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Abstract

Background Nasopharyngeal carcinoma (NPC) cells express high levels of epidermal growth factor receptor (EGFR).
Cetuximab is an anti-EGFR monoclonal antibody that promotes natural killer (NK) cell-mediated antibody-dependent cel-
lular cytotoxicity (ADCC) via engagement of CD16. We studied safety and efficacy of combining cetuximab with autologous
expanded NK cells in patients with recurrent and/or metastatic NPC who had failed at least two prior lines of chemotherapy.
Methods Seven subjects (six patients) received cetuximab every 3 weeks (six doses maximum) in the pre-trial phase.
Autologous NK cells, expanded by co-culture with irradiated K562-mb15-41BBL cells, were then infused on the day after
administration of cetuximab. Primary and secondary objectives were to determine safety of this combination therapy and to
assess tumor responses, respectively.

Results Median NK cell expansion from peripheral blood mononucleated cells after 10 days of culture with K562-mb15-
41BBL was 274-fold (range, 36-534, n=10), and the median expression of CD16 was 98.4% (range, 67.8-99.7%). Skin rash,
the commonest side effect of cetuximab in the pre-trial phase, was not exacerbated by NK cell infusion. No intolerable side
effects were observed. Stable disease was observed in four subjects and progressive disease in three subjects. Three patients
who received NK cells twice had time to disease progression of 12, 13, and 19 months.

Conclusion NK cells with high ADCC potential can be expanded from patients with heavily pre-treated NPC. The safety
profile and encouraging clinical responses observed after combining these cells with cetuximab warrant further studies of
this approach. (clinicalTrials.gov NCT02507154, 23/07/2015).

Precis Engaging NK cell-mediated ADCC using cetuximab plus autologous NK cells in EGFR-positive NPC was well
tolerated among heavily pre-treated recurrent NPC. Promising results were observed with 3 out of 7 subjects demonstrating
durable stable disease.
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EBV Epstein—Barr virus

ECOG Eastern Cooperative Oncology Group
E:T ratio Effector to Target ratio

EGFR Epidermal Growth Factor Receptor

IL Interleukin

MFI Mean Fluorescence Intensity

NCI-CTCAE National Cancer Institute-Common Termi-
nology Criteria for Adverse Events

NK Natural Killer

NPC Nasopharyngeal Carcinoma

PBMC Peripheral Blood Mononucleated Cells

PD Progressive Disease

PR Partial Response

RECIST 1.1  Response Evaluation Criteria in Solid
Tumors version 1.1

SD Stable Disease

SNP Single-Nucleotide Polymorphism

TIL Tumor-Infiltrating Lymphocytes

Introduction

Nasopharyngeal carcinoma (NPC) is the most common head
and neck cancer in South China and Southeast Asia, with
up to 30 new reported cases per 100,000 people yearly [1].
Worldwide there are approximately 86,000 cases diagnosed
each year and 50,000 deaths attributed to this cancer [1].
Approximately 20% of patients develop locoregional and/or
distant relapse despite multimodality treatments, including
various combinations of radiation and chemotherapy [2, 3].
Although clinical responses to further treatment have been
reported in these patients [4], cancer-specific mortality rate
remains high at 70% [5], with poor progression-free survival
of 3-5 months and overall survival of 12—-15 months [6, 7].
Moreover, repeated treatment with irradiation and chemo-
therapy has considerable toxicity. For example, in patients
with locoregional relapses treated with re-irradiation, serious
grade 4 to 5 toxicities (National Cancer Institute (NCI) Com-
mon Terminology Criteria for Adverse Events (CTCAE))
were observed in 30% of patients [9, 10]. Therefore, more
effective and less toxic treatments are much needed.

One possible immune target in NPC is the epidermal
growth factor receptor (EGFR), a tyrosine kinase receptor
whose signals promote cell proliferation and differentiation.
Approximately 90% of NPC express high levels of EGFR
[11-13] and cetuximab, a monoclonal antibody targeting
EGFR, is commonly used for treatment. Cetuximab binding
to EGFR abrogates EGF signals [14] and elicits antibody-
dependent cellular cytotoxicity (ADCC) which is primarily
exerted by natural killer (NK) cells [15-17]. In patients with
cancer, however, NK cells are often functionally impaired
[18]. Co-culture of peripheral blood mononucleated cells
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with a genetically modified K562 cell line expressing
membrane-bound interleukin (IL)-15 and 4-1BB ligand
(K562-mb15-41BBL) activates NK cells and promotes
their expansion [19, 20]. The resulting NK cells have much
higher anti-tumor cytotoxicity than unstimulated NK cells
[19, 20]. They also express high levels of CD16 (also known
as FcyRIII), the receptor that binds the Fc portion of immu-
noglobulins including cetuximab, and exert powerful ADCC
[21]. This method for NK cell expansion has been adapted to
current Good Manufacturing Practices (cGMP) conditions
[20, 22, 23].

In this study, we document that NK cells with potent
ADCC capacity could be expanded from patients with heav-
ily pre-treated recurrent and/or metastatic NPC. We, there-
fore, assessed the safety and observed the anti-tumor efficacy
of administering these cells in combination with cetuximab
in this group of patients.

Patients and methods
Patient eligibility

An open-label phase I clinical trial (clinicaltrials.gov identi-
fier NCT02507154) was approved by the Singapore Health
Science Authority and the Institutional Review Board of the
National Healthcare Group Domain Specific Review Board,
Singapore (2014/01320). All procedures were done in
accordance with the Declaration of Helsinki and the ethical
principles in the Belmont Report. Informed written consent
was obtained prior to the patients’ inclusion in this study.

Eligible patients were 21 years or older, had Eastern
Cooperative Oncology Group (ECOG) performance sta-
tus of 0-—1, a life expectancy of at least 60 days, a biopsy
demonstrating recurrent undifferentiated carcinoma of the
nasopharynx, and more than 80% EGFR positivity on immu-
nohistochemistry evaluation (supplementary Fig. 1). The
recurrent locoregional disease had to be surgically unsal-
vageable and incurable with re-irradiation or chemotherapy.
Patients with recurrent metastatic disease were enrolled only
after failing at least two lines of chemotherapy. Patients
who received other prior therapies such as anti-PD1 or anti-
VEGEF were not excluded, but a 30-day or longer interval
before enrollment was required. Other inclusion criteria
included adequate bone marrow, liver, and kidney function,
and at least one recurrent lesion on computed tomography
(CT) scan that was measurable using the Response Evalu-
ation Criteria in Solid Tumors version 1.1 (RECIST 1.1)
criteria [10].
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Manufacture of expanded NK cells

All manufacturing procedures were performed under cur-
rent Good Manufacturing Procedure (cGMP) regulations
at Tissue Engineering and Cell Therapy (TECT) facility at
National University Health System (NUHS), Singapore. The
TECT facility is GMP-certified by Singapore Health Science
Authority.

A Master Cell Bank of K562-mb15-41BBL cells for
this trial was prepared at the TECT facility. K562-mb15-
41BBL cells from the Master Cell Bank were thawed and
cultured in RPMI-1640 (Thermo Fisher Scientific) contain-
ing 10% of fetal bovine serum (Thermo Fisher Scientific) in
G-Rex100M vessels (Wilson Wolf, Saint Paul, MN) at 37 °C
in 5% CO, for 10+ 2 days. After the culture, K562-mb15-
41BBL cells placed in transfer bags (Terumo, Tokyo, Japan)
were irradiated at 120 Gy using a linear particle accelerator
(Elekta Synergy, Stockholm, Sweden) at the Department of
Radiation Oncology, National University Hospital (NUH).
The irradiated K562-mb15-41BBL cells were then cryopre-
served in culture medium with 10% DMSO. The absence
of cell proliferation of irradiated K562-mb15-41BBL was
verified before use for NK cell expansion.

Patients underwent leukapheresis in the apheresis unit at
NUH. On the same day, the irradiated K562-mb15-41BBL
cells were thawed and placed into a G-Rex100 vessel (Wil-
son Wolf) at 3x 107 cells in 200 mL of SCGM medium
(CellGenix, Freiburg im Breisgau, Germany). On the fol-
lowing day, peripheral blood mononucleated cells (PBMC)
were isolated from the leukapheresis products by ficoll den-
sity gradient centrifugation. The immunophenotype of iso-
lated PBMC was analyzed by flow cytometry. The isolated
PBMC were suspended in 200 mL of SCGM and added to
the G-Rex100 vessel containing irradiated K562-mb15-
41BBL. The PBMC concentration was adjusted to achieve
3% 10° NK cells in 200 mL. Interleukin (IL)-2 (Proleukin;
Novartis, Basel, Switzerland) was added to the cell culture
at 40 IU/mL on the date when PBMC were placed, follow-
ing by every other day to maintain the IL-2 concentration
in the culture. The cells were cultured at 37 °C in 5% CO,
for 10 + 1 day. The sterility of cells in culture was assessed
2 to 4 days before infusion. On the infusion day, cells were
collected, washed three times, and then resuspended in
saline solution containing 5% human serum albumin. The
cell immunophenotype, viability, and residual K562-mb15-
41BBL cells were analyzed by flow cytometry. The cell vol-
ume for infusion was determined based on the results, and
then the cells were placed in a transfer bag (Terumo).

Measurement of plasma EBV DNA

Plasma was separated from whole blood by centrifugation.
DNA in the plasma was extracted using QIAamp Circulating

Nuclei Acid Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instruction. A real-time quantitative poly-
merase chain reaction (QPCR) was performed targeting EBV
BamH1-W region at a service laboratory (Lucence Diagnos-
tics, Singapore). The limit of detection of plasma EBV DNA
was set at 50 [U/mL.

Genotyping of FCGR3A gene

Germline DNA was extracted from peripheral blood mono-
nucleated cells using DNeasy Blood & Tissue Kits (Qiagen,
Hilden, Germany). A fragment of FCGR3A gene, including
F158V (1s396991) single-nucleotide polymorphism (SNP)
was amplified by nested PCR using Phusion high-fidelity
DNA polymerase (Thermo Fisher Scientific, Waltham, MA).
The amplified DNA fragment was separated by gel elec-
trophoresis and extracted using QIAquick Gel Extraction
Kit (Qiagen). The nucleotide sequence of the purified DNA
fragment was determined by Sanger sequencing at a service
laboratory (1% Base, Singapore).

Flow cytometry analysis

The immunophenotype of cells before and after culture was
analyzed with a BD FACSCanto II flow cytometer (BD Bio-
sciences, San Jose, CA) after staining with anti-CD56 con-
jugated to phycoerythrin (PE), anti-CD3 allophycocyanin
(APC), anti-CD16 fluorescein isothiocyanate (FITC), and
anti-CD45 peridinin chlorophyll protein (PerCP) (all from
BD Biosciences). Cell viability was measured by staining
with 7-amino actinomycin (7-AAD; BD Biosciences). As
the K562-mb15-41BBL cells express GFP, GFP was used
as a marker to ensure that viable K562-mb15-41BBL cells
were detectable in the infused NK cell product.

To confirm that the K562-mb15-41BBL cells did not
proliferate in vitro after irradiation, an aliquot of the cells
was cultured at 37 °C in 5% CO, for 4 or 5 days. After the
culture, cells were stained with 5-ethynyl-2'-deoxyuridine
(EdU) and FxCycle Violet DNA stain (both from Thermo
Fisher Scientific), and the presence of dividing cells was
excluded by flow cytometry. In addition to the EdU assay, we
also placed irradiated K562-mb15-41BBL cells into wells
of a 96-well plate at 10 to 100 cells per well, and cultured
the cells at 37 °C in 5% CO, for 3 weeks. Colony formation
was assessed with an inverted microscope.

Cytotoxicity assay

Expanded NK cells were co-cultured with target cells (lucif-
erase-labeled EGFR-positive NPC cell line SUNE2) with or
without cetuximab (1 pg/mL) for 4 h at various effector-to-
target ratios. After culture, BrightGlo (Promega, Fitchburg,
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WI) was added to the cells and the luminescence from via-
ble target cells was measured using an Flx 800 plate reader
(BioTek, Winooski, VT).

Treatment plan

In the trial pre-phase, cetuximab was administrated intrave-
nously at an initial dose of 400 mg/m?, followed by weekly
maintenance dose of 250 mg/m? for 4 to 6 weeks. Patients
who did not develop intolerable toxicities after at least four
doses of cetuximab in the pre-phase were eligible to con-
tinue with the trial (Fig. 1). In the trial phase, cetuximab was
administrated at 250 mg/m? every 3 weeks up to the maxi-
mum of six cycles. Expanded NK cells were infused 1 day
after cetuximab at cycle 1. The initial NK cell dose in the
first three subjects was 1x 10° NK cells/kg. Subsequently,
subjects received 1x 107 NK cells/kg after safety of the
lower dosing was ascertained. To support infused NK cells
in vivo, IL-2 was administered subcutaneously at a dose of
1 million units/m? three times per week for 2 weeks (total of
six doses). Patients who achieved objective tumor response
or stable disease (SD) after cycle 3 received the second NK
cell infusion at cycle 4 with the same subcutaneous IL-2
dosing regimen (total of six doses).

Treatment evaluation

All subjects underwent routine clinical evaluation, including
physical examination, measurement of vital signs, and labo-
ratory tests, including hematologic and biochemical assays,
throughout the duration of the study. Adverse events were
evaluated using the NCI-CTCAE version 4.0.

Treatment response was assessed using CT scan before
the trial phase and after the third and sixth cycles of

Pre-phase

012345 0 3

treatment as per the RECIST vl1.1 criteria [10] (Fig. 1).
Additional CT scans were scheduled every 6 months or ear-
lier if disease progression was suspected. Complete response
(CR) was defined as a complete resolution of the target
lesion (as determined by RECIST v1.1) following treatment;
partial response (PR) was defined as a reduction of the target
lesion by at least 30% from its baseline. Progressive dis-
ease (PD) was defined by at least 20% increase of the target
lesion and/or development of new metastatic lesion(s). In the
absence of PD, SD was defined when neither PR nor CR cri-
teria were met. Treatment response was determined from the
start of the pre-trial treatment until the date of last follow-up
or date of disease progression (whichever was earlier).

Results
Patient characteristics

Eight subjects (seven patients) were enrolled. One subject
died due to rapid disease progression during the pre-phase
of this trial, before NK cell infusion. The other seven sub-
jects (six patients) received expanded NK cells in combina-
tion with cetuximab. One patient was enrolled twice and
received two different NK cell doses with a 12-month inter-
val. Table 1 summarizes the subjects’ characteristics. All
were diagnosed with EGFR-positive and Epstein—Barr virus
(EBV)-related non-keratinizing undifferentiated carcinoma
(WHO type IIB) and had stage IV disease according to the
8th American Joint Committee on Cancer (AJCC) staging
system at the time of enrollment. Two subjects had recur-
rent stage IVA disease; one subject had recurrent stage IVB
disease; and four subjects had recurrent stage IVC (distant
metastases). EBV DNA levels in plasma, which is a marker

Trial-phase

6 9 12 15 18

Week e T

Cetuximab

o 11T 1 1
NK cells U

IL-2 il
CT scan A A

Fig.1 Treatment schema. In the pre-phase, cetuximab alone (initial
dose 400 mg/mz, maintenance dose 250 mg/mz) was administered
weekly intravenously (i.v.). In the trial-phase, cetuximab (250 mg/m?)
was administered i.v. at a 3-week cycle up to six cycles. At cycle (C)
1 and 4, NK cells (1x 10° in the first three subjects or 1x 107 cells/
kg in the later four subjects) were infused i.v. on the day following
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administration of cetuximab. After NK cell infusion, IL-2 (1 x 10°
units/m?) were administered subcutaneously three times per week for
2 weeks. CT scans were performed at the beginning of the pre-phase
and the trial-phase, and after cycle 3 and cycle 6, to evaluate treat-
ment response
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of disease progression [5], were detected in three subjects
(two patients).

All subjects had failed at least two lines of prior chemo-
therapy (median 3, range 3—4), including gemcitabine- and
platinum-based chemotherapy. In the pre-phase, subjects
received at least four cycles of cetuximab (median 6, range
4-6) with no evidence of response. In the trial-phase, three
subjects (three patients) received 1.0 x 10° NK cells/kg and
four subjects (four patients) received 1.0x 10" NK cells/kg.
Three subjects received a second NK cell infusion, as they
had stable disease after the first NK cell infusion.

NK cell activation and expansion

Ten NK cell products were manufactured by co-culture with
irradiated K562-mb15-41BBL cells. Median percent of NK
cells in PBMC isolated prior to culture was 11.5% (range,
2.9%-16.2%; n=10). After 10 days of culture, the median
percent of NK cells rose to 84.2% (range, 56.0%-92.9%)
(Fig. 2a) and the median fold expansion was 274 (range,
36-534). NK cell expansion from NPC patients was similar
to the one observed with leukapheresis products from 25
healthy donors enrolled in the other trials at our institution
during the same period, and in nine of ten products exceeded

Table 1 Summary of subjects’ characteristics

Subject number 1* 2 3 4 52 6 7

Gender M M F M M M M

Age 58 45 60 66 59 55 63

%NK in PBMC® 2.9 11.6 10.3 11.5 33 14.5 16.2

FCGR3A 158 VIV 158 F/F 158 F/IV 158 FIV 158 VIV 158 F/F 158 F/F

polymorphism
(F158V)

ECOG PS¢ 1 1 1 1 1 1 1

score

Stage group® vC IvC IVA IvC IvC IVA IVB

Primary tumor  TO TO T4b TO TO T4b TO

category

Regional lymph NO NO NO NO NO NO N3

nodes cat-
egory

Distant metasta- M1 (Widely M1 (OligoMet) MO M1 (OligoMet) M1 (Widely MO MO

sis category met) met)

Histopathology? Non-keratinis- Non-keratinis-  Non-keratinis- ~Non-keratinis-  Non-keratinis-  Non-keratinis- ~ Non-keratinising
ing undiffer- ing undiffer- ing undiffer- ing undiffer- ing undiffer- ing undiffer- undifferentiated
entiated entiated entiated entiated entiated entiated

Plasma EBV®  7.9%10° <50 <50 <50 4.7x10° <50 7.5%10°

DNA (IU/mL)
LDH (U/L) 1823 386 489 385 2466 606 486
Hemoglobin (g/ 8.6 15 13.8 13.5 8.6 10.3 10.5
dL)
Cetuximab 6 cycles 4 cycles 6 cycles 6 cycles 6 cycles 6 cycles 6 cycles
doses in pre-
phase
NKcelldose ~ 1x10% 1dose 1x10%1dose 1x10%2doses 1x107,2doses 1x107, 1dose 1x107,2doses 1x107, 1 dose
(cells/kg)

Adverse events

Treatment
response

Grade 1 Fatigue

PD¢

Grade 3 skin
toxicity

Grade 1 tran-
sient dizziness

SD¢

Grade 1 Fatigue

SD

Grade 1 Fatigue

Grade 1 Fatigue

Grade 3 pericar-

Grade 1 transient

dial effusion dizziness
Grade 2 Dizzi-
ness
SD PD SD PD

*These subjects were the same patient. The patient was enrolled at a different NK cell dose

®Staging according to the 8" American Joint Committee on Cancer (AJCC) staging system

¢ Abbreviations: PBMC, peripheral blood mononucleated cells; ECOG, Eastern Cooperative Oncology Group; PS, performance status; EBV,
Epstein—Barr virus; PD, progress disease; SD, stable disease

9More than 80% EGFR positivity on immunohistochemistry evaluation
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200-fold after 10 days (Fig. 2¢). All products met both qual-
ity control criteria and clinical dose requirements set in the
protocol.

As CD16 on NK cells binds cetuximab-coated NPC
tumor cells and triggers NK cell-mediated ADCC [17], we
measured expression of CD16 on the expanded NK cells.
The median percentage of CD16-positive NK cells before
culture was 84.5% (range, 63.7-97.2%) and it rose to 98.4%
(range, 67.8-99.7%) after culture (p =0.025 by paired t-test,
n=10). Similarly, the median mean fluorescence intensity
(MFI) of CD16 expression on NK cells was 4,798 (range,
1,819-6,769) before culture, and it rose to 20,811 (range,
5,766-25,182) after culture (p <0.0001 by paired t-test,
n=10; Fig. 2b).

The mean (+ SD) 4-h cytotoxicity of expanded NK cells
against the EGFR-positive NPC cell line (SUNE?2) in the
absence of cetuximab was 62.6% +17.5% at 2:1 effector to
target (E:T) ratio. Addition of cetuximab (final concentration
1 pg/mL) significantly increased anti-tumor cytotoxicity to
84.3% +10.7% (p <0.0001 by paired t-test; Fig. 2d). Cetuxi-
mab alone was not cytotoxic against NPC cells in these cul-
tures (mean cell killing 2.2% +2.5%).

The F158V (rs396991) single-nucleotide polymorphism
(SNP) of FCGR3A encoding CD16 is associated with differ-
ent binding affinity for immunoglobulin G1 (IgG1) [26, 27].
The homozygous 158 V allele has the highest affinity for
IgGl1, and its expression correlates with a better response to
antibody therapy [17]. This variant was present in two sub-
jects (one patient). The heterozygous variant was present in
two subjects, and the homozygous genotype for 158F allele
was identified in three subjects (Table 1). We did not observe
higher ADCC activities in the subjects with homozygous
158 V in a short-term 4-h cytotoxicity assay.

Treatment toxicity

Infusion of expanded NK cells was generally well tolerated.
Neither acute reactions nor grade 4 or 5 adverse events were
observed. Adverse events potentially relatable to NK cell
infusion with cetuximab are shown in Table 1. Fatigue was
the commonest side effect reported during the infusion, with
grade 1 fatigue being observed in four subjects. Grade 1
or 2 dizziness was observed three subjects, with no hemo-
dynamic changes in heart rate or blood pressure. These
events completely resolved within one day following NK

a Pre Post b
14% J13% L 30,0004
? <
- 0O 20,0004
8 Q
O 3 3 s
3 o 10,0001
= =
25% 3<1% :
AL LB BUBRARALL IR BLRALL B o+———
CD56 ———m Pre Post
c d ET=1:1 ET=2:1
p<0.0001 P=0.0001
c 8001 ° 100+ 100+
Re) 4
7))
£ 600- o 2 801 7 80]
o (X ] [ 1Y =
(>]<) 400_ ° .:' < 60— 60— X Subject #1
:C otoo % V Subject #2
° °® 401 404 O @ Subject #3
% ) :': -.... Lg / 1M Subject #4
g 2007 ter ot X 201 201 Ra s
- o O Subject #7
O_ﬁﬁ_ O T T 0 T T
Auto Allo with without with without
(n=10) (n=25) Cetuximab Cetuximab

Fig.2 Ex vivo NK cell expansion. a Representative flow cytom-
etry dot plots of NK cells before (pre) or after (post) expansion. NK
cells in peripheral blood mononucleated cells were co-cultured with
irradiated K562-mb15-41BBL for 10+ 1 days in presence of 40 U/
mL of IL-2. b Median fluorescence intensity (MFI) of CD16 in
CD56+CD3- cells before (pre) and after (post) NK cell expansion.
P <0.0001. ¢ Fold expansion of NK cells after 10+ 1 day culture in
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this study (autologous, “Auto”, n=10) and other studies (allogenic,
“Allo”, n=25). NK cells were expanded under the same condition.
P=0.08 by unpaired t-test. d Killing potency of expanded NK cells.
Expanded NK cells were co-cultured with EGFR-positive naso-
pharyngeal carcinoma cell line (SUNE2) with or without cetuximab
(1 pg/mL) for 4 h at the indicated effector to target ratio (E:T). P val-
ues were calculated by paired t-test
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cell infusion and were apparently not associated with the
NK cell dosage.

In the pre-trial phase, all patients developed cetuximab-
related acneiform rash (grade 1 or 2). In the trial phase, skin
toxicity was observed in only one subject who had a grade 1
skin rash in the pre-phase, which worsened to grade 3 skin
rash. The skin rash occurred soon after the fourth dose of
IL-2 injection following the NK cell infusion. Biopsy of this
skin rash did not reveal any NK cell infiltration on immuno-
histochemistry evaluation, and its pathogenesis was unclear.
The rash improved with topical emollient and steroid cream.

One patient who received 1.0x 107 NK cells/kg devel-
oped grade 3 pericardial effusion 5 days after the first NK
cell infusion. The effusion fluid was a transudate and no
positive microbial cultures or malignant cells were identi-
fied on the cytopathological assessment of the fluid. The
fluid collection improved after pericardiocentesis, and the
patient was discharged 1 day after admission. On follow-up,
no re-accumulation of the pericardial effusion was observed.
The patient did not have any other complications and had
no pericardial effusion after the second NK cell infusion.
Notably, the patient also had hypothyroidism due to previ-
ous radiation therapy, which might have contributed to the
development of the event.

Antitumor responses

Among the seven subjects (six patients), three (two patients)
had disease progression with no evidence of response. The
remaining four patients had SD. Three received the second
NK cell infusion at cycle 4, while one who had grade 3 skin
toxicity following the first NK cell infusion declined the
second infusion.

In four subjects (three patients) who received one NK cell
infusion, the time to disease progression was 3 to 5 months.
In contrast, in the other three subjects who received NK
cells twice, the time to disease progression was 12, 13, and
19 months (Fig. 3a). All three patients were alive at the last
follow-up, at 22 to 32 months later. Notably, one patient
had clinical resolution of his pre-existing oculomotor nerve
palsy. This patient had stage IVA disease at enrollment, with
a tumor localized to his left orbital apex and cavernous sinus
resulting in oculomotor nerve palsy. Despite no clear evi-
dence of tumor shrinkage (more than 30% reduction) on CT
scan after NK cell infusions (Fig. 3b), there was an obvious
clinical improvement of his ptosis (Fig. 3c). After comple-
tion of cycle 6, disease remained stable without further treat-
ment until it eventually progressed 19 months later.

In EBV-related NPC, plasma EBV DNA level is an
informative prognostic marker [6, 10]. All three subjects
with PD had high levels of plasma EBV DNA (> 50 IU/mL)
before treatment while in the four subjects with SD, plasma
EBV DNA was below the limits of detection.

Discussion

We conducted a phase I clinical trial to assess the safety and
anti-tumor potential of combining the anti-EGFR monoclo-
nal antibody cetuximab with activated NK cells in patients
with locoregionally relapsed and/or metastatic NPC. Using
autologous leukapheresis products and co-culture with irra-
diated K562-mb15-41BBL cells, large numbers of activated
NK cells were obtained under cGMP conditions. Notably,
the number of NK cells obtained consistently exceeded the
requirement for 1 x 107/kg in the protocol. This was despite
the fact that all patients had received multiple courses of
chemotherapy prior to leukapheresis. Expression of CD16,
the receptor that mediates ADCC, was upregulated during
the expansion process, and virtually all NK cells were CD16
positive after culture. Thus, these NK cells are armed to
engage ADCC with cetuximab against EGFR-positive NPC.

Previous studies supported the safety of combining cetux-
imab with chemotherapy or radiation [27-29]. A potential
concern prior to our study was that enhancing ADCC could
magnify cetuximab toxicities and, hence, prevent the imple-
mentation of this treatment strategy. Our results, however,
clearly indicate that it is possible to combine cetuximab
with NK cells without major adverse effects. NK cells were
infused at 1x 10° cells/kg in the first three subjects and at
1x107 cells/kg in the remaining four, with no differences
in adverse events observed between dosing schedules, and
with no CTCAE grade 4 or 5 toxicities. Grade 3 skin toxic-
ity and grade 3 pericardial effusion were observed in one
subject each. These toxicities were most likely attributed to
IL-2 injection and hypothyroidism, respectively, rather than
NK cell treatment. These toxicities resolved completely with
standard medical treatment. All three patients who received
NK cells twice had a relatively long time to disease progres-
sion (12 months, 13 months, and 19 months); the estimated
time for such patients according to the published experience
with standard palliative chemotherapy would be in the range
of 3—6 months.

The most common variant of NPC in the endemic area
is a non-keratinizing subtype related to EBV infection [5].
All subjects’ NPCs in this study were confirmed to be EBV
associated with EBV-related small RNA (EBER) expres-
sion on chromogenic in situ hybridization. In patients with
nasopharyngeal EBV-associated carcinoma, plasma EBV
DNA level is an important prognostic indicator [5, 11].
Plasma EBV DNA levels were extremely high (higher than
7.5%10° TU/mL) in the three subjects who progressed rap-
idly after cetuximab plus NK cell therapy. In the remaining
four subjects with SD, EBV DNA was not detected in plasma
(<50 IU/mL), suggesting that this parameter might be a
predictor of response to the cetuximab—NK cell combina-
tion. If so, disease control before treatment would be critical
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Fig.3 Treatment response. a Swimmer plots show the length of time
to disease progression of each subject. Subjects with metastatic sites
(lymph node or visceral organ, Stage IVB or C) were indicated by
gray or black bars. Subjects in whom plasma EB-virus DNA (EBV
DNA) was detectable were indicated by black bars. b CT images of
subject #6 before (pre) or after (post) the combination therapy. No
clear tumor shrinkage (more than 30% reduction) was noted. CT

to maximize its effect. Because EBV-related NPC highly
expresses EBV latent antigens, such as EBNA-1-3 and
LMP1-2 [30], these antigens could potentially be targeted by
cytotoxic T lymphocytes or tumor-infiltrating lymphocytes
(TIL) [30-35]. The relative advantages and disadvantages
of these approaches as compared to the cetuximab—NK cell
combination used in this study need to be further elucidated,
but potential synergies between T cell and NK cell infusion
should be explored. To this end, it is possible that activated
NK cells may not only kill tumor cells directly but also favor
the expansion of anti-tumor T cells through cytokine secre-
tion and elimination of immune-suppressive cells [25, 36]
From a practical standpoint, it is important to note that we
were able to prepare large numbers of NK cells with high
ADCC activity within 10 days of culture, even from patients
who had been heavily pre-treated.

We infused autologous NK cells that were activated
in culture and induced to proliferate. Expanded NK cells
can also be genetically modified either permanently using
viral transduction or transiently using electroporation of
mRNA under cGMP conditions [24]. Modifications that
can enhance NK cell activity include expression of chimeric
antigen receptors (CARs) [19, 37], activating receptors [38],
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images are captured at the level of the optic nerve canal (black arrow)
for consistency of comparison. Areas of radiolucency indicative of
tumor necrosis (red arrows) were seen after second NK cell infusion
¢ Clinical pictures of subject #6 before (pre) or after (post) the com-
bination therapy. The ptosis of the left eye by the oculomotor nerve
palsy improved after the first NK cell infusion. The written informed
consent for his picture being published was received from the patient

cytokines [39], and downregulation of inhibitory receptors
[40]. The results of this study suggest that it should be fea-
sible to prepare genetically modified NK cells from patients
with NPC. NK cells do not express T cell receptors and,
hence, do not cause graft-versus-host disease [25]. This
unique property facilitates the generation of allogeneic “off-
the-shelf” NK cell products from healthy donors, cord blood,
or pluripotent stem cells, which could be used to enhance
cetuximab activity on demand [25].
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