikely that NK cells could generate antigen-specific
memory against a broad range of pathogens, given
the fact that they only express the germ line-encoded
receptors. However, NK cells do express the receptors
for and therefore exquisitely respond to many cytokines,
including IL-12, IL-15, and IL-18. For example, after
pre-activated overnight in vitro with 1L-12, IL-18, and
IL-15, NK cells have been transferred into the recipient
mice. One week after ACT, a higher frequency of NK
cells with enhanced IFNy production upon re-stimulation
with IL-2 has been observed, when compared to NK cells
without re-stimulation [23], suggesting that re-stimulation
with cytokines is able to elicit a robust response in vivo.
Notably, such an enhanced response induced by in vitro
re-stimulation also occurs in parental cells that have not
undergone division as well as their daughter cells that are
the product of division [5]. However, unlike viral antigen-
driven memory NK cells, memory-like NK cells induced
by in vitro 1L re-stimulation exhibit neither a distinct
cell surface phenotype, nor enhanced cytotoxicity upon
re-stimulation [2, 3, 17]. In contrast, the present results
suggest that in vivo IL pre-activation followed by in vivo
IL re-stimulation might produce memory-like NK cells
with marked cytotoxicity in vivo towards tumor cells, at
least in the Notch1-T-ALL mouse model.

Whereas allogeneic hematopoietic cell
transplantation (allo-HCT) remains a potentially curative
treatment for leukemia, its clinical benefit has been limited
by high morbidity and mortality of graft-versus-host

disease (GVHD). Therefore, the development of a strategy
to achieve anti-tumor responses without causing GVHD
represents a major challenge in the field of allo-HCT. In
a clinical trial, delayed donor lymphocyte infusion (DLI)
following establishment of mixed chimerism has been
reported to potentially cure hematopoietic malignancies,
including leukemia and lymphoma, while a high incidence
of GVHD was observed in mixed chimeric patients
after DLI [25]. In a mixed chimera model of BMT from
syngeneic BALB/c plus RaglKO B6 to BALB/c, no
host-versus-graft reaction has been observed, while the
graft-versus-host reaction has occurred [26]. Notably,
it has recently reported that transfusion with allogeneic
NK cells pre-activated in vitro might cause GVHD as
severe adverse effect [21]. However, in the present study,
we did not observe significant GVHD in the mixed
chimera of BMT after transfusion with donor NK cells
induced by in vivo IL pre-activation and re-stimulation,
while NK cells remained the memory-like properties
with enhanced IFNy production for at least three weeks
after transfusion. Interestingly, the proliferation rate of
NK cells did not significantly decreased in the mixed
chimera, compared to that in the model of syngeneic
mice, indicating that NK cells might not inhibited by
mixed chimerism. Thus, as NK cells induced by in vivo
IL pre-activation and re-stimulation did not cause GVHD
after allogeneic transfusion, this approach might be used
in haploidentical bone marrow transplantation. To this
end, in two clinical trials [27] designed to test the safety
of infusion with T-cell donor lymphocyte enriched with
NK cells, 30 patients with high-risk diseases (defined as
high risk cytogenetics or those in second remission), who
had T-cell depleting non-myeloablative allogeneic stem
cell transplant (haploidentical in one study, an average
of 9.2 x 10° NK cells were infused; and fully matched
in another study, a median of 10.6 x 10° NK cells were
infused), received NK-cell enriched donor lymphocyte
infusions. It is noteworthy that GVHD was moderate in
these patients (approximately 42% in each cohort) and
patients survived with remission, after one year follow-up
for overall survival. In the present study, 2 x 10°donor NK
cells isolated from the spleen of Ragl KO B6 mice were
infused in the mixed chimera model of BMT, GVHD did
not occur, demonstrating the safety of NK cell transfer as
donor lymphocyte infusions (DLI).

The bulk of clinical studies have investigated the
use of NK cells to treat a variety of cancers, including
hematologic malignancies, particularly acute myeloid
leukemia (AML). The first trial of successful ACT and
expansion of haploidentical NK cells was reported by
Miller and colleagues at the University of Minnesota in
2005 [28]. While transfusion of NK cells did not improve
durable response and all patients eventually relapsed,
five patients with AML achieved a complete remission
(CR) after engrafted with NK cells. A recent study
demonstrated that patients with deficient NK cell profiles,
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including reduced expression of some activating NK
receptors (e.g., NKp46 and NKG2D) and decreased IFNy
production, have a significantly increased risk of disease
relapse, independently of cytogenetic classification [29].
IFNy secreted by NK cells has numerous effects on
tumor cells, including activation of macrophages,
up-regulation of class I expression by antigen presenting
cells (APC), polarization of type 1 T-helper cell (Thl),
and direct anti-proliferative activity. Moreover, it has
also been demonstrated that IFNy secreted by NK cells
is involved in the induction of graft-versus-leukemia
(GVL) effects in IFNy-deficient allo-HCT models, while
inhibits GVHD [30, 31]. The present results indicated
that IFNy is functionally involved in the mechanism of
action for NK cells induced by in vivo IL pre-activation
and re-stimulation to kill leukemia cells, consistent with
the previous finding that NK cells act against leukemia
cells via IFNy secretion [32]. NK cells can also directly
inhibit tumor cell proliferation as well as augment
the adaptive immune response against tumor cells via
cytokine secretion [33]. To this end, NK cells are able to
recognize tumor cells as a target, suggesting a possibility
for using NK cell ACT as a cancer therapy [7, 34]. Further,
the capacity of NK cells to kill tumor cells likely depends
on the combined effects of suppressive and stimulatory
signals initiated through cell surface receptors.

One of the key receptors for NK cell activation
is NKG2D that has multiple ligands, including MICA,
MICB, and ULBP, which are preferentially expressed
following cellular stress, infection, or DNA damage
[8, 9]. There is the bulk of evidence for an important role
of NKG2D in NK cell-mediated antitumor activity in vitro
and in vivo in animal models [35-39]. For example, resting
NK cells secrete high levels of IFNy in response to agonists
of TLR3 or TLR7 and IL-12, an effect further enhanced
by co-stimulation through NKG2D [13]. Monocytes and
NK cells as early source of IFNy might communicate
to each other, via MICA-NKG2D interaction, during an
innate immune response to infections in humans [14]. The
number of NK cells secreting [FNy is significantly reduced
when NKG2D is blocked by anti-NKG2D antibody [15].
In contrast to the stimulatory effect of NKG2D on IFNy,
high amounts of IFNy have been shown to decrease
NKG2D expression and impair NKG2D-mediated lysis of
target cells [19], which might represent a mechanism for
the negative feedback of IFNy in NK cells. However, IFNy
does not significantly decrease expression of NKG2D on
cell surface [34], consistent with the present finding that
IFNy failed to decrease NKG2D expression on NK cells.
One possibility is that in these studies, IFNy might not
reach such a high level required for inhibition of NKG2D
expression. In addition to IFNy, many other factors may
also be involved in determining the amount of NKG2D
expressed on cell surface. For example, the expression or
availability of DAP10 and DAP12 is required for NKG2D

to be expressed on cell surface. Gamma-chain cytokines
such as IL-2, IL-7, IL-12, and IL-15 can increase cell
surface expression of NKG2D in human and mouse NK
cells [40—42]. Moreover, IL-15 signal not only increases
NKG2D expression, but also promotes DAP10 expression,
as well as phosphorylates this adaptor molecule to prime
NKG2D activation [43]. In contrast, some cytokines
(e.g., IL-21, TGFD) can act like IFNy to decrease NKG2D
expression [44-46]. In the present setting that NK cells
pre-activated and re-stimulated by IL-12 and IL-15, which
might influence NKG2D expression [5], IFNy failed to
decrease NKG2D expression. Inversely, inhibition of
NKG2D decreased the expression of [FNy, suggesting that
NKG2D might promote IFNy expression in this model.
Nevertheless, it is noteworthy that both IFNy and NKG2D
might be involved in the mechanism of action underlying
anti-leukemia activity of NK cells induced by in vivo IL
pre-activation and re-stimulation.

In summary, the present study provided the bulk
of evidence indicating that in vivo IL pre-activation and
re-stimulation can generate memory-like NK cells with
enhanced IFNy production, which might represent a novel
approach for the NK cell ACT therapy to treat cancer like
leukemia. Compared to conventionally-used approaches of
in vitro 1L pre-activation and/or re-stimulation, this approach
displayed several important advantages contributing to
anti-tumor activity of NK cells. First, the memory-like
properties of NK cells with enhanced IFNy production
sustain as a long-term response after infusion, without a
requirement of continuous IL re-stimulation, which may
cause severe adverse events. Second, such properties can
be passed to their daughter cells, without loss or reduction
of potential therapeutic benefit. Third, transfusion of these
NK cells is safe and does not cause GVHD, a major barrier
for allo-HCT that represents a potential curing therapy for
the treatment of some hematologic malignancies. Last, NK
cells induced by in vivo IL pre-activation and re-stimulation
is highly effective against tumors like leukemia, at least in
the Notchl-T-ALL mouse model. Therefore, this novel
approach of in vivo IL pre-activation and re-stimulation
warrants further attention in the development of NK cell
ACT therapy for hematologic malignancies, particularly
leukemia.

MATERIALS AND METHODS

Animals

This study was approved by the Subcommittee on
Research Animal Care of the First Bethune Hospital, Jilin
University. C57BL/6 (B6)-LY5.2/Cr (H-2b; CD45.1) mice
and BALB/c (H-2d; CD45.2) mice were purchased from
the Vital River Laboratory Animal Technology Co. Ltd
(Beijing, China). B6.129 Ragl deficient (RaglKO B6)
mice with the B6 background (H-2b; CD45.2) were
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bred in the animal facility of the Translational Medicine
Institution at the First Bethune Hospital. Mice were housed
in pathogen-free conditions and used in accordance with
institutional guidelines for animal studies. 8 to 12 week
old mice were used in all experiments and randomized
between cages to avoid bias. 10—15 mice per group mice
were used in all experiments except the one for the mixed
allogeneic chimeras, in which the number of mice was
increased to 23 animals per group to reduce statistical
standard error due to a marked decrease of cell counts in
the peripheral blood following allogeneic transplantation.

Preparation of mixed allogeneic chimeras and
infusion of donor NK cells

Mixed allogeneic chimeras and administration of
DLI was prepared as described previously [26]. Briefly,
mixed chimeras (MCs) were established by injection with
a mixture of 0.5 x 107 BM cells (BMCs) from T cell-
depleted (TCD) syngeneic BALB/c mice and 1.5 x 107
BMCs from TCD allogeneic RaglKO B6 mice into
lethally irradiated (8 Gy) BALB/c mice. TCD BMCs
were prepared by depleting CD4" and CDS8" cells with
anti-CD4 (L3T4) and CD8a (Ly-2) microbeads using the
magnetic-activated cell sorter separation system (Miltenyi
Biotech, Auburn, CA). Flow cytometry was used to verify
completeness of T-cell depletion (< 1.0% remaining cells
with the depleted phenotype) in each experiment. Donor
NK cells (2 x 10) was infused using cells isolated from
the spleen of RaglKO B6 at 8 and 12 weeks after initial
injection with TCD BMCs.

Antibodies and flow cytometry

Single cell suspensions of splenocytes or peripheral
blood were prepared using the standard techniques.
Fc receptors were blocked by using 2.4G2 mAb prior
to surface staining with the indicated antibodies. The
negative selection of NK cells was determined by staining
with cell surface monoclonal antibodies (mAbs), including
anti-CD19, anti-CD4, anti-CD8a, anti-CDS5, anti-Gr1, and
anti-Ter-119 (Miltenyi Biotech). The surface phenotype
of NK cells was determined by staining with mAbs,
including anti-CD3-PE and anti-NK1.1-APC (Biolegend,
San Diego, CA). Intracellular IFNy was measured
by pacific blue-conjugated anti-IFNy (Biolegend) as
described previously [47]. Dead cells were excluded by
propidium iodine (PI) staining and live cells were gated
on Pl-negative cells. The NK cells of donors or recipients
were distinguished by using anti-CD45.1 mAb (A20, BD
Biosciences, San Jose, CA), FITC-34-2-12 (H-2DY mAb,
BD Biosciences), or Bio-KH95 (anti-H-2D® mAb, BD
Biosciences). Data acquisition was performed with FACS
Calibur flow cytometer (BD Pharmingen, San Jose, CA)
using a CellQuest software (BD Biosciences). Data
analysis was performed using a FlowJo software [48].

Cytokine stimulation

Cytokines used in the in vivo experiments were
reconstituted and dosing as per manufacturer’s instructions
and given via tail vein in a total volume of 0.2 ml per
mouse. In the experiments of NK cells with in vivo IL
re-stimulation, the combination of IL-12 (4.5 pg per
mouse, PeproTech, Rocky Hill, NJ) and IL-15 (5.5 pug per
mouse, PeproTech) plus IL-18 (22 ng per mouse, Medical
and Biological Laboratories Co., Nagano, Aichi, Japan)
was injected into RaglKO B6 mice as pre-activation.
After three weeks, IL-12 (5 pg per mouse) and IL-15
(8 ng per mouse) were given to RaglKO B6 mice as IL
re-stimulation for overnight. In some experiments for
testing cell division and proliferation, 2 x 10°NK cells
were labeled with 2.5 pM carboxyfluorescein diacetate
succinimidyl ester (CFSE, Invitrogen, Carlsbad, CA) and
equal numbers of CFSE-labeled NK cells were then used
for further experiments. The percentages of NK cells or
IFNy* NK cells harvested from spleen or peripheral blood
of mice were determined by flow cytometry.

In some experiments, NK cells from the spleen of
RaglKO B6 (CD45.2+) mice receiving IL pre-activation
or re-stimulation were harvested by negative selection
using a mixture of antibodies including anti-CDS5, anti-
Grl, and anti-Ter-119. Purity of NK cells (90-98%)
was determined by flow cytometry with NK1.1 staining.
Equal numbers of NK cells were adoptively transferred
to syngeneic B6 (CD45.1+). After three weeks, NK
cells from peripheral blood of B6 (CD45.1+) were
harvested and anti-CD45.1 (A20) antibody was used to
distinguish donor NK cells from recipient NK cells. In the
experiments for continuous IL re-stimulation, IL-12 (5 pg
per mouse) and IL-15 (8 pg per mouse) were given every
week post pre-activation with 1L-12, IL-15, and IL-18,
after which NK cells were analyzed by flow cytometry at
the indicated intervals.

In the experiments for NK cells with in vitro re-
stimulation by cytokines, NK cells from the spleen of
RaglKO B6 (CD45.2+) mice were pre-activated with
IL-12 (10 ng/mL), IL-18 (50 ng/mL) and IL-15 (10 ng/mL)
overnight as described previously [3]. In next day, equal
numbers of NK cells (2 x 10¢) were adoptively transferred
into syngeneic B6 (CD45.1+) mice. After three weeks,
enriched NK cells from spleen were harvested by
negative selection as described previously [3] and then
in vitro re-stimulated with IL-12 (10 ng/mL) and IL-15
(100 ng/mL) for 4 hrs, followed by flow cytometric
analysis of NK cells in next day.

NKG2D and IFNy neutralization studies

Anti-mouse NKG2D mAb (HMG2D) and rat anti-
mouse IFNy mAb (Clone XMG1.2) were purchased from
BioXCell (West Lebanon, NH). Mice were treated with
250 pg anti-NKG2D mAb (HMG2D) twice weekly [49] or
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0.4 ng anti-mouse IFNy mAb (Clone XMG1.2) every other
day [50], until the recipients died from leukemia. Mice
were treated with IgG1 antibody as control. Flow cytometry
using APC-NKG2D or APC-IFNy staining was performed
to verify completeness of NKG2D or IFNy depletion (< 1%
remaining cells with the depleted phenotype).

Quantitative RT-PCR

Total RNA was extracted from 1 X 107 cells from
the spleen of RaglKO B6 mice (n = 10) 2 weeks after
inoculation of leukemia cells, using the Trizol reagent
(Invitrogen) as per manufacturer’s instructions as described
previously [51]. Yield and quality of RNA were assessed
using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). 1.0 pg of total RNA
was reversely transcribed into ¢cDNA using a qScript
kit (Quanta Biosciences, Gaithersburg, MD) as per
manufacturer’s instructions. mRNA levels of the target
genes were quantified by Lightcycler II (Roche, Basel,
Switzerland) using SYBR II qPCR mixture (Invitrogen).
Primers were designed for an anneal temperature of 61°C
using a Primer 3 software [52] and synthesized by TAG
Copenhagen (Frederiksberg, Denmark). Purified and
diluted sequence-verified PCR products (GATC Biotech,
Konstanz, Germany) were used to create a standard curve
for each primer pair. Expression levels of the target genes
were calculated as absolute quantification according to
the relevant standard curve, using a Lightcycler Software
version 3.53, and then normalized to the housekeeping gene
B-actin. Cycling parameters were set up to obtain similar
reaction efficiencies between 1.9 and 2.0. The parameters
for qPCR cycling were: initial denaturation at 95°C,
followed by 45 cycles of 10 second denaturation at 95°C,
5 second anneal at primer-specific temperature (56—60°C)
and 15 second extension at 72°C. Following PCR, a melting
curve analysis was conducted. Any reactions with CP value
> 40 or with a nonspecific peak in the melting curve analysis
were considered as negative reactions and arbitrarily given
the value of 0 for further statistical analyses.

Statistical analysis

Student’s ¢ test was performed to compare the
variables between 2 groups, with P < 0.05 considered
as statistically significant. The data are presented as
mean + SD or mean = SEM. All flow cytometric analyses
and proliferation assays were analyzed using a FlowJo
software. RT-PCR data was analyzed using a SSPS
software. Survival rate analysis was performed with a
Prims4 software.

ACKNOWLEDGMENTS

The authors thank Professors Yongguang Yang and
Hui Wang for technical assistance.

CONFLICTS OF INTEREST

All authors declare no potential conflicts of interest.

GRANT SUPPORT

This work was supported by the Norman Bethune
Program of Jilin University (grant # 2012224), the
National Natural Science Foundation of China (grant #
81100350), National Natural Science Foundation of China
(grant # 81471165), National Natural Science Foundation
of China (grant # 81670190), Fundamental Research Fund
of the Jilin University (grant # 450060445226), Science
Foundation of the 49th Chinese Post-Doctoral Grant (grant
# 20110490155), Jilin Province health family planning
research plan (grant # 2014204 1) and Jilin Province young
Science Foundation of technology development plan
(grant #201201019).

REFERENCES

1. Morvan MG, Lanier LL. NK cells and cancer: you can teach
innate cells new tricks. Nat Rev Cancer. 2016; 16:7—19.

2. Min-Oo G, Kamimura Y, Hendricks DW, Nabekura T,
Lanier LL. Natural killer cells: walking three paths down
memory lane. Trends Immunol. 2013; 34:251-258.

3. Cooper MA, Elliott JM, Keyel PA, Yang L, Carrero JA,
Yokoyama WM. Cytokine-induced memory-like natural
killer cells. Proc Natl Acad Sci USA. 2009; 106:1915-1919.

Zehn D, King C, Bevan MJ, Palmer E. TCR signaling
requirements for activating T cells and for generating
memory. Cell Mol Life Sci. 2012; 69:1565-1575.

5. Romee R, Schneider SE, Leong JW, Chase JM, Keppel CR,
Sullivan RP, Cooper MA, Fehniger TA. Cytokine
activation induces human memory-like NK cells. Blood
2012:120:4751-4760.

6. Stetson DB, Mohrs M, Reinhardt RL, Baron JL, Wang ZE,
Gapin L, Kronenberg M, Locksley RM. Constitutive
cytokine mRNAs mark natural killer (NK) and NK T
cells poised for rapid effector function. J Exp Med. 2003;
198:1069-1076.

7. Bauer S, Groh V, Wu J, Steinle A, Phillips JH, Lanier LL,
Spies T. Activation of NK cells and T cells by NKG2D,
a receptor for stress-inducible MICA. Science. 1999;
285:727-729.

8. Garrity D, Call ME, Feng J, Wucherpfennig KW. The
activating NKG2D receptor assembles in the membrane
with two signaling dimers into a hexameric structure. Proc
Natl Acad Sci USA. 2005; 102:7641-7646.

9. Billadeau DD, Upshaw JL, Schoon RA, Dick ClJ,
Leibson PJ. NKG2D-DAPI10 triggers human NK cell-

mediated killing via a Syk-independent regulatory pathway.
Nat Immunol. 2003; 4:557-564.

www.impactjournals.com/oncotarget

79200

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

Wu J, Song Y, Bakker AB, Bauer S, Spies T, Lanier LL,
Phillips JH. An activating immunoreceptor complex formed
by NKG2D and DAP10. Science. 1999; 285:730-732.

Guerra N, Tan YX, Joncker NT, Choy A, Gallardo F,
Xiong N, Knoblaugh S, Cado D, Greenberg NM,
Raulet DH. NKG2D-deficient mice are defective in
tumor surveillance in models of spontaneous malignancy.
Immunity. 2008; 28:571-580.

Smyth MJ, Swann J, Cretney E, Zerafa N, Yokoyama WM,
Hayakawa Y. NKG2D function protects the host from tumor
initiation. J Exp Med. 2005; 202:583-588.

Girart MV, Fuertes MB, Domaica CI, Rossi LE,
Zwirner NW. Engagement of TLR3, TLR7, and NKG2D
regulate IFN-gamma secretion but not NKG2D-mediated
cytotoxicity by human NK cells stimulated with suboptimal
doses of IL-12. J Immunol. 2007; 179:3472-3479.

Kloss M, Decker P, Baltz KM, Baessler T, Jung G,
Rammensee HG, Steinle A, Krusch M, Salih HR.
Interaction of monocytes with NK cells upon Toll-like
receptor-induced expression of the NKG2D ligand MICA.
J Immunol. 2008; 181:6711-6719.

Kim JY, Huh K, Lee KY, Yang JM, Kim TJ. Nickel induces
secretion of IFN-gamma by splenic natural killer cells. Exp
Mol Med. 2009; 41:288-295.

Gill S, Vasey AE, De Souza A, Baker J, Smith AT,
Kohrt HE, Florek M, Gibbs KD Jr, Tate K, Ritchie DS,
Negrin RS. Rapid development of exhaustion and down-
regulation of eomesodermin limit the antitumor activity of
adoptively transferred murine natural killer cells. Blood.
2012; 119:5758-5768.

Sun JC, Beilke JN, Lanier LL. Adaptive immune features
of natural killer cells. Nature. 2009; 457:557-561.

Koka R, Burkett PR, Chien M, Chai S, Chan F, Lodolce JP,
Boone DL, Ma A. Interleukin (IL)-15R[alpha]-deficient
natural killer cells survive in normal but not IL-15R[alpha]-
deficient mice. J Exp Med. 2003; 197:977-984.

. Zhang C, Zhang J, Sun R, Feng J, Wei H, Tian Z. Opposing

effect of [IFNyamma and [FNalpha on expression of NKG2
receptors: negative regulation of [IFNyamma on NK cells.
Int Immunopharmacol. 2005; 5:1057-1067.

Guo Y, Luan L, Rabacal W, Bohannon JK, Fensterheim BA,
Hernandez A, Sherwood ER. IL-15 Superagonist-mediated
immunotoxicity: role of NK cells and IFN-g. J Immunol.
2015; 195:2353-2364.

Shah NN, Baird K, Delbrook CP, Fleisher TA, Kohler ME,
Rampertaap S, Lemberg K, Hurley CK, Kleiner DE,
Merchant MS, Pittaluga S, Sabatino M, Stroncek DF,
et al. Acute GVHD in patients receiving IL-15/4-1BBL
activated NK cells following T-cell-depleted stem cell
transplantation. Blood 2015; 125:784-792.

Rezvani K, Rouce RH. The Application of Natural Killer
Cell immunotherapy for the Treatment of Cancer. Frontiers
in Immunol. 2015:6:1-13.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Leong JW, Chase JM, Romee R, Schneider SE, Sullivan RP,
Cooper MA, Fehniger TA. Preactivation with IL-12, IL-15,
and IL-18 induces CD25 and a functional high-affinity IL-2
receptor on human cytokine-induced memory-like natural
killer cells. Biol Blood Marrow Transplant. 20 2014;
20:463-473.

Ni J, Miller M, Stojanovic A, Garbi N, Cerwenka A.
Sustained effector function of IL-12/15/18—preactivated
NK cells against established tumors. J Exp Med. 2012;
209:2351-2365.

Spitzer TR, McAfee SL, Dey BR, Colby C, Hope J,
Grossberg H, Preffer F, Shaffer J, Alexander SI, Sachs DH,
Sykes M. Nonmyeloablative haploidentical stem-cell
transplantation using anti-CD2 monoclonal antibody
(MEDI-507)-based conditioning for refractory hematologic
malignancies. Transplantation. 2003; 75:1748-1751.

Wang H, Yang Y, Wang G, Wang S, Yeap BY, Sykes M,
Yang YG. Donor bone marrow-derived T cells inhibit
GVHD
established mixed allogeneic hematopoietic chimeras. PLoS
One. 2012; 7:¢47120.

Rizzieri DA, Storms R, Chen DF, Long G, Yang Y,
Nikcevich DA, Gasparetto C, Horwitz M, Chute J,
Sullivan K, Hennig T, Misra D, Apple C, et al. Natural killer
cell-enriched donor lymphocyte infusions from A 3-6/6
HLA matched family member following nonmyeloablative
allogeneic stem cell transplantation. Biol Blood Marrow
Transplant. 2010; 16:1107-1114.

Miller JS, Soignier Y, Panoskaltsis-Mortari A,
McNearney SA, Yun GH, Fautsch SK, McKenna D, Le C,
Defor TE, Burns LJ, Orchard PJ, Blazar BR, Wagner JE,
et al. Successful adoptive transfer and in vivo expansion

induced by donor lymphocyte infusion in

of human haploidentical NK cells in patients with cancer.
Blood. 2005; 105:3051-3057.

Davis CT, Rizzieri D. Immunotherapeutic applications of
NK cells. Pharmaceuticals (Basel). 2015; 8:250-256.

Wang H, Yang YG. The complex and central role of
interferon-y in graft-versus-host disease and graft-versus-
tumor activity. Immunol Rev. 2014; 258:30-44.

Yang YG, Qi J, Wang MG, Sykes M. Donor-derived
interferon gamma separates graft-versus-leukemia effects
and graft-versus-host disease induced by donor CD8 T cells.
Blood. 2002; 99:4207-4215.

Khaznadar Z, Boissel N, Agaugué S, Henry G, Cheok M,
Vignon M, Geromin D, Cayuela JM, Castaigne S, Pautas C,
Raffoux E, Lachuer J, Sigaux F, et al. Defective NK cells in
acute myeloid leukemia patients at diagnosis are associated
with blast transcriptional signatures of immune evasion. J
Immunol. 2015; 195:2580-2590.

McDowell KA, Hank JA, DeSantes KB, Capitini CM,
Otto M, Sondel PM. NK cell-based immunotherapies

in pediatric oncology. J Pediatr Hematol Oncol. 2015;
37:79-93.

WWW

.impactjournals.com/oncotarget

79201

Oncotarget



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Muntasell A, Magri G, Pende D, Angulo A, Lopez-Botet M.
Inhibition of NKG2D expression in NK cells by cytokines
secreted in response to human cytomegalovirus infection.
Blood. 2010; 115:5170-5179.

Cerwenka A, Baron JL, Lanier LL. Ectopic expression
of retinoic acid early inducible-1 gene (RAE-1) permits
natural killer cell-mediated rejection of a MHC class
I-bearing tumor in vivo. Proc Natl Acad Sci USA. 2001;
98:11521-11526.

Diefenbach A, Jensen ER, Jamieson AM, Raulet DH. Rael
and H60 ligands of the NKG2D receptor stimulate tumour
immunity. Nature. 2001; 413:165-171.

Mistry AR, O’Callaghan CA. Regulation of ligands for the
activating receptor NKG2D. Immunology. 2007; 121:439-447.

Pende D, Rivera P, Marcenaro S, Chang CC, Biassoni R,
Conte R, Kubin M, Cosman D, Ferrone S, Moretta L,
Moretta A. Major histocompatibility complex class I-related
chain A and UL16-binding protein expression on tumor cell
lines of different histotypes: analysis of tumor susceptibility
to NKG2D-dependent natural killer cell cytotoxicity.
Cancer Res. 2002; 62:6178-6186.

Cerwenka A, Lanier LL. Natural killer cells, viruses and
cancer. Nat Rev Immunol. 2001; 1:41-49.

Spear P, Wu MR, Sentman ML, Sentman CL. NKG2D
ligands as therapeutic targets. Cancer Immun. 2013; 13:8.

Dhanji S, Teh HS. IL-2-activated CD8+CD44high cells
express both adaptive and innate immune system receptors
and demonstrate specificity for syngeneic tumor cells. J
Immunol. 2003; 171:3442-3450.

Zhang C, Zhang J, Niu J, Zhou Z, Zhang J, Tian Z.
Interleukin-12 improves cytotoxicity of natural killer cells
via upregulated expression of NKG2D. Hum Immunol.
2008; 69:490-500.

Horng T, Bezbradica JS, Medzhitov R. NKG2D signaling
is coupled to the interleukin 15 receptor signaling pathway.
Nat Immunol. 2007; 8:1345-1352.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

Burgess SJ, Maasho K, Masilamani M, Narayanan S, Borrego F,
Coligan JE. The NKG2D receptor: immunobiology and clinical
implications. Immunol Res. 2008; 40:18-34.

Takaki R, Hayakawa Y, Nelson A, Sivakumar PV, Hughes S,
Smyth MJ, Lanier LL. IL-21 enhances tumor rejection
through a NKG2D-dependent mechanism. J Immunol.
2005; 175:2167-2173.

Friese MA, Wischhusen J, Wick W, Weiler M, Eisele G,
Steinle A, Weller M. RNA interference targeting
transforming growth factor-beta enhances NKG2D-
mediated antiglioma immune response, inhibits glioma cell
migration and invasiveness, and abrogates tumorigenicity
in vivo. Cancer Res. 2004; 64:7596-7603.

Kim S, lizuka K, Kang HS, Dokun A, French AR, Greco S,
Yokoyama WM. In vivo developmental stages in murine
natural killer cell maturation. Nat Immunol. 2002; 3:523-528.

Charoudeh HN, Terszowski G, Czaja K, Gonzalez A,
Schmitter K, Stern M. Modulation of the natural killer
cell KIR repertoire by cytomegalovirus infection. Eur J
Immunol. 2013; 43:480-487.

Chen H, Xia J, Zhang L, Jin X, Yang M, Li J, Zhao Y.
NKG2D blockade attenuated cardiac allograft vasculopathy
in a mouse model of cardiac transplantation. Clin Exp
Immunol. 2013; 173:544-552.

Liu G, Xu J, Wu H, Sun D, Zhang X, Zhu X, Magez S,
Shi M. IL-27 Signaling Is Crucial for Survival of Mice
Infected with African Trypanosomes via Preventing Lethal
Effects of CD4+ T Cells and IFN-y. PLoS Pathog. 2015;
11:¢1005065.

Adlercreutz EH, Weile C, Larsen J, Engkilde K, Agardh D,
Buschard K, Antvorskov JC. A gluten-free diet lowers
NKG2D and ligand expression in BALB/c and non-obese
diabetic mice. Clin Exp Immunol. 2014; 177:391-403.

Rozen S, Skaletsky H. Primer3 on the WWW for general
users and for biologist programmers. Methods Mol Biol.
2000; 132:365-86.

www.impactjournals.com/oncotarget

79202

Oncotarget



