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ABSTRACT
Despite successful introduction of NK-based cellular therapy in the treatment of myeloid leukemia, the potential
use of NK alloreactivity in solid malignancies is still elusive. We performed a phase I clinical trial to assess the
safety and efficacy of in situ delivery of allogeneic NK cells combined with cetuximab in liver metastasis of
gastrointestinal origin. The conditioning chemotherapy was administrated before the allogeneic NK cells
injection via hepatic artery. Three escalating doses were tested (3.106, 8.106 and 12.106 NK cells/kg) following by
a high-dose interleukin-2 (IL-2). Cetuximab was administered intravenously every week for 7 weeks. Nine
patients with liver metastases of colorectal or pancreatic cancers were included, three per dose level. Hepatic
artery injection was successfully performed in all patients with no report of dose-limiting toxicity. Two patients
had febrile aplasia requiring a short-term antibiotherapy. Grade 3/4 anemia and thrombopenia were also
observed related to the chemotherapy. Objective clinical responses were documented in 3 patients and among
them 2 occurred in patients injected with cell products harboring two KIR ligand mismatches and one in a
patient with one KIR ligand mismatch. Immune monitoring revealed that most patients presented an increase
but transient of IL-15 and IL-7 cytokines levels one week after chemotherapy. Furthermore, a high expansion of
FoxP3Cregulatory T cells and PD-1C T cells was observed in all patients, related to IL-2 administration. Our
results demonstrated that combining allogeneic NK cells transfer via intra-hepatic artery, cetuximab and a high-
dose IL-2 is feasible, well tolerated and may result in clinical responses.
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Introduction

NK cells are components of innate immunity recognizing and
killing tumor- or virus-infected cells and producing various
cytokines that play an important role in shaping the immune
response.1 Particularly activated NK cells produce large amounts
of IFN-g promoting dendritic cell maturation and Th1 polariza-
tion of adaptive immune responses.2,3 NK cells recognize target
cells through a variety of activating and inhibitory receptors.
Activating receptors, such as NKG2D and NKG2 C, bind MHC-
related molecules, which are upregulated during times of cellular
stress and/or viral infection. Alternatively they can be activated
by the engagement of Natural Cytotoxicity Receptors (NCR) or
CD16, which is a receptor for the Fc portion of some immuno-
globulins G (IgG). Many receptors that inhibit NK cell function
belong to the KIR superfamily. To date, 4 different inhibitory
KIRs have been identified that bind to different allelic groups of
HLA-A, HLA-B, or HLA-C. KIR2DL1 recognizes HLA-C alleles
with a Lys80 residue (group C2), KIR2DL2 and KIR2DL3

recognize HLA-C with an Asn80 residue (group C1), KIR3DL1
is the receptor for HLA-B alleles sharing the Bw4 specificity and
KIR3DL2 recognizes HLA-A3/A11 alleles.4

The use of NK cells as an anti-cancer treatment has been
reported by a number of studies over the past decade.5,6 Velardi et
al. have first reported that the presence of such HLA-C/KIR mis-
matches promote graft-versus-leukemia effects without increasing
the risk to develop graft-versus-host disease in leukemic patients
treated by T cell depleted haploidentical stem cell transplantation.7

Passweg JR8 and Miller JS9 then demonstrated that allogeneic NK
cell adoptive transfer is feasible, safe and does not induce signifi-
cant toxicity. Treatment of myeloid acute leukemia patients by
adoptive transfer of alloreactive NK cells was shown as a potential
effective strategy leading in some major haematological responses
in patients treated in the context of a HLA/KIRmismatch.9,10

Furthermore, Miller J and colleagues also established the
interest of lymphodepleting chemotherapy prior to the adop-
tive transfer in order to potentiate NK cell expansion. Indeed,
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these authors established that high doses of fludarabine and
cyclophosphamide enhance the availability of interleukin-15
(IL-15) in the recipient serum.9 Beyond the absence of signifi-
cant toxicity, Miller et al. confirmed that NK cell alloreactivity
(ie the absence on tumor cells of a cognate HLA ligand recog-
nized by donor-derived NK cells) provided complete responses
in heavily pre-treated leukemic patients. Other clinical studies
have also reported the safety and efficacy of such haploidentical
NK cell adoptive transfer in acute myeloid leukemia.10-12

One particular interest of NK cell therapy is the ability of
these lymphocytes to recognize a broad range of cancer cells,
independently of specific tumor antigens. Expression of the NK
cell activating ligands (MICA, MICB, ULBPs) was documented
in many solid tumors including gastrointestinal cancers.13

However, the clinical efficacy of NK cell based therapy in solid
malignancies remains elusive.9,14,15 NK express high affinity
receptors (CD16) recognizing IgG constant fraction. Interac-
tions of NK cells with tumor cells stained with monoclonal
antibodies lead to a sustained NK cells activation through
CD16 and enhanced their cytotoxic functions (ADCC: Anti-
body-dependent Cellular Cytotoxicity). Cetuximab is a chime-
ric human-murine IgG1 antibody targeting the extracellular
domain of EGFR, thereby inhibiting the binding of activating
ligands to the receptor.16,17 Cetuximab and has been shown to
mediate ADCC activity and Cetuximab-mediated ADCC pre-
dicted responsiveness.18,19

Pioneering clinical trials have suggested the potential inter-
est of activated cytotoxic lymphocyte injections as an adjuvant
treatment of liver carcinoma when these lymphocytes were
delivered directly in the liver artery.18,19

We have evaluated, in a phase I clinical trial, the feasibility
and safety of adoptive cell transfer of allogeneic NK cells via
hepatic artery infusion, combining with IV Cetuximab, to pro-
mote ADCC in EGFR positive liver metastases of gastrointesti-
nal cancers.

Results

Patient’s characteristics

Nine patients (3 women and 6 men) were enrolled and completed
the protocol between 2009 and 2012. Median age was 60 years old
(range 50–66). Six patients had a metastatic colorectal carcinoma
and 3 patients a pancreatic adenocarcinoma. Patient’s characteris-
tics are summarized in Table 1. Patients treated for a pancreatic
adenocarcinoma were exposed to gemcitabine, 5-fluorouracil and
oxaliplatin before inclusion in the present clinical trial. Before
inclusion, colorectal carcinoma patients were all exposed to 5-fluo-
rouracil, oxaliplatin, irinotecan, bevacizumab and anti-EGFR in
the case of wild type KRAS status. Six patients presented an EGFR
positive-tumor and this was not performed in three patients
(Table 1 and Fig. S1). All patients had measurable liver metastases
according to RECIST criteria v1.1.

Phenotypic and functional characteristics of expanded
allogeneic NK cells

Volunteer’s allogeneic donors were selected in patient’s family
or among platelet’s donors of the French blood bank. A

leukapheresis was performed, after having controlled the
absence of infectious disease in the donors by measuring serol-
ogy for hepatitis, HIV, HTLV. The mean number of peripheral
blood leukocytes recovered was 14.43 109 cells (range 8.18-19.3
109). The leukapheresis product from each donor was analyzed
by flow cytometry. The composition of the final cell therapy
products was depicted in Table 1. It included 2.31 109 mono-
cytes (range 0.43-2.38), 0.73 109 B cells (range 0.44-1.19) and
0.88 109 NK cells (range 0.328-1.53). All patient received the
selected dose excepted patient 9. The percentage of CD3C T
lymphocytes in the final product was 0.49% (range 0.001-1)
and the mean T lymphocyte number adoptively transferred
was 0.1 106 T cells/kg (range 0-0.22).

To evaluate natural cytotoxic function of allogeneic NK cells,
the reactivity of each patient’s final product was assayed against
the standard NK-sensitive target K-562 cells and the colorectal
cancer cell line HT29. The NK cells degranulation was mea-
sured using CD107 a expression by flow cytometry. For seven
available final NK cells products, we found that the NK cells
exhibited effective cytotoxic activity against the two target
tumor cells. As expected, the NK cell cytotoxicity against
EGFR-expressing HT29 cell line was increased in presence of
Cetuximab (Fig. 1B and C).

Toxicity aspects

After administration of fludarabine/cyclophosphamide chemo-
therapy and infusion of purified NK cells the complete lymphope-
nia occurred 5 to 7 days after chemotherapy (Fig. 2A), and the
mean time for lymphocyte recovery (ie an absolute lymphocyte
count above 500/mm3) was 10 days (range 8–13 days). Altogether,
the addition of only one dose of cyclophosphamide (60 mg/kg) to
5 days of fludarabine (25 mg/m2/day) is manageable but induces
only a short-term lymphopenic period. Neutropenia was also
observed in all patients, with a mean duration of 6 days (1-9 days)
(Fig. 2B). Two patients had febrile aplasia requiring a short-term
antibiotherapy. Grade 3/4 anemia and thrombopenia were also
described (Table 2) but had only little impact since red blood cell
transfusion was only prescribed in one patient (Fig. 2C and D).
Acute graft versus host disease was recently reported in patients
receiving IL-15/4-1BBL activatedNK cells following T-cell depleted
stem cell transplantation,20 but we did not observe any adverse
event related to the low residual allogeneic T lymphocytes. As NK
cell infusion was intra-arterially infused, liver toxicities were also
monitored. No grade 3/4 toxicities were reported based on ASAT,
ALAT or Alkaline phosphatase concentrations. Two patients (1
and 9) presented an increase of GGT after cell infusion however
their GGT values were subnormal prior enrolment in the trial
(Table 2). Furthermore, any severe adverse effects associated to
high dose of interleukin-2 (IL-2) andCetuximab treatments follow-
ing the NK cell transfer was reported in these patients. Altogether,
in situ allogeneic NK cells infusion in liver metastasis plus systemic
Cetuximab was well tolerated and no dose limiting toxicity was
reported.

Clinical outcome

Tumor responses were assessed four weeks after the adop-
tive transfer by CT-scan (Table 1). One partial response
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was observed in a colorectal cancer patient who was
injected with 8.106/kg NK (Fig. 3A). This patient had only
a liver metastatic disease, a KRAS exon 2 wild type colorec-
tal cancer and never responded to previous therapies
including anti-EGFR. FDG-PET scan assessment confirmed
a decrease of liver metastases metabolic activity in most
lesions after NK cells transfer. Another patient with 3 liver
metastases of a pancreatic adenocarcinoma experienced a
dissociated response with the progression of two lesions
and the complete regression of the smallest lesion in the
right liver (Fig. 3B). Two additional patients with colorectal
cancer experienced stable disease. However, all patients had
progressive diseases 4 months following study enrollment.
Treatment efficacy was also analyzed according to the num-
ber of KIR ligand mismatches. Four NK cell products dis-
played one KIR ligand mismatch while 2 such mismatches
were observed in the 5 other patients. A stable disease was
observed in patients receiving a cell therapy product with
one KIR ligand mismatch. One partial response, a dissoci-
ated response and a stable disease occurred in the 5 patients
treated with NK cell products harboring 2 KIR ligand mis-
matches (Fig. 3C). Altogether, this escalating dose phase I
trial provides evidence that the clinical efficacy of liver

artery allogeneic NK cell adoptive transfer might be
increased by using KIR ligand poly mismatched products.

Assessment of peripheral blood cytokines levels

IL-15 has been shown to drive in-vivo NK-cell homeostatic
expansion,21 thus we measured the level of endogenous IL-15
weekly throughout the treatment (Fig. 4A). All the patients had
increasing IL-15 levels from baseline to day 7 after the NK cells
infusion (1.7 § 1.2 pg/mL versus 12.6 § 6.6 pg/mL) and
dropped at day 14 (4.7 § 1.9 pg/mL). Similarly, the plasmatic
concentration of the IL-7 was picked also at day 7 but remained
elevated throughout the study (Fig. 4B). Unique RT-PCR pri-
mers for donor-specific MHC class I alleles that did not cross-
react with recipient MHC allele sequences could be generated
for 7 patients. In most patients (5 out of 7), donor cells per-
sisted in the blood for 7 days but could not be detected at later
time points, correlating to the decrease in plasmatic IL-15 con-
centration (Table 3 and Fig. S2). These data suggested that
intra-hepatic delivery of NK cells could transiently traffic in
peripheral blood upon homeostatic IL-15 production. Further-
more, IL-10 and IFN-g concentrations were also monitored to
assess the activation/suppression of the immune system. The

Figure 1. Cytotoxic activity of expanded NK cells. A. Adoptive NK cell transfer schedule. B-C, Expanded NK cell products from 7 donors were stimulated by K562 or Cetux-
imab coated-HT29 cell line for 4 h at effector to target ratio 2:1 before CD107 a staining. Expression of CD107 a was assessed by flow cytometry on CD3- CD56C NK cells.
B. Representative dot plot of one donor’s NK cell product is shown (patient 2). Percentages refer to the percentage of CD107 aC CD56C cells among CD3- NK cells. Ritux-
imab coated-HT29 cell line was used as control mAb (ctrl mAb). C. Each column indicates the percentage of CD107 aC CD56C CD3- NK cells from a single donor.
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IL-10 concentration picked at day 7 and then dropped early at
day 14 (Fig. 4C). A similar kinetic of IFN-g level was observed
for two patients (Fig. 4D).

Expansion of FoxP3C regulatory T cells and PD-1C T cells in
peripheral blood following high-dose IL-2 treatment

Patients received high-dose of IL-2 (10.106 IU) from day 0 to
day 17 following the allogeneic NK cells transfer. We then
investigated the influence of this treatment on regulatory CD4C

T lymphocytes (Tregs) and exhausted T cells. For this purpose,
FoxP3C Tregs were monitored by flow cytometry at the indi-
cated times. Tregs levels are similar in all patients at baseline
(prior chemotherapy). We found a significantly high increase
of Tregs starting at day 7 after NK cell transfer, with a peack at

day 14 (4.41% to 53.39% baseline versus day 14 respectively
P < 0.001), before gradually decreasing five days after the end
of IL-2 injections. However the circulating level of these cells
were still high through the treatment, as compared to baseline
(16.10% versus 4.41% respectively (P D 0.014) (Fig 5A-C). The
inhibitory receptors PD-1 and Tim3 are expressed by T cells
upon a chronic activation, and characterized exhausted T cells
that loss most of T cell functions.22,23 Moreover, PD-1 expres-
sion has also been reported as a marker of circulating tumor-
specific T cells in cancer patients.24,25 Like Tregs, we found simi-
lar kinetic of circulating PD-1C T cells in most patients concur-
rently to the IL-2 therapy. These cells highly expanded at day
14 before dropped from day 28 when IL-2 treatment was
stopped (Fig. 5D and E). However, no obvious change of
Tim3C T cells was found in most patients (data not shown).

Figure 2. Blood parameters recovery. Kinetic of lymphocytes (A), neutrophils (B), platelets (C) count and concentration of hemoglobulin (D) during the treatment period
are shown. Each symbol represents an individual patient.

Table 2. Main toxicities.

Toxicities

Grade 1 Grade 2 Grade 3–4

Patient 1 %Bilirubin Thrombopenia, Anemia,%ASAT,%Alkaline phosphatase %GGT
Patient 2 Thrombopenia Anemia —
Patient 3 %ASAT Anemia,%Alkaline phosphatase Thrombopenia
Patient 4 Anemia,%ALAT %Bilirubin,%Alkaline phosphatase —
Patient 5 Anemia,%ALAT,%Bilirubin — Thrombopenia
Patient 6 — Thrombopenia, Anemia —
Patient 7 %ASAT Anemia Thrombopenia
Patient 8 %ASAT %Alkaline phosphatase Thrombopenia, Anemia
Patient 9 — Anemia,%Alkaline phosphatase Thrombopenia,%GGT

The adverse effects were graded according to CTCAE version 4.0.
Abbreviations: ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase; GGT, gamma glutamyl-transpeptidase.
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Thus, high expansion of Tregs and PD-1C T cells occurred in
patients receiving high-dose IL-2 therapy after adoptive cell
transfer.

Discussion

This phase I study determined that hepatic artery allogeneic
NK cell therapy, combined to an anti-EGFR monoclonal anti-
body and high dose IL-2 treatment, is well tolerated. All
patients received standard lymphodepleting chemotherapy reg-
imen using cyclophosphamide (60 mg/kg) and fludarabine (25
mg/m2/day). The addition of only one dose of cyclophospha-
mide to 5 days of fludarabine is manageable but induces only a
short-term lymphopenic period. A limited antitumor activity
was observed in early clinical trials assessing the clinical interest
of autologous NK cell adoptive transfer.15,26,27 Even if one par-
tial response, one dissociated response and two disease

stabilizations were observed in these highly pretreated patients,
the antitumor activity of allogeneic NK cell therapy appeared
also dismal here. No obvious correlation was found between
treatment efficacy and main patients’ clinical characteristics.

One limiting factor here might be the lymphodepleting che-
motherapy containing fludarabine and unique infusion of cyclo-
phosphamide. This regimen only induced a short-term
lymphopenia and low levels of IL-15. In the pivotal study
reported by Miller JS et al for the treatment of myeloid leukemia,
dosage of IL-15 was identified as a potential biomarker of effi-
cacy.9 These authors observed an increase of IL-15 above 40 pg/
mL 7 days after the adoptive transfer in most patients that corre-
lated with the in vivo amplification of infused NK cells. In our
study, IL-15 levels increased above the baseline and were higher
than those of Wallen H and colleagues28 but were lower than
those reported by Miller JS,9 suggesting that two infusions of
cyclophosphamide could be required during the lympho-

Figure 3. Clinical activity. A Representative tumor responses evaluation by CT-scan and PET-scan before (left) and after (right) 2 months of NK cell transfer in patient 6
(PR). B, Objective responses according to the number of KIR ligand mismatch. PD, progressive disease; PR, partial response; Rd, dissociated response; SD, stable disease.
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depleting chemotherapy to ensure an effective plasmatic IL-15
availability. Nonetheless, a chimerism could be observed in 5
evaluated patients despite the low level of IL-15 measured in this
cohort (Table 3). The in situ injection through hepatic artery
may counterbalance this limitation by promptly increasing the
tumor infiltration by NK cells, an approach previously used in
hepatocarcinoma with objective clinical responses.29

In order to promote in vivo NK cell activation, patients
received 6 injections of high-dose IL-2 treatment from the 6th

hour post NK cell transfer until day 17. This therapy was asso-
ciated with a high expansion of CD4CCD25CFoxp3CTregs and
PD-1C T cells in patient’s peripheral blood. Thus this IL-2 regi-
men generates an immunosuppressive environment for the
transferred cells. Expansion of host Tregs has been associated
with lack of NK cells in vivo expansion.30-32 Furthermore clini-
cal responses to high-dose IL-2 therapy are limited due to selec-
tive expansion of Foxp3CICOSC Tregs, rather than natural killer
cells and effector T cells.33,34 To improve the treatment efficacy,
Miller’s group proposed that depletion of Treg would improve
anti-AML NK cell function.35

Direct adoptive transfer of immune cells by the liver
artery is an attractive option to enhance homing of lympho-
cytes in liver metastases. The potential interest of lympho-
cytes liver artery infusion was reported in a study using
Indium-111 (111-In)-oxinate-labeled lymphocytes as a

source of donor lymphocyte infusion. In this clinical trial,
allogeneic lymphocytes homed in liver metastases, and the
liver to sternum ratio of radioactivity was higher in patients
treated with direct hepatic arterial injections compared with
those receiving IV infusions.36 These results supported a
phase I clinical trial investigating the safety of T lympho-
cytes genetically modified with a chimeric antigen receptor
(CAR T cells) targeting the carcinoembryonic antigen
(CEA) and delivered by percutaneous hepatic artery infu-
sions. Six patients were treated with anti-CEA CAR T cells
by intrahepatic artery § IL-2 support.37 No grade 3–4
adverse event was observed in these trials. Of note, none of
the 9 patients treated in the present phase I clinical trial
experienced grade 3 or 4 hepatic cytolysis adverse event
related to intra-hepatic artery allogeneic NK cell infusions.

Typing of HLA and KIR is important for donor selection
because their polymorphisms affect NK cell function and
thereby the clinical outcomes of NK cell therapy.38 Considering
the inhibitory KIR, the preferable donors are those which pos-
sess a KIR for which the cognate ligand is absent in the recipi-
ent, in particular when the donors also possess the
corresponding ligand themselves.39 In this study, we used HLA
typing to determine KIRL mismatches and found that most
clinical responses occurred in patients having at least two mis-
matches suggesting the importance of NK cells licensing.

Figure 4. Plasmatic cytokines levels. Plasma was collected from patients at the indicated times. Kinetics of IL-15 (A), IL-7 (B) IL-10 (C) and IFN-g (D) are shown. Each sym-
bol represents an individual patient.

Table 3. Persistence of donor circulating NK cells post injection

Patients #2 #3 #4 #5 #7 #8 #9

Donor circulating NK cells post injection Day7 C C NA C C C NA
Day14 — — — C — — —
Day21 NA NA — NA — — —
Day28 NA NA — NA NA NA NA

% of total PBMC 1,59 1,60 NA 1,36 (D7) 1,0 (D14) 9,66 1,80 NA

Abbreviations: NA, not available; PBMC, peripheral blood mononuclear cells
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ADCC is a key mechanism of action of several antibodies
and it can be mediated by the Fc receptor CD16 expressed
by NK cells. As previously reported, we show that Cetuxi-
mab is able to mediate ADCC in vitro40 and this NK-medi-
ated cytotoxicity is prevented when inhibitory KIR41 or
ILT2 are overexpressed.42 Then, it was reasonable to
hypothesize that combination of NK alloreactivity and
Cetuximab-mediated ADCC would promote NK cytotoxic
functions. The observation that KIR-ligand mismatches
seem to be correlated with the clinical outcomes of alloreac-
tive NK adoptive transfer supports this assumption. Anti-
KIR monoclonal antibodies might be another attractive
therapeutic option to promote ADCC and NK cell activities.
The observation that KIR-mediated inhibition can dampen
ADCC activity supports the development of KIR neutraliz-
ing monoclonal antibodies. Fully humanized anti-KIR anti-
bodies blocking inhibitory KIR interactions with their
cognate MHC class I ligands have been currently devel-
oped.43,44 Although CARs strategies have focused on T cells,
CAR-modified NK cells have gained considerable interest
recently. The development of CAR NK cells technology
may provide a method to direct NK cells more specifically
to cancer cells, with less functional heterogeneity and less
risk of adverse effects than CAR T cells.45

In conclusion, these results prompt us to further develop
targeted adoptive NK cell transfer in solid tumor using tumor-
specific monoclonal antibodies and in situ delivery.

Material and method

Patients

Six patients treated for a colorectal cancer and three pancreatic
cancer patients were enrolled in this trial between October
2009 and December 2012 (NCT 02845999) at university hospi-
tal of Besançon. The main objective of this study will be to
demonstrate the safety of NK hepatic intraarterial infusion in
association with cetuximab. Secondary objectives will include
the assessment of the clinical efficacy of this strategy. The
median age of the patients was 60 years (range, 51–66) with a
majority of males (67%). Eight patients had an Eastern Cooper-
ative Oncology Group Performance Status (ECOG PS) 0 and
one patient had an ECOG PS 1. All patients had liver metasta-
ses, 5 patients (56%) presented only a liver-limited metastatic
disease and 4 patients had 2 or more visceral sites involved by
metastases. All patients had been exposed to at least two lines
of chemotherapy before inclusion. Epidermal Growth Factor
Receptor (EGFR) expression status was assessed by immuno-
histochemistry (mouse, clone 3C6, Roche-Ventana) on a Ven-
tana BenchMark ULTRA XT staining platform. Patients having
a membrane expression higher than 1% of the tumor cells were
considered as eligible. The KRAS mutation status was routinely
performed in 4 patients. Among them, two patients had a
KRAS mutation (data not shown). The clinical trial was
approved by the university hospital of Besançon ethic commit-
tee and by the national drug agency, Agence Nationale de

Figure 5. Monitoring of FoxP3CTregs and PD-1CT through treatment. Flow cytometry analysis was performed from PBMC collected in each patient at the indicated time
points. A. Tregs representative plot from one patient (#5). The kinetic of percentage (B) and absolute count of FoxP3C Tregs are shown. The percentage of PD-1

C CD4 (D)
and CD8 (E) T cells are shown. Baseline (BI)

e1424673-8 O. ADOTEVI ET AL.



S�ecurit�e du M�edicament, ANSM, France, N� Eudra-CT 2008-
A01134-51). All patients gave their written consent.

Donor selection

Donor identification was performed among patients’ relative
in a first step. In the absence of familial donor, selection
was performed among healthy blood donors from the
French Blood Bank (EFS, Bourgogne Franche-Comt�e). At
least one KIRL (Killer Immunoglobulin Receptor Ligand)
mismatch was required. MHC class I alleles considered for
donor selection were HLA A3-A11, HLA-Cw or HLA Bw4.
A two digits HLA genotyping assay was used to determine
donor and patient HLA A3-A11, Cw or Bw4 status. High-
resolution genotyping was performed to confirm HLA allelic
expression.

Allogeneic NK cells production

Peripheral blood mononuclear cells (PBMC) from selected
healthy volunteer’s donors were isolated by leukapheresis.
CD3C T cells were depleted using anti-CD3 magnetic
microbeads and the CliniMACS program Depletion 2.1
according to manufacturer instructions (Miltenyi Biotech
GmBH). Meanwhile, plasma was produced from a 100 mL
blood sample taken from the donor. T cell depleted mono-
nuclear cells were then washed and cultured overnight with
10% autologous sera and 1000 IU/mL of IL-2 (Novartis) in
X-VIVO 15 medium (Lonza). Before adoptive transfer, cells
were washed two times and suspended at 5.106/mL in albu-
min 4% (LFB, France). The composition of the cell product
was analyzed by flow cytometry using CD19 (BD Pharmin-
gen), CD3, CD56, CD14 and Annexin V (Beckman Coulter)
staining. Liberation criteria included: cell viability>75%,
percentage of CD3¡CD56C lymphocytes >20% and percent-
age of residual CD3C T lymphocytes < 1% of in the final
product.

Treatment procedure

The treatment schedule is summarized in Fig. 1A. Patients were
treated with lymphodepleting chemotherapy (fludarabine 25
mg/m2 and cyclophosphamide 60 mg/kg) before NK cells injec-
tion. After overnight interleukin-2 activation, the cell therapy
product was immediately infused through the hepatic artery
under radiological guidance by the interventional radiologist.
Allogeneic NK cells were adoptively transferred according to a
dose escalation protocol, classical 3C3 design. The three esca-
lating dose levels were 3.106, 8.106 and 12.106 NK cells/kg of
recipient body weight. IL-2 (10.106 IU) was administered sub-
cutaneously, starting 6 hours after the adoptive transfer and
every 3 days for 6 injections. The anti-EGFR monoclonal anti-
body Cetuximab (250 mg/m2) was administered intravenously
every week for 7 weeks, starting from day 1. The patients were
kept under observation for 24 h post procedure and discharged
on the subsequent day. During the hospital stay, all clinical
parameters and adverse events were recorded.

Safety and efficacy assessments

Adverst events (AEs) were collected at baseline and during the
study, and were graded using the National Cancer Institute
Common Terminology Criteria for Adverse Events (CTCAE)
version 4.0. The DLT was defined as any of the following AEs
considered related to NK cells injection that occur in at least 3
out of 6 patients at a given dose level, with severity grade 3 or 4
according to CTCAE version 4.0. The objective responses
included complete response, partial response and stable disease
based on investigator-assessed tumor response according to
RECIST criteria v1.1.

Immunomonitoring

Plasma and PBMC were collected at day 7, 14, 21, 28, 35 and 42
after NK cell adoptive transfer. The following cytokines IL-15, IL-7,
IL-10 and IFN-g were measured in the plasma using ELISA kit
from Diaclone biotech (IL-7, IL-10 and IFN-g) and R&D Systems
(IL-15) according to the manufacturer instructions. Regulatory T
cells (Tregs) and PD-1 and TIM3 expression on T lymphocytes
were monitored using flow cytometry. Briefly, Tregs analysis was
performed by multicolor staining using the following surface
monoclonal antibodies against: CD3 (VM53, BD Biosciences),
CD4 (RPA-T4, BD Biosciences), CD127 (A7R34, eBioscience),
CD25 (MOPC-21, Biolegend, Ozyme), and the intracellular anti-
body FoxP3 (259D, Biolegend, Ozyme, France) according to the
manufacturer’s intracellular protocol (00-5523-00, eBioscience,
France). For PD-1 and TIM-3 expression on T cells, the following
surface monoclonal antibodies against CD3, CD4, CD8 (SK-1,
Biolegend), PD-1(MIH-4, BD Biosciences) and TIM-3(R&D Sys-
tems, UK) were used and incubated with PBMC for 30 min at 4�C.
Cells were analyzed on a FACS Canto II using DIVA software (BD
Biosciences).

NK cells degranulation assay

NK cells were cocultured in the presence of target cells (K562
and HT29) for 4 h at a 2:1 Effector:Target ratio with GolgiStop
(BD Biosciences) according to the manufacturer’s protocol.
HT-29 was coated with Cetuximab to induce ADCC activity.
CD20-specific human IgG Rituximab was used as a negative
control. Degranulation capacity of NK cells was monitored by
flow cytometric analysis of CD107 a (BD Biosciences) expres-
sion. Cells were analyzed on a FACS Canto II using DIVA soft-
ware (BD Biosciences).

Circulating donor NK cells detection

Peripheral blood donor NK circulating cells were analyzed
using a chimerism multiplex STR profiling method. Briefly,
Donor (D) and recipient (R) profiles were obtained after PCR
amplification of 10 ng of DNA extracted from D and R before
NK cell infusion using the PowerPlex� 18D System (Promega,
France) according to the manufacturer instructions. Mixed chi-
merism was considered positive if D profile was recovered in at
least 2 out 17 informative loci. R and D Peak areas were used to
calculate the ratio between D- and R- derived DNA in a chime-
ric locus, expressed as mean of all informative loci.
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