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ABSTRACT
NK cells have shown promise in therapy of hematological cancers, in particular against acute myeloid
leukemia. In contrast, the more NK cell-resistant acute lymphoblastic leukemia (ALL) is difficult to treat
with NK-cell-based therapies, and we hypothesized that pre-activation of NK cells could overcome this
resistance. We show in pediatric and adult patients with T-cell ALL (T-ALL) perturbed NK cell effector
functions at diagnosis. Using an in vivo rat model for T-ALL, Roser leukemia (RL), suppressed NK cell
effector functions were observed. NK cells from T-ALL patients had reduced expression of the activating
receptors NKp46 and DNAM-1, but not NKG2D. In contrast to T-ALL patients, NKG2D but not NKp46 was
downregulated on NK cells during rat RL. Decreased frequencies of terminally differentiated
NKG2ACCD57¡CD56dim NK cells in human T-ALL was paralleled in the rat by reduced frequencies of bone
marrow NK cells expressing the maturation marker CD11b, possibly indicating impairment of
differentiation during leukemia. RL was highly resistant to autologous NK cells, but this resistance was
overcome upon pre-activation of NK cells with IL-12, IL-15, and IL-18, with concomitant upregulation of
activation markers and activating receptors. Importantly, adoptive transfers of IL-12, IL-15, and IL-18 pre-
activated NK cells significantly slowed progression of RL in vivo. The data thus shows that T-ALL blasts
normally resistant to NK cells may be targeted by cytokine pre-activated autologous NK cells, and this
approach could have potential implications for immunotherapeutic protocols using NK cells to more
efficiently target leukemia.

KEYWORDS
DNAM-1; IL-12; IL-15; IL-18;
NK cells; T-ALL

Introduction

NK cells are increasingly attractive for immunotherapies
toward cancers.1-3 NK cell effector functions are induced
when signals from one or more activating receptors override
inhibition through inhibitory receptors binding to MHC
class I.4 Ligands for activating NK cell receptors, such as
NKG2D, DNAX Accessory Molecule-1 (DNAM-1), and the
natural cytotoxicity receptors (NCRs) NKp46 and NKp30
are variably upregulated on malignant cells, rendering them
susceptible to NK cells.5 NK cells have been successfully
used in the treatment of haematological cancers. In particu-
lar, haploidentical KIR-mismatched bone marrow transplan-
tations,6 or infusions of haploidentical KIR-ligand
mismatched NK cells promoted eradication of leukemic
blasts in acute myeloid leukemia (AML) patients.7 In con-
trast, there has been limited success in similar treatments of
adult acute lymphoblastic leukemia (ALL) patients, while
some success with pediatric patients is reported.8 ALL blasts
are generally resistant to NK cells, as they less frequently
express ligands for activating NK cell receptors, in combina-
tion with normal MHC class I expression levels.9,10

Reduced surface levels of DNAM-1, NKp46, NKp30, and/or
NKG2D by NK cells are frequently observed in AML and vari-
ably in ALL patients.9,11-14 Low surface expression of activating
receptors at diagnosis is correlated with low NK cell activity,
poor outcome, and increased risk of relapse.15-19 Reduced NK
cell activity is also reported in patients with other haematologi-
cal disorders, such as chronic myeloid leukemia (CML) and
myelodysplastic syndrome (MDS).20,21 Reduced NKG2D
expression is mediated by both TGF-b as well as soluble
NKG2D ligands released from blasts,22-24 but whether NKG2D
is directly involved in targeting leukemic blasts is controver-
sial.25 In contrast, reduced expression of DNAM-1 has been
directly correlated with inefficient NK cell-mediated killing of
malignant cells.26-28

Pre-activation of NK cells with cytokines before infusion has
been attempted to enhance tumor clearance. While use of the
classical NK-cell activating cytokine IL-2 alone has shown limited
success,29 combinatorial pre-activation of NK cells with IL-12,
IL-15, and IL-18 has been shown to result in significant tumor
regression in a mouse model of lymphoma,30 suppression of
graft-versus-host disease in the mouse,31 and, importantly, in a
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clinical trial of relapsed or refractory AML.32 Short-term pre-acti-
vation of human or mouse NK cells with IL-12, IL-15, and IL-18
has been shown to result in generation of NK cells with superior
effector functions as compared with activation with IL-2 or IL-15
alone.33 Re-stimulation of these cytokine-activated NK cells leads
to enhanced functional activity; hence, NK cells differentiated after
IL-12, IL-15, and IL-18 pre-activation was termed cytokine-
induced memory-like cells.33–36 Their potential utility in immuno-
therapy is thus obvious.

T-cell ALL (T-ALL) results from a malignancy of T-cell pro-
genitors, representing 15% of pediatric and 25% of adult acute
leukemia cases. Significant improvement in intensive risk-
adapted chemotherapy protocols have yielded more than 80% 5-
y overall survival for pediatric T-ALL patients. Compared to B-
cell-derived acute leukemia (B-ALL), both pediatric and adult T-
ALL patients remain at increased risk for induction failure and
relapse.37,38 Most studies investigating NK cell recognition of
ALL have focused on B-ALL, while studies on NK cells and T-
ALL are fragmentary. Here, we have addressed the interplay
between NK cells and T-ALL, by phenotypic and functional
characterization of NK cells in T-ALL patients at diagnosis, and
complemented with a rat model for T-ALL, Roser leukemia
(RL), to study NK-cell mediated targeting of T-ALL. RL is a
radiation-induced leukemia from the PVG rat strain, with similar
pathology to human T-ALL.39 RL primarily infiltrates the spleen
upon i.v. injection, but affects several organs at late stages such
as the bone marrow, liver, lungs, thymus, testis, and meninges.

We show suppressed NK cell functions during acute T-
ALL disease, both in human and in the rat, and show in
the rat model that suppressed NK cell functions are extrin-
sic to the blasts, indicative of suppression mediated by other
factors or cells in the environment. Pre-activation of autolo-
gous NK cells with IL-15, IL-12, and IL-18 sensitized NK
cells to the otherwise highly resistant RL blasts, and upon
adoptive transfer in vivo, pre-activated NK cells resulted in
significant reductions in RL load. This implies that
pre-activation of NK cells is of potential immunotherapeutic
use against otherwise resistant T-ALL.

Results

Deficient NK cell functions and downregulated expression
of DNAM-1 and NKp46 in T-ALL patients

NK cell effector functions were tested in PBMC obtained at
diagnosis from three pediatric T-ALL patients recruited in
the period 2014–2016 at Oslo University Hospital, with
PBMC from age-matched healthy children as controls.
PBMC from another 10 pediatric and 9 adult T-ALL
patients recruited at time of diagnosis in the period 1982–
1997 were obtained from the Royal Victoria Infirmary in
Newcastle, UK. NK cell numbers in the latter samples were
too low for functional analysis. Low degranulation, as
assessed by surface deposition of the granule marker
CD107a, and low IFNg production in response to the NK
cell sensitive tumor target K562 was observed in
CD3¡CD56dim NK cells from pediatric T-ALL patients
(Figs. 1A and B). We also observed a reduction in the pro-
portion of CD56dim NK cells expressing CD8C in both adult
and pediatric patients (Fig. 1C). CD8C NK cells are sug-
gested to represent more functionally active NK cells in
terms of both cytotoxicity and cytokine production.40,41

Next, expression of activating and inhibitory NK cell
receptors by CD3¡CD56dim NK cells in pediatric and adult
T-ALL patients was compared with healthy children or
adults. Reduced frequencies of NKp46C NK cells were
observed in the pediatric group, and of DNAM-1C NK cells
in both patient groups compared with healthy controls
(Fig. 2A). NKp46 expression levels were reduced in both
adult and pediatric patients, while DNAM-1 expression lev-
els were reduced in the pediatric patient group only
(Fig. 2B). Frequencies and expression levels of NKG2D in
NK cells were similar between patients and controls
(Figs. 2A and B). NK cells expressing the inhibitory recep-
tors NKG2A and NKR-P1A were present at similar fre-
quencies in patients and controls, but NKR-P1A was
expressed at higher levels by NK cells from pediatric
patients (Figs. 2A and B).

Figure 1. Diminished NK cell effector functions in T-ALL patients. PBMC from patients or healthy controls were co-incubated with K562 target cells in the presence of anti-
CD107a mAb for 6 h. NK cells were gated as CD14/CD19¡CD56dimCD3¡ cells, and assessed for (A) degranulation by measuring percentage CD107aC NK cells, or (B) per-
cent intracellular IFNg expression (n D 3 T-ALL, n D 13 controls, § SEM). Statistical significance was calculated using the non-parametrical Mann–Whitney test. (C) Fre-
quencies of CD8C CD3¡CD56dim peripheral blood NK cells from healthy children or adult controls compared with pediatric or adult T-ALL patients. Data are presented as
percentages § SEM. Statistical significance was calculated using the non-parametrical Mann–Whitney test.
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NK cell receptor repertoires are skewed during T-ALL in
the rat

A rat model of T-ALL was used to investigate underlying
mechanisms of how T-ALL affects NK cells. The leukemia,
RL, was injected i.v. and animals killed when blasts reached
>30% of PBMC. At this point, the spleen was grossly
enlarged. The numbers of NK cells was comparable in
blood and spleen in RL and healthy rats (Fig. S1A), but a
skewing of NK cell subsets was observed during RL. In the

rat, three major NK cell subsets are found. Two of the sub-
sets are mature and fully functional, and express either
Ly49s3 or the inhibitory NKR-P1B receptor,42 while a third
terminally differentiated NKR-P1Bbright subset is found in
the blood and gut.43 Higher frequencies of NKR-P1Bdim NK
cells were found in both blood and bone marrow in rats
with RL, accompanied by reduced proportions of NKR-
P1Bbright cells in the blood (Fig. 3A). The same pattern was
observed for total numbers of each subset, though not to
statistical significance (Figs. S1B and C). This skewing was
not caused by preferential proliferation of NKR-P1Bdim NK
cells (Fig. S1D), suggesting differentiation could be affected.
In the mouse, CD11b and CD27 distinguish immature and
mature NK cells. This is not as clear in the rat,43 but a
skewing toward more CD27C and fewer CD11bC NKR-
P1Bdim cells was observed in the bone marrow (Fig. S1E).
Human NK cells differentiate from CD56bright to CD56dim

NK cells, and further along a pathway with increasing
CD57 and decreasing NKG2A frequencies.44,45 A tendency
for lower frequencies of CD57CNKG2A¡ NK cells was
found in pediatric T-ALL patients (p D 0.085), with a simi-
lar trend for adult T-ALL patients (Fig. S1F), indicating
that, as in the rat, NK cell differentiation could be affected.

Reduced NK cell functions and skewing of NK cell receptor
repertoire in rats with T-ALL

Similarly to human patients, NK cells from rats with RL
showed low degranulation against an NK cell sensitive tumor
target (Fig. 3B), and reduced production of IFNg in response
to stimulation of activating receptors NKp46, Ly49s3, or NKR-
P1A, or in response to IL-12 or IL-18 in combination with IL-2
(Figs. 3C and D). Reduced NK cell functions were not observed
at earlier time points when the blast burden was below 2%
(Figs. 3B and D).

In contrast to human patients, NKG2D expression was
lower in NK cells from spleen, blood, and bone marrow from
rats with RL (Fig. 3E), accompanied by reduced frequencies in
in the spleen (Fig. S2A). Expression levels and frequencies of
NKp46C, Ly49s3C, or NKR-P1AC NK cells were similar in
healthy and RL rats (Fig. 3F, Fig. S2B, and data not shown).
Lack of antibodies toward rat DNAM-1 prevented testing its
surface expression. Dnam1 was similarly expressed in NK cells
purified from RL or healthy rats, but this was also observed for
Nkg2d, indicating post-transcriptional regulation (Fig. S2C).
Further analysis of RL indicated limited expression of the
NKG2D ligands Rae1l or Rrlt, while these were expressed by
the NK cell sensitive rat tumor cell line YB2/0 (Fig. 3G). RL
expressed Pvr (CD155), a ligand for DNAM-1, at higher levels
than primary T cells (Fig. 3G).

Reduced NK cell functionality and downmodulation of
NKG2D in the rat was not directly mediated by the RL
blasts. In vitro overnight co-cultures of enriched, autologous
splenic NK cells from healthy rats with RL did not affect
either degranulation toward YAC-1 or IFNg production in
response to IL-12 (Figs. S3A and B), nor NKG2D surface
expression upon overnight co-culture of enriched NK cells
with RL (Fig. S3C). Moreover, serum concentration of
TGF-b was similar in healthy and sick rats (Fig. S3D), and

Figure 2. Reduced frequencies of NK cells with activating receptors in T-ALL
patients. (A) Frequencies of CD56dimCD3¡ NK cells expressing NKG2D, NKp46,
DNAM-1, NKG2A, and NKR-P1A were analyzed on CD3¡CD56dim peripheral blood
NK cells from healthy children or adults, and pediatric or adult T-ALL patients. Data
are presented as percentages § SEM. (B) Relative fluorescence index (RFI) of
NKG2D, NKp46, DNAM-1, NKG2A, and NKR-P1A were calculated by dividing the
median fluorescence intensity of each receptor on CD3¡CD56dim peripheral blood
NK cells to negatively stained populations with the same antibody. Data are pre-
sented as RFI values § SEM. Statistical significance was calculated using the non-
parametrical Mann–Whitney test.
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although RL expressed Tgfb at higher levels than primary T
cells (Fig. S3E), we did not detect elevated TGF-b levels in
in vitro cultures of RL alone or with enriched NK cells
(Fig. S3F). Moreover, overnight or 5-d cultures of NK cells
with serum from rats with RL did not affect IFNg produc-
tion or NKG2D expression levels (Figs. S3G and H, and
data not shown). This indicates that soluble serum factors
are unlikely to directly affect NK cells, although exogenous
TGF-b reduced NKG2D expression in vitro (Fig. S3I).

NK cells pre-activated with IL-15, IL-12, and IL-18 potently
kill the resistant RL blasts

RL are resistant to lysis by autologous, IL-2-activated NK cells.46

Here, poor degranulation and low cytotoxicity by resting, autolo-
gous NK cells in response to RL is shown (Figs. 4A and B).
Extending the killing assay from 4 to 20 h led to increased specific
lysis of RL independent of Fas/Fas-L (Fig. 4B). Also, conjugate for-
mation between NK cells and RL increased over time (Fig. S4A).

Figure 3. Low NK-cell responses and skewed receptor repertoires in rats with RL. (A) Flow cytometric analysis of the distribution of Ly49s3C, NKR-P1Bdim, or NKR-P1Bbright

NK cells in blood, spleen, and bone marrow isolated from control rats (n D 9) or rats with RL (n D 10). Data represent the average of six independent experiments §
SEM. (B) Degranulation of NK cells from healthy rats (n D 6), rats with blast load <2% of PBMC (n D 3), or >30% of PBMC (n D 4) in response to YAC-1. NK cells were
gated as NKR-P1ACCD3¡ cells. Data represent the average of three independent experiments § SEM. Intracellular IFNg production by NKR-P1ACCD3¡ NK cells was ana-
lyzed by flow cytometry in samples stimulated for 6 h by (C) the indicated plate-bound antibodies or (D) IL-2 alone or in combination with IL-12 or IL-18 using healthy
control rats (n D 6), rats with blast load <2% of PBMC (n D 3), rats with blast load >30% of PBMC (n D 3). Values represent the average of three independent experi-
ments § SEM. MFI analysis of (E) NKG2D or (F) NKp46 expression on NKR-P1ACCD3¡ NK cells from control rats (n D 4) or rats with RL (n D 5). Values represent the aver-
age of three independent experiments. (G) qRT-PCR analysis of RL (n D 4), primary T cells (n D 4), and YB2/0 cells (n D 4). Statistical significance was calculated using the
non-parametrical Mann–Whitney test.
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Compared to primary T cells, expression of Trailr2, Fas, and adhe-
sion molecules CD2, CD48, and ICAM-1 was low on RL, while
MHC class I was similarly expressed, indicating reduced potential
for interaction of NK cells with RL (Figs. S4B and C).

IL-15 in combination with IL-12 and IL-18 is shown to
enhance NK cell effector functions and tumor recognition.30,32

We therefore tested targeting of RL by autologous, enriched
NK cells from healthy rats pre-treated with either IL-15 alone

Figure 4. Cytokine pre-activation upregulates activating receptors and promotes NK cell lysis of RL. (A) Degranulation of primary enriched splenic NK cells in response to
YAC-1 or RL. Values represent data from three independent experiments (n D 9) § SEM. (B) Specific lysis of YAC-1 or RL target cells measured by 4 or 20 h 51Cr release
assay using enriched, splenic NK cells. Values represent the average of triplicates of one representative experiment out of four independent experiments. (C) qRT-PCR
analysis of Dnam1 expression in primary NK cells (n D 4), NK cells pre-cultured overnight in medium with IL-15 (n D 3), or in medium with IL-15, IL12, and IL-18 (n D 3).
Statistical significance was calculated using the Kruskal–Wallis test. (D) MFI analysis of CD25, NKG2D, Ly49s3, FasL, and NKp46 on NK cells after overnight culture in
medium alone (nD 3), with IL-15 alone (nD 3), or with IL-15, IL12, and IL-18 (nD 3). Data represent the average of three independent experiments§ SEM. Statistical sig-
nificance was calculated using the non-parametrical Mann–Whitney test. (E) Specific lysis of YB2/0 or RL measured by 51Cr release assay with enriched splenic NK cells pre-
cultured overnight in medium alone, with IL-15 alone, or with IL-15, IL12, and IL-18. NKG2D antibody or isotype control was pre-incubated with NK cells 30 min before
assay. Data represent average of triplicates of one representative experiment of three independent experiments.
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or in combination with IL-12 and IL-18. Heightened activity of
NK cells was observed with increased expression of CD25 and
CD69, in particular after culture with all three cytokines
(Fig. 4D and data not shown). Moreover, increased expression
levels of NKG2D, Ly49s3, and FasL, but not NKp46, was
observed after pre-activation with IL-15 alone or with IL-12
and IL-18 (Fig. 4D). qRT-PCR analysis showed upregulation of
Dnam1 (Fig. 4C). IL-15 pre-activated NK cells demonstrated
higher cytolytic activity toward the resistant RL compared with
untreated NK cells, which was further enhanced by IL-12, IL-
15, and IL-18 pre-activation reaching levels comparable to kill-
ing of the sensitive YB2/0 targets by untreated NK cells
(Fig. 4D). While lysis of YB2/0 targets was partially reduced by
NKG2D antibody blockade, lysis of RL appeared to be indepen-
dent of NKG2D. This correlates with the expression of NKG2D
ligands by YB2/0 but not by RL (Fig. 3G), and suggests that kill-
ing of RL by cytokine pre-activated NK cells is mediated by
other activating receptor(s), possibly via DNAM-1/CD155.

IL-15/12/18 pre-activated NK cells slow RL development in
vivo

To test whether IL-12, IL-15, and IL-18 pre-activated NK cells
target RL also in vivo, we established a model where rats were
initially sub-lethally irradiated at 4 Gy to facilitate engraftment
of transferred NK cells. Also, irradiation was previously shown
to be necessary for effective tumor clearance by cytokine pre-
activated NK cells in the mouse.30 RL was injected 24 h post-
irradiation, followed by adoptive transfer of 4–6 £ 106 IL-12,
IL-15, and IL-18 pre-activated CD45.1C NK cells at days 3, 6,
and 9. Control rats were irradiated and injected with RL only.
All rats were killed after 3–4 weeks when blast numbers
exceeded 30% of PBMC of control rats. A striking reduction in
spleen weight (Fig. 5A), and total numbers of RL in spleen and
blood was observed in rats infused with pre-activated NK cells
(Fig. 5B). The reduction of RL load was most striking in the
blood (Fig. 5C). Donor NK cells were clearly detectable in
blood, spleen, and BM at sacrifice (Figs. 5D and E). Although
donor NK cells were pre-activated before adoptive transfer,
they showed similar proliferative activity to host NK cells
(CD45.2C) at sacrifice (Fig. 5F). Also, CD25, FasL, and activat-
ing receptors NKG2D and Ly49s3 were similarly expressed
between donor and host NK cells (Fig. 5G and data not shown),
indicating that the heightened activation status achieved after
overnight pre-activation with IL-12, IL-15, and IL-18 is lost
after adoptive transfer. This loss occurs within days after trans-
fer and independently of whether rats are injected with RL or
not (data not shown). Interestingly, NKp46 was consistently
expressed at higher levels by donor NK cells at sacrifice
(Fig. 5G).

Discussion

Immunotherapy with different NK-cell-based strategies is
showing promise in the clinic, in particular against AML.6,7,32

Similar treatment of ALL has been less successful, likely due to
their higher resistance toward NK cells.8 T-ALL blasts are par-
ticularly resistant to NK cells, but studies investigating NK cells
in context of T-ALL are fragmentary. Here, we examined NK

cell phenotypes and functions during T-ALL, and show that
pre-activation of NK cells with IL-12, IL-15, and IL-18 lead to
targeting of T-ALL both in vitro and in vivo.

We observed diminished NK cell effector functions in pedi-
atric T-ALL patients and in rats with RL. These results are in
line with previous studies reporting defective NK cell func-
tions in patients with other haematological cancers,15,16,28

which has been correlated to decreased expression levels of
activating NK cell receptors,14,28 and increased risk of
relapse.15,16,18 In the rat model, serum or RL blasts does not
affect NK cell functionality, suggesting that factors in tissues
or suppressor cells, such as myeloid-derived suppressor cells
(MDSC) may be involved.

NK cells from pediatric T-ALL patients expressed reduced
surface levels of DNAM-1 and NKp46 but not NKG2D. This is
in contrast to data from B-ALL and AML patients where
NKG2D is generally downregulated,14 as it is during rat T-ALL.
The discrepancy between rat and human T-ALL with respect to
NKG2D is not likely mediated by differential ligand expression,
as neither RL nor human T-ALL expresses NKG2D ligands.9

Instead, downregulation of NKG2D has been attributed to sol-
uble NKG2D ligands or TGF-b in serum, but serum from RL
rats had no effect on NKG2D expression. Possibly other cells
that are expanded in context of cancers, such as MDSC, are
involved.47,48 It is currently unclear how NKp46 is downregu-
lated in the human T-ALL patients. NKp46 downregulation
observed in AML patients is independent of TGF-b,12 and
AML blasts lack expression of NKp46 ligands.49 Potentially,
soluble ligands or ligands expressed by extracellular vesicles
could mediate NKp46 downregulation. In contrast, the
DNAM-1 ligands CD155 and CD112 are frequently found
expressed by malignant cells, and directly linked to receptor
downregulation.26,27 DNAM-1 surface expression was not
tested in the rat due to unavailability of antibodies, but as
CD155 was detected at the mRNA level in RL, we hypothesize
that DNAM-1 may be regulated similarly in human and rat T-
ALL. We have also observed variable expression of CD155 and
CD112 by human T-ALL blasts (unpublished observations).
While this points to potential involvement of DNAM-1 in rec-
ognition of T-ALL, CD155 also interacts with the inhibitory
receptor TIGIT expressed by human and rat NK cells.

The inhibitory NKR-P1A receptor was expressed at higher
levels in the pediatric T-ALL patient group. In parallel,
increased frequencies NK cells expressing the inhibitory NKR-
P1B receptor were observed in rats with RL. The implication of
enhanced expression of inhibitory NKR-P1s in unclear at the
moment, as is the relationship between human NKR-P1A and
the four NKR-P1 members in the rat; activating NKR-P1A and
-F, and inhibitory NKR-P1B and -G. The ligand for human
NKR-P1A, LLT1, or ligands for rat NKR-P1 receptors—the Clr
molecules—are not expressed by T-cell leukemias.50,51 In rats
with RL, NKR-P1Bdim bone marrow NK cells contained more
CD27CCD11b¡ cells than in healthy controls. While
CD27CCD11b¡ NK cells represent less differentiated cells in
mice, CD27 and CD11b are not good maturation markers in
the rat. However, bone marrow rat NK cells express less CD11b
than peripheral NK cells, indicating that CD11b to a certain
extent may predict maturation.43 Also, in T-ALL patients,
reduced frequencies of the most differentiated NK cells were
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Figure 5. (For figure legend, see page 8).
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observed. The human and rat data could suggest an
impairment of NK cell differentiation, or alternatively, exhaus-
tion of mature, effector NK cells.

We show that rat autologous NK cells poorly target T-ALL
blasts. Previous studies have shown that pre-activating NK cells
with combinations of IL-12, IL-15, and IL-18 upregulate acti-
vating NK cell receptors, enhance expression of the cytolytic
molecules FasL, TRAIL, perforin, and granzyme B,31 and
induce a memory-like phenotype.30,33,35,36 Further, NK cells
upregulate CD25, rendering NK cells more sensitive to IL-2
driven activation52 and expansion.53 Accordingly, rat NK cells
upregulated CD25 and CD69 in response to IL-12, IL-15, and
IL-18, and upregulated surface expression of NKG2D and
Ly49s3 and of DNAM-1 mRNA. Importantly, cytokine pre-
activated NK cells displayed increased cytotoxicity toward the
resistant RL. Blocking NKG2D minimally influenced killing of
RL, corroborating the low levels of NKG2D ligands found in
RL. Recognition of RL must therefore rely on other activating
receptors. Expression of the DNAM-1 ligand CD155 by RL
could possibly mediate such recognition. The heightened activ-
ity status of NK cells induced by the cytokines may be as
important as the increased expression of activation receptors.
IL-15 alone or in combination with IL-12 and IL-18 yielded
comparable upregulation of activating receptors, but only IL-
15, IL-12, and IL-18 pre-activation led to superior NK cell cyto-
toxicity toward the resistant RL blasts. Cytokine pre-activation
could also lead to increased sensitivity by promoting an over-
ride of inhibitory input via MHC class I.

Our data show the potential of using pre-activated NK cells
for eradication of normally resistant cancers, as reduced bur-
dens of RL was observed in vivo after adoptive transfer of IL-
12, IL-15, and IL-18 pre-activated NK cells. Previously, tumor
regression after transfer of IL-12, IL-15, and IL-18 pre-activated
NK cells was demonstrated in a mouse lymphoma model and
in human refractory AML.30,32 Although there is a clear effect
of infusing pre-activated NK cells, there is an obvious need to
improve their efficiency. NK cells persist in vivo, but the height-
ened expression levels of activation markers and activating
receptors are lost within days of transfer. Also, the transferred
NK cells delay the disease with only a few days, and improved
protocols for pre-activation and for maintaining heightened
activity of NK cells in vivo are needed. The latter has been tack-
led by infusion of low-dose IL-2,32 but this may be a futile strat-
egy for T-ALL. Instead IL-15 could represent a more optimal
strategy. Obtaining sufficient numbers of expanded pre-acti-
vated autologous NK cells from cancer patients in a clinical set-
ting is at present technically challenging. These NK cells are
also potentially functionally impaired, and also face inhibition
through self MHC class I expressed by leukemic blasts,
although we clearly demonstrate that this latter problem is

partly overcome by cytokine pre-activation of NK cells. Alter-
natively, cytokine pre-activated allogeneic haploidentical NK
cells could represent a more feasible approach, as recently dem-
onstrated in a clinical trial of relapsed/refractory AML by Feh-
niger and colleagues.32 The use of haploidentical NK cells is
safe and more feasible, and not associated with any detrimental
graft-vs.-host reactions.7

In summary, we show that NK cells are functionally sup-
pressed in T-ALL patients at diagnosis and in rats having RL.
We show in the rat model that the suppressed NK functions
were not directly mediated by the blasts themselves, or by solu-
ble serum factors, suggesting factors extrinsic to the blasts are
responsible. Pre-activating NK cells with IL-15, IL-12, and IL-
18 led to efficient targeting and killing of the normally resistant
RL both in vitro and in vivo. Further improvements of proto-
cols for NK cell pre-activation could lead to enhanced in vivo
activity and improved therapeutic protocols for T-ALL and
other haematological cancers.

Materials

Patients and healthy controls

PBMCs were collected at diagnosis and before therapy initiation
from 19 patients admitted between 1982 and 1997 at the Royal
Victoria Infirmary in Newcastle, UK, and from three patients
admitted between 2014 and 2016 at Oslo University Hospital,
Oslo, Norway. All were diagnosed with T-ALL. The pediatric
group consisted of 13 patients (1–18 y, median age 5.5 y), and
the adult group of nine patients (25–48 y, median age 37 y). As
controls, PBMCs were obtained from 13 healthy adult controls
and 20 healthy children (1–16 y, median age 9.5 y) undergoing
elective surgery at Oslo University Hospital. All samples were
obtained after informed consent according to the Declaration of
Helsinki, and anonymized. The study was approved approval by
the regional ethical committees. For all samples, peripheral
venous blood was immediately processed to separate PBMCs.

Animals

Eight to twelve-week-old PVG-RT7b (PVG.7B) rats were used.
The rats have been maintained at the Department of Compara-
tive Medicine, Institute of Basic Medical Sciences, University of
Oslo for more than 20 generations. The Department of Com-
parative Medicines institutional veterinarian has established
the rules for feeding, monitoring, handling, and sacrifice of ani-
mals in compliance with regulations set by the Ministry of
Agriculture of Norway and “The European Convention for the
Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes.” The institutional veterinarian has

Figure 5. (see previous page) Adoptive transfer of cytokine pre-activated NK cells reduces RL load. Rats (n D 10) were sub-lethally irradiated at 4 Gy and injected with RL
24 h later. IL-12, IL-15, and IL-18 pre-activated NK cells were adoptively transferred to rats (n D 5) at days 3, 6, and 9. Control rats received no NK cells (n D 5). (A) Spleen
weights of rats having RL with (white bars, n D 5) or without (black bars, n D 5) infusion of pre-activated NK cells. (B) Total numbers of RL per mL blood or total numbers
of RL per spleen in rats with (white bars, n D 5) or without (black bars, n D 5) infusion of pre-activated NK cells. (C) Percent reduction of RL blasts in spleen, blood, or BM
in rats receiving pre-activated NK cells. (D) Donor NK cells (CD45.2neg) are readily detected in spleen, blood, and BM at sacrifice 4 weeks after RL injection. (E) Total num-
bers of donor CD45.2neg NK cells per spleen or per mL blood at sacrifice 4 weeks after RL injection. (F) Percent proliferating Ki67C host or donor NK cells at sacrifice 4
weeks after RL injection. (G) Expression of FasL, NKG2D, Ly49s3, and NKp46 on host and donor NK cells at sacrifice 4 weeks after RL injection, presented as RFI values §
SEM. Statistical significance was calculated using the non-parametrical Mann–Whitney test. Data represents two individual experiments with a total five rats in each
group.
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delegated authority from the Norwegian Animal Research
Authority (NARA). The laboratory animal facilities are subject
to a routine health-monitoring program and tested for infec-
tious organisms according to a modification of Federation of
European Laboratory Animal Science Associations (FELASA)
recommendations. The use of animals for this study was
approved by NARA, license number 6010 (in vitro) and 6060
(in vivo). Rats were killed by asphyxiation with CO2 in a cham-
ber allowing controlled input of gas, to reduce suffering.

Antibodies and flow cytometry

Antibodies used were from BD Biosciences anti-rat CD3 (G4.18-
FITC (cat.no 554832) or-PE (554833)), anti-rat NKR-P1A (10/78-
PE, cat.no. 555009), anti-mouse CD27-PE (cat.no. 558754), anti-
mouse CD11b (WT.5-biotin, cat.no.554981), anti-rat CD54
(1A29-PE, cat.no. 554970), anti-human CD7 (M-T701-PerCP-
Cy5.5, cat.no. 561602), anti-human CD8 (SK1-FITC, cat.no.
345772), anti-human CD56 (B159-Alexa647, cat.no. 557711), and
Streptavidin-PerCP (cat.no. 554064) from eBiosciences anti-
human CD3 (OKT3-Alexa700, cat.no. 56–0037–42), anti-human
CD14 (M5E2-PerCP-Cy5.5, cat.no. 45–0149–42), anti-human
CD19 (1D3-PerCP-Cy5.5, cat.no. 45–0199–42), and anti-human
NKG2D (A10-biotin, cat.no. 13–5872); from R&D Systems anti-
rat Fas (goat IgG, cat.no. AF2159) and anti-human DNAM-1
(#102511-PE, cat.no. FAB666P); from BioLegend anti-human
NKp46 (9E2-BV650, cat.no. 331927); from LifeSpan Biosciences
anti-human CD161 (B199.2-biotin, cat.no. LS-C35855); from
Beckman Coulter anti-human NKG2A (Z199-PE-Cy7, cat.no.
B10246); from Thermo Fisher Scientific Streptavidin-QDot605
(cat.no. Q10101MP). mAbs to rat NKR-P1A (3.2.3), rat Ly49s3/i3/
s4/i4 (DAR13), rat NKp46 (Wen23), rat NKR-P1BPVG (STOK27),
rat CD2 (OX34), rat CD48 (OX45), rat MHC-1 (OX18), and rat
CD45.2 (His41) were generated from hybridomas and conjugated
according to standard protocols. Anti-rat NKG2D antibody was a
kind gift from Dr S. Krams.54 Cells were labeled with relevant anti-
bodies and analyzed by Fortessa, LSRII, or FACSCalibur (BD Bio-
sciences). Frozen, human samples were thawed immediately before
use, and dead cells were excluded from analysis using the Fixable
Viability Dye eFluor780 (eBiosciences, cat.no. 65–0865–14). Lym-
phocytes (singlets) were gated by forward and side scatter. Rat NK
cells were gated as NKR-P1ACCD3¡, and human NK cells as
CD56CCD3¡CD14¡CD19¡. Data were analyzed using FlowJo
software (TreeStar, Ashland, OR).

Cells and cell cultures

Human PBMC were processed by either Lymphoprep (Axis-
Shield, cat.no. 1114544) or Ficoll (GE Healthcare, cat.no. 17–
1440–02), and viably frozen in liquid nitrogen. Rat mononu-
clear cells (MNC) from spleen, blood, and bone marrow were
prepared by Lymphoprep separation from both rats with end-
stage leukemia and from healthy rats. This resulted in 50–60%
NKR-P1ACCD3¡ NK cells. The mouse T cell lymphoma cell
line YAC-1 (ATCC TIB-160), the rat B lymphoblastic cell line
YB2/0 (ATCC� CRL1662TM), and the human CML cell line
K562 (ATCC� CCL¡243TM) were maintained in complete
RPMI (cRPMI; RPMI supplemented with 10% FBS, 2-ME,
sodium pyruvate, and penicillin/streptomycin).

Enrichment of NK cells and cytokine pre-activation

Rat NK cells were enriched frommononuclear spleen cells by incu-
bation in nylon wool (PolySciences, cat.no. 18369–50) at 37�C for
45min, followed by negative selection using amixture of antibodies
toward T cells (R73 and OX19), B cells (OX12 and OX33), mono-
cytes (ED1), and macrophages/granulocytes (OX41), and Pan
mouse IgG Dynabeads (Thermo Fisher Scientific, cat.no. 11041).
Cytokine pre-activated NK cells were generated by overnight cul-
tures of enriched NK cells with 10 ng/mL IL-12 (Sigma-Aldrich,
cat.no. SRP4163), 10 ng/mL IL-15 (PeproTech, cat.no. 400–24),
and 50 ng/mL IL-18 (R&D Systems, cat.no. 521-RL-025)).

Roser leukemia (RL) model

The radiation-induced T cell lymphoblastic leukemia RL (origi-
nating from the PVG strain; CD45.1 allotype) was a gift from
Dr Roser, Cambridge, UK. Leukemia was induced by i.v. injec-
tion of 4 £ 104 RL into the tail vein of rats from the PVG.7B
strain (CD45.2 allotype). Propagation of RL injected i.v. occurs
primarily in the spleen, but are detected in high numbers in
blood and bone marrow during late stages of the disease.39 The
disease was monitored by blood samplings from the tail vein,
and RL identified as CD45.1¡CD3C cells by flow cytometry.
The end point was set to 30% RL among PBMCs. Blood, spleen,
and bone marrow was collected for analysis at sacrifice. For in
vivo targeting by NK cells, rats were sub-lethally irradiated at
4 Gy from an X-ray source (RS320, Xstrahl Life Sciences, UK),
followed by injection of RL 24 h later. IL-12, IL-15, and IL-18
pre-activated NK cells were washed four times in PBS, and 4–6
£ 106 cells were injected per rat at days 3, 6, and 9. Control rats
were irradiated and injected with RL only. All rats within an
experimental series were terminated when blasts reached
>30% of PBMC in control rats.

CD107a degranulation and 51Cr release assays

Degranulation by rat NK cells was measured using a hamster
anti-rat CD107a antibody generated in our laboratory as
described previously. With this antibody 10–15% degranulation
is measured against potent target cells.55 Degranulation by
human NK cells were measured by incubating 100 mL PBMC
(2 £ 106 cells/mL) with 100 mL K562 target cells (2 £ 106 cells/
mL) in the presence of anti-human CD107a-BV510 (BD Bio-
sciences, cat.no. 563078) for 6 h, with Brefeldin A (Sigma-
Aldrich, B7651) added at 5 mg/mL for the last 5 h. NK cell cyto-
toxicity was measured with a standard 51Cr release assay, using
enriched NK cells as effector cells and 51Cr-labeled YAC-1,
YB2/0, or RL as target cells as described previously.56 For block-
ing experiments, blocking antibodies were added at 5 mg/mL.
Results are presented as mean values from triplicates for each
E:T cell ratio.

Analysis of intracellular IFNg and Ki67 expression

Intracellular IFNg expression in human NK cells was measured
after 6 h of culture of PBMC in the presence of K562 target cells as
described above for the degranulation assay. Cells were fixed with
4% paraformaldehyde for 10 min, permeabilized with 0.5%
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saponin in PBS and 2% FBS for 20min, and stainedwith anti-IFNg
(BD Biosciences, cat.no. 554552) for 30 min in permeabilization
buffer. Intracellular IFNg expression in rat NK cells was investi-
gated by flow cytometry after 6 h of incubation as described previ-
ously.43 Briefly, enriched NK cells were seeded at 3£ 105 cells/well
in 96-well plates in the presence of IL-2 (from a CHO cell line sta-
bly transfected with a rat IL-2 expression construct), and indicated
concentrations of IL-12 (ThermoFischer) or IL-18 (50 ng/mL,
R&D Systems), or in wells pre-coated with 10 mg/mL of indicated
mAbs. Where indicated, RL were co-incubated with the enriched
NK cells at indicated ratios. GolgiStop (BD Biosciences, cat.no.
554715) was added for the last 5 h of culture. Proliferative activity
was measured by intracellular staining of Ki67 using anti-mouse/
rat Ki67 (SolA15-PE-Cy7, eBiosciences, cat.no. 14–5698–80) after
fixation and permeabilization using the Foxp3/Transcription Fac-
tor Staining Buffer Set from eBiosciences (cat.no. 00–5523–00)
according tomanufacturer’s instruction.

RNA extraction, cDNA synthesis, and real-time PCR

NK cells were positively selected from spleen of rats with leukemia
or from control rats using Pan Mouse IgG Dynabeads coupled to
anti-NKR-P1A antibodies. Total RNA was isolated using the mir-
Vana miRNA Isolation Kit (Thermo Fisher Scientific, cat.no.
AM1560) in accordance with themanufacturer’s instructions using
RNase-free equipment. RNA concentration and purity was mea-
sured by 260:280 and 260:230 ratios (purity measured between 1.8
and 2.0) usingNanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific). To generate cDNA, 2 mg of RNA was mixed with 2 mL
random hexamer primers (Thermo Fisher Scientific, cat.no.
S0142) and ddH2O up to 15 mL volume and run 10 min at 70�C.
One microliter of M-MLV reverse transcriptase (Promega, cat.no.
M1701), 5 mL of M-MLV 5x buffer (Thermo Fisher Scientific, cat.
no. 18057018), 1 mL RNase inhibitor (Promega, cat.no. N2615),
0.01 M DTT, and 2 mL of 10 mM dNTPs were added for total vol-
ume 25 mL and run for 1 h at 37�C. cDNA was stored at ¡20�C
until use. Real-time PCRwas performed with Power SYBR� Green
PCR Master Mix (Thermo Fisher Scientific, cat.no. 4367659), and
run using the 7900HT Fast Real-Time PCR System (Thermo-
Fischer), with initial run for 2min at 50�C and 10min at 95�C, fol-
lowed by 40 cycles of denaturation at 95�C (15 sec) and
amplification at 60�C (1 min). Melting curves were performed at
95�C (15 sec) followed by 60�C (20 sec) and 95�C (20 sec). Primers
were designed using NCBI PrimerBlast, and specificity tested in sil-
ico by BLAST. Primers are listed in Table 1. All samples were nor-
malized to Cd45 expression. Expression levels are reported as log
transformation of 2^¡DCt (Log2RQ).

Conjugate assay

Enriched splenic NK cells were labeled with 0.5 mM CFSE
(Thermo Fisher Scientific, cat.no. C1157) at 3 £ 106 cells/mL
in PBS and 2% FBS for 10 min at 37�C, and anti-NKR-P1A
Alexa647. Target cells (YAC-1 or RL) were stained with semi-
naphtharhodafluor (SNARF-1) (Thermo Fisher Scientific, cat.
no. C1270) according to the manufacturer’s protocol. 100 mL
enriched NK cells (3 £ 105 cells) were mixed with 100 mL tar-
get cells (3 £ 105 cells) with an effector to target ratio 1:1, spun
for 30 sec at 300 g, and incubated at 37�C for 2, 10, 60, or

120 min. Reactions were stopped by addition of 2% paraformal-
dehyde. As negative control target and effector cells were mixed
after fixation. Conjugate formation was analyzed by flow
cytometry, and percentage of NKR-P1AC NK cells in conju-
gates with target cells calculated.

ELISA

Serum samples were obtained at sacrifice and stored at ¡80�C
until use. Supernatants were obtained after overnight co-culture
of RL with enriched splenic NK cells at different RL:NK cell
ratios, and stored at ¡20�C until use. Concentrations of TGF-b
in serum and cell culture supernatants were measured in dupli-
cates using the Quantikine ELISA kit for Mouse/Rat/Porcine/
Canine TGF-b1 (R&D Systems, cat.no. MB100B) following the
manufacturer’s instructions. Samples were activated for 10 min
with 1N HCl and neutralized with 1.2N NaOH/0.5M HEPES.
Serum samples were diluted 1:60 before assay. Absorbance was
read at 450 nm, and concentrations interpolated from a stan-
dard curve.

Statistical analysis

Graphics and statistical analysis were performed with the
GraphPad Prism software. Data are presented as the mean §
standard error of the mean (SEM). Statistical significance was
calculated using the non-parametrical Mann–Whitney U test
or the Kruskal–Wallis test. p values less than 0.05 were consid-
ered statistically significant.
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Table 1. List of primers.

Gene Primer sequence 50-30 Accession ID

B2m F: GAGCAGGTTGCTCCACAGGT NM_012512.2
R: CAAGCTTTGAGTGCAAGAGATTGA

Cd45 F: CGGGGTTGTTCTGTGCTCTGTTC AF251010
R: CTTTGCTGTCTTCCTGGGCTTTGT

Cd226 F: CTCTGAAGCAGACATCGGCA NM_001107370
R: AAGCTGGCAACTGAGTGTGA

Klrk1 F: TGTTCGAGTCCTTGTTGCAG NM_133512
R: AGCAGGCTGGAATTTTGAGA

Raet1l F: CCTCTCCGGTATGAAGGACA NM_001013063
R: CCTTAAGTCCTGGCCCAACAG

Rrlt F: GCATCCTCTATTCACAGCAGC NM_001161691
R: CCCTTAAGTCCTGTTTACATC

Pvr F: AACTATAGCTGGAGCACGGC NM_017076
R: ACCACAACCACGCCTGTATT

Tgfb1 F: AGGGCTACCATGCCAACTTC NM_021578
R: CCACGTAGTAGACGATGGGC

Trailr2 F: TCTCATGCGGCATATGGGTC NM_001108873.1
R: CCCGTTTGGTAGAGCCACTT
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