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ABSTRACT
Haploidentical Natural Killer (NK) cells have been shown as an effective and safe alternative for the
treatment of haematological malignancies with poor prognosis for which traditional therapies are
ineffective. In contrast to haematological cancer cells, that mainly grow as single suspension cells, solid
carcinomas are characterised by a tridimensional (3D) architecture that provide specific surviving
advantages and resistance against chemo- and radiotherapy. However, little is known about the impact of
3D growth on solid cancer immunotherapy especially adoptive NK cell transfer. We have recently
developed a protocol to activate ex vivo human primary NK cells using B lymphoblastic cell lines, which
generates NK cells able to overcome chemoresistance in haematological cancer cells. Here we have
analysed the activity of these allogeneic NK cells against colorectal (CRC) human cell lines growing in 3D
spheroid culture and correlated with the expression of some of the main ligands regulating NK cell
activity. Our results indicate that activated NK cells efficiently kill colorectal tumour cell spheroids in both
2D and 3D cultures. Notably, although 3D CRC cell cultures favoured the expression of the inhibitory
immune checkpoint PD-L1, it did not correlate with increased resistance to NK cells. Finally, we have
analysed in detail the infiltration of NK cells in 3D spheroids by microscopy and found that at low NK cell
density, cell death is not observed although NK cells are able to infiltrate into the spheroid. In contrast,
higher densities promote tumoural cell death before infiltration can be detected. These findings show that
highly dense activated human primary NK cells efficiently kill colorectal carcinoma cells growing in 3D
cultures independently of PD-L1 expression and suggest that the use of allogeneic activated NK cells
could be beneficial for the treatment of colorectal carcinoma.
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Introduction

Natural Killer cells (NK), originally identified as immune cells
with natural citotoxicity against transformed cells,1–5 are granu-
lar lymphocytes belonging to the innate immune system that
recognise and eliminate viral-infected and tumour cells.1–5 NK
cell development, activation and effector function is regulated
by a complex balance between activating and inhibitory signals
without prior sensitization and MHC restriction.6,7 Accord-
ingly, manipulation of NK cells has been the focus of several
immunotherapy protocols to eliminate cancer cells that are
resistant to chemotherapy or to T cell-based immunotherapy.8

The main NK cell inhibitory signal is the level of expression
of MHC-I in target cells, meanwhile several activating ligands,

also known as stress ligands, have been described.6,7 During
tumour progression, some cells escape from NK cell-mediated
immunosurveillance contributing to cancer development and
disease. One of the main immune-evasion mechanism is a high
level of MHC-I expression. Indeed, although adoptive cell ther-
apy (ACT) employing autologous NK cells has shown poor
anti-tumour cytotoxicity and low clinical effectiveness, the use
of haploidentical hematopoietic transplantation from KIR
ligand–mismatched donors has provided good results, espe-
cially for the treatment of blood-borne cancers.8–11

Further attempts to increase the number and cytotoxic activ-
ity of transferred NK cells lead to the development of several
protocols for ex vivo expansion and activation of human NK
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cells.12 Recent works have shown that the anti-tumour activity
of human NK cells greatly depends on the activating stimuli,13

which is of special relevance during the elimination of chemo-
and radio-resistant cancer cells of haematological origin.14,15

Thus, the selection of a proper protocol to efficiently activate
allogeneic NK cells is critical for cancer immunotherapy
success.

An efficient activation of NK cells may be particularly
important when considering solid tumours, which are con-
sidered to be more resistant to NK cells than haematologi-
cal cancer cells.16 Indeed, there is little evidence of clinical
benefit of NK ACT in solid carcinomas.8,17 There exist sev-
eral potential explanations for this low efficacy, all of them
related to the intrinsic characteristics of solid tumours:16,18

i) tumour microenvironment generates immunosuppressant
conditions impairing the anti-tumoral activity of immune
cells and favouring immunoediting, ii) elimination of
tumour cells requires NK cell extravasation and infiltration
into the solid mass to engage target cells and release cyto-
lytic granules and iii) microregions generated inside the
tumour due to hypoxic conditions and nutrient restriction
influence tumour heterogeneity, differentiation and growth
and might affect its sensitivity to NK cells.19

All these limitations are in part due to the intrinsic proper-
ties of cells growing in three dimensions (3D) as it happens
during development of solid carcinomas in vivo. However, little
is known about how 3D architecture affects the anti-tumoral
cytotoxic potential of NK cells since most studies using human
solid carcinoma cells have employed traditional 2D cultures
based on monolayers that do not reproduce the physiological
behaviour.

Here we have analysed the ability of human allogeneic NK
cells activated with B lymphoblastic cell lines (LCLs) to kill and
infiltrate human colorectal carcinoma (CRC) cells growing in
3D spheroid cell cultures in comparison to tradition monolayer
cell cultures.

Results

Analyses of the effect of 3D colorectal cancer cell culture
on MHC-I, ICAM- 1 and PD-L1 expression

We have selected three human CRC cells lines expressing dif-
ferent t mutational status concerning TP53, Ras/Raf and PI3K
pathways (Table 1). On this way, we could analyse if the most
common mutations found in CRC and known to modulate
resistance to chemotherapy and mAb therapy (EGFR1) affect
the tumour sensitivity to NK cells in both 2D and 3D cell cul-
tures. First of all, we analysed cell viability in 3D spheroid
cell cultures and confirmed that 97% of cells were viable
by annexin-V/7-AAD staining in all cell lines analysed
(figure 1A). No necrotic core was observed in any of the sphe-
roids analysed even after 96h of incubation (figure 1B).

Recognition of target cells by NK cells involves several acti-
vating and inhibitory interactions. In this complex network
three molecules present a notable role in regulating NK-cell
mediated cytotoxicity: MHC-I, ICAM-1 and the inhibitory
immune checkpoint PD-L1.21,22 Thus, we have analysed the
effect of spheroid 3D culture on the expression level of MHC-I,

ICAM-1 and PD-L1 in Caco-2, HT29 and HCT116 cells in
comparison with cells growing in 2D monolayers.

As shown in Figure 1C ICAM-1 expression was lower,
although not significantly different, on 3D cell cultures than on
2D cell cultures. In contrast, HLA-I expression was significantly
downregulated (40%) in CRC spheroids in comparison to 2D
cell cultures in HCT116 and HT29 cells. This difference was
not significative in Caco-2 cells, although it should be noted
that they express very low levels of HLA-I. This reduction was
not due to the protocol employed to dissociate 3D spheroids
since it was the same as the one used for 2D cell cultures. Nota-
bly, when we analysed the expression of PD-L1 we found that
Caco-2 and HT29 cell lines, but not HCT116 cells, significantly
increased the expression of this inhibitory ligand on the cell
membrane.

Activated NK cells are able to kill colorectal tumour cells in
3D and 2D cultures

We have previously shown that specific activation of NK
cells using accessory EBVC R69-LCLs is required to effec-
tively destroy haematological tumour cell lines, including
apoptosis-resistant mutants. Now we have analysed whether
activated NK cells were able to kill 2D and 3D CRC cell
cultures employing Caco-2, HT-29 and HCT116 CRC cell
lines. To this aim we compared NK cell-mediated cytotoxic-
ity (analysed by AnnexinV/7AAD staining) at low (3:1) and
high (9:1) effector to target (e:t) ratio. As shown in figure 2,
cell death induced by freshly isolated nNK cells in 2D cell
cultures was low at both low and high e:t ratios in all cell
lines. In contrast, nNK cells from some donors were able to
kill CRC cells growing as 3D spheroids after 48h at both
low and high e:t ratio. This effect was restricted to HT29
and Caco-2 cells meanwhile HCT116 spheroids were resis-
tant to nNK cells.

Next we analysed cell death induced by activated (a)NK cells
obtained from the same donors as nNK cells. In 2D model, cell
death induced by aNK cells was significantly higher than that
induced by nNK cells (Figure 2A). In contrast to nNK cells,
aNK cells were able to kill CRC 3D cell cultures from all cell
lines irrespectively of the NK cell donor. In this case cell death
induced by aNK cells was in general higher than that induced
by nNK cells, although only in HCT116 cells was statistically
significant. The differences between the cytotoxic potential of
nNK and aNK cells were more pronounced at 24h (data not
shown).

These results indicate that aNK cells are able to kill Caco-2,
HT29 and HCT116 cells growing in 3D cultures. In addition,
they suggest that expression of PD-L1 is not a critical factor
modulating the cytotoxic potential of NK cells in this model.

Table 1. Classification of human colorectal cancer cell lines according to oncogenic
mutational status and microsatellite stability.

Cell line
Microsate
llite stability KRAS BRAF PI3K AKT P53

HCT116 MSI G13D wt H1047R wt wt
HT29 MSS wt V600E P449T wt R273H
Caco-2 MSS wt wt wt wt E204X
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Figure 1. Spheroid characterization. (A) Dot-Plot of a representative spheroid control showing the percentage of viable cells after 4 days (Ann-V¡/AAD¡) for the three cell
lines. PS exposure on plasma membrane (annexin-V) and membrane permeabilization (7AAD) were analysed by flow cytometry as described in Material and Methods. (B)
CRC spheroid area evolution in control group shows tumour progression in absence of treatment along the study time course. (C) Monocellular suspensions from 2D or
3D cultures were analysed by flow cytometry for the expression of HLA-ABC, ICAM-1 and PD-L1. Bar charts represent the Mean Fluorescence Intensity in 2D (white) and
3D (black) conditions. Histograms show a representative determination for HCT116 cell line. The dotted line corresponds to isotype control, the black line to 2D conditions
and the grey line to 3D conditions. Data in the graphics are represented as the mean§SEM of at least 5 independent experiments where duplicate measures were deter-
mined as described in Materials and Methods. n.s. no statistically significance or �p<0.05, ��p<0.01, ���p<0.001 statistically significance was analysed by t-test.

Figure 2. Apoptosis induced by R69-LCL activated NK cells on 2D and 3D HCT116 cell cultures. NK cells were enriched by MACS from fresh PBMC or after activation for 5
days with R69-LCLs (aNK). Subsequently they were incubated with Caco-2, HT29 and HCT116 cells seeded in monolayers for 4 hours (A) or spheroids for 48.hours (B) at
low (up to 3:1) or high (between 6:1 and 9:1) e:t ratios. PS exposure on plasma membrane (annexin-V) and membrane permeabilization (7AAD) were analysed by flow
cytometry as described in Materials and Methods. Results are presented as mean C/¡ SEM SEM of at least 3 independent donors
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Activated NK cells kill HCT116 cell spheroids depending on
the NK cell density

Once we showed and quantified by flow cytometry that aNK
cells kill different CRC cells lines growing in both 2D and 3D,
we decided to analyse in detail the elimination of 3D sphe-
roids by conventional and confocal fluorescence microscopy.
By this means spheroid cell death together with NK cell infil-
tration can be analysed and compared. To this aim we
selected HCT116 cells expressing the Green Fluorescent Pro-
tein (GFP). All spheroids showed similar levels of viability,
being always over 90%. In addition, all spheroids, formed by
1000 cells, showed a similar size after two days and formation
of a necrotic was not detected. The area obtained for the
spheroids was of 333.323,15 C/¡ 23.209,66 mm2.

As shown in figure 3 at high e:t ratio, nNK cells from 3 dif-
ferent donors demonstrated partial cytotoxicity (15 to 20%
spheroid reduction after 24h) during the first 3 days. However,
this effect was not observed at longer incubation time (4 days),
but an increase in the spheroid size was observed. In
contrast, aNK cells from the same donors were able to induce a
significantly higher level of cell death, achieving 40 to 60%
spheroid reduction after 24h and almost a complete elimination
after 4 days in culture (more details in supplementary

figure 1-2). These data confirm the results obtained by flow
cytometry.

When a lower e:t ratio was used different results were
obtained (figure 4 and supplementary figure 3-4). Tumor
spheroids cultured in presence of aNK cells showed a small
reduction in their area after 24–48 hours. However, after
4 days those spheroids reached a size similar to the one of
non-treated controls. Similar results were achieved by
increasing the e:t ratio to 6:1, a reduction in spheroid area
after 48 hours and an ulterior increase in size. In this case the
initial reduction was more intense than that observed using
3:1 ratio and spheroid area did not reach the original size
(figure 4). As expected nNK cell-mediated cytotoxicity at low
e:t ratio was not higher than that found at high e:t ratio (data
not shown).

Human colon carcinoma spheroids are infiltrated by aNK
at low density

Analysing in more detail the previous data (figure 4) we
noticed that there was an inverse correlation between NK
cell infiltration and e:t ratio. When high e:t ratio was
used, aNK cells were able to kill tumor spheroids with

Figure 3. Cytotoxic effect of NK R69-LCL activated cells on HCT116 spheroid compared with na€ıve NK cells at high e:t ratio. (A, B and C) Fluorescent images of HCT116
cells (green) and NK cells (red) in a high e:t ratio during 96 hours treatment. Area evolution of CRC spheroids after treatment with nNK (A), activated NK cells (B), and con-
trol group with no NK presence (C). (D,E) A representative experiment from at least three experiments performed with 3 different donors is shown. The relative spheroid
area was measured (D) Na€ıve nNK cells were able to reduce partially the tumour size but after 72h, spheroids star to grow and no clear effect is observed after 96h. (E)
Activated NK cells at high e:t ratio are able to diminish drastically CRC spheroid size until almost complete elimination of GFP signal expressed by CRC cells.
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apparently no infiltration (figure 3). In contrast, at lower
e:t ratios aNK cells did not reduce significantly the
tumour area (figure 4), but they were able to infiltrate
more deeply into the spheroid. Indeed, after 24 hours at
low e:t ratio it is possible to find aNK cells inside of sphe-
roids (figure 5). Infiltrated cells are still present after 48
and 72 hours, although a reduced number is observed in
comparison with 24 hours with no dark areas. After
96 hours, most of the aNK cells are in the periphery of
the spheroid. A potential explanation for these findings is
that at high e:t ratio there are enough NK cells to kill all
spheroid tumour cells before infiltration can be detected.
In contrast, smaller NK cell number is not enough to kill
the tumour cells and in those conditions infiltration inside
the living spheroid is observed.

Discussion

NK cells are critical regulators of tumour immunosurveillance
and lysis of malignant cells. Thus, NK cell-based immunother-
apy has arisen as a promising alternative for patients with
refractory or recurrent tumours. Allogenic NK cells have been
shown to be very effective for treating haematological

malignancies with bad prognosis, 9,10,23although clinical trials
performed in solid tumours have produced modest results.
Tumour architecture itself and the surrounding microenviron-
ment contribute to generate immune-evasion conditions affect-
ing clinical outcomes.8,18 Here we have shown that human
allogenic NK cells activated in the presence of mitomycin C-
inactivated R69 lympoblastoid B cell line efficiently kill colorec-
tal cancer (CRC) cells not only in 2D cultures, but in addition
in a more physiological 3D cell spheroid culture condition. Of
note we report that PDL1, a critical molecule that inhibits the
anti-tumoural activity of immune effector cells like CD8CT
cells, is upregulated in 3D cell cultures of CRC cells expressing
MSI and BRAF mutations. However, NK cell-mediated elimi-
nation of CRC cells in 3D cultures is not affected by neither the
presence of cancer critical gene mutations or microsatellite
instability (MSI) nor by the level of expression of the inhibitory
immune checkpoint PD-L1.

Previous works have analysed the susceptibility of CRC to
NK cells.24,25 These studies showed that differentiated CRC
cells are resistant to NK cells in contrast to cancer initiating
cells that were efficiently eliminated by NK cells.25 However, it
is important to note here that in most of the studies that have
analysed the sensitivity of solid tumours to NK cells, freshly

Figure 4. The e:t Ratio determines the cytotoxic effect of activated NK cells. A representative experiment from at least three experiments performed with 3 different
donors is shown (A, B, C and D) Fluorescent images of HCT116 cells (green) and NK cells (red) in different e:t ratio after 96 hours of co-culture. (E, F and G) Relative area
progression of the spheroids after treatment with different e:t ratio of activated NK cells from 3 different donors. (B and E) correspond to a 3:1 ratio of activated NK cells,
(C and F) shows results obtained from the treatment of NK cells at a 6:1 ratio. (D and G) describe the 9:1 ratio activated aNK cell cytotoxic response.
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isolated NK cells or NK cells activated with cytokines like IL2
and/or IL15 were employed. 24–27We have confirmed here that
in most cases freshly isolated allogeneic NK cells are not able to
kill CRC cells in 2D or ¢3D cultures. However, it should be
noted that na€ıve NK cells from some donors were able to kill
Caco-2 and HT29 cells in 3D cultures after 48 hours. A poten-
tial explanation for the sensitivity of these cells to freshly
isolated NK cells could be a lower level of expression of HLA-I
in 3D cell cultures in comparison to HCT116 cells. Moreover,
this effect could be restricted to donor-CRC cell combinations
that present KIR/HLA-I mismatch.

In contrast to freshly isolated NK cells, activated NK cells
from all donors were able to kill all CRC cell lines in both 2D

and 3D cultures indicating that 3D spheroid cell culture do not
alter the ability of NK cells to kill CRC cells. This finding is in
apparent contradiction with the abovementioned studies sug-
gesting that only cancer initiating cells are sensitive to NK cells.
Here it should be pointed out that activation and activity of NK
cells depends on the stimulus employed and that different acti-
vation protocols renders NK cells with different cytotoxic
potential as previously shown by our recent studies.13–15 These
works showed that NK cells activated in the presence of stimu-
lating lymphoblastoid cell lines presented higher cytotoxicity
against hematological cancer cells than those activated in the
presence of IL2 and/or IL15 alone or together with K562 cells.
This finding may help to explain why we have found that

Figure 5. activated NK cells infiltrate the tumor spheroid at low e:t ratios. Time lapse of the central layers of CRC spheroids (green) obtained by confocal microscopy dur-
ing the aNK (red) in vitro co-culture at 3:1 e:t ratio. After 24h in co-culture, aNK cells are able to infiltrate the tumor spheroid. This infiltration is observed till the 4th day in
which NK cells tend to migrate towards the periphery.
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mature differentiated colorectal carcinoma cells show a good
sensitivity to activated NK cells.

Not only the type of NK cells employed but the condi-
tions of cancer cell cultures in vitro should be carefully ana-
lysed when testing the susceptibility of solid carcinomas to
NK cells. NK cell-mediated cytotoxicity has been analysed
against several cancer cells including renal, melanoma, oral
and colon carcinoma mostly cultured under traditional
monolayer cell cultures.24,28,29 Tumour microenvironment
has been proposed to play a role in generating the most
favourable condition for altered cells to grow and dissemi-
nate. Hence, although colon adenocarcinomas show reduced
levels of classical MHC-I and upregulate stress ligands such
us NKG2D ligands, low infiltration rates of NK cells have
been detected in patients.30,31 Thus, although T cells are
present inside tumours, the NK cell population would
remain in the outer stroma. Accordingly, and because of
discrepancies in phenotype markers, the correlation
between higher infiltration rates of NK cells and better clin-
ical outcomes is not as clear as in the case of T cells.30,31

This context leads to consider some factors may be
influencing NK cell recruitment and activity acting as
mechanisms of resistance (i.e. the chemokine profile of the
tumour microenvironment, hypoxic conditions or receptor
blocking ligands shed by tumour cells). For this reason, we
have generated multicellular tumour spheroids in a hydro-
gel matrix to recreate tumour architecture and microenvi-
ronment and mimic the conditions for NK cell migration,
interaction with and penetration into solid tumours.
Besides, previous works have already shown that this tech-
nique provides a proper scenario for studying immunosur-
veillance and NK cell effector functions in other types of
solid carcinomas.26,27,32,33 In this study three CRC cell lines
(Caco-2, HT29 and HCT116) were defined as representative
models of colorectal cancer, since they present different
mutational status for critical genes involved in CRC pro-
gression and resistance to treatment (see table 1). Pheno-
typical characterisation of three representative NK cell
ligands in 2D and 3D conditions by flow cytometry
revealed a different regulation of their expression. The level
of expression of the intercellular adhesion molecule ICAM-
1did not change, but a downregulation of the classical
MHC-I in spheroid cultures was observed. Notably, the
expression of the inhibitory immune checkpoint PDL1 was
increased in HT29 and HCT116 3D cell cultures. The inter-
action of LFA-1 with ICAM-1 and of NK cell inhibitory
receptors with MHC-I have been shown to be the most
critical processes that regulates NK-cell immunological syn-
apse formation and killing of target cells.21,22,34 The high
levels of ICAM-1 observed here are in agreement with
other observations in patient samples where malignant but
not normal colon tissue upregulates this molecule.31 MHC-I
serves as the main inhibitory signal for NK cells. In fact, a
recent study in Ewing’s sarcoma spheroids shows that the
sensibility of target cells is dependent on a threshold regu-
lated by this ligand.27 Here, MHC-I downregulation
observed in the more physiological 3D conditions could be
related with the loss of MHC-I in the colon carcinoma
lesions compared to normal epithelia, as it has been

described.31,35,36 In a similar way, the upregulation of PD-
L1 observed in 3D cell cultures of Caco-2 and HT29 cells
resembles a recent observations in CRC patient biopsies
indicating that expression of PD-L1 in CRC cells is related
with the presence of MSI and BRAF mutation. Indeed,
HT29 cells express a BRAF mutation and a higher PD-L1
level.37

As indicated it has been shown a low level of NK cell
infiltration in solid carcinomas including CRC.31,38 In addi-
tion, maintaining of high levels of MHC-I is the main
immune evasion mechanism employed by solid cancer to
overcome NK cell attack. Thus, autologous NK cells could
be impaired in migration, recognition and elimination of
the tumor. Here our results indicate that employing allo-
genic NK cells could overcome resistance of CRC cells
expressing high levels of MHC-I and PDL1. Moreover, our
previous results indicate that NK cells activated by B-LCLs
increased the expression chemokine receptors suggesting
that this activation may enhance the ability of NK cells to
migrate and infiltrate solid carcinomas.13 In this line, we
show here that allogenic activated NK cells efficiently infil-
trate CRC spheroids, a process that was more evident at
low e:t ratios. Moreover, we have recently shown that allo-
genic NK cells activated with R69 LCLs are able to migrate
and penetrate CRC cell spheroids employing an in vitro
biomimetic microfluidic chip.20 Recent studies also evalu-
ated the infiltration of NK cells in spheroids of human cer-
vical carcinoma cell lines at 24h. In contrast to our data a
low percentage of infiltrating cells, which would be the
ones responsible for the partial destruction of the spheroid
was found.26 However our results show a dynamic process
regulating NK cell location in cell spheroid at different
times, which might explain these apparent discrepancies. In
addition the use of NK cells activated with other stimuli
like IL2 might also explain the different results.26,27

In summary, this study shows that in vitro activated
allogeneic NK cells can kill CRC cells in spheroid cultures
irrespectively of the presence of mutations conferring bad
prognosis and drug resistance as well as independently of
the level of expression of PDL1. During adoptive cell trans-
fer immunotherapy, the anti-tumour effect of transferred
NK cells will not only be dependent on the level of exoge-
nous NK cell activation, but in addition on the in vivo
microenvironmental conditions that NK cells will find a in
cancer patients. Our model set the basis for further studies
considering other microenvironment components (extracel-
lular matrix, stromal and immune cells or soluble factors)
and physico-chemical conditions (fluid flow, oxygen, pH or
glucose) that will be useful to predict the efficacy of immu-
notherapy protocols to treat colorectal cancer and other
solid carcinomas.

Material and methods

Cell culture

The next human colorectal carcinoma cell lines were used:
HCT116, HT29 and Caco2. HCT116 and HT29 were routinely
cultured in high glucose Dubelcco�s modified Eagles�s medium
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(DMEM) (Lonza) supplemented with 10% foetal bovine serum
(HyCloneTM), penicillin/streptomycin (Sigma-Aldrich) and
2mM ultraglutamine (Lonza). Caco-2 cells were maintained in
Dubelcco�s modified Eagles�s medium (DMEM) (Lonza) supple-
mented with MEM Non-Essential Amino Acids Solution
(Gibco), 10% foetal bovine serum (HyCloneTM), penicillin/
streptomycin (Sigma-Aldrich) and 2mM ultraglutamine
(Lonza). Cells were incubated at 37�C and 5% CO2.

For fluorescent cell labelling, HCT116 cell line was stably
transfected with EGFP using lentiviral vectors provided by Dr.
Prats (University Paul Sabatier, Toulouse, France) as described.20

In case of HT29 and Caco2 cell lines, Dio Vybrant� lipophilic
cell membrane dye (Life Technologies) was used to label cells
following the manufacturer�s instructions. Cells were stained prior
to spheroid formation.

Spheroid generation and analysis of cell viability

Spheroids were generated by the hanging drop method using
methylcellulose. Cell suspension was mixed with methylcellu-
lose stock solution at a 4:1 ratio. 25 ml droplets containing 1000
cells per droplet were placed on the lid of a Petri dish and incu-
bated for 48 hours. Following this methodology, a single well-
defined spheroid was generated per droplet.

To assess cell viability, spheroids were disaggregated with
Trypsin-EDTA (Sigma-Aldrich) and phosphatidylserine trans-
location and membrane permeabilization were analysed by
Annexin-V and 7-Amino-Actinomycin (7-AAD) staining and
flow cytometry (FACScalibur). Identification of both markers
are widely used for the detection of dead cells, thereby viable
cells remain unstained.

Immune characterization of spheroid cells

NK cell-ligand expression on cell membrane of colorectal cancer
cells growing in spheroids or their monolayer cell counterparts
was analysed by flow cytometry. After cell dissociation with
Trypsin-EDTA, cellular suspensions were labeled with the fol-
lowing antibodies: HLA-ABC-FITC (clone W6/32; eBioscience),
ICAM-1-APC (clone HA58; BD Bioscience) and PD-L1-APD
(clone 29E.2A3; Biolegend). All antibodies were diluted in PBS
with 5% FCS and 0.1% Sodium Azide for cell staining.

Isolation and activation of human NK cells

Human primary NK cells were enriched by using anti-
CD56 antibodies attached to magnetic beads (MACS, Milte-
nyi) from either freshly isolated PBMCs (freshly isolated
NK cells –nNK-) or from PBMCs cultures activated in vitro
(activated NK cells –aNK-) as previously described.14

PBMCs were obtained by Ficoll gradient centrifugation of
blood from healthy donors provided by the Blood and Tis-
sue Bank of Aragon (with the approval of the Ethical Com-
mittee of Clinical Research of Aragon, number: C.I.PI11/
006).

Activation of human NK cells was pursued by culturing
PBMCs in RPMI-1640 medium (Lonza) supplemented with
10% FCS (HyCloneTM), 100 U/ml penicillin, 0.1 mg/ml
streptomycin (Sigma-Aldrich), 2 mM ultraglutamine

(Lonza) and mitomycin C-inactivated R69 cells at a 10:1
ratio (PBMC: stimulator cells) for 5 days as described.14

Cytotoxicity assays

NK cells were fluorescently labelled with eFluor670 (eBio-
science) following the manufacturer’s instructions, and
incubated with target cells at different effector:target (e:t)
ratios and times. Cytotoxicity in 2D cell cultures was mea-
sured by flow cytometry. Target cells were seeded in flat
bottom 96-multiwell plates for 24 hours and subsequently
they were incubated with labelled NK cells for 4 hours-.
Cell death was analysed by monitoring phosphatidylserine
translocation and membrane permeabilization by Annexin-
V and 7-Amino-Actinomycin (7-AAD) staining and flow
cytometry in the eFluor670 negative target cell population.

In case of 3D cell cultures, cytotoxicity was measured by
flow cytometry and fluorescence microscopy. For cytometry
analysis, labelled NK cells were co-cultured with two days old
spheroids in round bottom 96 well plates and cell death was
determined at 24 and 48 hours. Spheroids were disaggregated
with Trypsin-EDTA and cell death was analyzed as described
above. For fluorescence microscopy assays cell death was ana-
lyzed for 96 hours every 24 hours, as described below. Six sphe-
roids for each NK cell donor and condition (activated and
freshly isolated) were seeded plus six spheroids without NK
cells as control. Three different healthy donors were used per
cytotoxicity assay.

Image analysis

Laser confocal and fluorescence images were acquired using a
Nikon Eclipse Ti-E C1 confocal microscope. Cell analysis was
performed using ImageJ software. Images were taken at differ-
ent focal planes (200 mm in the “z” direction every 5 mm from
the center of the spheroid). Z stack photo shoots were taken in
two different wave lengths (GFP and Cy5) as well as bright
field. Maximum intensity reconstruction of the Z stack in both
wave length were merged to measure the diameter of the spher-
oid using the Fiji software.

Statistical analysis

Data were analysed using GraphPad Prism 5.0. The normal
distribution was tested by the Kolmogorov-Smirnov test, and the
t-Student�s t-test or the Wilconxon test were used for the data
analysis depending on the properties of the experimental groups.
Statistical significance was set at p<0.05.

Abbreviations

aNK Activated Natural Killer cells
HCC Human Colon carcinoma
HCT 116 Human Colon tumor cells
MHC I Mayor Histocompatibility complex one
NK Natural Killers Cells
nNK Freshly isolated Natural Killers Cells
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