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Introduction

Ovarian Cancer

Ovarian cancer (OC) originates in the ovaries which are located in the pelvis and are
responsible for the production of female hormones and eggs for reproduction. OC can
be  subdivided  in  different  histological  subtypes.  Of  these  histological  subtypes
epithelial  ovarium carcinoma (EOC)  accounts  for  the  majority  (~90%)  of  OC cases
[1]. EOC is further subdivided into serous (75-80%), mucinous (~10%) and clear cell
carcinoma (less  than  5%).  EOC is  often  diagnosed  at  a  late  stage  as  the  disease  is
typically  asymptomatic  before  appearance  of  ascites  or  extra  pelvic  metastases,  and
therefore  often  called  the  “Silent  lady  killer”  [2,  3].  The  FIGO  (i.e.  International
Federation  of  Gynecology  and  Obstetrics)  system  classifies  EOC  severity  based  on
the  extent  of  the  disease.  The  higher  the  stage,  the  more  advanced  the  cancer  has
developed in patients. Treatment options and prognosis for EOC often depend on the
stage of the disease at the time of diagnosis. The stages of EOC ranges from stage I
to stage IV. In stage I  the cancer is confined to the ovary or ovaries,  and in case of
intermediate stage II  the cancer has spread beyond the ovaries,  but is  still  contained
within the pelvis. In stage III the cancer has spread beyond the pelvis to the abdomen
and/or  lymph  nodes,  but  has  not  yet  reached  distant  organs  while  in  stage  IV  the
cancer has spread to distant parts of the body such as the liver or lungs.

In Europe, prevalence of OC is high with 17.2 cases per 100.000 inhabitants in 2018
thereby  representing  ~2.9%  of  all  cancer  diagnoses  (ECIS,  European  Cancer
Information System). Mortality in Europe was 12.1 cases per 100.000 inhabitants, and
accounts for 4.4% of all cancer related deaths in Europe. The 5-year overall survival
(OS)  is  39.6%  (data  from  2010  and  2014,  excluding  Luxembourg,  Hungary  and
Greece  due  to  missing  data).  For  advanced-stage  (FIGO  stage  III  and  IV)  disease
survival is much worse with a five-year OS of 28% [4]. This indicates there is much
to be gained by improving treatment strategies for this highly lethal disease.

A  classic  symptom  associated  with  advanced  stage  EOC  is  ascites,  the  condition
where fluid collects in the peritoneal cavity. The ascites accumulates in the abdomen
as  a  result  of  lymphatic  obstruction  and  increased  vascular  permeability  [5].
Importantly,  the  presence  of  ascites  is  associated  with  reduced  survival  and  poor
quality of life [6]. More specifically ascites promotes tumor cell growth, invasion and
survival [7-9]. Besides a direct effect on tumor cells, ascites also contains a variety of
soluble  components  that  attract  immune  cells  but  also  negatively  influence  their
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function  [10-15].  These  soluble  factors  are  secreted  by  tumor,  immune  &  stromal/
tissue-resident cells [16].

Current first-line treatment for EOC patients encompasses surgical debulking followed
by platinum-based chemotherapy or after neoadjuvant chemotherapy (NACT). Despite
an  excellent  remission  rate  after  primary  treatment,  ~80%  of  patients  develop  a
recurrence  within  3  years  [15].  Patients  with  a  recurrence  after  six  months  or  more
following a  complete  response are  categorized as  platinum-sensitive and eligible  for
second-line  platinum-based  chemotherapy.  About  70%  patients  are  considered
platinum-sensitive  and  prolonged  survival  with  platinum-based  chemotherapy  is
possible  for  some patients.  The remaining 30% of  patients  is  platinum-resistant  and
unlikely  to  respond  to  further  platinum-based  chemotherapy.  Second-line  therapy
options  are  limited  to  palliative  chemotherapy  with  carboplatin  and  paclitaxel,
liposomal  doxorubicin  or  gemcitabine.  Furthermore,  there  are  few targeted therapies
available apart from poly ADP ribose polymerase (PARP) inhibitors for a selection of
patients.  Eventually,  25%  of  EOC  patients  end  up  platinum  resistant  (recurrence
within 6 months after completion of first-line platinum-based chemotherapy) with few
treatment options remaining [17]. Therefore, additional potent treatment strategies are
warranted to improve survival. Several studies indicated that EOC is an immunogenic
disease. While the presence of regulatory T cells (Tregs) is associated with decreased
survival  [12-15]  the  presence  of  tumor-infiltrating  CD8+  T  cells  is  associated  with
prolonged survival and anti-EOC activity. The role of natural killer (NK) cells is less
clear [18-23]. Studies on tumor infiltrating CD56+CD3- NK cells in EOC to date are
hindered by lack of robust antibodies that identify all NK cell subsets in tumor tissue,
and  NK  subset  markers  such  as  CD57  and  CD16  are  often  used  instead  [18,  23].
Interestingly, studies have reported that CD103+ NK cells frequently co-infiltrate with
CD103+CD8+  T  cells  in  high-grade  serous  EOC  but  the  precise  impact  requires
further  assessment  [19].  However,  studies  on  peripheral  blood  illustrated  that  low
blood  CD56+CD3-  NK  cell  counts  in  EOC  patients  during  chemotherapy  are
associated with unfavorable prognosis [24]. In this regard, an 11-year follow-up study
from 2000 indicated that low peripheral NK cell activity is associated with increased
cancer risk in general but highly dependent on tumor type [25]. Therefore, the role of
NK cells in EOC patient outcome remains to be elucidated. Nevertheless, preclinical
research studies indicate that  EOC is sensitive to NK cell  attacks [26-28],  providing
rationale  for  developing  NK  cell  based  immunotherapies  for  EOC.  Furthermore,
although the success of immunotherapy with PD1 checkpoint inhibitors has improved
prognosis  for  various  cancers,  significant  survival  benefits  in  EOC  have  not  been
demonstrated [29, 30]. Chimeric antigen receptor (CAR) T-cell therapy has shown the
potential for immune cell based treatment strategies in B cell malignancies and could
be an  interesting  approach for  EOC as  well  [31-36].  However,  due  to  the  lack of  a
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specific antigens to target like CD19 in the treatment of B cell  lymphoma and acute
lymphoblastic  leukemia,  this  approach  is  more  challenging  for  EOC which  requires
further  research  to  succeed.  The  interaction  between  EOC  and  NK  cells  and  their
potential  for  adoptive  NK  cell  therapy  as  a  novel  approach  for  OC  treatment  are
further investigated in this thesis.

NK cell biology & sources for NK-based immunotherapy

NK  cells  are  large  granular  cytotoxic  lymphocytes  and  part  of  the  innate  immune
system.  In  contrast  to  CD8+ cytotoxic  T cells  which rely  on clonal  expansion upon
recognition  of  specific  antigens  presented  by  the  major  histocompatibility  complex
(MHC)  and  co-stimulation,  NK  cells  do  not  require  any  prior  antigen-dependent
activation or expansion and have an innate ability to kill, hence their name. They are
activated  by  lack  of  self-recognition  (MHC class  I),  through  binding  of  ligands  on
stressed  cells  or  by  antibody-dependent  cellular  cytotoxicity  (ADCC)  [37].  Self-
tolerance  of  NK cells  is  maintained  by  the  sum of  inhibitory  and  activating  signals
that  determine  whether  the  NK  cell  will  be  activated.  Phenotypically  NK  cells  are
classically  divided  in  two  main  types,  CD56 CD16  cytotoxic  NK  cells  and
CD56 CD16 cytokine producing NK cells [38]. CD56 CD16 NK cells are
the dominant phenotype found in blood, while CD56 CD16 are more abundant
in  lymphoid  tissues  [38].  Peripheral  blood  (PB)  derived  NK cells  can  be  used  as  a
source  for  adoptive  immunotherapy,  but  as  PB-NK  cells  are  mature  and  have
differentiated their proliferative potential is limited.

Besides  naturally  occurring  NK  cells,  another  source  of  NK  cells  that  could  be
utilized  for  adoptive  treatment  are  immortalized  NK cell  lines  [39].  The  most  well-
known,  and  the  only  NK  cell  line  being  assessed  in  the  clinic,  are  NK-92  cells,
originally  established  from  a  patient  with  non-Hodgkin’s  lymphoma  [40].  Although
NK-92 cells provide a homogenous cell source that could be used for “off-the-shelf”
therapeutic  use  they  hold  inherent  drawbacks  such  as  potential  tumorigenicity
[40, 41].  Therefore,  irradiation  of  NK-92  is  required  as  a  safety  measure,  but  this
limits  their  persistence  in  vivo  [41].  Nevertheless,  several  (pre-)clinical  trials  have
been  performed  with  non-engineered  and  engineered  NK-92  cells  with  either  the
higher-affinity  CD16a Fc-receptor  in  combination with  tumor-targeting antibodies  or
CARs  [42-45].  These  CARs  are  genetically  engineered  receptor  proteins  that  bind
cancer  cell  surface-specific  antigen  proteins  such  as  CD19  for  non-Hodgkin
lymphoma and EpCAM for certain epithelial  solid tumors [46].  CAR consist  further
of  an  intracellular  activating  signaling  domains,  such  as  CD28,  41BB and/or  CD3ζ,
which  in  combination  with  its  extracellular  receptor  enables  CAR-engineered  NK
cells  to  become  both  activated  and  bind  the  cancer  cells  [47].  Next  to  the  CAR-
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dependent  activity  NK-92  cells  exert  CAR-independent  cytotoxicity  against  tumor
target cells [48].

Another promising source of NK cells with a high potential for expansion are induced
pluripotent  stem cells  (iPSCs).  iPSCs  are  a  type  of  stem cell  that  can  be  generated
from  adult  cells,  for  example  skin  or  blood  cells,  through  reprogramming  by
introducing  transcription  factors  such  as  Oct4,  Sox2,  Klf4,  and  c-Myc  which  were
used for the first study that described generation of iPSCs [49]. Later studies provided
a number of alternative combinations or strategies to generate iPSCs [50, 51]. These
iPSCs  have  unlimited  proliferation  capability  and  can  be  efficiently  expanded  to
generate  large numbers  of  cells  in  vitro.  In  addition,  iPSCs can be differentiate  into
hematopoietic progenitor cells and subsequently be used to generate large numbers of
CD56+CD3-  NK  cells  for  infusion  to  target  and  destroy  cancer  cells  [52-54].
Additionally,  because iPSCs could be generated from a patient's  own cells,  they are
less  likely  to  be  rejected  by  the  patient's  immune  system,  which  can  be  a  problem
with allogeneic  sources.  The downside is  that  autologous iPSCs need to be cultured
for  multiple  weeks  delaying  therapy compared  to  “off-the-shelf”  allogeneic  NK cell
therapy  which  can  be  given  as  on-demand  therapy  and  more  reliably  compared  to
autologous  cells  that  do  not  always  yield  sufficient  cells  for  treatment.  Similar  to
NK-92 cells they can be relatively easily genetically engineered with a CAR, but bear
the same risk for malignant transformation [55].

Another  potentially  interesting  source  to  generate  NK  cells  as  an  “off-the-shelf”
product are CD34+ hematopoietic progenitor cells (HPCs) [56-58]. CD34 is expressed
on  the  surface  of  HPCs  which  in  normal  circumstances  are  responsible  for  the
production  of  all  mature  blood  cells.  We  and  others  have  developed  culturing
protocols  to  expand  and  ex  vivo  generate  large  numbers  of  CD34+  hematopoietic
progenitor-derived  HPC-NK  cells  from  CD34+  umbilical  cord  blood  cells  [56-59].
These HPC-NK cells are shown to be more effective EOC cell  killers than NK cells
found  in  blood  [60].  They  also  have  favorable  receptor  expression  as  they  are  less
mature  and  lack  inhibitory  checkpoint  molecules  expressed  on  more  mature  PB-NK
cells [unpublished data].  This makes HPC-NK cells less likely to be inhibited in the
tumor  micro-environment  and  more  active  against  (EOC)  target  cells  while  sparing
healthy  cells  [59].  Studies  from  different  groups  in  various  types  of  hematological
cancers,  including  acute  myeloid  leukemia  (AML)  and  myelodysplastic  syndrome
(MDS)  have  shown  that  adoptive  HPC-NK  cell  therapy  is  safe  and  well  tolerated
[61, 62].  Similar  to  iPSCs  and  NK-92,  HPC-NK  can  be  genetically  engineered  for
example with a higher-affinity CD16A [63]. 
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NK cell cytokine support

NK cell-based therapies can be improved through multiple different  approaches.  For
their survival NK cells rely on stimulation by IL-2 and IL-15 [64-68]. IL-2 and IL-15
both  induce  highly  active  and  proliferating  NK  cells  [59,  69,  70].  Early  knockout
mouse  studies  in  the  90s  have  highlighted  the  importance  of  IL-15  for  NK  cell
survival [71]. These studies showed that NK cells from IL-2 deficient mice remained
functional and maintained their cell numbers relatively well. In contrast, deleting the
IL-2Rβ  chain  which  is  shared  between  the  IL-2  and  IL-15  receptor  resulted  in
significantly  reduced NK cell  cytotoxic  activity  and numbers  [72,  73].  Additionally,
knockout of the IL-2Rγ chain, shared by the receptors for IL-2, IL-4, IL-7, IL-9 and
IL-15  resulted  in  immature  NK  cells  further  highlighting  the  importance  of  IL-15
signaling  in  NK  cell  maturation  and  function  [73,  74].  In  accordance,  IL-15  and
IL-15Rα deficient mice completely lacked NK cells and could not support adoptively
transferred  NK  cells  [75,  76].  Besides  the  direct  favorable  effect  on  NK  cells,
systemic  IL-2  treatment  in  clinical  trials  was  shown  to  induce  high  numbers  of
regulatory  T  cells,  thereby  dampening  the  immune  response  and  NK  cell  killing
efficacy  [77,  78].  Both  IL-2  and  IL-15  have  a  short  half-life  of  less  than  one  hour
[79, 80].  For  this  reason,  a  more  stable  form  of  IL-15  or  alternative  methods  to
administer IL-15 locally were explored. One method would be to genetically engineer
NK cells for adoptive transfer to express IL-15, possibly in combination with a CAR
[81].  Another  method  is  to  structurally  alter  the  IL-15  molecule.  N803  is  such  a
modified molecule containing an activating mutation (N72D) that enhances binding to
IL-2Rβ and IL-2Rγ, an IL-15Rα sushi domain to allow trans-presentation resulting in
a stronger signal, and an IgG1 Fc tail to increase half-life [82, 83].

Although it is important to induce activation and proliferation in vivo, NK cell tumor
reactivity  and  functionality  may  still  be  inhibited  by  the  tumor  microenvironment,
thus hindering NK cell-mediated EOC cell lysis. The immune system has a number of
mechanisms  in  place  to  prevent  it  from  attacking  healthy  cells  and  tissues  [84].
Cancer cells can “abuse” these brakes to prevent the immune system from effectively
targeting and destroying cancer cells. By identifying and blocking the pathways used
by  EOC cells  to  evade  NK cell  killing  the  therapeutic  effect  of  (adoptive)  NK cell
therapy can be enhanced. The inhibitory proteins involved can either be expressed on
the cancer cell surface, which would bind the corresponding inhibitory receptor on the
NK cells, or they can be secreted or shed by the cancer cell affecting the surrounding
immune cells, including NK cells.
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NK cell receptors and checkpoint molecules

As eluded to previously, NK cell activation is dependent on the sum of activating and
inhibitory receptors.  Key inhibitory receptors are called checkpoint  inhibitors.  These
checkpoint molecules play a crucial role in regulating the immune system and prevent
the immune system from attacking healthy cells. Cancer cells are known to upregulate
the ligands for  these checkpoint  molecules  and thereby inhibit  the immune response
[85]. This allows cancer cells to evade the immune system and continue to grow and
spread. Checkpoint interference has accomplished a breakthrough in cancer treatment
with  cytotoxic  T-lymphocyte-associated  protein  4  (CTLA-4)  and  Programmed  cell
death protein 1 (PD-1) blockade successfully opening up new treatment strategies for
melanoma  and  lung  cancer  patients  who  previously  had  no  treatment  options  left
[29, 30].  Although there  are  some overlapping checkpoint  molecules  between T and
NK  cells,  including  T  cell  immunoreceptor  with  Ig  and  immunotyrosine-based
inhibitory  motif  (ITIM)  domains  (TIGIT),  the  receptor  repertoire  of  NK  cells  is
markedly different than that of T cells. 

NK cells have two main categories of receptors, MHC class 1 and non-MHC binding
receptors.  Killer-cell  immunoglobulin-like receptors (KIRs) are the most well-known
and  comprise  a  whole  family  of  both  activating  and  inhibitory  receptors  that  bind
HLA-A, B, C and G [86].  A recombinant anti-KIR mAB IPH2101 (17F9) with high
affinity to the inhibitory KIR2DL1, -2 and -3 receptors (and activating KIR2DS1 and
-2  receptors)  is  lirilumab [87].  Early  studies  with  IPH2101/lirilumab showed that  it
was promising in mice as a single agent or in combination with rituximab (anti-CD20)
in lymphoma [88-92]. In clinical trials it  was shown to be safe to administer, but no
significant clinical responses were reported and one study even showed reduced IFN-γ
production  by  NK  cells  after  KIR  blockade  [90].  Follow-up  studies  with  lirilumab
confirmed its safety profile [87, 93-95]. One study reported on combination treatment
with  anti-PD-1  (nivolumab),  but  showed  no  clinical  improvement  with  addition  of
lirilumab  or  CTLA-4  blocking  (ipilimumab)  [93].  There  are  few  other  anti-KIR
antibodies  specific  to  a  single  KIR  subtype  making  it  difficult  to  measure  protein
expression with antibody based techniques or block inhibitory KIRs specifically.  We
did explore KIR blocking, but as it was not the focus of the research published in this
thesis this will be further discussed in Chapter 7.

A second family of NK cell receptors that binds MHC class 1 (like) molecules is the
Natural Killer Group (NKG) 2 receptor family. The NKG2 family is similar to KIR in
that it  contains both inhibitory and activating receptors. NKG2A has an ITIM and is
inhibitory, while NKG2C and NKG2D are activating [96]. Both NKG2A and NKG2C
form  a  heterodimer  with  CD94,  which  together  bind  HLA-E  [93].  NKG2D  on  the
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other  hand  binds  stress-inducible  MHC class  I  chain-related  gene  A and  B (MICA/
MICB)  and  ULPB1-6  [97].  Interestingly,  NKG2A  blockade  with  anti-NKG2A
(monalizumab or IPH2201) is being tested in (pre-)clinical studies [98-101]. NKG2A
blockade  was  shown  to  be  well  tolerated  and  safe,  moreover,  monalizumab  in
combination  with  durvalumab  (another  anti-PD-1  antibody)  showed  clinical  benefit
over durvalumab alone in patients with unresectable non-small-cell lung cancer [98].

The  Natural  cytotoxicity  receptors  (NCR)  family  are  a  family  encompassing  mostly
activating NK cell  receptors that do not bind MHC class 1 nor related proteins.  The
family  comprises  of  three  activating  transmembrane  receptors,  NKp46,  NKp44,  and
NKp30 which  help  regulate  the  cytotoxic  and  cytokine-secreting  functions  of  tissue
NK  cells.  NCRs  have  been  reported  to  bind  a  structurally  diverse  set  of  ligands
including glycosaminoglycans (GAGs),  B7-H6,  Galectin-3 and NKp44L as  reviewed
here [102].

Another  important  family  of  receptors  that  do  not  bind  MHC  class  1  are  DNAX-
associated  molecule  1  (DNAM-1 or  CD226),  TIGIT,  CD96 (TACTILE)  and  PVRIG
(CD112R) [103]. Nectin-2 (CD112) and poliovirus receptor (PVR or CD155) are the
ligands for both DNAM-1 and TIGIT, while CD96 only binds to CD155 and PVRIG
only  binds  CD112  [103-106].  DNAM-1  binding  to  its  ligands  triggers  NK  cell
mediated  cytotoxicity  of  target  cells.  In  contrast,  TIGIT  or  PVRIG  binding  of  the
same  ligands  leads  to  an  inhibitory  signal.  CD96  function  has  long  been  poorly
understood as CD96 contains both an inhibitory ITIM-like domain in its cytoplasmic
portion  and  a  YXXM motif  similar  to  that  of  activating  receptors  such  as  NKG2D
[107]. However, a more recent paper using blocking antibodies has demonstrated that
CD96  blocking  similar  to  PVRIG  and  TIGIT  can  rescue  exhausted  CD8+  tumor
infiltrating  lymphocytes  (TILs)  [108].  The  authors  demonstrated  that  mice  with
cervical  cancer  and  CD96/PD-1  co-blockade  enhanced  PD-1  blockade  alone  and
resulted  in  reduced  tumor  growth  and  increased  CD8+  TIL  function.  Several  other
studies  have  shown  that  CD96  is  negatively  correlated  with  prognosis  for  cancer
patients, although it remains to be investigated whether this is driven by T cells, NK
cells or both [109, 110]. Although PVRIG is the most recent addition to this family,
some recent papers have already demonstrated that blockade of PVRIG enhances NK
cell  activity  against  AML [111].  Another  study  showed similar  results  and  reported
that  PVRIG  deficient  mice  were  less  susceptible  to  NK  cell  exhaustion  and  had
reduced  tumor  growth  [112].  Furthermore,  PVRIG  blockade  reversed  NK  cell
exhaustion and inhibited tumor growth. TIGIT, like DNAM-1, is well described and is
already being investigated in clinical trials (over 80 trials listed on ClinicalTrials.gov
as of December 2023), either alone or in combination with other checkpoints blockers
such  as  anti  PD-1  [113].  Most  of  these  clinical  trials  are  still  in  early  phase  of
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investigation  but  one  trial,  CITYSCAPE,  already  showed  TIGIT  plus  PD-L1  co-
blockade  resulting  in  improved  progression-free  survival  compared  with  PD-L1
blockade alone in PD-L1-positive,  recurrent  or  metastatic non-small-cell  lung cancer
patients [114].

Finally, there are some receptors that, similar to CD96, remain largely unexplored and
their  function  is  not  well  described.  One  of  these  is  T-cell  immunoglobulin  and
mucin-containing  domain  (TIM)-3.  For  T  cells,  TIM-3  is  a  negative  regulator  of  T
cell anti-tumor responses as shown by the inability of TIM3  T cells to produce IFN-
γ,  TNF-α  and  IL-2  [115-117].  However,  on  NK  cells  TIM-3  is  attributed  to  both
inhibitory  and  activating  functions  with  environment-specific  functions  [118-121].
Similar  to  T cells,  TIM-3 expression on NK cells  is  associated with  a  mature  or  so
called ‘exhausted’ phenotype [121]. 

Tumor micro-environment and EOC cell interaction with NK cells

Isolating,  culturing and using primary EOC cells  to  study their  interaction with  NK
cells is a challenging task. Although we and others have cultured our in-house ascites
derived  EOC cells  (Chapter  3)  the  number  of  cells  that  can  be  used  for  functional
testing  were  generally  low  as  there  was  no  or  limited  long-term  growth  of  these
primary  tumor  cells.  Therefore  much  of  the  work  presented  in  this  thesis  was
performed  on  immortalized  cell  lines.  To  this  end  we  used  SKOV-3,  IGROV-1  and
OVCAR-3, which are all epithelial adenocarcinoma cell lines isolated from Caucasian
women aged 64, 47 and 60 years, respectively. An advantage of this approach is that
these  cell  lines  are  widely  used  for  EOC  cancer  research  making  our  results  and
findings more easily reproducible and comparable to existing literature.  All  of  these
cell lines have high expression of DNAM-1/TIGIT/CD96 ligands NECTIN-2 and PVR
and can trigger NK cell degranulation [122]. 

The  soluble  factors  present  in  ascites  secreted  by  tumor,  immune  & stromal/tissue-
resident cells are considered to strongly impact immune cell function [123-125]. One
such factor, TGF-β1 was shown to be critical for the formation of ascites as TGF-β1
blockade  was  shown  to  reduce  ascites  in  a  murine  model  [126].  Ascites  is  also
reported  to  contain  high  levels  of  a  variety  of  other  soluble  factors  including
osteoprotegerin  (OPG),  macrophage  inhibiting  factor  (MIF),  regulated  on  activation,
normal  T  cell  expressed  and  secreted  (RANTES),  IL-6,  IL-8,  IL-10  and  CCL22
[127, 128].  A  recent  systematic  review  combining  data  of  fourteen  papers
investigating cytokine levels in ascites from EOC patients, found high levels of IL-6
in  two  out  of  four  studies  in  which  IL-6  levels  were  assessed  and  a  third  when  in
association with higher TNF-α [129]. Only one out of three studies where IL-10 was

+
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assessed, showed IL-10 levels in ascites to be associated with worse prognosis while
the other two did not.  One study showed that increased IFN-γ was correlated with a
reduced  PFS  and  OS  while  another  study  showed  that  elevated  IL-8  and  TNF-α
associated with worse survival [130, 131]. 

Although TGF-β1 has been shown to be elevated in ascites from EOC patients,  data
correlating  it  to  survival  is  lacking  [127,  132-134].  A  meta-analysis  of  genomic
profiles  of  1525  EOC  patients  revealed  that  overexpression  of  TGF-βRII  in  EOC
debulking specimens correlated with poor prognosis [135]. TGF-β1 is a known driver
of  polarization  towards  Tumor  Associated  Macrophages  (TAMs)  and  can  negatively
impact  NK  cell  activity  [47].  Furthermore,  for  other  types  of  cancer,  TGF-β1  was
shown  to  increase  expression  levels  of  inhibitory  ligands  on  cancer  cells,  such  as
MHC molecules and immune regulator fatty acid synthase (FASN) [136-138]. Besides
impairing  NK cell  activity  TGF-β1 is  able  to  skew NK cells  towards  a  type  1  ILC
which are known to exhibit limited antitumoral immune responses [139-142]. 

Interestingly, NK cell activating cytokines IL-2 and IL-15 are reported to be absent or
low  in  ascites  of  most  patients  [143],  while  IL-12  and  IFN-γ  are  only  present  in
advanced stages  (III–IV) EOC patients  indicating a  hostile  environment  for  NK cell
function [127]. This is further invigorated by the presence of soluble ligands for NK
cell  receptors,  another  more  recently  discovered  inhibitory  mechanism  abused  by
tumor cells to evade immune cell killing [144-147]. Soluble MIC-A and ULBP1/2/3,
which can be shed by EOC tumor cells, results in downregulated NKG2D on NK cells
[147-149]. Similarly, soluble PVR inhibited DNAM-1 mediated NK activation [146].
Although literature on soluble ligands is relatively scarce, there is ample evidence on
cell  bound  ligands  for  NK  cell  receptors.  Similar  to  soluble  PVR,  tumor  cell
expression of NECTIN-2 or PVR also leads to down regulation of DNAM-1 on NK
cells  [150,  151].  B7-H6, a  ligand for  NKp30,  downregulates NKp30 similar  to PVR
[152].  Chronic  exposure  to  NKG2D  ligands  results  in  dysfunctional  NK  cells  and
lower NKG2D expression [153]. 

As described, there is an unmet need for additional therapeutic strategies to improve
EOC  patient  outcome,  especially  after  recurrence.  EOC  is  a  relative  immunogenic
tumor as  there  appears  to  be a  role  for  tumor infiltrating lymphocytes  in  combating
EOC.  However,  the  specific  role  for  NK cells  in  EOC has  been  largely  unexplored
with some studies indicating a potential role NK cell based therapies. Identification of
dominant  pathways  inhibiting/activating  NK  cell  function  in  ascites  will  be
instrumental  for  the  development  of  new  or  existing  immunotherapeutic  (blocking)
strategies to maximize NK immunotherapy. 
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Outline of the thesis:

There is still insufficient understanding of the interaction between the immune system
and  EOC,  a  disease  with  limited  treatment  strategies.  We  sought  to  explore  the
interaction  between EOC and NK cells  with  the  ultimate  goal  to  identify  the  major
soluble and cell  bound ligands /  cytokines responsible  for  NK cell  inhibition and to
block  these  pathways  which  might  ultimately  lead  to  improved  NK  cell  based
treatment strategies. 

Chapter 2 of this thesis further explores the role of NK cells in EOC. To this end the
frequency  and  phenotype  of  NK cells  in  ascites  of  EOC patients  was  assessed  and
related  to  clinical  outcome.  Furthermore,  the  enhancement  of  NK cell  function  was
demonstrated in patient-derived NK cells  through increased responses when exposed
to IL-15 and the super-agonist N803.

In  Chapter 3 the effects of super-agonist  N803, with improved properties compared
to  IL-15,  on  HPC-NK  cell  reactivity  against  EOC  and  AML  are  investigated.  To
demonstrate  the  supportive  and  activating  effects  of  N803  on  HPC-NK  cells,  we
employed  (serial)  killing  assays  and  utilized  immunodeficient  mice  bearing  OC,
revealing heightened killing capacity and reduced tumor growth, respectively.

In  Chapter  4,  high-dimensional  single-cell  analysis  was  utilized  to  investigate  NK
cells  from  ascites  of  high-grade  serous  EOC  patients.  This  methodology  revealed
distinct  FlowSOM  meta-clusters  demonstrating  an  exhausted  phenotype,  correlating
with the (suppressive) soluble factor milieu in the ascites.

Chapter 5 focused on the DNAM-1/TIGIT pathway and showed that TIGIT blockade
enhanced  functionality  of  peritoneal  NK  cells  from  EOC  patients.  With  an  in  vivo
mouse model we showed that DNAM-1 expression on adoptively transferred NK cells
was reduced in tumor-bearing mice compared to mice without tumor.

In  Chapter  6 soluble  factors,  cell  composition  and  inhibitory  properties  of  ascites
from  high-grade  serous  EOC  patients  were  explored.  This  revealed  TGF-β1  as  an
important  regulator  of  NK  cell  suppression,  which  could  be  rescued  with  TGF-
β1 blockade.

Finally, in  Chapter 7 all findings presented in this thesis are summarized and placed
in context  of  the  current  literature  on NK cell  immunity  against  EOC. Furthermore,
the  future  perspectives  and  research  priorities  to  improve  NK  cell-based  immune-
therapies are outlined. 
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Abstract

The  demonstration  that  ovarian  carcinoma  (OC)  is  an  immunogenic  disease,  opens
opportunities to explore immunotherapeutic interventions to improve clinical outcome.
In  this  regard,  NK  cell  based  immunotherapy  could  be  promising  as  it  has  been
demonstrated that OC cells are susceptible to killing by cytokine-stimulated NK cells.
Here, we evaluated whether percentage, phenotype, function and IL-15 responsiveness
of  ascites-derived  natural  killer  (NK)  cells  is  related  to  progression-free  survival
(PFS)  and  overall  survival  (OS)  of  advanced  stage  OC patients.  Generally,  a  lower
percentage of NK cells within the lymphocyte fraction was seen in OC ascites (mean
17.4 ± 2.7%) versus benign peritoneal fluids (48.1 ± 6.8%; p < 0.0001). Importantly,
a  higher  CD56+  NK  cell  percentage  in  ascites  was  associated  with  a  better  PFS
(p = 0.01)  and  OS  (p  =  0.002)  in  OC  patients.  Furthermore,  the  functionality  of
ascites-derived NK cells in terms of CD107a/IFN-γ activity was comparable to that of
healthy  donor  peripheral  blood  NK cells,  and  stimulation  with  monomeric  IL-15  or
IL-15  superagonist  ALT-803  potently  improved  their  reactivity  towards  tumor  cells.
By  showing  that  a  higher  NK  cell  percentage  is  related  to  better  outcome  in  OC
patients  and  NK  cell  functionality  can  be  boosted  by  IL-15  receptor  stimulation,  a
part  of  NK  cell  immunity  in  OC  is  further  deciphered  to  exploit  NK  cell
based immunotherapy.
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Introduction

Because ovarian carcinoma (OC) is generally asymptomatic until ascites or metastases
beyond the  ovaries  have  developed,  patients  are  often  diagnosed  in  advanced stage.
Moreover, the presence and progression of ascites is associated with dismal prognosis
and poor quality of life [1].  Current therapy consists of debulking surgery combined
with platinum/taxane chemotherapy, but the majority of patients develop a recurrence
within  3  years.  Especially,  for  women with  advanced  stage  disease  the  prognosis  is
dismal, and despite therapeutic advances the 5-year survival is only 28% [2].

Since many studies demonstrated that OC is an immunogenic disease, further research
is needed to explore the opportunities of immunotherapeutic interventions to improve
clinical  outcome.  In  this  regard,  OC ascites  is  an attractive source to  study immune
cell  function  in  patients  because  tumor  cells  and  immune  cells  are  both  present.
Furthermore,  ascites  contains  a  variety  of  immunosuppressive  cellular  and  soluble
components that influence the function of tumor-targeting lymphocytes [3–8]. Several
studies  showed  that  presence  of  tumor-infiltrating  lymphocytes  positively  correlated
with  survival  in  cancer  patients  [9–16].  While  the  importance  of  CD8+  T  cell
infiltration has been clearly demonstrated, the role of infiltrating innate natural killer
(NK)  cells  remains  unclear.  Interestingly,  it  was  reported  that  CD103+  tumor-
infiltrating  NK  cells  often  co-infiltrate  with  CD8+CD103+  T  cells,  yet  the
contribution of NK cells to improving outcome is difficult  to assess [11].  Therefore,
more research is required to decipher the role of NK cell immunity in OC patients.

NK  cells  are  activated  against  neoplastic  cells  through  a  balance  of  activating  and
inhibitory  receptors  [17,  18].  Epidemiological  research  has  shown that  low NK cell
activity  is  associated  with  increased  cancer  risk  in  humans  [19].  For  OC  patients,
decreased  functionality  of  ascites-derived  NK  cells  has  been  observed  [20],  which
could  be  partially  attributed  to  the  low  expression  of  various  activating  NK  cell
receptors including CD16, DNAM-1 and NKp30 [8, 21, 22]. Similarly, ascites-derived
T  cells  are  rather  inactive,  though  proliferation  and  functionality  can  be  partially
restored  by  cytokine  stimulation  [23].  NK  cells  from  ascites  also  exhibit  low
cytotoxic efficacy, which could be reinvigorated by IL-2 or IL-15 [24]. In this regard,
Felices et  al.  recently reported that the, ALT-803, a fusion protein complex of IL-15
variant  (N72D)  bound  to  sushi  domain  of  IL-15Rα  fused  to  IgG1  Fc,  potently
enhanced the function of ascites-derived NK cells and healthy donor peripheral blood
NK cells exposed to ascites fluid [25]. Most importantly, many studies demonstrated
that OC cells are susceptible to killing by cytokine-stimulated NK cells [26–41].
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In  this  study,  we  characterized  NK  cell  percentage,  phenotype  and  functionality  in
ascites of advanced OC patients in relation to clinical outcome, and investigated their
responsiveness  to  IL-15  receptor  mediated  stimulation.  We  observed  that  a  higher
CD56+ NK cell proportion within the ascites lymphocyte fraction was associated with
better progression free survival (PFS; p = 0.01) and overall survival (OS; p = 0.002)
in  OC patients.  Furthermore,  we demonstrated that  the  cytolytic  function of  ascites-
derived NK cells can be effectively reinvigorated with either monomeric IL-15 or the
IL-15  superagonist  fusion  complex,  ALT-803.  These  findings  indicate  that  boosting
NK cell  expansion and functionality  by immunotherapeutic  strategies  could improve
survival in OC patients.

Materials and methods

Ascites  fluid  samples  were  prospectively  collected  at  diagnosis  or  first  surgery  of
patients with stage IIIc or IV high-grade serous papillary OC between January 2009
and January 2013 at the Radboud University Medical Center (RUMC). Study approval
was given by the Regional Committee for Medical Research Ethics (CMO 2013-516)
and  performed  according  to  the  Code  for  Proper  Secondary  Use  of  Human  Tissue
(Dutch  Federation  of  Biomedical  Scientific  Societies,  www.federa.org).  Ascites  was
filtered  using  a  100  μm filter,  washed  and  MNCs  were  isolated  by  Ficoll-Hypaque
density  gradient  centrifugation.  Subsequently,  obtained cells  were  cryopreserved and
stored  in  liquid  nitrogen  until  use.  From this  biobank  we  randomly  selected  ascitic
cell samples from 20°C patients. For the benign control group, samples were collected
at  benign  gynecological  surgeries.  Main  indication  for  diagnostic  laparoscopy  was
abdominal  pain,  samples  were  included  only  if  pathological  findings  were  absent.
Detection  of  cysts,  endometriosis  and  adhesions  at  laparoscopy  were  exclusion
criteria.  These  benign  samples  were  processed  and  analyzed  on  the  day  of  surgery.
Medical  records  were  retrospectively  reviewed  and  relevant  clinical  and  pathology
data were extracted. Time of diagnosis was considered to be the date of the primary
surgical  procedure.  Time  from  diagnosis  to  death  was  calculated  for  OS.  PFS  was
calculated  as  time  of  last  chemotherapy  till  diagnosis  of  biochemical  or  radiologic
recurrence. Median survival was expressed in months.

Patients were divided in groups for Figure Figure1C1C and Figure Figure22 based on
median overall survival, poor survival are the patients with an overall survival of less
than the median (19 months),  good survival are the patients with an overall  survival
of more than 19 months.

For Figure 1E and 1G patients were divided based on median NK cell frequency, for
Figure 1F and 1H groups are divided by median CD3 cell frequency.
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Flow cytometry

MNCs  were  stained  with  labeled  antibodies,  CD3  ECD  (Biolegend),  CD45  Krome
Orange  (R&D  systems),  CD56  PE-Cy5  (Biolegend),  CD16  APC-Cy7  (Biologend),
CD326 PerCPCy5.5 (Biolegend). Phenotypic analysis was performed using DNAM-1
FITC (Becton Dickinson),  2B4 FITC (Biolegend),  NKG2A APC (Beckman Coulter),
NKG2D  APC  (Biolegend),  NKp30  PE  (Biolegend)  and  NKp46  PE(Biolegend),
isotype  controls  for  IgG1 and  IgG2a,  (all  Biolegend).  Dead  cells  were  stained  with
1:1000  diluted  sytox  blue  (Life  Technologies;  Invitrogen).  Flow  cytometry  analysis
was  performed  on  a  Gallios  flow  cytometer  from  Beckman  Coulter.  Analysis  was
done  in  Kaluza  1.5  (Beckman  Coulter).  Gating  strategy  is  shown in  Supplementary
Figure 1.

K562 and SKOV-3 cell lines

OC  cell  line  SKOV-3  was  cultured  in  Roswell  Park  Memorial  Institute  medium
(RPMI  1640;  Gibco)  medium  supplemented  with  10%  Fetal  Calf  Serum  (FCS;
Integro).  The  chronic  myeloid  leukemia  cell  line  K562  was  cultured  in  Iscove's
Modified Dulbecco's Medium (IMDM) with 10% FCS.

Functional assay (CD107a and IFN-γ)

After  thawing  ascites  MNCs  or  PBMCs  were  cultured  overnight  with  1  nM  IL-15
(Immunotools),  1  nM  ALT-803  (Altor  Bioscience)  or  without  cytokine  support  in
IMDM with  10% FCS and  1% penicillin/streptomycin  (p/s).  Subsequently,  1  ×  106
cells were co-cultured with 0.5 × 106 K562 cells, 0.5 × 106 SKOV-3 cells or without
target cells for 4 hours in IMDM with 10% FCS and 1% p/s and anti-CD107a PE-Cy7
(Biolegend) in a 24-well plate. After 1 h of co-culture, brefeldin A (BD) was added.
Finally,  cells  in  each  well  were  gently  resuspended  and  stained  with  labeled
antibodies,  CD56  BV510  (Biolegend),  CD45  AF700  (Invitrogen),  CD3  ECD
(Beckman  Coulter),  CD69  BV421  (Biolegend)  or  isotype  IgG1BV421  (BD
biosciences),  and  TRAIL  APC  or  isotype  IgG1  APC  (both  Biolegend).  Dead  cells
were  stained  with  1:1000  in  PBS  diluted  eFluor780.  Next,  cells  were  fixed,
permeabilized  and  stained  with  anti-IFN-γ  or  isotype  IgG1  FITC  (BD  biosciences)
and  anti-perforin  or  isotype  IgG2b PE (Biolegend).  Flow cytometry  acquisition  was
performed on a Gallios flow cytometer from Beckman Coulter. Analysis was done in
Kaluza 1.5 (Beckman Coulter).
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Statistical analysis

Statistical analysis was performed in Graphpad Prism software package version 5.03.
Flow cytometry data was expressed as percentage positive cells.  Data were analyzed
using two-way ANOVA for  group comparison or  one-way ANOVA with  Bonferroni
post-hoc  correction  if  more  than  two groups  were  compared.  Unpaired  T-tests  were
performed  for  comparison  of  two  single  groups,  as  indicated.  Differences  were
considered significant when the p value was < 0.05. Survival curves were analyzed by
Log rank (Mantel-Cox) test.

Results

Patient cohort characteristics

For this study, we selected ascites fluid samples collected at diagnosis or first surgery
of patients with stage IIIc or IV high-grade serous papillary OC. The mean age of the
selected OC patient  cohort  (n  = 20)  was  64 ± 8.8  years  and 48 ± 8.1  years  for  the
benign gynecological disorder control group (n = 10). The median OS and PFS of the
OC  patient  cohort  at  time  of  analysis  was  19  months  and  6  months,  respectively.
Based  on  the  median  OS,  the  patient  cohort  was  divided  in  two  groups:  i.e.  poor
survival group (n = 10) with an OS of less than 19 months and good survival group
(n = 10) with an OS of more than 19 months (Table (Table1).1). The OS and PFS in
the  good  survival  group  were  32.9  ±  11.2  and  19.7  ±  16.4  months,  respectively.
Whereas the OS and PFS in the poor survival group was only 10.3 ± 4.4 and 3.2 ± 2.3
months, respectively. Further characteristics of the two OC patient groups are shown
in  Table  Table1.1.  Patients  in  the  good  survival  group  were  younger  and  were  less
often  postmenopausal.  In  both  groups,  half  of  the  OC  patients  were  treated  with
primary surgery, and half with neo-adjuvant chemotherapy. CA-125 levels were higher
in the good survival group.
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Table 1: Patient characteristics

Characteristics
Good survival

(n = 10)
Poor survival (n = 10)

Baseline Age mean (SD) 57.2 (8.4) 69.0 (11.4)

CA-125 mean (95% CI) 1532 (641–2423) 1268 (199–2337)

Postmenopausal 70% 90%

Treatment Neoadjuvant Chemotherapy 50% 60%

Primary surgery 50% 40%

Debulking Complete Debulking 20% 20%

(Sub-) Optimal Debulking 80% 70%

No Debulking 0% 10%

Survival PFS mean (SD) 19.7 (16.4) 3.2 (2.3)

OS mean (SD) 32.9 (11.2) 10.3 (4.4)

High peritoneal  NK cell  proportion  within  the  lymphocyte  fraction  is
associated with better survival of OC patients

First,  we  assessed  the  percentages  of  NK,  NKT and  T  cells  within  the  lymphocyte
fraction  in  cryopreserved  ascites  samples  of  the  selected  OC  patients  by  flow
cytometry  and  compared  those  with  peritoneal  fluid  of  10  patients  with  a  benign
gynecological  disorder.  Within  the  total  cell  fraction  OC  ascites  contained
38.8 ± 24.8% lymphocytes, 40.5 ± 24.7% CD45+ non-lymphocytes and 16.4 ± 23.5%
CD45-  non-hematopoietic  tumor  cells,  and  the  benign  samples  contained
58.7 ± 40.4%  lymphocytes  and  36.5  ±  34.1%  non-lymphocytes  within  CD45+
leucocytes  (Figure  1A).  Within  the  lymphocytes  a  significantly  lower  CD3-CD56+
NK cell percentage was seen in OC patient ascites (mean 17.1 ± 2.7%) compared to
benign peritoneal fluid (48.1 ± 6.8%, p < 0.0001; Figure Figure1B).1B). Furthermore,
lower CD3+ T cell and CD3+CD56+ NKT cell percentages were observed within the
lymphocyte  population  in  OC  patient  ascites.  The  population  of  non  T-,  non-NKT,
non-NK cells in the lymphocyte gate, presumably B cells, was more prominent in the
malignant samples (Figure 1B). Notably, the group of OC patients with poor survival
had  14.5 ± 3.6%  NK  cells  versus  23.6  ±  4.0%  in  the  patients  with  good  survival
(Figure 1C). In addition, we observed a significant shift in the CD56 ratio in
OC patients in comparison to peritoneal fluid of patients with a benign gynecological
disorder  (Figure  1D).  Generally,  in  healthy  donor  blood  around  90%  cytotoxic
CD56  and  10%  regulatory  CD56  cells  are  present  [42].  In  contrast,  in  the
benign  ascites  samples  we  found  32.4  ±  3.7%  CD56  cells  and  67.5  ±  3.7%
CD56  cells,  respectively.  In  OC patient  ascites,  however,  the  ratio  was  more in

dim/bright  

dim bright

dim

bright
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favor  of  the  cytotoxic  CD56  population  with  54.7 ± 4.0%  CD56  and
45.4 ± 4.0% CD56  cells, compared to the benign peritoneal fluids (Figure 1D).

dim dim

bright
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Figure 1: NK, NKT and T cell percentage in benign ascites and ascites from ovarian cancer patients
(A) Fraction of CD45+ lymphocytes (white),  CD45+ non-lymphocytes (grey) and CD45- cells (black) cell
populations within peritoneal fluid of benign compared to malignant ovarian cancer patients, based on flow
cytometric analysis of CD45 expression and forward/side scatter. (B) Percentage of NK cells, T cells, NKT
cells  and  other  lymphocytes  within  benign  and  malignant  ascites.  The  percentage  NK  cells  within  the
lymphocyte  population  is  significantly  different,  two  tailed  T-test  p  <  0.0001.  (C)  Within  the  lymphocyte
population the percentage of NK cells is depicted. The group of malignant ovarian carcinoma ascites patients
is divided into good and poor survival based on the median survival of the analyzed patient cohort (n = 20).
(D) The NK cell population is subdivided based on CD56 bright and CD56 dim cells. (E) Overall survival
curve of OC patients groups with low and high CD56+ NK cell percentages in ascites. (F) Overall survival
curve of OC patients groups with low and high CD3+ T cell percentages in ascites. (G–H) Progression free
survival  curves  for  low  and  high  CD56+  NK  cell  and  CD3+  T  cell  percentages  in  ascites.  Error  bars
represent  mean  +  SEM.  When  2  groups  were  compared  the  Student  T-test  was  used  whereas  a  one-way
ANOVA with Bonferroni correction was performed when comparing 3 groups. ***p = 0.001.

Next, we divided the OC patients in two groups based on the median ascites NK cell
percentage  within  the  lymphocyte  fraction  into  high  (mean  31.4  ±  9.4%)  and  low
(mean 8.9 ± 4.6%) percentage groups. We observed that both OS (p = 0.002, hazard
ratio  =  5.7)  and PFS (p  =  0.01,  hazard  ratio  =  4.7)  were  significantly  better  in  OC
patients with a high peritoneal NK cell percentage versus patients with a low NK cell
percentage in the lymphocyte fraction (Figure 1E and 1G). Notably, this relationship
was  not  observed  for  CD3+  T  cell  percentages  in  ascites  (Figure  1F  and  1H).
Interestingly,  in the high NK group three patients  are still  alive after  a  follow-up of
≥50 months. Altogether, these data indicate that the CD56+ NK cell percentage within
the  lymphocyte  fraction  in  ascites  fluid  of  OC patients  is  positively  correlated  with
clinical outcome.

Ascites-derived  NK  cells  of  poor  survival  ovarian  carcinoma  patients
exhibit low expression levels of activating receptors

Next  to  the  percentage  of  NK  cells  in  ascites,  we  studied  whether  survival  of  OC
patients  was  associated  with  differential  expression  of  NK cell  activating  receptors.
Hereto, we performed flow cytometry analysis on the ascites-derived NK cells of the
selected  patient  cohort  and  benign  ascites  controls  (Figure  (Figure2).2).  While  2B4
had equally  high positivity  on both benign and malignant  peritoneal  fluid  NK cells,
NKG2D was low to undetectable on these NK cells. Remarkably, NKp30 was almost
absent  on  NK  cells  in  malignant  samples  (mean  3%),  whereas  it  was  significantly
higher  on  NK  cells  from  benign  samples  (mean  79%).  NKG2A  can  suppress
activation,  and  shows  no  significant  differences  between  benign  and  malignant
samples.  Moreover,  NKp46 and DNAM-1 were significantly lower expressed on NK
cells in malignant samples, especially in patients with a poor OS. Together, these data
indicate  that  ascites  NK  cells  of  OC  patients  with  poor  survival  have  significantly
lower expression of activation receptors on their surface.
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Figure 2: Expression of activating receptors on CD45+CD3-CD56+ NK cells
Percentage positive 2B4,  NKG2D, NKp46,  NKp30,  DNAM-1 and NKG2A NK cells  of  CD56+ NK cells  in
benign and malignant peritoneal fluid. The group of malignant ovarian carcinoma ascites patients is divided
into lower than median overall survival and higher than median overall survival. Error bars represent mean
+  SEM.  One  way  ANOVA  with  Bonferroni  correction  was  performed  when  comparing  the  groups.
*= p < 0.05, ***= p < 0.001.
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Ascites-derived NK cells possess equal cytotoxic function as peripheral
blood NK cells from healthy donors

Next, we addressed the functional activity of peritoneal fluid NK cells of OC patients
in  comparison  to  peripheral  blood  (PB)-NK  cells  from  healthy  donors.  Here,  we
cultured MNCs from ascites of OC patients or PB of healthy controls overnight in the
presence  of  IL-15,  whereupon  total  cells  were  challenged  for  4  hours  with  either
K562  (control),  SKOV-3  OC  or  without  tumor  cells  and  subsequently  analyzed  by
flow cytometry. We examined expression of the activation markers CD69 and TRAIL,
the degranulation of NK cells using CD107a, and intracellular IFN-γ positivity. Both
ascites  and  control  NK  cells  showed  high  CD69  expression,  while  TRAIL  levels
decreased upon tumor challenge (Figure 3A and 3B). Furthermore, ascites-derived NK
cells  were  capable  of  exerting  a  CD107a  degranulation  and  IFN-γ  response  against
K562  cells  (Figure  3C  and  3D).  However,  reactivity  of  ascites-derived  NK  cells
greatly varied between different OC patients, therefore no significant differences were
observed as  compared  to  healthy  donor  NK cells.  Notably,  for  both  OC ascites  and
healthy  donor  NK cells  the  response  against  SKOV-3  OC cells  was  poor.  Together,
these  data  demonstrate  that  OC  ascites-derived  NK  cells  have  equivalent
degranulation  and  IFN-γ  secretion  capacity  as  healthy  donor  PB-NK  cells,  yet
responsiveness against SKOV-3 OC cells is limited. 

Figure 3: Degranulation assay comparing NK cells in healthy donor (HD) peripheral blood
mononuclear cells (PBMCs) with ascites mononuclear cells (MNCs)
Percentage CD56+ NK cells positive for (A) CD69, (B) TRAIL, (C) CD107a, (D) IFN-γ, after 4 h stimulation
with  no  target  cells,  K562  or  SKOV-3  tumor  cells.  Error  bars  represent  mean  + SEM.  Open  symbols  depict
HD  PBMCs,  closed  symbols  depict  ascites  MNCs.  One  way  ANOVA  with  Bonferroni  correction  was
performed when comparing the groups.
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Functionality of ascites NK cells can be effectively boosted by IL-15 or
ALT-803 stimulation

To  improve  peritoneal  NK  cell  reactivity  against  OC,  we  investigated  whether
boosting with monomeric recombinant human IL-15 or the human IL-15 superagonist
fusion  complex,  ALT-803.  Interestingly,  IL-15  receptor-mediated  stimulation  already
enhanced  CD107a  expression  and  IFN-γ  secretion  capacity  of  the  NK  cells  in  the
absence  of  tumor  challenge  (Figure  4A  and  4D).  Most  importantly,  ascites-derived
NK responsiveness against  K562 and especially SKOV-3 OC cells could be potently
augmented by IL-15 or ALT-803 stimulation (p < 0.001 for CD107a and p < 0.01 for
IFN-γ; Figure 4B, 4C, 4E and 4F). These data demonstrate that the function activation
of NK cells in ascites can be efficiently rescued with IL-15 or ALT-803.

Figure 4: Degranulation assay comparing ascites CD56+ NK cells with and without monomeric IL-15
or ALT-803 stimulation
(A–C) Percentage CD56+ NK cells positive for CD107a after 4 h co-culture with no stimulation (A), K562
cells (B) or SKOV-3 cells (C). (D–F) Percentage CD56+ NK cells positive for IFN-γ after 4 h co-culture with
no stimulation (D), K562 cells (E) or SKOV-3 cells (F). Error bars represent mean + SEM. One way ANOVA
with  Bonferroni  correction  was  performed  when  comparing  the  groups.  * = p < 0.05,
** = p < 0.01, *** = p < 0.001.
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Discussion

NK cells are activated against cancer cells via activating and inhibitory receptors, and
the  balance  in  these  signals  determines  the  magnitude  of  their  activity.  [17,  18]
Epidemiological  research  has  shown  that  low  NK  cell  activity  is  associated  with
increased cancer risk in humans [19]. Moreover, NK cells have been identified to play
a  role  in  tumor  surveillance  due  to  enhanced  surface  expression  of  ligands  for
activating receptors on tumor cells by the DNA damage response [43]. Together these
studies  underscore  the  contribution  of  NK  cell  function  in  anti-cancer  immunity.
However, there is limited data on the contribution of NK cell immunity on the clinical
outcome of  women with  ovarian carcinoma.  In  the  present  study,  we found that  the
percentage  of  CD56+  NK  cells  within  the  lymphocyte  fraction  in  ascites  fluid  is
related  to  OS and  PFS,  and  that  ascites-derived  NK cells  have  lower  expression  of
activation  markers  than  benign  peritoneal  fluid  NK cells.  Although,  ascites-resident
NK cells  have  poor  reactivity  against  SKOV-3 OC cells  (similarly  as  PB-NK cells)
they can be effectively boosted by IL-15 receptor mediated stimulation.

In  our  current  study,  OC patients  were  randomly selected  from our  ascites  biobank.
Nevertheless,  as  large  amounts  of  ascites  MNCs was  required  for  these  studies,  we
thereby selected automatically a group of patients with a relatively poor prognosis. A
remarkably  high  percentage  of  these  patients  did  not  undergo  complete  debulking
surgery, however since rates of complete debulking were comparable in both the poor
and good OS groups, we believe that the impact of incomplete debulking on our NK
cell correlative results is limited. Notably, the OS of our patient cohort is comparable
to  a  large  national  cohort  [44].  Although  there  were  age  differences  between  the
benign control and the OC groups we do not expect impact on our findings, as it has
been reported for PB that NK cell percentages are very stable and do not change with
age [45].

Notably,  a  higher  NK cell  percentage  within  the  lymphocyte  fraction  was  found  in
peritoneal  fluid  of  benign  control  subjects  than  in  ascites  of  OC  patients.  Often
peritoneal  fluid of  healthy individuals  is  used in endometriosis  research,  and also in
this disease a significantly lower percentage of NK cells in peritoneal fluid has been
reported  [46].  In  OC  the  only  relation  between  clinical  outcome  and  NK  cells  in
ascites  was  described  by  Dong  et  al.,  and  they  reported  CD16  positive  cells  to  be
associated with poorer outcome of OC patients. Unfortunately, CD56 expression was
not evaluated in their report [12]. Our paper is the first report to show a relationship
between  the  CD56+  NK cell  proportion  within  the  ascites  lymphocyte  fraction  and
clinical outcome parameters. While the importance of CD8+ T cell infiltration within
OC tumors has been clearly demonstrated, and also CD3+ T cells in ascites have been
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found  to  correlate  with  better  outcome  [47,  48],  a  relation  between  CD3+  T  cell
percentage and survival was not observed in our cohort. Besides percentages, absolute
numbers  of  infiltrating  lymphocytes  is  an  important  parameter  for  correlation  with
clinical outcome. However, as volume and cellular density in ascites differed greatly
between  OC  patients,  we  believe  that  the  percentage  within  the  lymphocyte
population  was  the  most  objective  way  to  compare  cell  populations.  For  future
research, it would be interesting to investigate how ascites NK cells differ from blood
NK cell numbers, phenotype and function in the same OC patient.

It  has  been  previously  reported  that  OC  ascites  NK  cells  have  been  described  to
exhibit  lower  expression  of  the  activating  markers  NKp30,  NKp46,  NKG2D  and
DNAM-1 compared to healthy donor PB-NK cells [8, 49]. In our study, we observed
the  same  significantly  lower  expression  of  NKp30,  NKp46  and  DNAM-1  on  OC
ascites-derived  NK  cells  compared  to  NK  cells  from  benign  peritoneal  fluid.
However,  the  relationship  between  NKG2D  and  prognosis  was  not  found  in  our
dataset.  Interestingly,  we observed a significant lower NK cell  expression of NKp30
in  poor  prognosis  versus  good  prognosis  ascites  samples,  suggesting  that  NKp30
expression  changes  in  the  poor  prognosis  OC  environment.  The  same  has  been
reported  in  acute  myeloid  leukemia,  where  NKp30  is  proposed  as  a  prognostic
biomarker  based on its  low expression on NK cells  in  poor  prognosis  patients  [50].
Further  validation  in  a  larger  patient  cohort  is  required  to  establish  prognostic
biomarkers in OC patients.

In  our  functional  studies,  ascites-derived NK cells  demonstrated equal  degranulation
and cytokine secretion potential as healthy donor PB-NK cells. This corresponds with
findings by Felices et al. who showed comparable levels of CD107a after stimulation
in the presence or absence of tumor cells [25]. In contrast, other reports demonstrated
that  ascites-derived  NK  cells  were  dysfunctional,  with  decreased  CD16  expression
and low cytotoxic capacity [6, 51, 52]. Here, we showed that ascites-derived NK cells
were highly capable of recognizing K562 tumor cells, but exhibited poor SKOV-3 OC
cell  reactivity.  Most  importantly,  we  demonstrated  that  stimulation  with  IL-15  or
ALT-803 could  reinvigorate  NK cell  degranulation  and  IFN-γ  production,  especially
against SKOV-3 OC cells. Although our ex vivo studies did not show any difference
between IL-15 and ALT-803, ALT-803 is likely more potent in long-term assays and
in vivo because of its longer half-life [53, 54].

Concluding,  this  report  shows  a  significant  association  between  the  percentage  and
phenotype of NK cells within the lymphocyte fraction in peritoneal fluid and survival
of OC patients. Moreover, we demonstrated that peritoneal NK cell reactivity against
OC  tumor  cells  can  be  efficiently  boosted  by  IL-15  receptor-mediated  stimulation.
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The  relationship  between  availability  of  NK  cells  in  the  abdominal  cavity  and  the
potentiating  effect  of  IL-15  indicates  that  intraperitoneal  NK  cell  adoptive  transfer
combined  with  IL-15  administration  could  be  an  interesting  new  therapy  for  OC
patients to improve outcome. Currently, a phase 1 clinical trial testing intraperitoneal
ALT-803 therapy in OC patients is enrolling patients in the US (NCT0354909) and a
phase 1 clinical trial on intraperitoneal NK cell therapy exploiting CD34+ progenitor-
derived NK cells  is  open in the Netherlands (NCT03539406).  By demonstrating that
high  NK  cell  percentages  are  associated  with  better  outcome  in  OC  patients  and
peritoneal NK cell functionality can be boosted by IL-15 receptor stimulation, a part
of  NK  cell  immunity  in  OC  is  further  deciphered  to  exploit  NK  cell  based
immunotherapy in these poor prognosis patients.
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Supplemental data

Supplementary Figure 1: Gating strategy for CD56+ NK cells and CD56 dim versus CD56 bright
in ascites.
In (A) and (B) life cells are gated, in (C and D) the single cells are selected and in (E) auto fluorescent cells
are excluded from further analysis. In (F) the lymphocytes are gated. In (G) the CD56 positive cells are seen,
with two populations. In (H) the NK CD56 bright and the NK CD56 dim are gated.
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Abstract

Allogeneic natural killer (NK) cell transfer is a potential immunotherapy to eliminate
and  control  cancer.  A  promising  source  are  CD34  +  hematopoietic  progenitor  cells
(HPCs),  since  large  numbers  of  cytotoxic  NK  cells  can  be  generated.  Effective
boosting of NK cell function can be achieved by interleukin (IL)-15. However, its in
vivo half-life is short and potent trans-presentation by IL-15 receptor α (IL-15Rα) is
absent.  Therefore,  ImmunityBio  developed  IL-15  superagonist  N-803,  which
combines  IL-15  with  an  activating  mutation,  an  IL-15Rα  sushi  domain  for  trans-
presentation,  and IgG1-Fc for  increased half-life.  Here,  we investigated whether  and
how N-803 improves HPC-NK cell functionality in leukemia and ovarian cancer (OC)
models  in  vitro  and  in  vivo  in  OC-bearing  immunodeficient  mice.  We  used  flow
cytometry-based  assays,  enzyme-linked  immunosorbent  assay,  microscopy-based
serial  killing  assays,  and  bioluminescence  imaging,  for  in  vitro  and  in  vivo
experiments.  N-803  increased  HPC-NK  cell  proliferation  and  interferon  (IFN)γ
production.  On  leukemia  cells,  co-culture  with  HPC-NK  cells  and  N-803  increased
ICAM-1  expression.  Furthermore,  N-803  improved  HPC-NK  cell-mediated  (serial)
leukemia  killing.  Treating  OC  spheroids  with  HPC-NK  cells  and  N-803  increased
IFNγ-induced  CXCL10  secretion,  and  target  killing  after  prolonged  exposure.  In
immunodeficient mice bearing human OC, N-803 supported HPC-NK cell persistence
in  combination with  total  human immunoglobulins  to  prevent  Fc-mediated  HPC-NK
cell  depletion.  Moreover,  this  combination  treatment  decreased  tumor  growth.  In
conclusion,  N-803  is  a  promising  IL-15-based  compound  that  boosts  HPC-NK  cell
expansion  and  functionality  in  vitro  and  in  vivo.  Adding  N-803  to  HPC-NK  cell
therapy could improve cancer immunotherapy.

IntroductionNatural  killer  (NK)  cell  therapy  is  an  attractive  strategy  for  cancer
treatment  as  it  selectively  targets  tumor  cells  without  harming healthy  tissues  [1-3].
Moreover,  numerous  malignancies  including hematopoietic  and epithelial  tumors  are
susceptible  to  NK cell-mediated  immunity  [4-8].  Since  autologous  NK cell  infusion
yields limited clinical responses [3], current approaches mostly involve allogeneic NK
cell  infusion  in  combination  with  cytokine  support  leading  to  improved
responses [1,2].

A  promising  source  for  allogeneic  NK  cell  therapy  are  CD34+  hematopoietic
progenitor  cell  (HPC)-derived  NK cells,  since  large  numbers  of  cytotoxic  NK cells
can be generated from various sources,  including umbilical cord blood (UCB). First,
CD34+  HPCs  are  expanded  and  subsequently  differentiated  into  CD56  HPC-NK
cells,  leading to more than thousand-fold expansion and high NK cell  purity  [9-11].
HPC-NK  cells  are  highly  functional,  since  they  have  high  activating  receptor
expression,  degranulation  capacity,  interferon  (IFN)γ  production,  and  tumor  cell
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killing capacity [9-13]. Furthermore, we have shown that HPC-NK cells mediate anti-
tumor  responses  in  leukemia  and  ovarian  cancer  (OC)  models  in  mice,  leading  to
prolonged survival [11,12,14]. To further maximize the anti-tumor effects of HPC-NK
cell therapy, combination treatments can be explored to maintain NK cell proliferation
and activation and/or to augment NK cell-mediated killing of tumor cells. 

Interleukin (IL)-2 is traditionally used to boost proliferation of adoptively transferred
NK  cells  in  vivo  [1,2,15-17].  However,  IL-2  has  been  shown  to  also  expand
regulatory  T  cells  (Tregs),  that  may  reduce  NK  cell  functionality  [18,19].
Alternatively, IL-15 is crucial for NK cell survival, proliferation, and effector function
[20,21], but does not induce Treg expansion [22,23]. Unfortunately, the  in vivo half-
life of recombinant IL-15 is short (≈40 minutes) [24]. Moreover, IL-15 is most potent
when trans-presented by cells expressing the IL-15 receptor α (IL-15Rα) [25]. Hence,
a  novel  IL-15  superagonist  called  N-803  (formerly  known  as  ALT-803)  has  been
developed,  consisting  of  IL-15  with  an  activating  mutation  (N72D)  that  enhances
binding to CD122 and CD122/CD132 activation, an IL-15Rα sushi domain to mimic
typical trans-presentation, and an IgG1 Fc tail to increase half-life. N-803 has a more
than  25-fold  increased  biological  activity  based  on  proliferation  of  32Dβ  cells  [26]
and more than 35-fold increased half-life (25h) compared to IL-15 [24]. First reported
clinical  trials  of  N-803  in  cancer  patients  revealed  that  it  is  well  tolerated  and
stimulates NK cell activation and expansion [27,28] and CD8+ T cells, but not Tregs
[27].  In vitro,  N-803 enhances functionality and tumor killing potential of peripheral
blood  (PB)-NK cells  [29,30]  and  ascites-derived  NK cells  [30,31].  In  vivo,  PB-NK
cell  infusion  in  combination  with  N-803  administration  results  in  significantly
decreased  tumor  growth  in  NOD/SCID/IL2Rγnull  (NSG)  mice  bearing  human
OC [30]. 

Our  study  goal  was  to  investigate  whether  and  how  N-803  enhances  HPC-NK  cell
functionality in leukemia and OC models, and whether N-803 supports HPC-NK cell
persistence and anti-tumor effects in OC-bearing NSG mice. We found that N-803 can
increase  IFNγ  production  of  HPC-NK  cells  and  augment  HPC-NK  cell-mediated
killing  of  OC and  leukemia  cells  in  vitro.  Moreover,  N-803  supports  HPC-NK cell
persistence and limits tumor growth in NSG mice bearing human OC. 
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Materials and Methods

HPC-NK cell culture

UCB  collection  at  delivery  was  approved  (see  Declarations).  HPC-NK  cells  were
generated  as  described  [11]  with  the  following  minor  modifications.  Cells  were
cultured  for  5-7  weeks  in  6-well  tissue  culture  plates  (Corning,  3506),  using  NK
MACS  Basal  medium  and  supplement  (NK  MACS,  Miltenyi  Biotec,  130-114-429)
complemented  with  10%  human  serum  (HS,  Sanquin)  during  expansion  (day  0-14)
and  2-10% HS during  differentiation  (from day  14).  HPC-NK cells  (>70% CD56+)
were used directly or  cryopreserved.  Cryopreserved HPC-NK cells  were thawed and
used  after  5-7  days  of  culture  in  NK  MACS  containing  10%  HS,  50  ng/ml
recombinant  human  (rh)IL-15  (Immunotools,  11340155)  and  0.2  ng/ml  rhIL-12
(Miltenyi Biotec, 130-096-704). For experiments, HPC-NK cells were resuspended in
Iscove's Modified Dulbecco's Medium (IMDM, Gibco,21980-032) supplemented with
10%  fetal  calf  serum  (FCS,  Integro,  5-45900  or  Corning,  35-079-CV)  (IMDM10),
except  assays with primary AML samples (10% HS),  proliferation assays,  and some
serial  killing  experiments  in  microwells  (NK  MACS  medium  +  10%  HS  or
FCS, respectively).

PB-NK cell isolation

To  obtain  PB-NK  cells,  peripheral  blood  mononuclear  cells  were  isolated  from
healthy  donor  buffy  coats  (Sanquin  Blood  Supply  Foundation)  by  density  gradient
Ficoll-paque  PLUS (Sigma-Aldrich, 17-1440-03) centrifugation. Next, PB-NK cells
were  isolated  using  a  magnetic  bead-based  NK  cell  enrichment  kit  (StemCell
Technologies,  19055)  resulting  in  ≥90%  purity.  PB-NK  cells  were  resuspended  in
IMDM10 for experiments.

Tumor cell culture

OC  cell  lines  SKOV-3,  IGROV-1  and  OVCAR-3  (RRID:CVCL_0532,
RRID:CVCL_1304  and  RRID:CVCL_0465,  respectively)  were  cultured  in  Roswell
Park Memorial Institute 1640 medium (RPMI, Gibco, 21875-034) supplemented with
10% FCS for SKOV-3 and IGROV-1 or 20% FCS and 1 µg/ml insulin (Merck, i0516)
for  OVCAR-3.  SKOV-3  was  transduced  with  luciferase  (luc)  and  green  fluorescent
protein (GFP) (SKOV-3-luc-GFP) and cloned as described [11], and used for  killing
assays.  Leukemia  cell  lines  K562  and  THP-1  (RRID:CVCL_0004  and
RRID:CVCL_0006,  respectively)  were  cultured  in  IMDM10.  All  cell  lines  were
cultured for maximally three months and were mycoplasma free. SKOV-3, K562 and
THP-1 were purchased from ATCC, IGROV-1 and OVCAR-3 were provided by Prof.
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Dr.  OC  Boerman,  Department  of  Nuclear  Medicine,  Radboudumc,  Nijmegen,
the Netherlands. 

Tumor spheroid generation

Spheroids  were  generated  from  SKOV-3  and  SKOV-3-luc-GFP  as  described  in
Hoogstad-van Evert  et  al.  [11]  with  the  following adaptations.  Culture  medium was
not  supplemented with bovine serum albumin but  with 10% FCS and 1% penicillin/
streptomycin  (MP  Biomedicals,  1670049)  and  agarose  medium  with  2%  penicillin/
streptomycin. Tumor spheroids were used 3-5 days after initial seeding. 

Flow cytometry (FCM)-based assays

FCM  samples  were  measured  on  one  of  the  following  flow  cytometers:  FC500,
Gallios, CytoFLEX (all Beckman Coulter). 

NK cell proliferation

NK cells were labeled with eFluor450 (eBioScience, 65-0842-85) and cultured in NK
MACS/10%  HS  with/without  rhIL-15  or  N-803  (ImmunityBio).  Cytokines  were
refreshed on day 3 and FCM analysis was performed on day 3 and 6. Dead cells were
excluded  using  Fixable  Viability  Dye  eFluor780  (eBiosciences,  65-0865-18).  The
proliferation  gate  was  set  on  1%  in  the  no  cytokine  condition  on  day  3.  NK  cell
numbers were based on CD56 gating (CD56-PE-Cy7, Beckman Coulter, A21692) and
measuring for a fixed time. 

Intercellular adhesion molecule 1 (ICAM-1) expression

Tumor cell lines and NK cells were plated at an effector-to-target (E:T) ratio of 0.6:1,
with  0  or  1  nM  N-803.  After  overnight-24h  co-incubation,  cells  were  stained  with
antibodies  CD56-PE-Cy7  (BioLegend,  318318),  ICAM-1-FITC  (Biolegend,  353108)
(and  CD15-PE  (IQ  Products,  IQP-129R)  for  THP-1).  Primary  AML  samples  were
labelled  with  0.25  µM  carboxyfluorescein  diacetate  succinimidyl  ester  (CFSE,
Invitrogen, C1157),  co-cultured with NK cells (E:T ratio 0.1:1 or 0.3:1) for 48h and
stained  with  CD33  BV605  (BD  Biosciences,  740400)  and  ICAM-1  PE-Vio770
(Miltenyi Biotec, 130-104-031). Primary AML samples contained >90% blasts based
on CD33 expression. Obtaining primary AML cells and patient data at diagnosis was
approved (see Declarations). 

IFNγ and perforin content 

For  IFNγ  content,  HPC-NK  cells  were  stimulated  for  4h  with  K562,  THP-1  or
SKOV-3 at  an E:T ratio of  1.5:1,  in  the absence or  presence of  1 nM N-803,  1 nM
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rhIL-15,  or  1000  U/ml  rhIL-2  (Chiron,  NDC 53905-991-01)  and  in  the  presence  of
brefeldin  A  (added  after  1h,  BD  Biosciences,  555029).  For  perforin  production,
PB-NK cells and HPC-NK cells were primed overnight with or without 1 nM N-803.

After  stimulation,  surface  staining  was  performed  of  CD56-BV510  (Biolegend,
318340),  and  intracellular  staining  of  perforin-PE  (Biolegend,  308106)  and
IFNγ-FITC  (BD  Biosciences,  554700).  Dead  cells  were  excluded  using  Fixable
Viability Dye eFluor780. IFNγ analysis was performed by gating on CD56  perforin
NK  cells,  using  unstimulated  cells  as  control.  Perforin  analysis  was  performed  by
gating on CD56  NK cells. 

Killing assay

Targets were plated at 30,000 cells/well in 96-well plates (round-bottom for leukemia
cells,  flat-bottom for  OC cells).  Targets  or  HPC-NK/PB-NK cells  were  labeled with
0.25-1 µM CFSE, and co-cultured at different E:T ratios with or without 1 nM N-803.
Notably,  SKOV-3-luc-GFP was  not  labeled  with  CFSE.  OC cells  were  plated  3h  in
advance to allow for adherence. After overnight (cell line) or 48h (primary cells) co-
culture,  supernatants  were  harvested  and  stored  at  -20⁰C  for  enzyme-linked
immunosorbent assay (ELISA). Next, leukemia cells and/or NK cells were collected.
OC  cells  were  trypsinized  using  trypLE  (Gibco,  12605028)  and  collected.
Subsequently,  viability  marker  7-Aminoactinomycin  D (7-AAD, Sigma,  A9400)  was
added  and  targets  were  analyzed.  Percentage  of  target  killing  by  NK  cells  was
calculated as follows: (1 – (number of viable targets after co-culture with NK cells) /
(number of viable targets cultured without NK cells)) x 100%.

Spheroid killing assay

For spheroid killing assays,  SKOV-3-luc-GFP cells  were used.  For overnight  assays,
different  HPC-NK cell  numbers were added with or  without  1 nM N-803.  After  co-
culture, supernatant was collected for ELISA. For 7-day assays, 13.000 HPC-NK cells
and 0, 0.1 or 1.0 nM N-803 or rhIL-15 was used and after 7 days HPC-NK cells were
counted  based  on  CD56  positivity  and  7-AAD  negativity.  Spheroids  were  washed,
disrupted  using  trypLE  and  targets  were  counted  based  on  GFP  positivity  and
7-AAD negativity. 

Infiltration assay

SKOV-3-luc-GFP or SKOV-3 spheroids were co-cultured with 200.000 HPC-NK cells
with  or  without  1  nM N-803.  In  SKOV-3  experiments,  HPC-NK cells  were  labeled
with  1  µM  CFSE  before  or  CD56-PE-Cy7  after  co-culture.  After  3h  co-culture,
infiltrated  and  non-infiltrated  NK  cells  were  separated  as  described  [32].

+ +

+
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First, supernatant  was  collected  containing  non-infiltrated  NK cells.  Next,  spheroids
were washed, disrupted using trypLE, and infiltrated NK cells were collected. 7 -AAD
negative and CD56 or CFSE positive NK cells were counted.

ELISA

Supernatants were thawed to evaluate IFNγ, granzyme B and C-X-C motif chemokine
10  (CXCL10)  secretion  by  ELISA  according  to  manufacturer’s  instructions  (IFNγ,
Endogen,  M700A,  granzyme  B,  MABTECH,  3485-IH-6,  and  CXCL10,  R&D
Systems, DY266-05). 

NK cell serial killing experiments in microwells

Experiments  were  executed  with  small  adaptations  from  Guldevall et al.  [33].
HPC-NK cells  were stained with 1 µM CFSE (BD Biosciences,  565082) or  2.5 µM
CellTrace  Yellow (Invitrogen,  C34567).  Targets  were  labeled  with  1-2  µM Far  Red
(Invitrogen,  C34564)  and dead cells  were  detected by 1  µM sytox blue  (Invitrogen,
S11348) or 50 nM sytox green (Invitrogen, S7020). After a pre-screening with targets
only in microwells (50x50x300 µm ), HPC-NK cells were stochastically seeded with
or without 1 nM N-803, 1 nM rhIL-15 or 1000 U/ml rhIL-2. Screening lasted for 12h,
using an inverted confocal microscope equipped with x10 objective (Zeiss, LSM 880)
at  37⁰C,  5%  CO ,  with  an  image  captured  every  6h.  Wells  with  or  without  N-803
were  imaged  in  parallel  by  separating  compartments  of  the  chip  using  a
polydimethylsiloxane  gasket.  Image  analysis  was  performed  with  a  MatLab  script
developed in-house.  E:T ratios of 1:5 to 1:10 were analyzed.  Only wells  with 1 NK
cell were analyzed. 

Organotypic 3D collagen matrix assay

Organotypic  3D collagen  matrix  assays  were  performed  as  described  [34].  In  brief,
7,500  SKOV-3-luc-GFP  cells  were  plated  on  a  flat-bottom  96-well  imaging  plate
(Greiner  CELLSTAR ,  655090).  After  overnight  adherence,  7,500  HPC-NK  cells
were added in a collagen solution (75 µl/well  PureCol1,  Advanced Biomatrix,  5005,
3 mg/ml) containing no or 1 nM N-803. After polymerization, no or 1 nM N-803 was
added and cells were imaged by time-lapse bright field microscopy with x20 objective
(BD,  Pathway  855)  at  37⁰C,  5% CO .  Images  were  captured  every  70  seconds  for
~24h  and  subsequently,  manual  analysis  of  single  cells  was  performed.  Only  serial
killers  were  analyzed,  defined  as  NK  cells  killing  two  or  more  targets.  Inclusion
criteria for cytotoxic events were (i)  contact occurred between a single NK cell  to a
single target, (ii) the target was visible from the start of the movie.
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Mouse experiments

Animal  experiments  were  performed  according  to  approved  protocols  (see
Declarations). For experiment 1, 24 female NSG mice (Jackson Laboratories) of 6-20
weeks  old  were  injected  intraperitoneally  (i.p.)  with  0.2  million  SKOV-3-luc-GFP
cells  (day -4)  and divided into  four  treatment  groups  based on block randomization
after  Bioluminescence  imaging  (BLI)  3  days  later  (day  -1).  On  day  0,  mice  were
infused  i.p.  with  HPC-NK cells  (12  million/mouse).  From day  0-15,  mice  (average
weight was 25g) received i.p.  injections of 50 or 200 µg/kg N-803 twice weekly,  or
2.5  µg  rhIL-15  (~7x  more  molecules  compared  to  50  µg/kg  N-803)  or  phosphate
buffered saline (PBS) every two days. Mice were sacrificed at day 15 or 16. Then, a
peritoneal  wash  was  performed  and  NK  cells  were  labeled  with  mCD45-AF700
(Biolegend,  103128),  hCD45-KO  (Beckman  Coulter,  B36294)  and  hCD56-PE-Cy7
(Biolegend, 318318) and counted by flow cytometry. 

Experiment 2 had a similar design with the following adaptations: 30 NSG mice were
divided  into  five  treatment  groups  and  on  day  -5,  two  groups  were  irradiated  with
2.25  Gy.  From  day  -1  onwards,  one  group  received  i.p.  nanogam  (total  human
immunoglobulins,  Sanquin  Bloodbank)  injections  (50  mg)  weekly  one  day  before
N-803  injection.  From  days  0-15,  mice  received  i.p.  injections  of  50  µg/kg  N-803
twice  weekly  or  2.5  µg  rhIL-15  every  two  days.  Prior  to  HPC-NK  cell  injection,
CD16  expression  was  determined  using  viability  dye  eFluor780,  CD56-BV510
(Biolegend, 318340) and CD16-BV421 (Biolegend, 302038). Mice were sacrificed at
day 14 or 15. 

Experiment  3  had  a  comparable  design  with  the  following  differences:  from day  -1
onwards, all (21, divided into three treatment groups) mice received nanogam. On day
0 and 4,  mice  were  infused with  i.p.  HPC-NK cells  (8-9  million/mouse/infusion)  or
PBS.  Mice  receiving  HPC-NK  cells  also  received  i.p.  injections  of  2.5  µg  rhIL-15
every two days or 50 µg/kg N-803 twice weekly from day 0-24. BLI was performed
weekly  until  signal  saturation,  following  i.p.  injection  with  150  mg/kg  D-luciferin
(PerkinElmer,  122799)  and  isoflurane  anesthesia.  Ten  minutes  after  injection,  BLI
images were collected in an In Vivo Imaging System using Living Image software.
A Region Of Interest was drawn around the torsos of the mice, and the integrated flux
of photons (photons/second/cm /steradian) was analyzed.

Statistical analysis

Statistical analysis was performed using Graphpad Prism software version 5.03. Fold
changes,  lag  phase  to  apoptosis  and  NK  cell  numbers  in  mice  were  first  log
transformed. Two-sided student t-tests and one-way and two-way ANOVAs were used
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as indicated in the figure legends. Significance was defined as p<0.05 (*), p<0.01 (**)
and p<0.001 (***).

Results

N-803  enhances  HPC-NK  cell  proliferation,  IFNγ  production,  and
leukemia killing

Previously,  we  showed  that  N-803  outperforms  rhIL-15  in  inducing  HPC-NK  cell
proliferation  at  0.1  nM  [35].  To  confirm  the  optimal  N-803  concentration,  we
performed proliferation assays with different  concentrations of  rhIL-15 or  N-803 for
6 days. Indeed, N-803 induced HPC-NK cell proliferation in a dose-dependent manner
(Fig.  1A-B).  In  comparison  with  rhIL-15,  N-803  was  superior  in  boosting  NK cell
proliferation at 0.1 nM (33% to 64%) and proliferation was similar at 1.0 nM (90% to
92%).  All  further  experiments  were  performed using  1.0  nM N-803,  which  induced
the most proliferation. 

Next,  we  stimulated  HPC-NK cells  with  leukemia  cell  lines  K562 or  THP-1  for  4h
with  or  without  N-803  and  analyzed  IFNγ  production.  N-803  increased  IFNγ
production in the presence of K562 or THP-1 (Fig. 1C). RhIL-15 and rhIL-2 showed
comparable  effects  as  N-803 (Supplementary  Fig.  1A).  To investigate  whether  IFNγ
secretion  was  augmented,  we  co-cultured  HPC-NK  cells  with  K562  or  THP-1
overnight  with/without  N-803,  harvested  supernatants  and  performed  ELISA.
Accordingly,  HPC-NK  cell-mediated  IFNγ  secretion  was  enhanced  by  N-803
(Fig. 1D).

Since IFNγ promotes ICAM-1 expression on leukemia cells [36], HPC-NK cells were
co-cultured  overnight  with  K562  or  THP-1  with  or  without  N-803,  whereupon
ICAM-1 expression was analyzed.  HPC-NK cell  co-culture  significantly  upregulated
ICAM-1 on K562 and THP-1, while N-803 treatment did not (Fig. 1E).  Importantly,
N-803 combined with HPC-NK cells further boosted ICAM-1 expression on THP-1. 

As  increased  ICAM-1  expression  stimulates  NK  cell-mediated  killing  due  to
strengthened interactions of NK cells and targets [36], we next investigated NK cell-
mediated  tumor  killing.  Leukemia  killing  was  measured  after  overnight  co-culture
with HPC-NK cells and with or without N-803. Correlating with ICAM-1 expression,
N-803  did  not  increase  HPC-NK  cell-mediated  K562  killing,  but  significantly
augmented HPC-NK cell-mediated THP-1 killing (Fig. 1F-G). To compare the killing
capacity of HPC-NK cells and PB-NK cells, we co-cultured HPC-NK cells or PB-NK
cells with K562 or THP-1 with or without N-803. For MHC-I negative K562, N-803
did  not  improve HPC-NK cell-mediated  killing  at  all,  while  it  did  seem to  improve
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PB-NK  cell  mediated  killing  at  the  second  highest  NK  cell  dose  (Supplementary
Fig. 1B).  With regard to MHC-I positive THP-1, N-803 increased HPC-NK and PB-
NK  cell-mediated  killing  at  all  NK  cell  doses  (Supplementary  Fig.  1C).  For  both
K562 and THP-1, HPC-NK cells were better killers than PB-NK cells at all  NK cell
doses,  except  the  highest  NK cell  dose  for  K562 at  which  killing  was  maximal  for
both NK cell sources. Next, we evaluated the perforin content and granzyme B release
of HPC-NK cells and PB-NK cells after priming with N-803 by intracellular staining
and  ELISA,  respectively.  We  found  that  both  HPC-NK  cells  and  PB-NK  cells
upregulate perforin and granzyme B levels upon N-803 priming (Supplementary Fig.
1D-E).  The  higher  killing  capacity  of  HPC-NK cells  did  not  correspond to  perforin
content, but did correlate with a higher granzyme B release versus PB-NK cells.

Table 1: Primary AML patient sample characteristics

AML# Origin FAB classification % blasts

1 Bone Marrow M0 93

2 Bone Marrow M2 91

3 Bone Marrow M2 98

4 Bone Marrow M1 99

5 Bone Marrow M2 98

FAB: French-American-British

To confirm our  findings,  we co-cultured  HPC-NK cells  with  primary  AML samples
from patients (Table 1) for 48h with/without N-803 and investigated IFNγ production,
ICAM-1 expression, and killing. 

N-803  significantly  enhanced  IFNγ  production  at  an  E:T  ratio  of  1:1  and  3:1
(Fig. 1H), upregulated ICAM-1 expression in the presence of HPC-NK cells (Fig. 1I)
and  most  importantly  increased  primary  AML  killing  by  HPC-NK  cells  (Fig.  1J).
Collectively,  these  data  show that  N-803 boosts  IFNγ production by HPC-NK cells,
promotes ICAM-1 expression on leukemia cells and improves HPC-NK cell-mediated
leukemia killing.
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Figure 1: N-803 enhances HPC-NK cell proliferation, IFNγ production, and leukemia killingA-B.
(A) Percentage of proliferating HPC-NK cells based on proliferation dye eFluor450 staining (n=3-4)
(B) number of HPC-NK cells based on CD56 antibody staining (n=4-5) 6 days after incubation with no
cytokine (white), rhIL-15 (grey) or N-803 (black). (C) Percentage of IFNγ  HPC-NK cells 4h after
incubation with K562 or THP-1, with (black) or without (white) 1 nM N-803 combined for NK only
(n=6), K562 (n=6) or THP-1 (n=4). (D) IFNγ concentration (pg/ml) after overnight co-culture of
HPC-NK cells and K562 (n=3) or THP-1 (n=4) with or without 1 nM N-803 (without, white; with
N-803, black, N.D.=not detectable). (E) Geometric Mean Fluorescence Intensity (MFI) of ICAM-1
expression after overnight culture of K562 (n=3) or THP-1 (n=4, white), and addition of N-803 (light
grey), HPC-NK cells (dark grey) or both (black). F-G. Percentage of (F) K562 (n=3) or (G) THP-1
(n=4) killing after overnight co-culture with HPC-NK cells and 0 (grey) or 1 nM N-803 (black). (H)
IFNγ concentration (pg/ml) after 48h co-culture of HPC-NK cells and primary AML (pAML) cells (n=5)
with 1 nM N-803 (black) or without cytokine (white). (I) MFI of ICAM-1 expression after 48h culture of
pAML cells (n=4, white), addition of N-803 (lightest grey), HPC -NK cells or both (different shades of
grey/black). (J) Percentage of primary AML (pAML) cell killing (n=5) after 48h co-culture with HPC-
NK cells and 0 (white) or 1 nM N-803 (black). Graphs show mean ± SEM for A-G, I-J. One-way ANOVA
with Bonferroni correction was used (repeated measures for F-G, I-J) to test for statistical significance.

N-803  enhances  serial  killing  properties  of  HPC-NK  cells  against
leukemia

To examine whether N-803 improves serial killing properties of HPC-NK cells against
leukemia, we performed 12h experiments using microwells for live cell imaging with
single  cell  resolution  [33].  Here,  22  or  31%  of  HPC-NK  cells  serially  killed
(≥2 targets  with  at  least  5  targets  present  at  t=0h)  K562  and  THP-1,  respectively
(Fig. 2A-B).  N-803  seemed  to  enhance  these  percentages,  most  distinct  for  THP-1
(37%, p=0.07). Most killing HPC-NK cells killed 1 target, followed by 2, 3, 4 and 5
or more targets (Fig. 2C-D). N-803 seemed to increase the number of targets killed by
HPC-NK  cell  serial  killers,  most  pronounced  for  THP-1.  Spontaneous  target  death
was detected in the minority of wells without HPC-NK cells (15% for K562, 45% for
THP-1,  Fig.  2E-F)  and  was  not  affected  by  N-803.  Notably,  the  majority  of  targets
was  killed  by  serial  killer  HPC-NK cells  (66%,  Fig.  2G-H).  N-803  augmented  this
percentage  to  69%  for  K562  and  78%  for  THP-1.  RhIL-2  and  rhIL-15  displayed
similar results as N-803 (Supplementary Fig. 2). Together, these data demonstrate that
N-803 improves serial killing properties of HPC-NK cells against leukemia. 

N-803 does not promote short-term HPC-NK cell-mediated killing of OC
cell monolayers

To investigate  whether  N-803 also  enhances  the  HPC-NK cell  functionality  towards
OC cells, we stimulated HPC-NK cells with OC cell line SKOV-3 with/without N-803
for  4h  and  evaluated  IFNγ  production.  Similar  to  leukemia,  IFNγ  production
significantly  increased  by  N-803,  for  HPC-NK  cells  with  and  without  SKOV-3
(Fig. 3A-B): median 1.5-fold for HPC-NK cells+SKOV-3, p<0.01. Accordingly, IFNγ
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secretion  determined  by  ELISA  was  slightly  increased  by  N-803  (Fig.  3C-D).
However, no ICAM-1 upregulation was observed on SKOV-3 after addition of HPC-
NK  cells  and  N-803,  compared  to  addition  of  HPC-NK  cells  alone  (Fig.  3E).
Likewise,  N-803 did  not  improve HPC-NK cell-mediated  SKOV-3 killing  (Fig.  3F).
OC  cell  lines  IGROV-1  and  OVCAR-3  showed  similar  killing  results  as  SKOV-3
(Supplementary Fig. 3); rhIL-15 displayed comparable overnight IFNγ production and
SKOV-3 killing as N-803 (data not shown).

Although N-803 did  not  improve  overnight  HPC-NK cell-mediated  SKOV-3 killing,
we next studied whether interaction abilities and serial killing properties of HPC-NK
cells against OC were affected by N-803 in an organotypic 3D collagen matrix assay,
mimicking interstitial tissue. Lag phase to SKOV-3 apoptosis (time from first contact
to kill) due to serial killing by HPC-NK cells was mostly short with a median of 19
minutes for the first kill and similar times for the second kill (Fig. 3G). N-803 did not
change  these  times  for  the  first  or  second  kill.  Altogether,  these  data  indicate  that
despite  slightly  enhanced  IFNγ  production,  N-803  could  not  increase  ICAM-1
expression and short-term HPC-NK cell-mediated (serial) killing of OC cells. 

N-803 increases CXCL10 production and improves long-term HPC-NK
cell-mediated killing in OC spheroids

Next,  we  addressed  the  effects  of  N-803  in  SKOV-3(-luc-GFP)  spheroids  to  mimic
three-dimensional  growth  of  OC  in  vivo.  HPC-NK  cells  were  co-cultured  with
spheroids overnight and ELISA of supernatants was performed to determine IFNγ and
CXCL10  secretion.  Overall,  N-803  enhanced  IFNγ  secretion  of  HPC-NK  cells  co-
cultured  with  spheroids  (Fig.  4A-B).  Furthermore,  CXCL10  production  was
significantly  boosted  by  spheroids  co-cultured  with  HPC-NK  cells  and  N-803
(Fig. 4C-D).  Since  CXCL10 attracts  C-X-C chemokine  receptor  3  (CXCR3)+ HPC-
NK cells [14], we performed 3h infiltration assays with spheroids and HPC-NK cells,
in which no effect of N-803 on infiltration was observed (Fig. 4E). Moreover, N-803
did  not  improve  HPC-NK  cell-mediated  spheroid  killing  within  24h  (Fig.  4F).  All
short-term assays  with  rhIL-15 or  rhIL-2 showed comparable  results  as  N-803 (data
not  shown).  Importantly,  a  long-term  killing  assay  showed  that  N-803  significantly
enhanced  HPC-NK  cell  expansion  and  HPC-NK  cell-mediated  spheroid  killing
(Fig. 4G-H).  A  dose-dependent  killing  effect  of  N-803  was  found  and  rhIL-15
displayed  similar  effects  as  N-803  (Supplementary  Fig.  4).  Collectively,  these
experiments  demonstrate  that  N-803  increases  IFNγ  and  CXCL10  secretion  in  co-
cultures  of  OC spheroids  and  HPC-NK cells.  Furthermore,  N-803  induces  HPC-NK
cell expansion and boosts OC spheroid destruction during long-term co-cultures.
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Figure 2: N-803 enhances serial killing properties of HPC-NK cells against leukemia
A-B. Percentage of serial killers after 12h co-culture of HPC-NK cells and (A) K562 (n=3) or (B) THP-1
(n=3) with 0 or 1 nM N-803. At least 125 NK cells were analyzed. C-D. Percentage of wells showing the
number of (C) K562 (n=3) or (D) THP-1 (n=3) cells killed in the presence of individual HPC-NK cells after
12h co-culture with 0 (white) or 1 nM N-803 (black). At least 125 NK cells were analyzed. E-F. Percentage of
wells showing spontaneous (E) K562 (n=3) or (F) THP-1 (n=3) cell death after 12h culture without HPC-NK
cells and with 0 (white) or 1 nM N-803 (black). At least 173 targets were analyzed. G-H. Percentage of killed
(G) K562 (n=3) or (H) THP-1 (n=3) cells killed by serial killers after 12h co-culture with HPC-NK cells and
no cytokine or 1 nM N-803. At least 126 killed targets were analyzed. Graphs show mean ± SEM. Paired
t-tests were used for A-B, G-H and repeated measures one-way ANOVA with Bonferroni correction was used
for C-F to test for statistical significance.
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Figure 3: N-803 does not promote short-term HPC-NK cell-mediated killing of OC cell monolayers
A-B. (A) Percentage of IFNγ  HPC-NK cells or (B) fold change of the percentage after 4h incubation with
OC cell  line  SKOV-3,  and  0  (white)  or  1  nM N-803  (black)  (A)  in  a  representative  HPC-NK cell  donor
containing duplos/triplos or (B) combined (n=4) and compared to the same cells without cytokine (ref). C-D.
(C)  IFNγ  concentration  (pg/ml)  or  (D)  fold  change  of  IFNγ  concentration  after  overnight  co-culture  of
HPC-NK cells and SKOV-3 with 0 (white) or 1 nM N-803 (black) (C) in a representative HPC-NK cell donor
containing triplos (N.D.=not detectable) or (D) combined compared to without cytokine (n=3). (E) MFI of
ICAM-1 expression after overnight culture of SKOV-3 (white), addition of N-803 (light grey), HPC-NK cells
(dark grey) or both (black) (n=3). (F) Percentage of SKOV-3 killing after overnight co-culture with HPC-NK
cells and 0 (grey) or 1 nM N-803 (black) (n=4). (G) Lag phase to apoptosis of SKOV-3 for the 1 , 2  and 3
kill by serial killer HPC-NK cells with 0 (white) or 1 nM N-803 (black) (n=1). Graphs show mean ± SD for
A,  C/SEM  for  E-F,  and  median  for  G.  One-way  ANOVA  with  Bonferroni  correction  was  used  (after  log
transformation for B, D, G, repeated measures for B, D-F) to test for statistical significance.

HPC-NK  cells  combined  with  N-803  and  nanogam  show  anti-tumor
effects in mice bearing human OC

To  determine  whether  N-803  promotes  HPC-NK  cell  persistence  and  anti-tumor
effects  in  a  human  OC  mouse  model,  we  used  NSG  mice  bearing  peritoneal
SKOV-3-luc-GFP tumor  nodules  [11].  In  experiment  1,  mice  were  treated  i.p.  with
HPC-NK  cells  in  combination  with  PBS,  rhIL-15,  or  N-803  for  two  weeks  and
afterwards  peritoneal  washes  were  performed.  As  expected,  HPC-NK  cells  were
present in the rhIL-15 group but surprisingly HPC-NK cells were nearly absent in the
N-803  groups  (Fig.  5A).  We  hypothesized  that  the  Fc  part  of  N-803  binds  to  Fc
receptors,  resulting  in  Fc-mediated  HPC-NK  cell  depletion,  in  NSG  mice  lacking
immunoglobulins.  Hence,  in experiment 2 we used irradiation or  nanogam (i.e. total
human immunoglobulins)  to  kill  or  inactivate  immune  cells  containing  Fc  receptors
present  in  NSG mice,  or  to  block Fc  receptors,  respectively  to  prevent  Fc-mediated
HPC-NK cell  depletion in the presence of N-803. To determine if  there was risk for
Fc-mediated  fratricide,  CD16  expression  was  determined  prior  to  HPC-NK  cell
injection,  which  showed  20%  CD16  HPC-NK  cells  (Supplementary  Fig.  5).
Irradiation could not prevent N-803-mediated depletion but nanogam could, resulting
in  HPC-NK  cell  persistence  and  similar  NK  cell  numbers  as  rhIL-15  treatment
(Fig. 5B). 

Finally,  we  evaluated  tumor  growth  (experiment  3)  in  mice  treated  with  two  i.p.
HPC-NK  cell  injections  in  combination  with  N-803  or  rhIL-15,  and  nanogam
compared  to  a  group  only  receiving  nanogam.  This  experiment  showed  that  both
combination treatments  significantly  reduced tumor growth,  compared to  the  control
group (Fig. 5C-D). To conclude, we demonstrate that nanogam restores HPC-NK cell
persistence  in  OC  bearing  NSG  mice  receiving  N-803.  Importantly,  HPC-NK  cell,
N-803 and nanogam combination treatment has an anti-OC effect in vivo.

+
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Figure 4: N-803 increases CXCL10 production and improves long-term HPC-NK cell-mediated
killing in OC spheroids
A-B. (A) IFNγ concentration (pg/ml) or (B) fold change of IFNγ concentration after overnight co-culture of
HPC-NK  cells  and  spheroids  of  OC  cell  line  SKOV-3  with  0  (white)  or  1  nM  N-803  (black)  (A)  in  a
representative HPC-NK cell donor containing fiveplos/sixplos (N.D.=not detectable) or (B) combined (n=4)
and compared to the same number of  NK cells  without  cytokine (ref,  55,600-67,000 and 170,000-220,000
HPC-NK cells). C-D. (C) CXCL10 concentration (pg/ml) or (D) fold change of CXCL10 concentration after
overnight co-culture of HPC-NK cells and SKOV-3 spheroids with 0 (white) or 1 nM N-803 (black) (C) in a
representative  HPC-NK  cell  donor  containing  triplos  (0-67,000  HPC-NK  cells,  N.D.=not  detectable)  or
(D) combined (n=5) compared to no cytokine (6,700-67,000 HPC-NK cells).  (E) Percentage of  infiltrated
HPC-NK cells into SKOV-3 spheroids after 3h co-incubation with 0 or 1 nM N-803 (n=8). (F) EC50 = HPC-
NK cell dose needed to kill 50% of SKOV-3 in a spheroid with or without N-803 (n=5). (G) Fold expansion of
HPC-NK cells in the presence of a SKOV-3 spheroid after 1 week co-incubation with 0 or 1 nM N-803 (n=3).
(H) Percentage of SKOV-3 spheroid killing after 1 week co-culture with HPC-NK cells and 0 or 1 nM N-803
(n=4). Graphs show mean ± SD for A, C/SEM for E, H. T-tests were used for C-H (paired for E-H, unpaired
for C, one-sample for D, after log transformation for D and G) and a repeated measures one-way ANOVA
with Bonferroni correction for A and B (after log transformation for B) to test for statistical significance.
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Figure 5: HPC-NK cells combined with N-803 and nanogam show anti-tumor effects in mice bearing
human OC
(A) Experiment 1: number of HPC-NK cells per ml in the peritoneal wash of SKOV-3 bearing NSG mice (0.2
million tumor cells injected 4 days before HPC-NK cell treatment) 15/16 days after treatment with HPC-NK
cells in combination with phosphate-buffered saline (PBS), 2.5 µg rhIL-15, or 50 or 200 µg/kg N-803 (6 mice
per group). (B) Experiment 2: number of HPC-NK cells per ml in the peritoneal wash of SKOV-3 bearing
NSG mice (0.2 million tumor cells injected 4 days before HPC-NK cell treatment) 14/15 days after treatment
with HPC-NK cells in combination with 50 µg/kg N-803, 2.5 µg rhIL-15, 50 µg/kg N-803 + nanogam, 50 µg/
kg N-803 + 2.25 Gy irradiation, or 2.5 µg rhIL-15 + 2.25 Gy irradiation (6 mice per group). (C) Experiment
3: radiance (photons/second/cm /steradian) of tumors in SKOV-3 bearing NSG mice (0.2 million tumor cells
injected  4  days  before  the  first  HPC-NK  cell  infusion)  treated  with  nanogam  +  PBS  (white,  control),
nanogam + 2 HPC-NK cell infusions + 2.5 µg rhIL-15 (grey) or nanogam + 2 HPC-NK cell infusions + 50
µg/kg N-803 (black) over time (7 mice per group). (D) BLI images from (C) acquired over time. One-way
ANOVA with Bonferroni correction was used for A-B (after log transformation for A and B), and a repeated-
measures two-way ANOVA with Bonferroni correction for C to test for statistical significance.
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Discussion

Allogeneic  NK  cell  therapy  is  a  promising  approach  for  cancer  treatment  and
HPC-NK cells  mediate anti-tumor responses in leukemia and OC models [11,12,14].
However,  tumor  eradication  is  not  complete  in  xenograft  NSG  models,  indicating
room for improvement. Optimizing HPC-NK cell anti-tumor efficacy can be achieved
by  cytokine  co-administration.  This  study  investigated  whether  and  how  IL-15
superagonist N-803 improves HPC-NK cell functionality in leukemia and OC models,
and whether N-803 supports in vivo HPC-NK cell persistence and anti-OC effects. 

First, we confirmed that N-803 dose dependently induces HPC-NK cell proliferation.
Compared to rhIL-15, N-803 leads to higher proliferation at 0.1 nM but not 1.0 nM,
caused  by  reaching  maximum  proliferation,  which  is  in  line  with  previous  reports
[30,35].  Next,  we  demonstrated  that  N-803  improves  IFNγ  production  of  HPC-NK
cells.  This  effect  has been demonstrated in numerous NK cell  studies [29,30,37-42].
In addition, N-803 increases ICAM-1 expression on leukemia cells after HPC-NK cell
co-culture  and  improves  (serial)  leukemia  killing.  Since  HPC-NK  cells  have  high
lymphocyte function associated antigen 1 (LFA-1) expression [11,12,35], the receptor
for ICAM-1, the interaction strength between HPC-NK cells and targets is dependent
on ICAM-1 expression.  Increased ICAM-1 expression leads  to  stronger  interactions,
resulting in targets being more sensitive to killing [12,36]. Interestingly, these effects
were found with primary AML and THP-1, but not K562, which may be attributed to
unaffected  ICAM-1  expression  on  K562  by  N-803.  Furthermore,  K562  is  MHC-I
negative,  making it  very sensitive to  NK cell-mediated killing.  Since HPC-NK cells
are highly potent killers compared to PB-NK cells,  this leaves a narrow window for
improvement.  However,  for  less  susceptible  MHC-I  positive  THP-1  cells  HPC-NK
and  PB-NK  cell-mediated  killing  could  be  improved  by  N-803.  Importantly,  we
showed for the first  time that  N-803 promotes HPC-NK cell  serial  killing properties
and that some HPC-NK cells kill 5 or more leukemia cells within 12h. This is in line
with studies using PB-NK or NK-92 cells, in which up to 6 [43], 7 [44], 8 [33], or 14
[45]  serial  kills  were  reported  within  6-16h.  Our  findings  further  revealed  that  a
minority  of  HPC-NK cells  is  a  serial  killer,  responsible  for  the  majority  of  killing.
This is in accordance with previous studies [33,44]. 

Moreover,  we  assessed  HPC-NK  cell  serial  killing  properties  against  OC  cells.  As
expected based on OC monolayer  killing experiments,  N-803 did not  improve serial
killing  against  OC.  Nevertheless,  serial  killer  HPC-NK  cells  generally  kill  quickly
(median  19 minutes  for  the  first  kill)  after  initial  contact.  This  median  lag  phase  is
similar as in Vanherberghen’s study [44], where the mean lag phase (time to lytic hit
+  time  to  death)  was  17.5  minutes  for  serial  killers.  In  our  OC model,  serial  killer
HPC-NK cells kill up to 3 targets, which is lower than our leukemia model and other
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studies [33,43-45]. Potential explanations for those differences are that we used a low
target density and a high E:T ratio in the OC model, while in our leukemia model and
other studies higher target densities and/or lower E:T ratios were used. For low target
cell densities, we and others[43,45] observed that NK cells often stay in contact with
apoptotic cells,  limiting the number of serial kills.  Lower E:T ratios allow for better
serial  killing  detection,  because  every  NK  cell  can  kill  more  targets.  Furthermore,
intrinsic differences between used targets impact sensitivity to (serial) killing by NK
cells[33,45]. For instance, SKOV-3 used in our OC model is more difficult to kill than
K562 used in our leukemia model and other studies (Fig. 1 and 3). 

In  OC spheroids,  N-803  significantly  increases  IFNγ  and  CXCL10  secretion  during
overnight  co-culture  with  HPC-NK cells.  Because  HPC-NK cells  have high CXCR3
expression  [11-14,35],  increased  CXCL10  secretion  could  improve  NK  cell
infiltration. Since the relatively high amount of HPC-NK cells, needed for infiltration
assays,  destroys  OC  spheroids  after  overnight  incubation,  we  measured  infiltration
after 3h. In this model, no effect of N-803 on HPC-NK cell infiltration was observed,
though 3h co-incubation is  likely  too short  to  increase  IFNγ and CXCL10 secretion
and  impact  HPC  NK  cell  infiltration.  Importantly,  in  long-term  assays,  using  less
HPC-NK cells,  N-803 improves HPC-NK cell  expansion,  and therefore OC spheroid
killing at the longer term. 

Finally,  we showed that in vivo N-803 supports peritoneal HPC-NK cell  persistence in
the presence of human immunoglobulins (nanogam) in NSG mice bearing human OC
and this combination treatment has an anti-OC effect. Similar findings were reported
by Felices  et al. [30], demonstrating improved OC tumor control in NSG mice treated
with PB-NK cells in combination with N-803 compared to no treatment or NK cells
alone. Since HPC-NK cells hardly persist without cytokine support, and clinical trials
will  be  conducted  with  cytokine  support,  we  chose  to  compare  HPC-NK cells  plus
N-803  (or  rhIL-15)  treatment  to  no  treatment.  Notably,  pre-treatment  of  NSG mice
with  human  immunoglobulin  (nanogam)  was  required  to  prevent  Fc-mediated
HPC-NK cell depletion by N-803 treatment. In patients, pre-treatment with nanogam
will  not  be  necessary,  since  they  have  immunoglobulins.  In  Felices’  study sublethal
irradiation (2.25 Gy) was sufficient to prevent Fc-mediated depletion of PB-NK cells,
while  in  our  study  sublethal  irradiation  (2.25  Gy)  did  not  rescue  Fc-mediated
depletion of HPC-NK cells. One of the differences in the design of these two studies
is  the  timing  of  irradiation:  we  irradiated  the  mice  one  day  before  tumor  injection,
while  they irradiated the mice one day before NK cell  injection.  It  might  be that  in
our  study  immune  cells  containing  Fc  receptors  in  the  NSG  mice  recovered  or
repopulated  before  the  first  N-803  injection,  which  could  have  led  to  Fc-mediated
depletion.  Alternatively,  it  could  be  that  HPC-NK  cells  are  more  sensitive  to  Fc-
mediated NK cell depletion than PB-NK cells due to differences in activation status.
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Around  20%  of  the  HPC-NK  cells  had  CD16  expression  before  NK  cell  injection
(Supplementary  Fig  5),  indicating  that  Fc-mediated  fratricide  might  have  been
possible. Moreover, we know from our previous publications that CD16 expression is
upregulated  in  NSG  mice  in  vivo [12,14],  increasing  the  risk  for  Fc-mediated
fratricide. Fortunately, Fc-mediated depletion of HPC-NK cells could be prevented by
nanogam injection in NSG mice.

Comparing N-803 with rhIL-15 shows that  in vivo OC growth was similar. However,
it  is  important  to  note  that  the  amount  of  molecules  per  dose  was  ~7x  lower  for
N-803 than rhIL-15 and rhIL-15 was given more frequently.  Assuming all  N-803 or
rhIL-15 was consumed before the next dose administration,  this suggests that  N-803
may  indeed  have  a  higher  biological  activity  compared  to  rhIL-15.  In  vivo
experiments  with  leukemia-bearing NSG mice,  NK cells  and N-803 have previously
been  carried  out  [35,39].  Wagner  et  al.  showed  K562  leukemia  control  by  N-803-
primed PB-NK cells [39] and Cany et al. demonstrated intra-femoral THP-1 leukemia
control by HPC-NK cells,  N-803, and decitabine [35]. Since we found HPC-NK cell
depletion in our i.p. OC model, repeating Cany’s leukemia study with nanogam might
improve treatment results in mice.

Collectively, our results imply that N-803 is an attractive compound to promote HPC-
NK  cell  expansion  and  functionality  for  NK  cell  therapy.  Currently,  two  phase  1
clinical  trials  with  N-803  are  recruiting  patients  in  the  US  in  various  cancer  types
(NCT03054909 and NCT02890758).  In  addition,  N-803 has  been  shown to  enhance
antibody-dependent  cellular  cytotoxicity  in  vitro  [38,41]  and  checkpoint  blockade
therapy  in  cancer-bearing  mice  [40].  For  future  studies,  it  would  be  interesting  to
compare N-803 to the standard IL-2 co-administration with NK cell adoptive transfer
for anti-tumor efficacy, to evaluate whether IL-2 can be replaced by N-803 to prevent
Treg-expansion in cancer patients.

In conclusion, N-803 boosts HPC-NK cell proliferation and IFNγ production  in vitro.
Furthermore,  N-803  improves  (serial)  leukemia  killing  and  long-term  OC  spheroid
destruction  by  HPC-NK  cells.  In  vivo,  N-803  in  combination  with  human
immunoglobulin supports HPC-NK cell persistence in NSG mice and this combination
treatment  mediates  an  anti-OC  effect.  In  conclusion,  N-803  is  a  promising
IL-15-based compound to improve NK cell-based cancer immunotherapy. 
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Supplemental Data

Supplementary Figure 1: rhIL-15 and rhIL-2 increase IFNγ production in the presence of K562 and
HPC-NK cells are better killers compared to PB-NK cells which correlates with a higher granzyme
B release.
A. Percentage of  IFNγ+ HPC-NK cells  4h after  incubation with leukemia cell  line K562 and no cytokine
(white), 1 nM rhIL-15 (light grey) or 1000 U/ml rhIL-2 (dark grey) (n=2). B-C. Percentage of (B) K562 or
(C) THP-1 killing after  overnight  co-culture with HPC-NK cells  continuous line)  or PB-NK cells  (dashed
line) and 0 (grey) or 1 nM N-803 (black) (n=1, triplos). D. MFI of perforin expression in HPC-NK cells or
PB-NK cells after overnight priming with or without 1 nM N-803. E. Granzyme B concentration (pg/ml) after
overnight priming of HPC-NK cells and PB-NK cells with or without 1 nM N-803. Graph shows mean ± SEM
for A/SD for B-E. One-way ANOVA with Bonferroni correction was used for A, D-E (repeated measures for
A) to test for statistical significance.
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Supplementary Figure 2: rhIL-2 and rhIL-15 show similar serial killing properties of HPC-NK cells
against leukemia.
A-B. Percentage of serial killers after 12h co-culture of HPC-NK cells and (A) K562 (n=3) or (B) THP-1
(n=3)  with  no  cytokine,  1000 U/ml  rhIL-2,  or  1  nM rhIL-15.  At  least  125 NK cells  were  analyzed.  C-D.
Percentage of wells showing the number of (C) K562 (n=3) or (D) THP-1 (n=3) cells killed in the presence
of individual HPC-NK cells after 12h co-culture with no cytokine (open), 1000 U/ml rhIL-2 (light grey), or 1
nM rhIL-15 (dark grey). At least 125 NK cells were analyzed. E-F. Percentage of wells showing spontaneous
(E) K562 (n=3) or (F) THP-1 (n=3) cell death after 12h culture without HPC-NK cells and with no cytokine
(open), 1000 U/ml rhIL-2(light grey) or 1 nM rhIL-15 (dark grey). At least 173 target cells were analyzed. G-
H. Percentage of killed (G) K562 (n=3) or (H) THP-1 (n=3) cells killed by serial killers after 12h co-culture
with HPC-NK cells and with no cytokine, 1000 U/ml rhIL-2, or 1 nM rhIL-15. At least 126 killed target cells
were analyzed. Graphs show mean ± SEM. Repeated measures one-way ANOVA with Bonferroni correction
was used for A-B, G-H and repeated measures two-way ANOVA with Bonferroni correction for C-F to test for
statistical significance.

Supplementary Figure 3: N-803 does not increase HPC-NK cell-mediated killing of OC cells in
monolayers overnight.
(A) MFI of ICAM-1 expression after overnight culture of OC cell lines IGROV-1 and OVCAR-3, addition of
N-803 and/or HPC-NK cells (n=3). B-C. Percentage of (B) IGROV-1 or (C) OVCAR-3 killing after overnight
co-culture with HPC-NK cells and no cytokine (grey) or 1 nM N-803 (black) (n=1 containing quadriplos).
Graphs show mean ± SD for B-C/SEM for A. One-way ANOVA with Bonferroni correction was used for all
subfigures (repeated measures for A) to test for statistical significance.
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Supplementary Figure 4: rhIL-15 and N-803 expand HPC-NK cells and dose-dependently increase
HPC-NK cell-mediated long-term OC spheroid killing.
A. Fold expansion of HPC-NK cells in the presence of a SKOV-3 spheroid after 1 week co-incubation with
0.1 or 1 nM rhIL-15 or N-803 or no cytokine (n=3). B. Percentage of SKOV-3 spheroid killing after 1 week
co-culture with HPC-NK cells and no cytokine, or 0.1 or 1 nM rhIL-15 or N-803 (n=3). Graph B shows mean
± SEM. Repeated measures one-way ANOVA with Bonferroni correction was used (after log transformation
for A) to test for statistical significance.

Supplementary Figure 5: CD16 expression in HPC-NK cells before injection into NSG mice.
The gating strategy was based on time, lymphocyte size, doublet discrimination and dead cell exclusion using
viability dye eFluor780. Next, CD56+ cells were gated and CD16 expression was determined.
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Abstract

Advanced  epithelial  ovarian  cancer  (EOC)  patients  have  poor  survival  and  EOC  is
frequently  associated  with  ascites.  This  peritoneal  ascites  constitutes  an  attractive
tumor  microenvironment  to  study  the  characteristics  of  natural  killer  (NK)  cells  in
EOC patients.  Although several separate pathways have been studied in the past,  we
aimed to perform an analysis on the co-expression of a large number of activating and
inhibitory receptors on NK cells versus the presence of soluble factors in ascites from
the  same  EOC  patients  integrated  in  a  single  study.  We  used  flow  cytometry  to
characterize  NK  cells  based  on  activation,  differentiation  and  immune  checkpoint
markers within ascites of high-grade serous EOC patients compared to peritoneal NK
cells from patients with benign disease. We employed FlowSOM single cell clustering
analysis  to  identify  peritoneal  NK  cell  subpopulations  and  found  two  interesting
groups  of  clusters.  One  group  of  clusters,  with  a  more  classical  effector  NK  cell
phenotype, was reduced in EOC ascites. In contrast, the second group of clusters was
enriched  in  ascites  of  EOC  patients  and  showed  lower  CD16,  DNAM-1  and
SIGLEC-7  expression.  Interestingly,  these  latter  clusters  were  also  associated  with
increased  expression  of  PD-1,  TIGIT  and/or  CD96  suggesting  an  exhaustive
phenotype.  They  were  also  significantly  correlated  to  high  levels  of  immune
checkpoint  mediators  including  soluble  CD155 (PVR),  CD112 (NECTIN-2),  PD-L2,
TIM-3, ULBP1 and MICA/B in ascites. The identification of NK cell clusters with an
exhausted phenotype could aid in unraveling important immune checkpoint pathways
interfering with NK cell  anti-tumor reactivity  in  EOC patients  and provide potential
targets to augment NK cell immune checkpoint blockade therapies.
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Introduction

Generally, epithelial ovarian carcinoma (EOC) does not show prominent symptoms at
an early stage, which often results in late detection of advanced disease with a poor
prognosis  and  a  5-year  survival  rate  of  only  28% [1].  Advanced  EOC is  frequently
associated  with  ascites,  an  abnormal  accumulation  of  fluid  in  the  peritoneal  cavity,
which  can  negatively  affect  immune  cells  while  promoting  tumor  cell  growth  and
invasion  [2,  3].  Importantly,  EOC  tumor  cells  often  downregulate  MHC  class  I,
making them prone to NK cell attack, as we and others have demonstrated in previous
studies [4, 5]. Furthermore, a higher NK cell percentage within the ascitic lymphocyte
fraction  is  correlated  with  better  survival  of  EOC  patients  [6].  Despite  the
susceptibility of EOC cells to killing by NK cells, the functionality of NK cells within
the  tumor  microenvironment  of  the  peritoneal  cavity  can  be  impaired.  This
dysfunction  is  established  by  amongst  others  suppressive  immune  cells,  as  well  as
inhibitory  soluble  factors  produced  by  the  local  immune  cells,  stromal  cells  and/or
EOC cells themselves [7-9]. A better understanding of the mechanisms and regulatory
receptors underlying NK cell dysfunction in the EOC immune environment can pave
the  way  for  adjuvant  immunotherapies  to  enhance  potency  of  NK  cell-based
immunotherapeutic  strategies  to  improve  outcome  for  EOC  patients  with
disease recurrence. 

NK  cells  are  generally  characterized  by  CD56  and  CD16  expression  with  the  two
major  subsets  described  in  peripheral  blood.  NK  cells  with  a  CD56 CD16
phenotype  are  classically  viewed  as  less  mature  and  productive  cytokine  producers,
while  CD56 CD16  NK  cells  are  considered  to  be  the  more  cytotoxic  subset.
Furthermore,  NK  cell  activity  is  regulated  by  the  sum  of  signals  obtained  via
activating  and  inhibitory  receptors  [10].  Previously,  we  showed  that  a  disturbed
balance in DNAX Accessory Molecule-1 (DNAM-1) and T cell immunoreceptor with
Ig  and  ITIM  domains  (TIGIT)  expression  on  peritoneal  NK  cells  in  EOC  patients
results in skewing to a more inhibitory phenotype. Importantly, TIGIT blockade could
partially rescue the decreased functionality [11]. Besides this, other NK cell receptors
including  natural  killer  group 2  member  D (NKG2D),  natural  cytotoxicity  receptors
(NCRs),  killer  Ig-like receptors (KIRs) and Sialic  acid-binding immunoglobulin-type
lectins  (SIGLECs)  and  other  immune  checkpoint  receptors  such  as  PD-1  have  been
implicated  in  regulating  NK  cell  reactivity  against  EOC  and  other  types  of  cancer
[12-16].  Furthermore,  soluble  factors  including  suppressive  cytokines  present  in  the
ascites may have an inactivating effect,  causing phenotypical and functional changes
in subsets of NK cells and eventually resulting in NK cell dysfunction [17]. However,
to  date,  there  are  no  comprehensive  studies  integrating  NK cell  regulatory  receptor

bright −

dim +

Peritoneal NK cell profiling in ovarian cancer reveals exhausted PD1+TIGIT+CD96+ subsets 89



phenotype data and their  respective soluble ligand levels for studying peritoneal NK
cells in high-grade EOC patients in a single analysis.

In this study, we applied 18-parameter flow cytometry panels with defined activation,
differentiation and immune checkpoint markers to study peritoneal NK cell subsets in
EOC  patients  compared  to  benign  controls.  FlowSOM  analysis  revealed  interesting
groups  of  NK cell  clusters  with  the  NK cell  checkpoint  panel.  Interestingly,  one  of
these  cluster  groups  was  enriched in  EOC patient  ascites,  and  was  characterized  by
low  CD16,  DNAM-1  and  SIGLEC-7  expression  while  PD-1,  TIGIT  and/or  CD96
expression  was  increased  indicative  of  an  exhausted  phenotype.  Additionally,  these
clusters  were  associated  with  high  ascitic  levels  of  numerous  soluble  inhibitory
immune checkpoints. Altogether, identification of NK cell clusters with an exhausted
phenotype  could  aid  in  determining  important  immune  checkpoint  pathways
interfering  with  NK  cell  anti-tumor  reactivity  in  EOC  patients.  Additionally,  it
provides  potential  targets  to  augment  NK  cell  adoptive  transfer  with  immune
checkpoint blockade.

Methods

Patient samples

Ascites  fluid  samples  or  peritoneal  washings  of  patients  with  stage  IIIc  or  IV high-
grade  serous  EOC  (Supplemental  Table  1)  were  collected  after  written  informed
consent  at  primary  debulking  surgery.  Study  approval  was  given  by  the  Regional
Committee for Medical Research Ethics (CMO 2018-4845) and performed according
to  the  Code  for  Proper  Secondary  Use  of  Human  Tissue  (Dutch  Federation  of
Biomedical Scientific Societies,  www.federa.org  (http://www.federa.org)). Samples of
abdominal washing fluid or free fluid from patients without any malignancy, planned
for surgery of a benign cyst were used as controls. Controls were excluded in case of
signs  of  active  infection  and  had  a  serous  cystadenoma,  endometrioma,  mucinous
cystadenoma  or  fibroma  (Supplemental  Table  2).  Cell-free  ascitic  fluid  and
mononuclear  cells  were  subsequently  isolated  and  cryopreserved,  as  previously
described (Maas et al 2023, manuscript submitted).

Evaluation of the soluble fraction of ascites

Ascites or peritoneal washouts of benign and EOC patients were assessed previously
(Maas et al 2023  manuscript submitted) for soluble TIM-3, GITRL, MICA, Trail-R2,
Trail-R1,  MICB,  IP-10,  CD137/41BB,  IL-10,  NECTIN-2,  CD96  (Tactile),
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IFN-gamma,  TNF-alpha,  IDO,  Arginase,  Perforin,  PVR,  IL-12p40,  IL-15,  TRAIL,
PD-L2, Granzyme-B, ULBP-1, ULBP-3 and ULBP-4 by using Luminex (ProcartaPlex
Thermo  Fisher),  and  IL-1β,  IL-1RA,  IL-6,  IL-8,  TGF-β  (R&D  systems)  and  IL-2
(431801, Biolegend) were determined using corresponding commercial ELISA kits. 

Flow cytometry (FCM)

For  phenotypical  analyses,  1  million  cells  were  resupsended  in  50  µL  buffer  with
25 µL  human  serum  albumin  (HSA)  buffer  (PBS/0.5%  HSA,  Sanquin  Bloodbank)
containing  0.1  mg/mL nanogam (human  immunoglobulins,  Sanquin  Bloodbank)  and
25  µL  brilliant  stain  buffer  (563794,  BD  Biosciences).  Antibody  mixtures  were
prepared in a total volume of 55 µL HSA buffer minus the volume of the antibodies
(see  Tables  1  and  2  for  the  full  panels).  The  antibody  mixture  was  cenrifuged  at
14.000g  for  2  min.  Then,  50  µL  was  taken,  added  to  the  cell  suspension  and
incubated at 4°C for 30 min. Cells were washed twice with 500 µL 0.5% HSA buffer
and resuspended in 100 µL 0.5% HSA buffer for acquisition on a 6-laser Cytoflex LX
flow  cytometer  (Beckman  Coulter).  Manual  analysis  was  performed  with  Kaluza
version 2.1 (Beckman Coulter) and Flowjo version 10 (BD).

High-dimensional flow cytometry data analysis

The  antibodies  within  the  panels  were  selected  on  brightness,  potential  spreading
issues, consistency across panels to maximize resolution of the markers included the
panels.  Every  lot-number  of  each  antibody  was  titrated  on  PBMCs,  to  identify  the
highest  signal-to-noise  ratio  and  stain  index,  and  to  correct  for  lot-to-lot  variation.
The gain settings used on the Cytoflex LX were optimized to allow for optimal signal
resolution by performing a gaintration using 8-peak beads (A79016, Spherotech).

Flow Cytometry Standard (FCS) 3.0 files were imported into Kaluza version 2.1, and
analyzed by standard gating to  remove aggregates  and dead cells.  Subsequently,  the
CD45 CD3 CD56  NK cell  population was identified in each panel.  Next,  these NK
cell  populations  were  exported  to  CSV  files,  imported  in  R  (version  4.0.1)  and
analyzed  according  to  Brummelman  et  al.  [18].  In  summary,  data  was  arcsinh
transformed using the transFlowVS function of the flowVS package (version 1.19.0)
and  scaled  and  centered  using  the  scale  function.  Multi-dimensional  scaling  (MDS)
plots,  based  on  the  median  expression  values  of  each  marker,  were  generated  using
the plotMDS function from the limma package (version 3.44.3).  Next,  samples were
downsampled  (4,000  cells),  concatenated  and  cell  subpopulations  were  identified
using  the  FlowSOM  algorithm  (version  1.20.0)  [19].  The  optimal  number  of
metaclusters was k=30 (clusters with a frequency <0.5% were excluded and cluster 30
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for the checkpoint panel was excluded as these were a small cluster of monocytes) for
both  panels.  Heatmaps  were  created  using  the  pheatmap  package  (version  1.0.12),
whereupon  hierachical  clustering  was  performed  using  the  Euclidean  distance  and
Ward-linkage.  Additional  figures  were  generated using the  ggplot2  package (version
3.3.2). Subsequently, cluster data were embedded in the FCS files, which were further
analyzed  in  FlowJo  software  version  10  and  Kaluza  version  2.1  to  determine  the
frequency of positive cells  for each marker and the corresponding Mean Fluorescent
intensity (MFI).  The balloon plot,  showing the manually determined frequencies and
MFI  of  each  marker  per  cluster  was  created  in  R  using  the  ggpubr  package
(version 0.4.0).

StatisticsData  analyses  was  conducted  with  Prism software  (GraphPad,  version  5.03
for  Windows).  For  data  with  a  normal  distrubtion,  the  Student  t-test  (paired  or
unpaired)  or  One-way  ANOVA  (with  or  without  repeated  measure)  were  used,  as
indicated  in  the  figure  legends.  Non-normally  distributed  data  was  analyzed  with  a
Wilcoxon  signed-rank,  Mann-Whitney  U,  Kruskal-Wallis  or  Friedman  test,  as
indicated  in  the  figure  legends.  A  p-value  of  <0.05  was  considered  statistically
significant. To identify correlations between variables (e.g. frequency of immune cell
subpopulations  and  cytokines),  Spearman  correlation  analysis  was  performed  and
visualized  in  R  using  the  corrplot  package  (version  0.84).  A  p-value  of  <0.05  was
considered statistically significant.

Results

NK cells  in  ascites  from EOC patients  have lower activating receptor
expression and higher inhibitory receptor expression compared to NK
cells derived from patients with a benign disease

Here, we used two 18-color panels to characterize peritoneal NK cells of high-grade
serous  EOC  patients  in  comparison  to  patients  with  a  benign  disease  (benign
controls).  One  panel  consisted  of  classical  NK cell  subset  markers  including  CD16,
CD56,  KIRs,  NKG2A/NKG2C,  NCRs  and  CD57  (named  subset  panel).  The  other
panel  focused  more  on  inhibitory  and  stimulatory  checkpoint  receptors  (named
checkpoint  panel)  including  NKG2A,  DNAM-1,  TIGIT,  CD96,  PD-1,  TIM-3,
SIGLEC-7, OX-40 and CD160 that were selected based on previously published and
unpublished  data  [6,  11]  (and  Maas  et  al.  2024,  manuscript submitted).  Cells  were
gated  on  typical  lymphocyte  characteristics  in  the  forward/sideward  scatter  and
doublets, dead cells/debris and antibody-aggregates were excluded. From the resulting
pre-enriched  population  of  lymphocytes,  NK cells  were  gated  as  CD45 CD56 CD3+ + -
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cells (Supplemental Figure 1A). With a manual gating strategy we defined three major
populations:  CD56 CD16 ,  CD56 CD16 and  CD56 CD16  with  a  mean
frequency  ±  SD  of  23.9%±19.8%,  33.0%±18.0%  and  28.5%±15.8%,  respectively
(Supplemental  Figure  1B),  without  any  significant  difference  in  the  proportion  of
these  three  NK cell  subsets  between  EOC and  benign  patients.  We also  observed  a
CD56 CD16  subset that was only present at low frequencies (mean=2.4%±4.0%)
in  few  EOC  patient  samples.  Therefore,  we  focussed  further  data  analyses  on  the
three major NK cell subsets identified with the established 18-color panels.

Next,  we  compared  the  phenotype  of  NK  cells  in  ascites  derived  from  26  ascites
samples  from high-grade serous EOC patients  and 11 benign peritoneal  washings or
ascites  using  manual  gating  (Figure  1,  Supplemental  figure  1C).  The  following
stimulatory  receptors,  CD160  (all  subsets),  OX-40  (CD56 ),  DNAM-1  (CD56 ),
NKG2D (CD56 ),  NKp46  (CD56 )  and  NKp30  (CD56 )  were  significantly
decreased  in  one  or  more  of  the  defined  NK cell  subsets  from EOC patient  ascites
(Figure  1).  In  contrast,  only  the  inhibitory  receptors  CD96  (CD56 CD16 )  and
TIM-3 (CD56 ) were significantly higher expressed on peritoneal NK cell subsets
from  EOC  patients  compared  to  benign  controls  (Figure  1).  On  the  other  hand,
SIGLEC-7 was significantly lower expressed by the CD56  NK cell subsets in EOC
patients,  and  TIGIT  was  lower  in  the  CD56 subset.  Interestingly,  CD69
expression was significantly higher on EOC-derived NK cells  for  both CD56  NK
cell subsets as opposed to those of benign controls, indicating that in general the NK
cells  from EOC patients  have  a  more  activated  phenotype.  These  data  showed  that
most stimulatory NK cell receptors are significantly lower expressed, while inhibitory
receptor expression such as CD96 and TIM-3 is significantly higher on EOC-derived
NK cells as opposed to NK cells from benign abdominal fluids. 
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Figure 1: NK cell phenotype of different NK cells subsets defined by manual gating
Stimulatory receptors, inhibitory and activation markers are shown for CD56 CD16 , CD56 CD16  and
CD56 CD16  NK cells. A Mann-Whitney test was used for statistical analysis, * p < 0.05, ** p < 0.01
and *** p < 0.001
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FlowSOM clustering on the NK checkpoint panel revealed two distinct
groups of NK cell clusters, one more abundant and one less abundant in
EOC patients compared to benign controls

To identify NK cell clusters beyond the classical CD56 and CD16 defined subsets that
are  distinctive  in  EOC  patients  ascites,  we  further  explored  our  dataset  by  using
unbiased  high-dimensional  computational  analysis  to  obtain  more  insight  into  co-
expression of different receptors.  Furthermore, we associated them with the cytokine
milieu in ascites from EOC patients that was previously published (Maas et al 2023,
manuscript submitted). First, we generated MDS plots to visualize the distribution of
NK  cell  subsets  of  benign  samples  and  EOC  ascites  and  found  that  they  did  not
cluster  distinctly  for  either  panel  (Supplemental  Figure  2A  and  B).  In  addition,
hierarchical clustering on the heatmap did not reveal major differences between EOC
patients  and  our  benign  control  group  (Supplemental  Figure  2C  and  D).  To  better
discriminate  the  different  NK  cell  subpopulations  present  in  our  samples,  we  next
performed FlowSOM clustering and visualized each cluster  in  a  balloon plot  (k=30,
where clusters  with a frequency <0.5% were excluded,  Figure 2A and Supplemental
figure 3A-B). The frequencies for all 30 clusters are shown in Supplemental figure 4A
and B. For the subset panel some clusters were significantly enriched or decreased in
EOC versus benign samples, however these clusters did not associate with each other
(Supplemental figure 3A-B). As previously reported, CD16 and DNAM-1 were highly
expressed in clusters found to be more frequent in benign peritoneal fluid (SP C3, C5
and C6), while CD56 expression in these clusters is low. Clusters enriched in ascites
of EOC patients (SP C14, C15, C2, C25, C26 and C30) generally showed low CD16
and CD56 expression.

Next, we performed FlowSOM clustering on the checkpoint panel and visualized each
cluster in a balloon plot (Figure 2A). Interestingly, we clearly observed two groups of
NK cell clusters that were either increased or decreased in EOC patients compared to
benign controls (Figure 2B). One group consisted of seven clusters (CP C6, C10, C11,
C16,  C19,  C28  and  C29)  of  which  three  clusters  (CP  C10,  C19  and  C29)  were
significantly enriched in EOC patient samples (Figure 2A, Supplemental Figure 4B).
These  NK  cell  clusters  had  a  phenotype  with  lower  expression  of  stimulatory
receptors  and high levels  of  inhibitory  immune checkpoint  receptors  (Figure  2A-B).
The second group consists  of  ten clusters  (CP C4,  C5,  C7,  C8,  C9,  C13,  C14,  C18,
C20  and  C24)  of  which  four  (CP  C7,  C9,  C13  and  C18)  were  significantly  lower
present  in  EOC  patients  (Figure  2C,  Supplemental  figure  4).  Notably,  these  two
different  groups  of  clusters  were  negatively  correlated  with  each  other  (Figure  2C).
Phenotypically,  the  group  of  clusters  more  abundant  in  EOC  patients  was
characterized  by  low  expression  levels  of  stimulatory  receptors  such  as  CD16,
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DNAM-1 and CD160 while displaying higher levels of inhibitory receptors including
PD-1,  TIGIT  and/or  CD96  (Figure  2A-B).  On  the  other  hand,  CD56  NK  cell
clusters  (CP  C7,  C9,  C13  and  C18)  with  high  CD16,  SIGLEC-7  and  DNAM-1
expression and low levels of PD-1, TIGIT and CD96 were significantly decreased in
EOC  patients  compared  to  benign  controls  (Figure  2A-B).  Altogether,  these  data
showed  the  presence  of  peritoneal  NK  cell  subsets  in  EOC  patients  exhibiting  low
expression of  stimulatory receptors  and increased expression of  PD-1,  TIGIT and/or
CD96, suggestive of a more exhausted phenotype.

dim
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Figure 2: FlowSOM clustering shows distinct clusters of NK cells in peritoneal fluids of benign and
EOC patients 
(A)Scaled  MFI  values  of  FlowSOM  clusters  checkpoint  panel  in  a  balloon  plot.  Each  row  represents  a
marker, while columns represent a cluster. Balloon size represents frequency while balloon color represents
MFI (red is high MFI, yellow is low MFI). On top of the balloon plot the cluster size is presented as percent
of  total  where  red  indicate  large  clusters  and  green  small  clusters.  Statistical  difference  between  cluster
frequency of benign (significance indicated in blue) and EOC (significance indicated in orange) patients was
calculated using a Mann Whitney test. (B) Histogram overlay of clusters C10, C19 and CD29 in orange with
C7, C9, C13, C18 and CD25 in blue and with all clusters taken together in grey. On the y-axis the percentage
of the maximum signal and on the x-axis the MFI for each marker.  (C) Spearman correlogram of FlowSOM
clusters of  checkpoint panel fraction of EOC ascites.  A heat map is used to indicate the Spearman’s rank
correlation coefficient  of  associations  between biomarkers.  Red indicates  a  positive  correlation,  and blue
indicates a negative correlation. * p < 0.05,  ** p < 0.01, *** p < 0.001,  CP = checkpoint panel. Orange
clusters  have a significantly  increased frequency in EOC patients  while  blue clusters  have a significantly
decreased frequency in EOC patients compared to controls.

FlowSOM  clusters  from  the  NK  checkpoint  panel  enriched  in  EOC
patient samples strongly correlate to soluble inhibitory NK cell factors
in ascites fluids

Next,  we investigated whether  soluble  factors  in  ascites  that  may influence NK cell
function  correlated  distinctively  to  the  phenotype  of  peritoneal  NK cells  from EOC
patients.  For  this,  we  used  previously  reported  Luminex  and  ELISA data  of  ascites
from the same patients and correlated this to the FlowSOM clustering data (Maas et al
2023,  manuscript submitted).  Overall,  the  NK  subset  panel  did  not  show  evident
correlation  patterns  with  the  assessed  soluble  factors  and  the  established  FlowSOM
clusters (Supplemental Figure 5). In contrast, both groups of clusters defined with the
NK  checkpoint  panel  were  significantly  associated  with  numerous  soluble  factors
assessed  within  ascites  (Figure  3).  Interestingly,  three  of  the  clusters  (CP C10,  C19
and C29) enriched in EOC patients significantly correlated with high levels of soluble
CD155  (PVR),  CD112  (NECTIN2),  ULBP1,  MICA/B,  PD-L2,  IDO,  TIM-3,
TRAILR2, IL12p40, perforin, CD96 and IP10 in the ascitic fluid. These clusters also
have the highest levels of PD-1, TIGIT and/or CD96, and lack CD16 and DNAM-1,
suggestive  of  a  more exhausted phenotype.  In  contrast,  the  group of  clusters  with  a
more  classical  effector  NK cell  phenotype  that  were  less  abundant  in  EOC patients
showed  negative  correlation  with  many  of  the  assessed  factors  including  effector
molecules granzyme B, IL-15 and soluble ligands for stimulatory receptors DNAM-1
(namely PVR and NECTIN-2) and NGK2D (namely MICA/B and ULBP1; Figure 3).
Only,  soluble  Arginase  levels  positively  correlated with  this  latter  group of  NK cell
subsets  (Figure  3).  In  conclusion,  the  group  of  NK  cell  subsets  which  were  more
abundant  in  EOC  patient  ascites  display  a  more  dysfunctional  phenotype  with  less
activating/stimulatory  receptors  and  high  inhibitory  checkpoint  expression  and
strongly correlated to (inhibitory) NK cell regulating factors in ascites. 
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Figure 3: Correlogram of soluble factor levels in ascites versus FlowSOM clusters for both NK subset
and checkpoint panels
Spearman correlogram of cytokine levels versus checkpoint panel FlowSOM clusters. A heat map is used to
indicate  the  Spearman’s  rank  correlation  coefficient  of  associations  between biomarkers.  Red  indicates  a
positive correlation, and blue indicates a negative correlation. * p < 0.05 CP = checkpoint panel. Orange
clusters  have a significantly  increased frequency in EOC patients  while  blue clusters  have a significantly
decreased frequency in EOC patients compared to controls.
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Discussion

EOC is  sensitive to NK cell-mediated cytotoxicity and the frequency of  NK cells  is
associated with survival  of  EOC patients  [6].  However,  the phenotypical  changes of
these  NK  cells  towards  a  more  exhausted  phenotype  and  their  association  with
cytokines  and  inhibitory  soluble  factors  has  not  been  studied  extensively.  Here,  we
investigated  ascites-derived  NK  cells  with  comprehensive  18-color  flow  cytometry
panels,  using both manual  gating and unsupervised clustering analysis.  Furthermore,
we correlated these clusters to soluble factor levels to better understand the potential
mechanisms underlying distinctive  NK cell  phenotype and function in  EOC patients
compared to patients with benign diseases. Thereby, we aimed to identify interesting
pathways involved in NK cell dysfunction that might be targeted to augment NK cell-
based therapies for EOC. Our analysis revealed two distinct groups of clusters of NK
cell  subpopulations  using  the  established  NK  checkpoint  panel.  One  displayed  an
activated phenotype that was decreased in EOC patients compared to benign samples
and  negatively  correlated  to  the  presence  of  various  soluble  factors  in  ascites.  In
contrast,  the  second  group  of  NK  cell  subpopulations  that  were  more  abundant  in
EOC patients displayed a more exhausted phenotype which strongly correlated to the
inhibitory cytokine milieu in EOC patient-derived ascites.  However,  a  caveat  in  this
analysis  is  the  difference  in  peritoneal  fluid  material:  in  the  benign control  group a
mix  of  ascites  and  peritoneal  washings  were  used,  while  the  samples  of  the  EOC
group mostly consisted of ascitic fluids.

Some of the findings highlighted in this study are in line with findings from previous
research  and  were  also  revealed  by  manual  gating  analysis  of  the  data  such  as
decreased DNAM-1, NKp30, NKp46 but not NKG2D expression on NK cells within
ascites  of  EOC  patients  compared  to  benign  controls  [6,  11].  Although  certain
markers  from clustering  analysis  overlap  with  manual  gating  such  as  low DNAM-1
expression in EOC patients compared to the benign controls, unsupervised clustering
analysis  revealed  additional  distinctive  co-expression  patterns  and  NK  cell  subset
abundance  in  EOC  ascites.  For  example,  while  PD-1  expression  was  manually  not
identified  to  be  increased  in  EOC  patients,  by  utilizing  comprehensive  clustering
methods we found a group of high PD-1 expressing NK cell clusters which shared a
common phenotype. 

Decreased DNAM-1,  SIGLEC-7,  CD160,  CD56 and CD16 expression and increased
PD-1,  TIGIT  and/or  CD96  appeared  to  be  the  major  characteristic  of  the  NK  cell
subsets  that  were  more  abundant  in  EOC  patient-derived  ascites.  In  this  regard,
decrease of the inhibitory receptor SIGLEC-7 was not expected within these clusters
as  most  other  inhibitory  receptors  were  expressed  at  higher  levels.  Interestingly,
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SIGLEC-7  PB-derived NK cells were shown to be highly functional NK cells when
stimulated with K562 or PMA/Ionomycin. Additionally,  in human immunodeficiency
virus (HIV) infections loss of  SIGLEC-7 defines a dysfunctional  subset  of  NK cells
associated with high levels of HIV-1 viremia [20]. Therefore, it appears that although
SIGLEC-7  is  considered  an  inhibitory  receptor  [21],  SIGLEC-7+  NK  cells  can  be
highly functional. Furthermore, DNAM-1 is an important stimulatory receptor known
to  be  downregulated  in  EOC  which  strongly  limits  NK  cell  functionality  [11].
Similarly,  CD160  is  important  for  IFN-γ  production  by  NK  cells  and  CD160+  NK
cells are known to be impaired by TGF-β1 signaling in hepatocellular carcinoma [22].
To date little is known about CD160 expression on NK cells within EOC patients. We
demonstrated,  both  with  manual  gating  analysis  and  with  our  FlowSOM clustering,
that CD160+ NK cells are strongly reduced in EOC patient-derived NK cells.  Based
on  the  low  levels  of  stimulatory  receptors  and  high  levels  of  inhibitory  receptor
expression,  these  NK  cell  subsets  enriched  in  EOC  are  likely  exhausted  and
dysfunctional. This is supported by numerous other studies that reported expression of
PD1  and  CD96  inhibitory  checkpoint  levels  to  be  high  on  dysfunctional  NK  cells,
which  could  be  reverted  by  PD-1  and/or  CD96  receptor  blockade  [11,  23,  24].
Nevertheless, these findings needs to be functionally confirmed in a follow-up study. 

Clusters  that  were  significantly  more  abundant  in  EOC  patients  correlated  with
soluble  PVR,  NECTIN-2,  ULBP1,  MICA/B,  TIM-3  and  PD-L2  levels.  DNAM-1  is
one of the most potent stimulatory NK cell receptors and its soluble ligands (PVR and
NECTIN-2)  were  positively  correlated  to  these  clusters  which  can  interfere  with
DNAM-1 signaling [25]. Similarly, ULBP1, MICA/B which are ligands for NKG2D,
another potent stimulatory receptor were positively correlated to the clusters that were
significantly  more  abundant  in  EOC  patients.  For  NKG2D  soluble  ligands  are  also
known to inhibit NKG2D mediated activation [13]. Interestingly, NKG2D levels were
similar across most clusters,  while DNAM-1 expression was low especially in PVR-
high  samples,  suggesting  soluble  PVR  receptor-binding  induced  downregulation
which is a known mechanism of action for soluble PVR resulting in dysfunctional NK
cells [26, 27]. TIM-3 is an important inhibitory checkpoint receptor expressed on the
surface  of  T  and  NK cells  but  in  its  soluble  form relates  to  T  cell  exhaustion  and
reduced  IL-2  production  [28,  29].  The  soluble  form  of  TIM-3  was  also  associated
with,  but  not  a  unique  trait  for  the  group  of  clusters  that  was  significantly  more
abundant  in  EOC patients,  indicating soluble  TIM-3 might  not  be  the  major  soluble
factor responsible for the phenotype of these clusters. PD-L2 is also associated to the
group of NK cell clusters increased in EOC patients. PD-L2 expression on tumor cells
has been shown to associate  to  tumor metastasis  and poor  prognosis  in  solid  cancer
patients after surgery [30]. More specifically, soluble PD-L2 levels were found to be
related  to  platinum-resistance  in  EOC patients  [31].  Although  the  PD-1  pathway  is

+
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mostly  known for  T  cell  exhaustion,  some recent  evidence  suggests  that  PD-1  may
also  be  expressed  on  healthy  and  EOC-associated  NK  cells  [32].  Pesce  et  al.
described  that  PD-1  NK  cells  have  a  reduced  cytokine  response  and  lower
degranulation  capacity  upon  stimulation  with  tumor  cells,  including  OC  cell  line
OVCAR-5  [32].  Further  research  of  these  soluble  factors  on  NK  cell  functionality,
phenotype and subset abundance in EOC patients is warranted.

In  conclusion,  we  were  able  to  identify  important  NK  cell  regulators  and  describe
distinctive NK cell subsets with an exhausted phenotype that were more abundant in
EOC ascites.  Further  unraveling  of  the  mechanisms underlying  NK cell  dysfunction
by  identification  of  the  cell  surface  receptors  increased  in  EOC  patients  and  their
correlation to  the  soluble  factor  milieu in  ascites  of  advanced EOC patients  can aid
future studies in determining important inhibitory and stimulatory NK cell  receptors.
These insights can pave the way to augment NK cell-based therapies in EOC patients.

+

Chapter 4102



Ta
bl

e 
1 

: N
K

 S
ub

se
t p

an
el

M
ar

ke
r/

D
ye

 c
om

bi
na

tio
n

M
an

uf
ac

tu
re

r
C

at
al

og
 n

um
be

r
C

lo
ne

H
os

t s
pe

ci
es

, I
so

ty
pe

L
as

er
 (n

m
)

Fi
lte

rs

C
D

45
 B

U
V

39
5

B
D

 B
io

sc
ie

nc
es

56
37

92
H

I3
0

M
ou

se
 Ig

G
1

35
5

38
5/

26

C
D

16
 B

U
V

49
6

B
D

 B
io

sc
ie

nc
es

61
29

44
3G

8
M

ou
se

 Ig
G

1
35

5
52

5/
40

C
D

69
 B

U
V

73
7

B
D

 B
io

sc
ie

nc
es

61
28

17
FN

50
M

ou
se

 Ig
G

1
35

5
74

0/
35

C
D

56
 B

V
42

1
B

io
le

ge
nd

31
83

28
H

C
D

56
M

ou
se

 Ig
G

1
40

5
45

0/
45

C
D

15
8b

 B
V

51
0

B
D

 B
io

sc
ie

nc
es

74
34

52
C

H
-L

M
ou

se
 Ig

G
2b

40
5

52
5/

40

C
D

3 
B

V
60

5
B

io
Le

ge
nd

30
04

60
U

C
H

T1
M

ou
se

 Ig
G

1
40

5
61

0/
20

C
D

15
9c

 (N
K

G
2C

) B
V

71
1

B
D

 B
io

sc
ie

nc
es

74
81

64
13

45
91

M
ou

se
 Ig

G
1

40
5

71
0/

50

C
D

31
4 

(N
K

G
2D

) B
V

78
5

B
io

Le
ge

nd
32

08
30

1D
11

M
ou

se
 Ig

G
1

40
5

78
0/

60

C
D

15
8a

,h
 F

IT
C

B
io

Le
ge

nd
33

95
04

H
P-

M
A

4
M

ou
se

 Ig
G

2b
48

8
52

5/
40

C
D

57
 P

er
C

P-
C

y5
.5

B
io

Le
ge

nd
39

33
12

Q
A

17
A

04
M

ou
se

 Ig
G

1
48

8
69

0/
50

C
D

22
6 

(D
N

A
M

-1
) P

E
B

io
Le

ge
nd

33
83

06
11

A
8

M
ou

se
 Ig

G
1

56
1

58
5/

42

C
D

33
5 

(N
K

p4
6)

 P
E-

D
az

zl
e5

94
B

io
le

ge
nd

33
19

30
9E

2
M

ou
se

 Ig
G

1
56

1
61

0/
20

C
D

33
7 

(N
K

p3
0)

 P
E-

C
y5

B
ec

km
an

 C
ou

lte
r

A
66

90
4

Z2
5

M
ou

se
 Ig

G
1

56
1

67
5/

30

C
D

33
6 

(N
K

p4
4)

 P
E-

C
y7

B
io

Le
ge

nd
32

51
16

P4
4-

8
M

ou
se

 Ig
G

1
56

1
76

3/
40

C
D

15
9a

 (N
K

G
2A

) A
PC

B
ec

km
an

 C
ou

lte
r

A
60

79
7

Z1
99

M
ou

se
 Ig

G
2b

63
3

66
0/

10

C
D

15
8e

1 
(K

IR
3D

L1
) A

F7
00

B
io

Le
ge

nd
31

27
12

D
X

9
M

ou
se

 Ig
G

1
63

3
71

2/
25

C
D

62
L 

A
PC

-F
ir

e7
50

B
io

Le
ge

nd
30

48
46

D
R

EG
-5

6
M

ou
se

 Ig
G

1
63

3
76

3/
40

Li
ve

/d
ea

d 
V

ia
K

ro
m

e8
08

B
ec

km
an

 C
ou

lte
r

C
36

62
8

N
/A

N
/A

80
8

88
5/

40



Ta
bl

e 
2 

: C
he

ck
po

in
t p

an
el

M
ar

ke
r/

D
ye

 c
om

bi
na

tio
n

M
an

uf
ac

tu
re

r
C

at
al

og
 n

um
be

r
C

lo
ne

H
os

t s
pe

ci
es

, I
so

ty
pe

L
as

er
 (n

m
)

Fi
lte

rs

C
D

45
 B

U
V

39
5

B
D

 B
io

sc
ie

nc
es

56
37

92
H

I3
0

M
ou

se
 Ig

G
1

35
5

38
5/

26

C
D

16
 B

U
V

49
6

B
D

 B
io

sc
ie

nc
es

61
29

44
3G

8
M

ou
se

 Ig
G

1
35

5
52

5/
40

C
D

3 
B

U
V

73
7

B
D

 B
io

sc
ie

nc
es

61
27

50
U

C
H

T1
M

ou
se

 Ig
G

1
35

5
74

0/
35

C
D

56
 B

V
42

1
B

io
le

ge
nd

31
83

28
H

C
D

56
M

ou
se

 Ig
G

1
40

5
45

0/
45

C
D

22
6 

(D
N

A
M

-1
) B

V
51

0
B

io
le

ge
nd

33
83

30
11

A
8

M
ou

se
 Ig

G
1

40
5

52
5/

40

C
D

36
6 

(T
IM

-3
) B

V
60

5
B

io
le

ge
nd

34
50

18
F3

8-
2E

2
M

ou
se

 Ig
G

1
40

5
61

0/
20

C
D

27
0 

(P
D

-1
) B

V
71

1
B

io
le

ge
nd

32
99

28
EH

12
.2

H
7

M
ou

se
 Ig

G
1

40
5

71
0/

50

C
D

13
4 

(O
X

40
) B

V
78

6
B

D
 B

io
sc

ie
nc

es
74

32
85

B
er

-A
C

T3
5 

(A
C

T3
5)

M
ou

se
 Ig

G
1

40
5

78
0/

60

K
LR

G
-1

 F
IT

C
M

ilt
en

yi
 B

io
te

ch
13

0-
12

0-
42

5
R

EA
26

1
re

co
m

bi
na

nt
/h

um
an

iz
ed

 Ig
G

1
48

8
52

5/
40

K
IR

 a
/h

 P
er

C
P-

C
y5

-5
B

io
le

ge
nd

33
95

14
H

P-
M

A
4

M
ou

se
 Ig

G
2b

48
8

69
0/

50

K
IR

b 
Pe

rC
P-

C
y5

-5
B

io
le

ge
nd

31
26

14
D

X
27

M
ou

se
 Ig

G
2a

48
8

69
0/

50

K
IR

e1
 P

er
C

P-
C

y5
-5

B
io

le
ge

nd
31

27
18

D
X

9
M

ou
se

 Ig
G

1
48

8
69

0/
50

N
K

G
2a

 P
E

B
ec

km
an

 C
ou

lte
r

IM
32

91
U

Z1
99

M
ou

se
 Ig

G
2b

56
1

58
5/

42

C
D

96
 P

E-
D

az
zl

e5
94

B
io

le
ge

nd
33

84
14

N
K

92
.3

9
M

ou
se

 Ig
G

1
56

1
61

0/
20

C
D

27
 P

E-
C

y5
eB

io
sc

ie
nc

es
12

-2
58

9-
42

7-
3 

(7
)

M
ou

se
 Ig

G
1

56
1

67
5/

30

C
D

16
0 

PE
-C

y7
B

io
le

ge
nd

34
12

12
B

Y
55

M
ou

se
 Ig

M
56

1
76

3/
40

TI
G

IT
 A

PC
R

&
D

 s
ys

te
m

s
FA

B
78

98
A

74
11

82
M

ou
se

 Ig
G

2b
63

3
66

0/
10

SI
G

LE
C

-9
 A

F7
00

R
&

D
 s

ys
te

m
s

FA
B

11
39

N
-1

00
19

12
40

M
ou

se
 Ig

G
2a

63
3

71
2/

25

SI
G

LE
C

-7
 A

PC
-F

ir
e7

50
B

io
le

ge
nd

33
92

08
6-

43
4

M
ou

se
 Ig

G
1

63
3

76
3/

40

Li
ve

/d
ea

d 
V

ia
K

ro
m

e8
08

B
ec

km
an

 C
ou

lte
r

C
36

62
8

N
/A

N
/A

80
8

88
5/

40



References

1. Siegel  RL,  Miller  KD,  Fuchs  HE,  Jemal  A.  Cancer  Statistics,  2021.  CA  Cancer  J
Clin. 2021;71(1):7-33.

2. Ahmed  N,  Stenvers  KL.  Getting  to  know  ovarian  cancer  ascites:  opportunities  for  targeted
therapy-based translational research. Front Oncol. 2013;3:256.

3. Kim  S,  Kim  B,  Song  YS.  Ascites  modulates  cancer  cell  behavior,  contributing  to  tumor
heterogeneity in ovarian cancer. Cancer Sci. 2016;107(9):1173-8.

4. Kärre K, Ljunggren HG, Piontek G, Kiessling R. Selective rejection of H–2-deficient lymphoma
variants suggests alternative immune defence strategy. Nature. 1986;319(6055):675-8.

5. Hoogstad-van Evert JS, Cany J, van den Brand D, Oudenampsen M, Brock R, Torensma R, et al.
Umbilical  cord  blood  CD34(+)  progenitor-derived  NK  cells  efficiently  kill  ovarian  cancer
spheroids  and  intraperitoneal  tumors  in  NOD/SCID/IL2Rg(null)  mice.
Oncoimmunology. 2017;6(8):e1320630.

6. Hoogstad-van  Evert  JS,  Maas  RJ,  van  der  Meer  J,  Cany J,  van  der  Steen  S,  Jansen  JH,  et  al.
Peritoneal  NK  cells  are  responsive  to  IL-15  and  percentages  are  correlated  with  outcome  in
advanced ovarian cancer patients. Oncotarget. 2018;9(78):34810-20.

7. James FR, Jiminez-Linan M, Alsop J, Mack M, Song H, Brenton JD, et al. Association between
tumour infiltrating lymphocytes, histotype and clinical outcome in epithelial ovarian cancer. BMC
Cancer. 2017;17(1):657.

8. Zhang  L,  Conejo-Garcia  JR,  Katsaros  D,  Gimotty  PA,  Massobrio  M,  Regnani  G,  et  al.
Intratumoral  T  cells,  recurrence,  and  survival  in  epithelial  ovarian  cancer.  The  New  England
journal of medicine. 2003;348(3):203-13.

9. Hwang WT, Adams SF, Tahirovic E, Hagemann IS, Coukos G. Prognostic significance of tumor-
infiltrating T cells in ovarian cancer: a meta-analysis. Gynecol Oncol. 2012;124(2):192-8.

10. Mandal A, Viswanathan C. Natural killer cells: In health and disease. Hematol Oncol Stem Cell
Ther. 2015;8(2):47-55.

11. Maas RJ, Hoogstad-van Evert JS, Van der Meer JM, Mekers V, Rezaeifard S, Korman AJ, et al.
TIGIT  blockade  enhances  functionality  of  peritoneal  NK  cells  with  altered  expression  of
DNAM-1/TIGIT/CD96  checkpoint  molecules  in  ovarian  cancer.
Oncoimmunology. 2020;9(1):1843247.

12. Trefny MP, Kaiser M, Stanczak MA, Herzig P,  Savic S,  Wiese M, et  al.  PD-1(+) natural  killer
cells  in  human  non-small  cell  lung  cancer  can  be  activated  by  PD-1/PD-L1  blockade.  Cancer
Immunol Immunother. 2020;69(8):1505-17.

13. Dhar P, Wu JD. NKG2D and its ligands in cancer. Curr Opin Immunol. 2018;51:55-61.

14. Barrow AD, Martin CJ, Colonna M. The Natural Cytotoxicity Receptors in Health and Disease.
Frontiers in Immunology. 2019;10.

15. Dębska-Zielkowska J, Moszkowska G, Zieliński M, Zielińska H, Dukat-Mazurek A, Trzonkowski
P,  et  al.  KIR  Receptors  as  Key  Regulators  of  NK  Cells  Activity  in  Health  and  Disease.
Cells. 2021;10(7).

Peritoneal NK cell profiling in ovarian cancer reveals exhausted PD1+TIGIT+CD96+ subsets 105



16. Jiang  K-Y,  Qi  L-L,  Kang F-B,  Wang L.  The  intriguing  roles  of  Siglec  family  members  in  the
tumor microenvironment. Biomarker Research. 2022;10(1):22.

17. Yigit  R,  Massuger  LF,  Figdor  CG,  Torensma  R.  Ovarian  cancer  creates  a  suppressive
microenvironment to escape immune elimination. Gynecol Oncol. 2010;117(2):366-72.

18. Brummelman J, Haftmann C, Núñez NG, Alvisi G, Mazza EMC, Becher B, et al. Development,
application  and  computational  analysis  of  high-dimensional  fluorescent  antibody  panels  for
single-cell flow cytometry. Nature Protocols. 2019;14(7):1946-69.

19. Van  Gassen  S,  Callebaut  B,  Van  Helden  MJ,  Lambrecht  BN,  Demeester  P,  Dhaene  T,  et  al.
FlowSOM:  Using  self-organizing  maps  for  visualization  and  interpretation  of  cytometry  data.
Cytometry A. 2015;87(7):636-45.

20. Brunetta  E,  Fogli  M,  Varchetta  S,  Bozzo  L,  Hudspeth  KL,  Marcenaro  E,  et  al.  The  decreased
expression  of  Siglec-7  represents  an  early  marker  of  dysfunctional  natural  killer-cell  subsets
associated with high levels of HIV-1 viremia. Blood. 2009;114(18):3822-30.

21. Nicoll  G,  Ni  J,  Liu  D,  Klenerman  P,  Munday  J,  Dubock  S,  et  al.  Identification  and
Characterization  of  a  Novel  Siglec,  Siglec-7,  Expressed  by  Human  Natural  Killer  Cells  and
Monocytes*. Journal of Biological Chemistry. 1999;274(48):34089-95.

22. Sun H, Xu J, Huang Q, Huang M, Li K, Qu K, et al. Reduced CD160 Expression Contributes to
Impaired  NK-cell  Function  and  Poor  Clinical  Outcomes  in  Patients  with  HCC.  Cancer
Res. 2018;78(23):6581-93.

23. Lee J, Ahn E, Kissick HT, Ahmed R. Reinvigorating Exhausted T Cells by Blockade of the PD-1
Pathway. For Immunopathol Dis Therap. 2015;6(1-2):7-17.

24. Sun H, Huang Q, Huang M, Wen H, Lin R, Zheng M, et al. Human CD96 Correlates to Natural
Killer  Cell  Exhaustion  and  Predicts  the  Prognosis  of  Human  Hepatocellular  Carcinoma.
Hepatology. 2019;70(1):168-83.

25. Okumura G, Iguchi-Manaka A, Murata R, Yamashita-Kanemaru Y, Shibuya A, Shibuya K. Tumor-
derived  soluble  CD155  inhibits  DNAM-1–mediated  antitumor  activity  of  natural  killer  cells.
Journal of Experimental Medicine. 2020;217(4).

26. Mantovani S, Varchetta S, Mele D, Maiello R, Donadon M, Soldani C, et al. Defective DNAM-1
Dependent  Cytotoxicity  in  Hepatocellular  Carcinoma-Infiltrating  NK  Cells.
Cancers. 2022;14(16):4060.

27. Okumura G, Iguchi-Manaka A, Murata R, Yamashita-Kanemaru Y, Shibuya A, Shibuya K. Tumor-
derived soluble CD155 inhibits DNAM-1-mediated antitumor activity of natural killer cells. J Exp
Med. 2020;217(4):1.

28. da Silva RF, Yoshida A, Cardozo DM, Jales RM, Paust S, Derchain S, et al. Natural Killer Cells
Response  to  IL-2  Stimulation  Is  Distinct  between  Ascites  with  the  Presence  or  Absence  of
Malignant Cells in Ovarian Cancer Patients. Int J Mol Sci. 2017;18(5).

29. Avery L, Filderman J, Szymczak-Workman AL, Kane LP. Tim-3 co-stimulation promotes short-
lived  effector  T  cells,  restricts  memory  precursors,  and  is  dispensable  for  T  cell  exhaustion.
Proceedings of the National Academy of Sciences. 2018;115(10):2455-60.

Chapter 4106



30. Yang H, Zhou X, Sun L, Mao Y. Correlation Between PD-L2 Expression and Clinical Outcome in
Solid Cancer Patients: A Meta-Analysis. Front Oncol. 2019;9:47.

31. Buderath  P,  Schwich  E,  Jensen  C,  Horn  PA,  Kimmig  R,  Kasimir-Bauer  S,  et  al.  Soluble
Programmed  Death  Receptor  Ligands  sPD-L1  and  sPD-L2  as  Liquid  Biopsy  Markers  for
Prognosis and Platinum Response in Epithelial Ovarian Cancer. Front Oncol. 2019;9:1015.

32. Pesce S, Greppi M, Tabellini G, Rampinelli F, Parolini S, Olive D, et al. Identification of a subset
of  human natural  killer  cells  expressing high levels  of  programmed death 1:  A phenotypic and
functional characterization. Journal of Allergy and Clinical Immunology. 2017;139(1):335-46.e3.

Peritoneal NK cell profiling in ovarian cancer reveals exhausted PD1+TIGIT+CD96+ subsets 107



Supplemental data

Chapter 4108



Supplemental Figure 1: NK cell gating strategy and cleanup
(A) Flow cytometry data of a healthy donor is shown as an example to demonstrate the gating strategy used
to gate NK cells. First we gated on a steady cell input using a time gate. Then lymphocytes were selected
using forward scatter  (FSC-A)  vs.  side  scatter  (SSC-A).  Doublets  were  excluded by  plotting FSC-Area vs
FSC-Height  and SSC-Area vs.  SSC-Height.  Dead cells  were excluded with a viability  dye and aggregates
were removed using a gate on FITC and PE-Cy5. CD45+ cells were displayed and gated vs. SSC. NK cells
were then defined as CD56  and CD3 .  (B)  Percentage of each subpopulation of NK cells based on CD56
and  CD16  expression  in  benign  and  malignant  patients.  A  Mann-Whitney  test  was  used  for  statistical
analysis,  *  p  <  0.05,  **  p  <  0.01  and  ***p<0.001  (C) Activating  receptors,  Inhibitory  and  activation
markers are shown for CD56 CD16 , CD56 CD16  and CD56 CD16  NK cells. A Mann-Whitney test
was used for statistical analysis, * p < 0.05, ** p < 0.01 and ***p<0.001

+ -

dim + dim - bright -
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Supplemental Figure 2: NK cells from benign and EOC patients cluster similarly based on phenotype
in MDS and hierarchical clustering in a heatmap
(A and B) Multidimensional scaling (MDS), based on NK cell phenotype in NK subset  (A) and checkpoint
panel  (B),  showing (dis)similarities in benign control samples (grey, n=11) and EOC patients (red, n=26).
(C and D) Scaled expression levels in EOC patients (n=26) and benign control samples (n=11) visualized in
a heatmap. Each row represents a different expression marker of NK subset  (C) and checkpoint panel  (D),
while  columns  represent  EOC  patients  or  benign  controls  (M=EOC  patient  and  B=benign  control).  The
scaled  expression  levels  are  reported  and  visualized  with  a  color  scale  from  blue  (low  levels)  to  red
(high levels). 
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Supplemental Figure 3: FlowSOM clustering on NK cells from benign controls and EOC patients
(A) Scaled MFI values of FlowSOM clusters for NK subset in a balloon plot. Each row represents a marker,
while columns represent a cluster. Balloon size represents frequency while balloon color represents MFI (red
is high MFI, yellow is low MFI). On top of the balloon plot the cluster size is presented as percent of total
where red indicate large clusters and green small clusters. Statistical difference between cluster frequency of
benign control (significance indicated in blue) and EOC patient (significance indicated in orange) patients
was  calculated  using  a  Mann  Whitney  test.  (B) Spearman  correlogram  of  FlowSOM  clusters  within  NK
subset  panel.  A  heat  map  is  used  to  indicate  the  Spearman’s  rank  correlation  coefficient  of  associations
between  biomarkers.  Red  indicates  a  positive  correlation,  and  blue  indicates  a  negative  correlation.
* p < 0.05, ** p < 0.01, *** p < 0.001, SP = NK Subset Panel
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Supplemental Figure 4: Frequencies of FlowSOM clusters in both NK subset and checkpoint panels
Box  and  whiskers  plots  showing  the  percentage  of  FlowSOM  clusters  in  the  NK  subset  panel  (A) and
checkpoint panel (B), showing different cell cluster distribution in benign control samples (blue, n=11), and
EOC patients  (red,  n=26).  Kruskal-Wallis  with  Dunn’s  Multiple  Comparison  Test  was  used  for  statistical
analysis * p < 0.05, * p < 0.05, ** p < 0.01 and *** p < 0.001
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Supplemental Figure 5: Correlogram of cytokine levels in peritoneal fluids versus FlowSOM clusters
NK subset panel
Spearman correlogram of  cytokine levels  versus NK subset  FlowSOM. A heat  map is  used to indicate the
Spearman’s  rank  correlation  coefficient  of  associations  between  biomarkers.  Red  indicates  a  positive
correlation, and blue indicates a negative correlation. * p < 0.05
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Supplemental Table 1: EOC patient characteristics

Number Age (years) Fluid type FIGO Stadium PFS (months)*
OS

(months)*
CA-125 (U/
ml) Serum

M01 75 ascites IV 1.5 7.8 468

M02 56 ascites IIIc 6.8 12.5 2200

M03 69 ascites IIIc 20.0 53.8 198

M04 52 ascites IV 4.1 9.4 1223

M05 63 ascites IIIc 20.5 26.2 4889

M06 64 ascites IV 0 8.6 1800

M07 61 ascites IIIc 20.5 55.5 2380

M08 52 ascites IV 5.2 Unknown 5700

M09 59 washing IIIc 8.4 29.4 1304

M10 45 ascites IV 0 1.7 1400

M11 69 ascites IIIc 25.1 31.4 899

M12 67 ascites IV 9.1 10.6 1560

M13 76 ascites IIIc 23.9 41.3 928

M14 93 ascites IV 0 1.22 412

M15 61 ascites IIIc Unknown Unknown 10000

M16 64 ascites IIIc 5.8 37.0 352

M17 52 ascites IV 21.0 31.1 1621

M18 63 ascites IIIc 18.0 30.4 344

M19 64 ascites IIIc 3.6 29.0 31

M20 47 ascites IIIc 18.9 18.9 1484

M21 72 ascites IV 5.7 21.6 1018

M22 36 ascites IIIc 22.0 22.0 1116

M23 61 ascites IV 0 14.5 10000

M24 74 ascites IV 1.1 1.1 1175

M25 76 ascites IIIb 22.1 22.1 1516

M26 69 ascites IIIc 10.2 18.6 215

M27 68 ascites IIIc 14.2 16.5 1931

M28 50 ascites IV 0 0.7 9909

M29 61 ascites IIIc 0 2.5 5694

M30 57 ascites IIIc 2.9 20.3 2118

M31 72 ascites IV 6.9 7.6 1500

*At time of analysis, PFS = Progression free survival, OS = Overall survival
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Supplemental Table 2: Benign control patient characteristics

Number Age (years) Fluid type Pathology diagnosis Endometriosis
Torsion/
infection

CA-125 (U/
ml) Serum

B1 53 ascites Mucinous cystadenoma - - 60

B2 39 washing Endometrioma Yes - 156

B3 62 ascites Benign fibroma - Necrosis 284

B4 50 washing Serous cystadenofibroma - - 25

B5 41 washing Serous cystadenoma - - 10

B6 64 ascites Serous cystadenoma - - 34

B7 47 washing Mucineus cystadenoma - - 20

B8 65 washing Mucinous cystadenoma - - 23

B9 47 washing Serous cystadenoma - - 52

B10 41 washing Mucinous cystadenoma - - 15

B11 54 washing Serous cystadenoma - - 5
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Abstract

Advanced  ovarian  cancer  (OC)  patients  have  a  poor  5-year  survival  of  only  28%,
emphasizing the medical need for improved therapies. Adjuvant immunotherapy could
be  an  attractive  approach  since  OC is  an  immunogenic  disease  and  the  presence  of
tumor-infiltrating lymphocytes has shown to positively correlate with patient survival.
Among  these  infiltrating  lymphocytes  are  natural  killer  (NK)  cells,  key  players
involved  in  tumor  targeting,  initiated  by  signaling  via  activating  and  inhibitory
receptors.  Here,  we  investigated  the  role  of  the  DNAM-1/TIGIT/CD96  axis  in  the
anti-tumor response of NK cells toward OC. Ascites-derived NK cells from advanced
OC  patients  showed  lower  expression  of  activating  receptor  DNAM-1  compared  to
healthy donor peripheral  blood NK cells,  while inhibitory receptor TIGIT and CD96
expression was equal or higher, respectively. This shift to a more inhibitory phenotype
could also be induced in vitro by co-culturing healthy donor NK cells with OC tumor
spheroids,  and  in  vivo on intraperitoneally infused NK cells  in  SKOV-3 OC bearing
NOD/SCID-IL2Rγnull  (NSG)  mice.  Interestingly,  TIGIT  blockade  enhanced
degranulation  and  interferon  gamma  (IFNγ)  production  of  healthy  donor  CD56dim
NK  cells  in  response  to  OC  tumor  cells,  especially  when  DNAM-1/CD155
interactions  were  in  place.  Importantly,  TIGIT  blockade  boosted  functional
responsiveness of CD56dim NK cells of OC patients with a baseline reactivity against
SKOV-3  cells.  Overall,  our  data  show  for  the  first  time  that  checkpoint  molecules
TIGIT/DNAM-1/CD96 play an important role in NK cell responsiveness against OC,
and  provides  rationale  for  incorporating  TIGIT  interference  in  NK  cell-based
immunotherapy in OC patients.
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Introduction

Patients  with  ovarian  carcinoma  (OC)  are  mostly  diagnosed  at  advanced  stage,  as
many women do  not  show clear  symptoms at  an  early  stage.  This  late  detection  of
advanced  disease  is  associated  with  poor  prognosis  and  poor  quality  of  life  [1].
Current  therapy  for  OC  is  debulking  surgery  combined  with  chemotherapy,  yet  the
5-year survival for advanced OC is only 28% [2]. Adjuvant immunotherapy could be
a complementary approach since OC is considered to be an immunogenic disease and
the  presence  of  tumor-infiltrating  lymphocytes  (TILs)  positively  correlates  with
survival  [3].  Several  reports  showed that  prolonged  survival  associated  mainly  with
the  presence  of  CD8+  cytotoxic  T  cells  [4,5],  yet  it  has  also  been  described  that
CD103+  tumor-infiltrating  NK  cells  often  co-infiltrate  with  CD8+CD103+  T  cells
suggesting  both  T  and  NK  cell  involvement  in  anti-OC  immune  responses  [6].
Recently, we observed that a higher NK cell percentage within the ascitic lymphocyte
fraction  was  correlated  with  enhanced  survival  of  OC  patients  [5].  Furthermore,
multiple  studies  have  demonstrated  that  OC  cells  are  susceptible  to  killing  by
activated  NK  cells  [7–9].  Hence,  increasing  NK  cell  immunity  in  OC  patients  by
immunotherapeutic strategies could be an attractive strategy. Boosting peritoneal NK
cell  responses  with  IL-15  receptor-mediated  stimulation  and  intraperitoneal  NK cell
adoptive  transfer  are  being  explored  as  therapeutic  approaches  in  OC  [10–12].
However,  intrinsic  and adoptive  NK cell  antitumor  immunity  in  OC patients  can be
attenuated  by  immunosuppressive  cells  and  cytokines  within  the  tumor
microenvironment  [13–16].  Identification  of  and  interference  with  these
immunosuppressive  pathways  may  further  improve  the  efficacy  of  NK  cell-
based immunotherapy.

NK cells are generally characterized according to their expression of CD56 and CD16
surface antigens in CD56 CD16 h and CD56 CD16  NK cells. According to
the tissue type and the pathological conditions, the frequency and distribution of these
NK  cell  populations  may  vary  [17,18].  Furthermore,  cytokines  and  other  soluble
factors  present  in  ascitic  fluid  of  OC  patients  can  have  a  strong  effect  on  the
phenotype  and  distribution  of  different  subsets  of  NK  cells  [19].  For  instance,
transforming  growth  factor  (TGF)-β  exerts  immune-suppressive  action  on  NK  cells
and  can  partially  convert  healthy  peripheral  blood  CD56 CD16  NK  cells  to
CD56 CD16 [19]. Functionally, NK cells are regulated by the net balance of
signals perceived by their activating and inhibiting receptors which enables NK cells
to effectively kill target cells that have increased expression of stress-induced ligands
or  lack  sufficient  inhibitory  signals,  while  maintaining  self-tolerance  [18,19].  These
NK cell receptors can be grouped in MHC class I-specific receptors versus non-MHC
binding receptors.  Important  non-MHC binding activating receptors  on NK cells  are

dim hig bright neg

dim high

bright low/neg  
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DNAX Accessory Molecule-1 (DNAM-1), NKG2D, and natural cytotoxicity receptors
(NCRs),  while  inhibitory  receptors  including  T  cell  immunoglobulin  and  ITIM
domain  (TIGIT)  keep  the  NK cell  response  in  check  [20].  TIGIT shares  its  ligands
CD155 (or poliovirus receptor/PVR) and CD112 (or Nectin-2) with DNAM-1. CD96
(or TACTILE) also binds CD155, but in human NK cell signaling its function remains
elusive. CD155 and CD112 are mainly expressed by antigen-presenting cells (APCs),
activated  T  cells,  fibroblasts,  and  endothelial  cells  in  healthy  tissues  [21,22].
Furthermore,  CD112/CD155  are  upregulated  upon  cellular  stress  and  are  therefore
highly expressed on several types of cancer amongst which OC.23,24 CD112 binds to
DNAM-1 but  only weakly to  TIGIT,  while  CD155 has high affinity  for  both TIGIT
and  DNAM-1  [25–27].  NK  cell  cytotoxicity  is  triggered  by  DNAM-1  crosslinking,
resulting in Fyn-mediated phosphorylation of  the cytoplasmic tyrosine residues [28].
TIGIT signaling is mediated via immunoreceptor tyrosine-based inhibitory (ITIM) and
immunoglobulin  tail  tyrosine (ITT)-like  motifs,  through which inhibitory signals  are
conducted that impair cytotoxicity, granule polarization, and cytokine secretion in NK
cells  [29,30].  The  DNAM-1/TIGIT/CD96 axis  on  NK cells  was  recently  elaborately
reviewed by Sanchez-Correa et al. [31].

DNAM-1  on  NK  cells  is  downregulated  in  most  cancer  types  including  OC,  colon
carcinoma,  and acute  myeloid leukemia (AML) [32–35].  Carlsten et  al.  showed that
DNAM-1  is  an  important  activating  NK  cell  receptor  in  OC  and  that  CD155
expression on patient-derived OC tumor cells correlates with a reduction in DNAM-1
expression  [34].  Similarly,  reduced expression  of  DNAM-1 on NK cells  from AML
patients  was  observed,  which  was  negatively  correlated  with  CD112  expression  on
blasts [32]. Moreover, NK cells expressing high levels of TIGIT were associated with
poor survival in AML patients [36]. These TIGIT  NK cells were found to be more
susceptible  to  myeloid-derived  suppressor  cell  (MDSC)  inhibition  compared  to
TIGIT  NK  cells  [37].  Furthermore,  TIGIT  could  be  upregulated  through
recombinant  human  (rh)IL-15  stimulation,  which  was  associated  with  lower  IFNγ
production [37,38]. These studies underscore the importance of TIGIT as an important
inhibitory  receptor  on  NK  cells  with  clinical  impact,  reflected  by  the  promising
efficacy of TIGIT blockade on NK cell reactivity in colon and breast cancer [39,40].

In this report, we investigated the role of TIGIT in the functional impairment of NK
cells in OC patients. We demonstrated that NK cells from healthy donors, as well as
OC patients, exhibit high expression of TIGIT, while DNAM-1 is strongly reduced on
ascites-derived  NK  cells  from  patients.  Moreover,  we  showed  that  this  DNAM-1
downregulation  on  NK  cells  is  mediated  by  OC  tumor  cell  exposure.  Most
importantly,  we  showed  augmented  tumor  reactivity  of  NK cells  from both  healthy

high

low
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donors and OC patients following TIGIT blockade, thereby providing a rationale for
incorporating TIGIT interference in NK cell-based immunotherapy in OC patients.

Methods

Patient samples

Malignant ascites fluid samples were collected after written informed consent at first
surgery  of  patients  with  stage  IIIc  or  IV  high-grade  serous  papillary  OC  at  the
Radboud University Medical Center (Radboudumc). Study approval was given by the
Regional  Committee  for  Medical  Research Ethics  (CMO 2018–4845)  and performed
according to the Code for Proper Secondary Use of Human Tissue (Dutch Federation
of  Biomedical  Scientific  Societies,  www.federa.org).  The  progression-free  survival
(PFS)  and  overall  survival  (OS)  at  time  of  analysis,  CA-125  levels,  and  treatment
status are shown for individual  patients  in Table 1.  Ascites was filtered using a 100
µm filter, centrifuged, and cells were resuspended in phosphate-buffered saline (PBS).
Subsequently,  mononuclear  cells  were  isolated using a  Ficoll-Hypaque (1.077 g/mL;
GE Healthcare, 17–1440–03) density gradient. For the benign controls, samples were
collected  at  benign  gynecological  surgeries.  The  main  indication  for  diagnostic
laparoscopy  was  abdominal  pain  and  samples  were  included  only  if  pathological
findings were absent. Detection of cysts, endometriosis, and adhesions at laparoscopy
was  exclusion  criteria.  All  samples  were  cryopreserved  in  dimethyl  sulfoxide
(DMSO)-containing medium and used after thawing.
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Characteristics of ovarian cancer patients from whom NK cells were phenotyped and
functionally  assessed.  Patient  samples  were  obtained  at  diagnosis.  EOC,  Epithelial
Ovarian Cancer; PFS, Progression-Free Survival; OS, Overall Survival; MFI, Median
Fluorescence Intensity; NA, not applicable.

NK cell isolations

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donor buffy
coats  (Sanquin  Blood  Bank,  Nijmegen,  the  Netherlands)  by  density  gradient  Ficoll-
Hypaque  centrifugation.  NK  cells  were  isolated  from  PBMCs  of  healthy  donors  or
cryopreserved ascites-derived mononuclear cells using a magnetic bead-based NK cell
enrichment  kit  (StemCell  Technologies,  #19055)  according  to  manufacturer’s
instructions.  Further  purification  of  ascites-derived  NK  cells  was  performed  via
fluorescence-activated  cell  sorting  (FACS)  based  on  lymphocyte  sized  forward/side
scatter using the FACS Aria (BD Bioscience) to eliminate any remaining tumor cells.
All isolations resulted in ≥90% purity.. 

Cell culture

The OC cell  lines  SKOV-3 (RRID:CVCL_0532)  and  IGROV-1 (RRID:CVCL_1304)
were  cultured  in  Roswell  Park  Memorial  Institute  medium  1640  (RPMI;  Gibco,
#11875091) supplemented with 10% fetal  calf  serum (FCS; Integro),  and OVCAR-3
(RRID:CVCL_0465) was cultured with RPMI supplemented with 20% FCS and 1 µg/
mL  bovine  albumin  (Sigma,  #I0516).  K562  (RRID:CVCL_0004)  was  cultured  in
Iscove’s  Modified  Dulbecco’s  medium (IMDM;  Gibco,  #12440061)  containing  10%
FCS.  Cell  lines  were  tested  for  mycoplasma  contamination  with  MycoAlertTM
Mycoplasma Detection  Kit  (Lonza,  #LT07-418)  every  6  months.  All  cell  lines  were
cultured  for  a  maximum of  3  months.  SKOV-3  and  K562  were  purchased  from the
ATCC.  IGROV-1  and  OVCAR-3  were  a  kind  gift  from  Prof.  Dr.  OC  Boerman,
Department of Nuclear Medicine, Radboud University Medical Center, Nijmegen, the
Netherlands. Primary low-grade serous OC cell line ASC009 was generated by NTRC
in  Oss,  the  Netherlands,  from  primary  ascites  material  and  a  kind  gift  from
Guido Zaman.

Multicellular tumor spheroids

OC tumor spheroids were generated by seeding 3×10  (SKOV-3),  6×10  (IGROV-1)
and 12×10  (OVCAR-3) cells/well in a volume of 100 µL/well of culture medium in
96-well  plates  pre-coated  with  1%  agarose  in  Dulbecco's  Modified  Eagle  Medium/
Nutrient  Mixture  F-12  medium  (DMEM/F12;  Invitrogen  11330–057,  adjusted  from
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Giannattasio  et  al. and  Friedrich  et  al.  [41,  42].  Tumor  spheroids  were  used  for
functional  assays  upon  reaching  a  solid  state  at  4  days  after  initial  seeding.  For
phenotypical  analysis,  26.000  NK cells  were  seeded  with  concentrations  of  rhIL-15
ranging from 0.01 to 10nM (Immunotools) and re-treated with the same rhIL-15 dose
on day 3.  After  7  days,  spheres  were harvested,  trypsinized with TrypLE™ Express
(Thermofisher, #12605028) for 45 minutes, washed and analyzed. 

Ovarian cancer tissue 

Tissue was transferred to DMEM/F12 medium (Invitrogen 11330–057) supplemented
with 10% FCS and 1% Penicillin-Streptomycin at  4°C. The next day,  the tissue was
mechanically  minced  using  a  scalpel  and  filtered  through  a  70  µm  cell  strainer  to
obtain  a  single  cell  suspension.  For  phenotypical  analysis,  50.000-100.000 NK cells
and the same number of OC tissue cells were seeded with concentrations of rhIL-15
(Immunotools)  ranging  from  0.01  to  10nM  and  re-supplemented  with  the  same
rhIL-15  dose  on  day  4.  After  7  days,  suspension  cells  were  harvested,  washed
and analyzed.

Flow cytometry (FCM)

For phenotypical analysis, cells were incubated with antibodies in FCM buffer (PBS/
0.5%  bovine  serum  albumin)  for  20  min  at  4°C.  After  washing,  cells  were
resuspended  in  FCM  buffer  and  analyzed  on  a  Gallios  flow  cytometer  (Beckman
Coulter). The following fluorochrome-conjugated monoclonal antibodies and life/dead
stains  were  used:  DNAM-1-FITC  (clone  DX11,  BD  Bioscience,  #559788),
TIGIT-APC  (clone  741182,  R&D  systems,  #FAB7898A),  CD96-BV421  (clone
NK92.39,  Biolegend,  #338418),  CD96-PE-Dazzle  (clone  NK92.39,  Biolegend,
#338414)  CD19-FITC  (clone  HD37,  DAKO,  #F0768),  CD3-ECD  (clone  UCHT1,
Beckman  coulter,  #A07748),  CD14-PECy7  (clone  HCD14,  Biolegend,  #325618),
CD56-BV510  (clone  HCD56,  Biolegend,  #318340),  CD45-AF700  (clone  HI30,
Biolegend,  #304024),  KLRG-1  FITC  (clone  REA261,  Miltenyi  Biotec,
#130-103-640), LIGHT PE (clone 7-3(7), eBioscience, #12-2589-42), CD160 PE-Cy7
(clone  BY55,  Biolegend,  #341211),  4-1BB  APC  (clone  4B4-1,  BD  Bioscience,
#220890),  CD57  BV421  (clone  NK-1,  BD  Bioscience,  #563896,  SIGLEC-9  FITC
(clone  REA492,  Miltenyi  Biotec,  #130-107-607),  SIGLEC-7  APC  (clone  6-434,
Biolegend,  #339206),  NKG2C  PE  (clone  134591.0,  R&D  Systems,  #FAB138P),
NKG2D  PE-Cy7  (clone  1D11,  Biolegend,  320812),  NKp46  BV421  (clone  9E2,
Biolegend,  #331914),  NKG2a APC (clone Z199,  Beckman Coulter,  #A60797),  PD-1
BV421  (clone  EH12.1,  BD  Bioscience,  #562516),  BTLA  PE  (clone  J168-540,  BD
Bioscience,  #558485),  OX-40 PE-Cy7 (clone Ber-ACT35, Biolegend, #350011),  2B4
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FITC  (clone  C1.7,  Biolegend,  #329506),  CD112  PE-Cy7  (clone  TX31,  Biolegend,
#337414),  CD155  BV421  (clone  SKII.4,  Biolegend,  337631),  fixable  viability  dye
eFluor780 (eBiosciences, #65-0865-14) and 7-AAD (Sigma, #A9400-1MG). All flow
cytometric data was analyzed with Kaluza 2.1 software from Beckman Coulter.

NK cell activity assay

Isolated  NK  cells  were  plated  in  a  flat  bottom  96  wells  plate  (Corning  Star)  at
100.000 cells/well  and cultured overnight  in IMDM supplemented with 10% FCS in
the presence of 1nM rhIL-15 (Immunotools). The next day, NK cells were co-cultured
with OC cell lines SKOV-3, IGROV-1, OVCAR-3 or K562 target cells (100.000 cells
per  well  for  all  cell  lines)  in  the  presence  of  10  g/ml  anti-TIGIT  hIgG1.3  FC
silenced  blocking  antibody  (Bristol-Myers  Squibb),  hIgG  1.3  FC  silenced  isotype
control  (Bristol-Myers  Squibb),  anti-DNAM-1  (clone  11A8,  Biolegend,  #338302),
anti-CD96 (clone NK92.39,  Biolegend,  #338402)  or  hIgG1 (clone MOPC, BioXcell,
BE0083).  In  addition,  CD107a-PECy7  (clone  H4A3,  Biolegend,  #328618)  and
Brefeldin A (BD, #555029) were added to the culture. All conditions were performed
in triplicate.  After  4h,  cells  were harvested and washed with PBS.  After  subsequent
staining  for  CD56-APC  (clone  HCD56,  Biolegend,  #318310),  CD45-AF700  and
eFluor780  for  20  minutes  at  4°C,  cells  were  intracellularly  stained  for  IFNγ-FITC
(clone  B27,  BD  Bioscience,  #554700)  with  fixation/permeabilization  buffer
(eBioscience,  #00-5123-43,  #005223-56  and  #00-8333-56)  according  to
manufacturer’s instructions. Cells were analysed on the Gallios flow cytometer.

In vivo SKOV-3 NK cell phenotype tumor model

All  in  vivo experiments  were  approved  by  the  Radboudumc  animal  care  and  user
committee  (DEC  2015–123).  Ten  6–20  weeks  old  female  NOD/SCID/IL2Rgnull
(NSG)  mice  (Jackson  laboratories),  with  an  average  weight  of  25  g,  were  divided
randomly into two groups. One group received an intraperitoneal (i.p.)  infusion with
1.0  ×  106  SKOV-3-GFP-Luc  cells  and  the  control  group  received  a  PBS injection.
Bioluminescence imaging (BLI) was performed weekly until saturation. For this, mice
were  injected  i.p.  with  150  mg/kg  D-luciferin  (PerkinElmer  122796),  anesthetized
with isoflurane and after  10 min bioluminescence images were collected in  an IVIS
using the Living Image processing software.  Regions of  Interest  (ROIs)  were drawn
around  the  abdominal  area,  and  measurements  were  automatically  generated  as
integrated flux of photons (photons/s). After 49 days, all mice received i.p. peripheral
blood  NK  cell  infusion  (3.8  ×  106  cells/mouse)  derived  from  a  healthy  donor.  In
addition,  all  mice  received  i.p.  recombinant  human  rhIL-15  (2.5  µg/mouse,
Immunotools,  11340158)  every  2  days.  Fourteen  days  after  NK  cell  infusion,  mice
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were  sacrificed  and  an  abdominal  lavage  was  performed with  8  mL PBS.  NK cells
from this lavage were used for NK cell activity assays and phenotyping.

In vivo SKOV-3 NK cell plus TIGIT blockade tumor model

Forty-five  6–20  weeks  old  female  NOD/SCID/IL2Rgnull  (NSG)  mice  (Jackson
laboratories),  with  an  average  weight  of  24  g,  were  divided  randomly  into  three
groups. All groups received an intraperitoneal (i.p.) infusion with 0.2 × 106 SKOV-3-
GFP-Luc cells. BLI imaging was performed weekly as described above. After 4 days,
two groups received an i.p. peripheral blood NK cell infusion (5.4 × 106 cells/mouse)
derived from a healthy donor.  In addition,  all  mice received i.p.  recombinant human
rhIL-15 (2.5 µg/mouse, Immunotools, 11340158) every 2 days and weekly injections
of  nanogram.  Mice  receiving  NK cells  were  also  injected  twice  weekly  with  either
isotype  control  B12-LALAPG  Fc  silenced  antibodies  (custom  ordered,  Evitrea)  or
anti-TIGIT hIgG1.3 Fc silenced blocking antibodies (Bristol-Myers Squibb).  Control
mice not receiving NK cells were also treated with isotype control B12-LALAPG Fc
silenced  antibodies.  Thirty-three  days  after  SKOV-3  tumor  cell  infusion,  mice  were
sacrificed  and  an  abdominal  lavage  was  performed  as  described  above.  Harvested
cells  were  quantified  using  Flow-Count  Fluorospheres  (Beckman  Coulter,  7547053)
according to manufacturer’s instructions. NK cells from this lavage were used for an
NK cell activity assay.

StatisticsData analysis was conducted by Prism software (GraphPad, version 5.03 for
Windows) and SPICE software (version 5). For normally distributed data the Student
t-test  (paired  or  unpaired)  or  One-way  ANOVA (with  or  without  repeated  measure)
was used where applicable  as  stated in  the  figure  legends.  Non-normally  distributed
data were tested with a Wilcoxon signed-rank test, Mann-Whitney test, Kruskal-Wallis
or  Friedman  test  where  applicable  as  stated  in  the  figure  legends.  For  statistical
comparison  of  SPICE  pie  charts,  the  built-in  test  in  SPICE  software  was  used,
applying  1,000,000  permutations.  A  p-value  of  <0.05  was  considered
statistically significant.
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Results

Peritoneal NK cells of OC patients consist of multiple distinct CD56dim
subpopulations which have reduced DNAM-1 expression

Flow  cytometric  analysis  was  performed  on  peritoneal  NK  cells  from  OC  patients,
peritoneal  NK cells  from patients  with  benign  conditions,  and  peripheral  blood  NK
cells  from healthy  donors  to  determine  the  DNAM-1,  TIGIT,  and  CD96  expression
levels  on  CD56  positive  NK  cell  subsets.  For  this,  we  analyzed  CD56  and
CD56  NK cells  derived  from ascites  of  high-grade  serous  OC patients  (N =  9)
and  compared  them  to  healthy  donors  (N  =  10,  Figures  1A-C).  CD56  and
CD56  NK cells were defined as shown in Supplemental fig S1A-E for malignant
ascites  of  patients,  healthy  donor  peripheral  blood  and  benign  peritoneal  fluid.  We
confirmed  that  DNAM-1  expression  was  significantly  reduced  in  both  peritoneal
CD56  and  CD56  NK  cells  from  OC  patients  (51.8%  ±  23.4%  and
64.1% ± 13.6%,  respectively;  Figure  1B)  compared  to  healthy  donor  NK  subsets
(90.9% ± 7.7 and 91.8% ± 7.4%, respectively; Figure 1B). Notably, TIGIT expression
was  similar  for  ascites-derived  NK  cells  and  healthy  donor  NK  cells,  with  higher
expression  on  CD56  compared  to  CD56  NK cells  Figure  1B.  Expression  of
CD96  was  significantly  higher  in  both  CD56  and  CD56  NK  cell  subsets  in
ascites  (84.2% ± 9.3%  and  95.1%  ±  3.0%,  respectively;  Figure  1B)  compared  to
healthy  donor  NK  cells  (44.1%  ±  28.2%  and  78.8%  ±  13.6%,  respectively;  Figure
1B). In a separate experiment, we also assessed the phenotype of peritoneal fluid NK
cells of benign patients and found intermediate DNAM-1 positivity in CD56dim and
CD56bright NK cells (69.7% ± 25.8% and 62.4% ± 11.7%, respectively) as shown in
Supplemental  fig S1F.  CD96,  similarly  to  DNAM-1  was  moderately  positive  in
CD56  and  CD56  NK  cells  in  benign  peritoneal  fluid  (50.7%  ±  26.6%  and
90.1%  ±  8.7%,  respectively).  Unfortunately,  TIGIT  expression  of  benign  patients
could  not  be  compared  directly  because  of  a  different  fluorescence  intensity  of  the
antibody used  in  the  two different  studies.  These  data  reveal  that  the  balance  shifts
toward  higher  expression  of  inhibitory  receptor  CD96  while  activating  receptor
DNAM-1 is reduced on peritoneal NK cells of OC patients.
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Figure 1: NK cell phenotype of the DNAM-1/TIGIT/CD96 pathway in healthy donors and ovarian
cancer patients
(A) DNAM-1, TIGIT and CD96 expression of healthy donor (HD) peripheral blood and OC patient ascites-
derived CD56  and CD56  NK cells of a representative HD and OC patient, respectively. In grey the
isotype control and in black the marker of interest are depicted. Numbers in the plot represent the median
fluorescence intensity.  (B) DNAM-1,  TIGIT and CD96 expression on CD56  and CD56  NK cells  of
10 HDs and 9 OC patients. Data is shown as mean+SEM. Kruskal-Wallis with Dunn’s Multiple Comparison
Test was used for statistical analysis, * p < 0.05, ** p < 0.01 and *** p < 0.001.  (C) DNAM-1, TIGIT and
CD96  expression  in  5  NK subsets,  defined  by  characteristic  CD56  and  CD16  expression  patterns,  of  11
benign peritoneal fluids (bottom three panels) and 9 malignant ascites (top three panels). Datapoints with
less  than 100 events  are excluded from the graphs.  For a detailed number of  cells  per datapoint  refer  to
Supplemental fig 1G. Kruskal-Wallis with Dunn’s Multiple Comparison Test was used for statistical analysis,
* p < 0.05,  ** p < 0.01  and  *** p < 0.001.  (D) Co-expression  patterns  were  determined  with  SPICE
software. The pies depict the average proportion of cells expressing DNAM-1, TIGIT and CD96, and the arcs
indicate which receptors are expressed by the corresponding pies. Statistical differences were analyzed using
the built-in statistical tool. *p < .05; n = 10 for HD and n=9 for OC patients.

As  expected  in  healthy  donors  we  observed  a  clear  distinction  between  CD56
CD16 and  CD56  CD16  NK  cell  subsets,  but  for  peritoneal-derived  NK
cells,  we found altered CD56 and CD16 expression patterns (Supplemental fig S1E).
Based on a minimum of 100 events,  three distinct  populations of CD56  NK cells
were  defined;  i.e.  CD56  CD16 ,  CD56  CD16  and  CD56  CD16 NK
cells,  each  having  different  expression  patterns  of  DNAM-1,  TIGIT  and  CD96
(Figure 1C, Supplemental fig S1G). In addition, we found the CD56  CD16  NK
cell subset besides a small CD56  population with low CD16 expression in some
donors,  which exhibit  similar  expression levels  of  DNAM-1, TIGIT, and CD96. The
conventional CD56  CD16 NK cells seemed similar in OC patients and healthy
donors,  but  with slightly lower DNAM-1 expression and higher  CD96 expression in
OC.  Interestingly,  within  the  three  ascites-derived  CD56  populations,  DNAM-1
expression  gradually  decreased  in  parallel  with  decreasing  CD16  expression
Figure 1C.  In  contrast,  CD96  expression  significantly  increased  with  loss  of  CD16
expression,  while TIGIT expression remained unaltered and is  exclusively expressed
by  the  CD56  populations  in  malignant  ascites.  CD56 CD16  NK  cells  from
benign patients resemble healthy donor peripheral blood NK cells with a high percent
of  DNAM-1  and  low  percent  CD96  relative  to  malignant  ascites-derived  NK  cells.
However,  CD56  CD16  NK cells  from benign  peritoneal  fluid  have  an  equally
low  percent  DNAM-1  and  increased  percent  CD96  as  observed  in  OC  patients
Figure 1C.  To  look  at  these  co-expression  profiles  from  a  different  angle,  we
performed  SPICE  analysis.  This  analysis  demonstrated  that  healthy  donor  CD56
NK  cells  had  significantly  different  co-expression  patterns  of  DNAM,  TIGIT,  and
CD96  compared  to  the  three  ascites-derived  CD56  NK  cell  subsets  as  healthy
donor NK cells expressed more DNAM-1 and less CD96 Figure 1D. Within the three
different  OC  subsets,  the  CD56  CD16  NK  cells  were  significantly  different
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from CD56 CD16  NK cells but not CD56  CD16  NK cells which is mainly
attributed by DNAM-1 expression which is  high on CD56  CD16 , intermediate
on CD56  CD16  and lowest on CD56  CD16  NK cells. As a result, CD56
CD16  OC derived NK cells showed an enlarged population with TIGIT/CD96 co-
expression  whereas  the  majority  of  CD16+ NK cells  had  more  CD96/DNAM-1  co-
expression  indicating  that  CD56  CD16  have  a  more  inhibitory  phenotype  and
CD56 CD16  a  more  activatory  phenotype  these  populations  have  a  more
inhibitory and activating phenotype, respectively.

Collectively, these data demonstrate that peritoneal NK cells in OC patients display an
altered  expression  pattern  of  the  DNAM-1/TIGIT/CD96  axis  compared  to  healthy
donor NK cells that is indicative of a more inhibitory or exhausted phenotype.

Expression  of  DNAM-1/TIGIT/CD96  axis  members  on  NK  cells  is
increased  upon  rhIL-15  stimulation  and  shifts  to  a  more  inhibitory
phenotype upon engagement with OC tumor cells

To  further  investigate  the  effect  of  OC  cells  on  DNAM-1/TIGIT/CD96  expression
levels  by  NK cells,  we  co-cultured  healthy  donor  NK cells  for  one  week  with  OC
spheroids,  generated  from the  cell  lines  SKOV-3,  IGROV-1,  and  OVCAR-3,  in  the
presence of increasing rhIL-15 concentrations to support NK cell survival. DNAM-1,
TIGIT,  and  CD96  expression  levels  were  all  upregulated  on  CD56  NK  cells  by
rhIL-15,  in  a  dose-dependent  manner  Figure  2A.  Stimulation  with  either  of  the  OC
spheroids resulted in a strong decrease of DNAM-1 expression Figure 2A. In contrast,
TIGIT and CD96 expression were not significantly affected by SKOV-3, IGROV-1, or
OVCAR-3 spheroids at lower rhIL-15 concentrations. However, with higher levels of
rhIL-15,  also  a  trend  in  reduced  CD96  and  TIGIT  expression  was  observed  in  the
presence of SKOV-3 and/or IGROV-1 spheroids. In a similar 2D model with primary
ascites-derived cell line ASC009, we found comparable results Figure 2B. To validate
these  results  with  primary  high-grade  OC  material  from  a  patient,  we  made  a  cell
suspension of a small piece of tumor tissue and performed a co-culture with healthy
donor  NK  cells  for  one  week  in  the  presence  of  rhIL-15.  Indeed,  we  found  that
DNAM-1  was  strongly  reduced  in  the  presence  of  primary  tumor  cells  Figure  2C.
Also,  TIGIT  expression  was  somewhat  decreased,  but  CD96  was  not  affected.
In addition  to  DNAM-1,  TIGIT,  and  CD96,  we  also  looked  at  other  NK  cell
checkpoint molecules but found no significant differences between NK cells cultured
with  or  without  spheroids  (Supplemental  fig  S2A).  There  was  a  trend toward  lower
NKG2D expression, but this was not significant. We also visualized these expression
patterns in SPICE and again no differences between NK cells cultured with or without
spheroids were seen. 
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Figure 2: DNAM-1, TIGIT and CD96 are dose-dependently upregulated by rhIL-15 and DNAM-1 is
downregulated by OC tumor cells
(A) DNAM-1 (n = 8), TIGIT (n = 6) and CD96 (n = 5) expression on NK cells of healthy donors co-cultured
with SKOV-3, IGROV-1 or OVCAR-3 spheroids and increasing rhIL-15 concentrations for 7 days. Data is
shown  as  mean+SEM.  One-Way  ANOVA  with  Bonferroni  correction  was  used  for  statistical  analysis,
* p < .05, ** p < .01 and *** p < .001. (B) DNAM-1, TIGIT and CD96 expression on healthy donor NK cells
co-cultured with a patient-derived primary tumor cell line and increasing rhIL-15 concentrations for 7 days
cultured in duplicate. (C) DNAM-1, TIGIT and CD96 expression on healthy donor NK cells co-cultured with
patient-derived tumor cells and increasing rhIL-15 concentrations for 7 days cultured in duplicate
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Figure 3: SKOV-3 tumor bearing mice have significantly reduced DNAM-1 expression in CD56
and CD56  NK cells
(A)  Schematic overview of the mouse experiment.  (B) Bioluminescence imaging (BLI) signal of the SKOV-3
tumor-bearing mice over time (n = 5).  (C) Expression of DNAM-1, TIGIT and CD96 on CD56dim (left) and
CD56bright (right)  NK cells  by flow cytometric measurement on day 0.  The top graphs depict  percentage
positive  cells  and  the  bottom  graphs  depict  ΔMFI.  (D) Expression  of  DNAM-1,  TIGIT  and  CD96  on
intraperitoneal NK cells harvested 14 days after adoptive transfer in SKOV-3 tumor-bearing NSG mice and
control  mice.  Day 0 data is  represented by dotted lines as  a reference.  The top graphs depict  percentage
positive cells and the bottom graphs depict ΔMFI. Cumulative data are shown (lines indicate mean, n = 5 per
group).  A  One-Way  ANOVA  with  Bonferroni  correction  was  used  for  statistical  analysis,  * p < .05  and
*** p < .001.  (E) Representative plots  are shown of  CD107a and IFNγ expression by CD56dim NK cells
after  4 h co-culture with SKOV-3 target  cells,  low dose rhIL-15 and TIGIT blockade or matching isotype
control. (F) The percentage of CD107a and IFNγ expressing CD56dim NK cells are shown on day 0 and day
14. Day 14 results are pooled NK cells from 5 different mice from either tumor-bearing or control mice

Next, we investigated whether engagement of NK cells with OC tumors  in vivo also
alters DNAM-1/TIGIT/CD96 expression levels. For this, SKOV-3 tumor-bearing NSG
mice  were  infused  intraperitoneally  with  healthy  donor  NK cells  Figures  3A and b.
rhIL-15 was given every other day to support NK cell persistence, and after 14 days
NK cells  were harvested by peritoneal  lavage.  Flow cytometry analysis  showed that
NK cells  from SKOV-3 bearing  mice  had  significant  lower  DNAM-1 expression  on
both CD56 and CD56  NK cells compared to NK cells from non-tumor bearing
control mice Figures 3C-D. TIGIT expression of CD56dim NK cells was not affected
by  in vivo exposure to SKOV-3 tumors. Similarly to the in vitro OC spheroid model,
rhIL-15  had  a  potent  stimulatory  effect  on  TIGIT  expression  as  the  ΔMFI  (delta
Median Fluorescence Intensity) was strongly increased at day 14 compared to day 0.
DNAM-1  and  CD96  levels  were  similar  on  the  day  of  infusion  and  harvesting.
To determine the functional implication of TIGIT expression  in vivo on non-exposed
and OC-exposed NK cells,  we analyzed their  reactivity  at  the  single-cell  level  upon
ex  vivo  re-stimulation  with  SKOV-3  cells  in  the  absence  and  presence  of  TIGIT
blocking  antibody  Figures  3E-F.  Interestingly,  TIGIT  blockade  increased
degranulation  and  IFNγ  production  activity  of  NK  cells  harvested  from  either
SKOV-3 tumor-bearing mice or control mice Figures 3E-F. To assess, the importance
of  other  checkpoint  molecules  besides  DNAM-1 and TIGIT,  we assessed expression
levels  of  4–1BB,  CD57,  2B4,  NKG2D,  NKp46,  LIGHT,  CD160,  BTLA,  OX-40,
PD-1,  NKG2a,  SIGLEC-7,  SIGLEC-9,  and  KLRG-1:  only  KLRG-1  showed  a
decrease in the presence of tumor (Supplemental fig S2B).

Altogether, these data indicate that DNAM-1 and TIGIT are both upregulated by NK
cells in response to rhIL-15 in a dose-dependent manner,  while DNAM-1 expression
is strongly decreased following exposure to OC cell line spheroids or patient-derived
tumor cells.
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TIGIT  blockade  effectively  enhances  degranulation  and  IFNγ
production by OC-reactive CD56  NK cells 

We  next  analyzed  the  effects  of  TIGIT  versus  DNAM-1  blockade  on  NK  cell
responses  against  OC in  more detail.  First,  we addressed this  for  healthy donor  NK
cells, as these cells appear more functional based on their phenotype and have higher
DNAM-1 compared to  ascites-derived NK cells  Figure 1.  Hereto,  mononuclear  cells
(MNCs)  or  CD56-enriched  cells  (by  negative  selection)  were  rested  overnight  with
low dose  (1  nM) rhIL-15.  This  revealed  that  DNAM-1 is  somewhat  upregulated  on
CD56  NK cells  in  the  isolated  fraction,  while  TIGIT was  significantly  enhanced
only  in  CD56  NK  cells  in  the  non-selected  MNC  situation  (Supplemental
fig S3A-B).  Notably,  CD96  was  upregulated  on  both  CD56  and  CD56  NK
cells in all tested conditions. Interestingly, malignant ascites-derived NK cells showed
similar expression patterns as healthy donor NK cells (Supplemental fig S4A-C). As
overnight resting of enriched NK cells in the presence of rhIL-15 did not affect TIGIT
expression,  we continued with 1 nM rhIL-15 for  subsequent  TIGIT blocking studies
using the three different OC cell lines as targets. Unstimulated NK cells and rhIL-15
stimulated NK cells  showed little to no degranulation and IFNγ production,  whereas
NK  cells  stimulated  with  K562  and  rhIL-15  showed  a  strong  response  in  both
degranulation  and  IFNγ (Supplemental  fig  S5A).  Fold  change  of  CD107a  and  IFNγ
response  was  calculated  compared  to  tumor  cell  stimulation  in  the  presence  of
rhIL-15.  TIGIT  blockade  resulted  in  a  36%  (±  16%)  increase  in  degranulation  and
31% (± 14%) increase in IFNγ production against SKOV-3 by healthy donor CD56
NK  cells  Figure  4A.  In  contrast,  CD56  NK  cells  did  not  respond  to  TIGIT
blockade as these cells lack TIGIT expression (Supplemental fig S5B). As expected,
DNAM-1  blockade  effectively  inhibited  the  degranulation  and  IFNγ  response  of
CD56dim  Figure  4A  and  CD56  (Supplemental  fig  S4A-B)  NK  cells  toward
SKOV-3. Simultaneous TIGIT and DNAM-1 co-blockade still impaired degranulation
and IFNγ production by healthy donor NK cells, indicating that DNAM-1 triggering is
more  dominant  in  regulating  OC-reactivity  of  NK  cells  (Supplemental  fig  S5C).
Notably,  single  CD96 blockade,  or  co-blockade of  CD96 with TIGIT or  DNAM did
not  affect  NK  cell  functionality.  Similar  results  were  found  with  the  OC  cell  lines
IGROV-1 and OVCAR-3 (Figure 4B and Supplemental fig S5D).
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Figure 4: CD56  NK cell degranulation towards OC cell lines is boosted by TIGIT blockade and
inhibited by DNAM-1 blockade
(A) Healthy donor CD56dim NK cells fold change for CD107a and IFNγ after 4 h stimulation with SKOV-3
target  cells,  low dose rhIL-15,  and TIGIT,  DNAM-1 and/or  CD96 blockade or  matching isotype controls.
Fold change in CD107a and IFNγ expression on CD56  cells following antibody treatment is calculated
relatively  to  the  condition  with  low dose  rhIL-15 and 4  h  SKOV-3 stimulation  only.  Cumulative  data  are
shown as mean+SEM (n = 6) (B) IGROV-1 and OVCAR-3 stimulation for 4 h in the presence of TIGIT and/
or DNAM-1 blockade or matching isotype controls. Fold change in CD107a and IFNγ expression on CD56
cells  following antibody treatment is  calculated relatively to the condition with low dose rhIL-15 and 4 h
IGROV-1 or OVCAR-3 stimulation only −3 (n = 6 for IGROV-1 and n = 6 for OVCAR). A One-Way repeated
measure  ANOVA  with  Bonferroni  correction  was  used  for  statistical  analysis,  * p < .05,  ** p < .01
and *** p < .001

We observed that TIGIT blockade was most effective in improving NK cell reactivity
against  SKOV-3 and IGROV-1,  but  less  prominent  for  the OVCAR-3 cell  line.  This
correlated  with  CD155  expression  but  not  CD112,  as  CD155  was  absent  on
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OVCAR-3 in contrast to high levels observed on both SKOV-3 and IGROV-1, while
all  three  cell  lines  had  medium to  high  expression  of  CD112  Table  2.  To  elucidate
which  TIGIT/DNAM-1  ligand,  CD112,  or  CD155,  is  most  dominant  in  NK  cell
reactivity  against  OC  tumor  cells,  siRNA-treated  SKOV-3  cells  were  used  with
substantially reduced CD112 or CD155 expression (Supplemental fig S6A). Decreased
siRNA-mediated  CD155  expression  significantly  lowered  NK cell  reactivity  against
SKOV-3 cells, whereas CD112 knockdown did not have a clear effect (Supplemental
fig S6B-C).

Table 2 : Ovarian cancer (primary) cell line characteristics

Cell line CD112 Expression (∆MFI±SD) CD155 Expression (∆MFI±SD)

SKOV-3 49.7 (±8.0) 1040 (±197)

IGROV-1 31.3 (±15.5) 1050 (±350)

OVCAR-3 24.7 (±15.3) 783 (±215)

ASC009 22.7 (±4.9) 1567 (±116)

CD112  and  CD155  expression  of  ovarian  cancer  cell  lines.  SKOV-3,  OVCAR-3,
IGROV-1 and ASC009 were all acquired on three different time points. Data shown is
the average ∆MFI with standard deviation. 

Together,  these  data  demonstrate  that  TIGIT  blockade  enhances  degranulation  and
IFNγ production of healthy donor CD56  NK cells in response to OC tumor cells,
especially when appropriate DNAM-1/CD155 interactions are in place. 

CD56  NK cell functionality can be elevated by TIGIT blockade in an
in vivo mouse model and in a subset of OC patients

Having demonstrated that healthy donor NK cell reactivity against OC tumor cells can
be  boosted  by  TIGIT  blockade,  we  next  investigated  whether  this  effect  was  also
apparent  in  more  clinically  relevant  models.  For  this,  SKOV-3  tumor-bearing  NSG
mice  were  infused  intraperitoneally  with  healthy  donor  NK  cells  and  treated  with
TIGIT  blockade  or  isotype  control  twice  weekly  Figure  5A.  rhIL-15  support  was
given during the 4 weeks in which we acquired tumor load weekly by BLI. NK cell
treated mice showed significantly less tumor load compared to no treatment (P < .05,
Figure 5B). Importantly, NK cell treatment combined with TIGIT blockade resulted in
a stronger reduction in tumor load compared to no treatment (P < .001). The number
of NK cells harvested at day 33 was similar for both groups Figure 5C. In addition,
we  performed  a  degranulation  assay  on  NK  cells  harvested  from  each  mouse  and
found  that  NK  cells  from  mice  that  had  been  treated  with  TIGIT  blockade  had  a
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significant higher capacity to degranulate and secreted more IFNγ compared to mice
that  received  the  isotype  control  Figure  5D.  When  NK  cells  from  isotype  control
treated  mice  were  re-stimulated  with  SKOV-3,  subsequent  ex  vivo  TIGIT  blockade
strongly  enhanced their  CD107a and IFNγ levels  Figure  5e.  DNAM-1 blockade and
DNAM-1/TIGIT co-blockade, resulted in a similar reduced degranulation capacity as
we observed in our in vitro model.

Finally, we investigated TIGIT blockade in ascites-derived NK cells. For this, ascites
samples were selected that were collected at diagnosis or first surgery of patients with
stage  III  or  IV  high-grade  serous  papillary  OC.  Patient-derived  CD56  positive  NK
cells  were  isolated  and  cultured  overnight  with  low  dose  (1  nM)  rhIL-15  and
stimulated  with  K562  or  OC  target  cells  for  4  h.  Though  heterogeneous,  similar
degranulation  and  IFNγ  responses  against  K562  were  observed  overall  for  ascites-
derived  and  healthy  donor  CD56  NK cells  figure  5F.  In  contrast,  ascites-derived
NK  cells  from  several  OC  patients  showed  impaired  responsiveness  to  SKOV-3  as
compared to healthy donors Figure 5G.

Based  on  the  SKOV-3  degranulation  response,  patients  were  grouped  in  responders
(≥10% CD107a+ CD56  cells) and non-responders (<10% CD107a+ CD56 cells;
Figure 5G and Table 1). Next, we compared the response against K562 for both non-
responders versus responders. Also here we noticed that CD56  NK cells from non-
responders  exhibited  impaired  tumor  responsiveness,  indicating  a  more  general
impairment of the NK cells in these particular patients (Supplemental fig S7A and B).
Notably,  TIGIT  blockade  was  unable  to  rescue  the  NK  functionality  in  these  non-
responders  Figure  5H.  Most  importantly,  TIGIT  blockade  of  CD56  NK  cells  in
responders  resulted  in  significantly  enhanced  degranulation  and  IFNγ  production
activity  Figure  5H.  Simultaneous  blockade  of  TIGIT  and  DNAM-1  reversed  this
effect,  and again inhibited the degranulation and IFNγ production by ascites-derived
NK cells. This indicates that also in this setting DNAM-1 triggering is more dominant
in  NK-mediated  targeting  of  OC tumor  cells.  Altogether,  our  data  demonstrate  that
TIGIT  blockade  boosts  functional  responsiveness  of  CD56  NK  cells  in  patients
with baseline reactivity against OC tumor cells.
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Figure 5: TIGIT blockade boosts functional responsiveness of CD56  NK cells of OC patients with
a baseline reactivity against SKOV-3 cells
(A) Schematic  overview  of  the  mouse  experiment.  (B) Bioluminescence  imaging  (BLI)  signal  of  SKOV-3
tumor-bearing  mice  over  time  in  “control”,  “NK” only  and  “NK+TIGIT”  blockade  groups  (n  =  15  per
group).  (C) Total  number  of  peritoneal  NK cells  harvested  from “NK” only  and  “NK+TIGIT”  blockade
groups as measured by flow cytometry (average of bead and volume count cytoflex).  (D) Percent CD107a
(top graph) and IFNγ (bottom graph) from peritoneal NK cells harvested from “NK” only and “NK+TIGIT”
groups  which  were  re-stimulated  ex-vivo  with  SKOV-3  for  4  h  in  the  presence  of  low  dose  rhIL-15.
(E) Percent CD107a (top graph) and IFNγ (bottom graph) from peritoneal NK cells harvested from “NK”
only  group  re-stimulated  with  SKOV-3  in  the  presence  of  low  dose  rhIL-15  in  combination  with  TIGIT,
DNAM-1, TIGIT/DNAM-1 co-blockade or corresponding isotype control(s). (F-G) Percentage CD107a+ and
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IFNγ+  CD56  NK  cells  upon  overnight  treatment  with  low  dose  rhIL-15  (1  nM)  and  subsequent  4  h
stimulation with K562  (F) or SKOV-3  (G).  Based on a cutoff  of  10% CD107a expression on CD56  NK
cells  co-cultured  with  SKOV-3  and  rhIL-15  (without  additional  treatment)  patients  were  subdivided  in
responder (≥10%) and non-responder (<10%) cohorts. Cumulative data of healthy donors (HD; n = 10) and
ovarian cancer patients (Pt; n = 9) are shown with median. The Mann-Whitney test was used for statistical
analysis, * p < .05. (h) CD56  NK cells positive for CD107a and IFNγ after 4 h stimulation with SKOV-3
target cells,  low dose rhIL-15 (1 nM), and TIGIT and/or DNAM-1 blockade or matching isotype controls.
Cumulative data shown for SKOV-3 responders only (lines indicate mean, n = 6). A One-Way ANOVA with
Bonferroni correction was used for statistical analysis, * p < .05 and *** p < .001

Discussion

NK cells are regulated via activating and inhibitory receptors, and the net balance of
these signals determines whether an NK cell will tolerate or kill a target cell [43,44].
Due  to  this  nature,  NK cells  have  the  ability  to  recognize  and  destruct  tumor  cells
with increased expression of stress-induced activating ligands and a lack of inhibitory
signals. Interestingly, many studies have demonstrated that OC cells are susceptible to
killing by activated NK cells [7–9], hinting that NK cell-based immunotherapy could
be  an  attractive  adjuvant  treatment  for  OC  patients.  However,  NK  cell  antitumor
immunity in OC patients can be attenuated by immunosuppressive cells and cytokines
within  the  tumor  microenvironment  [13–16].  Here,  we  investigated  the  role  of  the
DNAM-1/TIGIT/CD96  axis  on  NK  cells  in  the  context  of  OC.  We  found  that
peritoneal NK cells of OC patients consist  of different CD56  subpopulations with
reduced DNAM-1 and high TIGIT and CD96 expression, which to a lesser extent can
also  be  found  for  benign  patient  peritoneal  fluid-derived  NK  cells.  This  shift  to  a
more  inhibitory  phenotype  could  also  be  induced  in  vitro  by  co-culturing  healthy
donor NK cells with OC tumor spheroids and  in vivo upon infusion into SKOV-3 OC
bearing  NSG  mice.  Other  important  NK  cell  receptors  such  as  PD-1,  NKG2a,  and
OX-40 were not affected by interaction with OC cells and spheroids. Interestingly, we
were able to counteract DNAM-1 downregulation by adding rhIL-15 to the NK cell-
tumor  co-cultures,  which  resulted  in  a  dose-response  increase  of  DNAM-1,  TIGIT,
and CD96.

The  5  subsets  with  different  DNAM-1/TIGIT/CD96  expression  patterns  detected  in
benign  and malignant  ascites  can  be  induced by  a  number  of  factors.  First,  a  study
after  hematopoietic  stem  cell  transplantation  showed  that  cryopreserved  peripheral
blood-derived  NK  cells  show  a  population  of  CD56 CD16  NK  cells  that
decreases  after  time  which  was  not  observed  with  fresh  cells  [45].  However,  they
could replicate this finding using fresh cells that were stored at room temperature for
24  h  indicating  a  relationship  between  NK  cell  viability  and  this  CD56 CD16
population.  Other  studies  have  shown  that  TGF-β  is  able  to  convert  a  subset  of
CD56 CD16  NK  cells  to  a  CD56 CD16  phenotype  [46,47].
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Additionally,  TGF-β  has  been  shown to  downregulate  DNAM-1 and  increase  CD96
expression  on  NK  cells  which  is  in  agreement  with  our  observations  [46,48–50].
Since TGF-β is known to be present in ascites of OC patients this cytokine may play
a  role  in  the  altered  phenotype  of  the  detected  subsets.  However,  benign  patients
where  the  levels  of  TGF-β  may  be  lower  also  showed  a  high  frequency  of
CD56 CD16  NK  cells.  Additionally,  CD96  levels  on  peritoneal  NK  cells  of
benign patients appear similar to healthy donor peripheral blood NK cells. Therefore,
other  factors,  such  as  NK  cell  activation  status,  NK  cell  viability,  cytokine
stimulation, and tumor cell interaction may be involved to the observed phenotypical
alterations in peritoneal NK cells.

In  order  to  functionally  boost  NK cell  reactivity  against  OC cells,  we tested  TIGIT
blockade.  First,  in  healthy  donors,  we  found  that  TIGIT  blockade  enhanced
degranulation and IFNγ production of healthy donor CD56  NK cells in response to
OC tumor cells,  especially when DNAM-1/CD155 interactions were in place.  In our
models, CD96 blockade did not improve nor hamper NK cell functionality, though we
cannot  exclude  the  possibility  that  the  used  CD96  antibody  clone  and/or  ex  vivo
model-related factors have impacted the results.  Most interestingly, we observed that
TIGIT  blockade  boosted  functional  responsiveness  of  CD56dim  NK  cells  of  OC
patients with a baseline reactivity against SKOV-3 OC cells.

Inhibitory phenotypes on NK cells, or on other cell types, are commonly described in
the context of cancer as for example melanoma patients have an increased proportion
of  CD56  CD16  NK  cells  in  tumor  biopsies  and  their  prevalence  negatively
correlated  with  lytic  ability  [51].  Our  results  suggest  that  these  CD56  CD16
cells have a more inhibitory phenotype compared to CD56  CD16  and CD16
NK  cells  as  they  had  the  lowest  DNAM-1  levels,  high  TIGIT  expression  and  the
highest  CD96  expression  of  the  three  CD56  subsets  in  both  OC  patients  and
patients with benign conditions. CD96+ NK cells have recently been described to be
functionally  exhausted  with  impaired  cytokine  production  which,  together  with
DNAM-1 downregulation, supports that CD56  CD16  NK cells acquired a more
inhibitory phenotype [50]. CD96 was also strongly increased by NK cells in SKOV-3
OC bearing NSG mice indicating that,  next to TIGIT, it  may be an interesting target
for  future  blocking  studies  in  OC.  Loss  of  CD16  in  the  CD56  CD16  and
CD16  populations could be due to protein downregulation or CD16 shedding after
degranulation  as  a  result  of  tumor  cell  contact  since  CD16  shedding  is  known  to
strongly correlate with increased CD107a expression [52,53].  In turn,  DNAM-1 also
decreases  upon  tumor  cell  contact  [34].  Therefore,  it  is  possible  that  CD56
CD16  NK cells may become CD56  CD16  and later CD56  CD16  during
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continuous  OC  tumor  engagement  but  future  studies  will  have  to  elucidate  this
phenomenon in more detail.

In  our  assays,  we  used  rhIL-15  for  NK  cell  survival  and  found  that  TIGIT  and
DNAM-1 expression was increased by rhIL-15 in a dose-dependent manner which is
in  accordance  with  literature  [37,54,55].  However,  after  co-incubation  of  healthy
donor  NK  cells  with  OC  tumor  cell  spheroids,  DNAM-1  expression  was  strongly
reduced and levels were comparably low as ascites-derived NK cells of OC patients.
This  is  in  line  with  our  previous  results  and  other  studies  showing  a  reduced
expression  of  DNAM-1  on  NK  cells  in  OC  patients  [34,35].  We  validated  these
findings  in  an  in  vivo model  and  found  that  DNAM-1  expression  on  adoptively
transferred  NK  cells  was  reduced  in  SKOV-3  OC  bearing  mice  compared  to  mice
without tumor. In contrast, TIGIT was strongly upregulated in all mice due to rhIL-15
administration to boost NK cell persistence, which is in accordance with our in vitro
data where we also found increased TIGIT levels upon rhIL-15 stimulation. Carlsten
et  al.  showed that  CD155 expression  specifically  reduces  DNAM-1 on  NK cells  by
demonstrating  that  a  cell  line  overexpressing  CD155  induced  a  DNAM-1  reduction
whereas  CD155  negative  cells  did  not.  In  addition,  they  showed  that  CD155
expression  on  OC  tumor  cells  from  patients  negatively  correlates  with  NK  cell
DNAM-1  expression  and  that  co-culture  of  NK  cells  and  OC  cell  lines  results  in
DNAM-1 downregulation  in  a  contact-dependent  manner  [9,34].  These  data  fit  with
our  findings  but  we  did  not  find  a  correlation  between  CD155  expression  and
DNAM-1  downregulation,  as  OVCAR-3  which  had  the  lowest  CD155  expression,
equally downregulated DNAM-1 compared to SKOV-3 and IGROV-1 which had high
CD155  expression  levels.  This  suggests  that,  besides  CD155,  ligation  with  other
ligands such as CD112 or other factors may also reduce DNAM-1 expression on NK
cells.  This  is  supported  by  a  study  in  AML patients  where  blast  CD112 expression
was negatively correlated with DNAM-1 expression on NK cells [32].

Our  data  show  for  the  first  time  that  TIGIT  blockade  can  enhance  NK  cell
responsiveness  toward  OC.  A  beneficial  effect  of  TIGIT  blockade  on  NK cells  has
already been demonstrated in colon cancer and breast cancer [39,40]. We determined
that  in  SKOV-3  tumor-bearing  mice  TIGIT  blockade  yielded  more  active  NK  cells
compared  to  control  NK  cells  that  did  not  receive  TIGIT  blockade.  Compared  to
untreated  SKOV-3  tumor-bearing  mice,  the  tumor  load  was  more  significantly
decreased in  NK cell  and TIGIT blockade treated  mice  compared to  mice  that  only
received NK cells.  Similarly,  we observed that TIGIT blockade was able to improve
degranulation and IFNγ production activity  of  CD56  NK cells  from patients  with
an in  vitro  baseline response toward SKOV-3 tumor cells.  This  supports  that  TIGIT
blockade in OC could be a potential immunotherapy for patients with high-grade OC
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who are now faced with limited treatment options. Our cohort of OC patients was too
small to find a correlation between clinical parameters and in vitro responders versus
non-responders,  but  a  subset  of  patients  evidently  showed  strongly  diminished  NK
cell  reactivity  toward  OC cells  (e.g.  SKOV-3).  However,  these  non-responders  also
showed an impaired response toward K562 target cells, which lack MHC-I expression
and  are  thereby  highly  sensitive  to  NK  cell  attack.  It  would  be  interesting  to
determine the in vitro SKOV-3 response of  OC patients  in  the ongoing clinical  trial
with  TIGIT  blockade  (NCT03628677)  and  verify  whether  they  observe  a  similar
distribution  of  responders/non-responders  and  whether  this  correlates  with  clinical
outcome  of  TIGIT  blockade.  Besides  validating  our  findings  it  would  also  be
intriguing  to  unravel  the  mechanisms  underlying  non-responsiveness  of  patient-
derived  NK  cells.  One  possibility  is  that  these  NK  cells  have  a  strong  inhibitory
signature  and  express  few activating  receptors  leading  to  an  inability  to  respond  to
OC tumor cells which we currently investigate in a larger cohort. Another explanation
could be that  factors  in ascitic  fluid mediated such a strong inhibitory response that
tumor exposure  could  not  re-activate  these  NK cells.  Notably,  we found that  TIGIT
blockade  alone  was  not  sufficient  to  rescue  these  non-responding  NK  cells  of  OC
patients.  To  further  investigate  the  interactions  within  the  DNAM-1/TIGIT  pathway
we  performed  co-blockade  experiments  and  observed  a  net  inhibition  of  NK  cell
function. Therefore, we concluded that DNAM-1 is the dominant receptor within this
checkpoint  axis  in  our  OC models.  To  obtain  the  highest  clinical  benefit  of  TIGIT
blockade, probably DNAM-1 needs to be concomitantly upregulated. Accordingly, we
demonstrated  that  TIGIT  responsiveness  was  highest  in  non-tumor  bearing  mice,
which can be attributed to higher DNAM-1 expression, as compared to tumor-bearing
mice.  The importance of the DNAM-1 receptor in the context  of  OC is  underscored
by our  previous study where we showed that  OC patients  with poor  OS have lower
DNAM-1 expression on ascites NK cells than patients with a better OS [35].

Overall,  our data show that checkpoint molecules TIGIT/DNAM-1 play an important
role  in  NK cell  responsiveness  against  OC,  and provides  rationale  for  incorporating
TIGIT interference in NK cell-based immunotherapy in OC patients. We demonstrate
that  DNAM-1  expression  can  be  upregulated  by  rhIL-15  suggesting  that  TIGIT
checkpoint  blockade  efficacy  in  OC  patients  may  be  optimal  in  combination  with
rhIL-15-based stimulation. TIGIT blockade Is a highly appealing strategy to boost NK
cell  functionality  as  multiple  ongoing  clinical  trials  (NCT02794571,  NCT03119428,
NCT03563716,  and  NCT03628677)  currently  investigate  the  safety,  tolerability,  and
efficacy of  TIGIT blockade in  patients  with  advanced metastatic  cancers.  Since  NK
cell-based  transfer  strategies  have  been  shown  safe  without  causing  toxicity  in
multiple cancer types, NK cell adoptive transfer in combination with TIGIT blockade
and rhIL-15 could be a promising immunotherapeutic approach in OC patients.
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Supplemental data

Supplemental  Methods:  siRNA  targeting  and  silencing  of  CD112  and
CD155 

Three different siRNA’s targeting CD112 or CD155 were purchased from Invitrogen.
In  a  pilot  experiment  the  most  efficient  siRNA’s  were  chosen  for  further
experimentation.  The  most  efficient  siRNA  targeting  CD112  had  the  following
sequence:  sense  5’-CCUGAUACCUGUGACCCUCUCUGUA-3’,  antisense
5’-UACAGAGAGGGUCACAGGUAUCAGG-3’.  And  for  CD155  the  following
sequence:  sense  5’-GCUGUGAGCAGAGAGAACAGCUCUU-3’,  antisense
5’-AAGAGCUGUUCUCUCUGCUCACAGC-3’.  Non-coding  siRNA  was  used  as  a
negative  control  (Med  GC siRNA,  Invitrogen,  #12935300).  siRNA transfection  was
performed  in  a  48  wells  plate.  During  the  siRNA  transfection,  SKOV-3  cells  were
cultured  in  serum  free  X-VIVO-15  without  phenol  red  (Lonza,  #BE04-774Q)  at
250.000  cells  per  well.  siRNA  was  precomplexed  for  15  minutes  with  transfection
reagent SAINT-RED (Synvolux Therapeutics, #SR-1003-04). Lipoplexes were formed
at a ratio of 1 μg siRNA to 10 μl 0.75mM SAINT-RED supplemented with serum-free
phenol  red-free  X-VIVO-15  to  a  total  volume  of  50  μl  for  15  minutes  at  room
temperature. Subsequently, lipoplexes were added to the cells and co-incubated for 3h
at  37°C  in  250  μl  serum-free  phenol  red-free  X-VIVO-15.  Afterwards,  250  μl  X-
VIVO-15 medium/20% human serum (HS, PAA Laboratories) was added. After 24h,
cells  were  washed  and  re-plated  in  a  6  well  plate  (Corning  Costar)  in  IMDM/10%
Fetal Calf Serum (FCS). Two days after re-plating, cells were harvested, counted and
used in assays. Cells were stained for CD112-PE (clone TX31, Biolegend, #337409),
CD155-APC (clone 300907, R&D systems, #FAB25301A) and Sytox Blue Dead Cell
Stain (Invitrogen, #S34857). 
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Supplemental figure 1: Supplemental figure 1: Gating strategy of healthy donor and ascites derived
NK cells based on CD56 expression or CD56/CD16 co-expression patterns
NK cells were gated on lymphocyte size based on forward/side scatter,  followed by doublet discrimination
and dead cell exclusion using a viability dye. Subsequently, CD45 CD3  cells were used for NK cell gating
based  on  CD56  or  CD56/CD16  (co-)expression.  (A)  Representative  NK  gating  strategy  based  on  CD56
expression  for  one  healthy  donor  (peripheral  blood)  and  one  ovarian  cancer  patient  (ascites).
(B) Representative NK gating strategy based on CD56 expression on y-axis and CD16 expression on x-axis.
Arrows indicate subsets.

+ -
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Supplemental figure 2: Other NK cell receptor pathways are not affected by the presence of tumor
cells In Vitro and In Vivo
(A) KLRG-1, LIGHT, CD160, 4-1BB and CD57 expression in the top panel and SIGLEC-9, NKG2C, NKG2D,
SIGLEC-7 and NKp46 in the bottom panel on NK cells of healthy donors co-cultured with SKOV-3 spheroids
and 10nM IL-15 for  7  days.  One-Way repeated measure ANOVA with  Bonferroni  correction was used for
statistical analysis of scatter plots, * p < 0.05, ** p < 0.01 and *** p < 0.001. Co-expression patterns were
determined with SPICE software.  The pies depict  the average proportion of  cells  expressing 0 to 5 of  the
receptors,  and  the  arcs  indicate  which  receptors  are  expressed  by  the  corresponding  pies.  Statistical
differences were analyzed using the built-in statistical tool. *p < 0.05, n = 3 for each group.  (B) ΔMFI of
4-1BB, CD57, 2B4, NKG2D, NKp46, LIGHT, CD160, BTLA, OX-40, PD-1, NKG2a, SIGLEC-7, SIGLEC-9
and KLRGI-1 on pooled intraperitoneal NK cells from 5 mice harvested 14 days after adoptive transfer in
SKOV-3 tumor bearing NSG mice and control mice.
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Supplemental figure 3: Effect of overnight IL-15 stimulation on DNAM-1, TIGIT and CD96
expression on total versus isolated healthy donor NK cells
CD56 (A) and CD56 (B) NK cell  expression of  DNAM-1 (n=10),  TIGIT (n=10) and CD96 (n=7).
MNC (mononuclear cell fraction) non-isolated fraction of ascites derived cells and CD56 bead isolated NK
cells from the MNC fraction (CD56 only). Data are expressed as mean+SEM. A One-Way repeated measure
ANOVA with Bonferroni correction was used for statistical analysis, ** p < 0.01 and *** p < 0.001.
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Supplemental figure 4: Effect of overnight IL-15 stimulation on DNAM-1, TIGIT and CD96
expression on total versus isolated OC patient derived NK cells
DNAM-1  (A),  TIGIT  (B) and  CD96  (C) expression  by  CD56  CD16 ,  CD56  CD16 ,  CD56
CD16 ,  CD56  CD16  and CD56  CD16  NK cells  in  ascites  of  OC patients.  MNC refers  to
total ascitic mononuclear cell fraction after ficoll. CD56 only refers to bead isolated NK cells from the MNC
fraction. Data are expressed as ΔMFI (lines indicate the mean, n=3).
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Supplemental figure 5: NK function cannot be reinvigorated by TIGIT blockade in CD56bright NK
cells and co-blockade of DNAM-1/TIGIT results in a strong inhibition of CD56dim NK cells whereas
CD96/TIGIT does not mediate increased functionality
NK cells were cultured overnight with low dose IL-15 (1nM), followed by 4h stimulation with SKOV-3 in the
presence  of  blocking  antibodies  or  matching  isotype  controls.  (A) Fold  change  in  CD107a  and  IFNγ
expression  of  CD56  NK  cells  mediated  by  DNAM-1,  TIGIT  or  CD96  blocking  or  matching  isotype
control relative to no treatment (i.e. only SKOV-3 and IL-15 stimulation).  (B) Fold change in CD107a and
IFNγ expression of CD56  NK cells mediated by DNAM-1, TIGIT and/or CD96 co-blocking or matching
isotype control relative to no treatment (i.e. only SKOV-3 and IL-15 stimulation)  (C) same as (B) but with
IGROV-1 and OVCAR-3 as stimulus. Cumulative data are shown as mean+SEM (n=6) for (A), (B) and (C).
A One-Way ANOVA with Bonferroni correction was used for statistical analysis, * p < 0.05, ** p < 0.01 and
*** p < 0.001.
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Supplemental figure 6: CD155 can be effectively silenced on SKOV-3 cells, resulting in impaired
degranulation and IFNγproduction by CD56  NK cells
(A) Representative histograms of CD112 and CD115 expression (smooth) versus isotype control (boxed) by
SKOV-3 cells treated with (light gray) or without siRNA (dark gray).  (B) Cumulative data is expressed as
mean+SEM (n=7). A One-Way repeated measure ANOVA with Bonferroni correction was used for statistical
analysis, ** p < 0.01 and *** p < 0.001.  (B-C) CD56  NK cells stimulated with siRNA-treated SKOV-3
cells  (i.e.  control,  CD112  or  CD155  siRNA).  (B) %CD107a  and  IFNγ  positive  CD56 NK  cells  (line
indicates mean, n=7).  (C) Fold change in CD107a and IFNγ of CD56  NK cells mediated by CD112 or
CD155 siRNA treated SKOV-3 cells  relative  to  corresponding siRNA control  SKOV-3 cells  (lines  indicate
mean, n=7). TheFriedman test was used for statistical analysis, * p < 0.05.

dim

dim

dim  

dim

Chapter 5158



Supplemental figure 7: CD56  NK cells from non-responders to SKOV-3 also exhibit impaired
degranulation capacity towards K562
Patients  were  subdivided  in  responder  and  non-responder  cohorts  based  on  CD56 NK  cell  response
towards SKOV-3 (≥10% CD107a, n=6) and non-responders (<10% CD107a, n=4). (A) CD56 NK cells of
SKOV-3 non-responders were stimulated with K562. %CD107a and IFNγ-positive NK cells are depicted (line
indicates  median).  The  Mann-Whitney  test  was  used  for  statistical  analysis,  *  p  <  0.05.  (B) Correlation
between CD56  NK cell response towards SKOV-3 and K-562 for CD107a and IFNγ.  (C) Non-responder
CD56  NK cell CD107a and IFNγ positivity towards SKOV-3 with low dose IL-15 in the presence of TIGIT
and/or DNAM-1 blocking antibodies or matching isotype controls (lines indicate mean, n=4).
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Abstract

Natural  killer  (NK)  cell  therapy  represents  an  attractive  immunotherapy  approach
against  recurrent  epithelial  ovarian  cancer  (EOC),  as  EOC  is  sensitive  to  NK  cell-
mediated  cytotoxicity.  However,  NK  cell  antitumor  activity  is  dampened  by
suppressive  factors  in  EOC  patient  ascites.  Here,  we  integrated  functional  assays,
soluble factor analysis, high-dimensional flow cytometry cellular component data and
clinical  parameters  of  advanced  EOC  patients  to  study  the  mechanisms  of  ascites-
induced inhibition of NK cells. Using a suppression assay, we found that ascites from
EOC  patients  strongly  inhibits  peripheral  blood-derived  NK  cells  and  CD34+
progenitor-derived  NK  cells,  albeit  the  latter  were  more  resistant.  Interestingly,  we
found  that  higher  ascites-induced  NK  cell  inhibition  correlated  with  reduced
progression-free  and  overall  survival  in  EOC  patients.  Furthermore,  we  identified
transforming  growth  factor  (TGF)-β1  to  correlate  with  ascites-induced  NK  cell
dysfunction  and  reduced  patient  survival.  In  functional  assays,  we  showed  that
proliferation  and  anti-tumor  reactivity  of  CD34+  progenitor-derived  NK  cells  are
significantly affected by TGF-β1 exposure. Moreover, inhibition of TGF-β1 signalling
with galunisertib partly restored NK cell functionality in some donors. For the cellular
components, we showed that the secretome is associated with a different composition
of  CD45+  cells  between  ascites  of  EOC and  benign  reference  samples  with  higher
proportions  of  macrophages  in  the  EOC  patient  samples.  Furthermore,  we  revealed
that higher TGF-β1 levels are associated with the presence of M2-like macrophages,
B cell populations and T-regulatory cells in EOC patient ascites. These findings reveal
that  targeting  TGF-β1 signalling  could  increase  NK cell  immune responses  in  high-
grade EOC patients.
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Introduction

The prognosis of epithelial ovarian carcinoma (EOC) is poor, with a five-year overall
survival  (OS)  of  32% in  advanced-stage  disease  [1].  Since  EOC patients  frequently
have vague symptoms, 70% of patients presents with advanced stage III or IV disease.
Often  EOC  is  accompanied  by  ascites,  an  abnormal  accumulation  of  fluid  in  the
peritoneal  cavity  due  to  lymphatic  obstruction  and  increased  vascular  permeability
[2]. Ascites promotes tumor cell growth and invasion, and contains immune cells such
as  lymphocytes  and  macrophages  as  well  as  stromal/tissue-resident  cells  [3,  4].
Furthermore,  ascites  comprises  a  large  variety  of  soluble  factors  released  by  these
cells, thereby playing an important role in influencing anti-tumor immunity within the
abdominal cavity [5]. The amount of ascites, as well as the cellular and soluble factor
make-up varies from patient to patient [6]. A more detailed insight into this immune
environment  could  aid  in  understanding  which  dominant  factors  contribute  to
suppression of anti-tumor immune responses in EOC patients.

Immunotherapy could be a complementary approach to existing EOC treatments, as it
is  considered  to  be  an  immunogenic  tumor  type.  The  presence  of  tumor-infiltrating
lymphocytes  (TILs)  positively  correlates  with  survival,  whereas  the  presence  of
regulatory  T  cells  (Tregs)  is  associated  with  decreased  survival  [7-9].  As  ovarian
tumor cells often downregulate MHC class I while expressing natural killer (NK) cell
activating  ligands,  they  are  prone  to  NK  cell-mediated  immune  responses  [10-12].
Furthermore, a high NK cell percentage within ascites correlates with better survival
of EOC patients [13]. Hence, boosting NK cell immunity through immunotherapeutic
strategies  may  improve  outcome  in  advanced  EOC  patients.  Nevertheless,  NK  cell
function can be dampened by immunosuppressive cells and soluble mediators within
the ascites. For instance, the NK cell inhibitory effect of TGF-β1 and IL-10 in ascites
was  already  described  in  the  early  90’s  [14,  15].  Furthermore,  several  studies  have
shown  that  exposure  to  soluble  or  cell  bound  B7-H6,  PVR (CD155)  and  MIC-A/B
results  in  downregulation of  the  NK cell  activating receptors  NKp30,  DNAM-1 and
NKG2D [16-20]. 

To  further  elucidate  mechanisms  impairing  NK  cell  function  in  the  local  EOC
environment,  we  combined  NK-cell  functional  data,  soluble  factor  analysis,  high-
dimensional  flow  cytometry  assessment  of  cellular  components  and  clinical
parameters of 31 advanced EOC patients and 16 benign peritoneal fluids in integrated
analyses.  We  found  strong  inhibitory  effects  on  healthy  donor-derived  NK  cells  by
EOC patient  ascites,  that  were  correlated  to  patient  progression-free  (PFS)  survival,
overall  survival  (OS)  and  serum  CA-125  levels.  Using  soluble  factor  analysis,  we
revealed  that  TGF-β1  was  a  discrete  inhibitory  factor  correlating  to  ascites-induced
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NK cell dysfunction. Furthermore, we showed that blocking TGF-β1 signalling using
galunisertib partially rescued NK cell  functionality.  Galunisertib is  a  small  molecule
inhibitor  that  binds  the  intracellular  serine-threonine  kinase  domain  of  TGFβR1 and
thereby  prevents  phosphorylation  SMAD2/3  signalling  and  nuclear  translocation
which disrupts TGFβ1-mediated signalling Moreover, using multicolor flow cytometry
we identified tumor-associated macrophages (TAMs), B cell populations and Tregs to
be the main cell  types associated with the suppressive factor profile found in ascites
of  advanced EOC patients.  Altogether,  our  data  provide  a  rationale  for  anti-TGF-β1
treatment strategies to augment NK cell responses in high-grade EOC patients.

Materials and Methods

Patient samples

EOC patient  ascites  fluid  samples  of  patients  with  FIGO stage  III  or  IV high-grade
serous  EOC  were  collected  after  written  informed  consent  at  first  surgery  at  the
Radboud University Medical Center or Canisius Wilhelmina Hospital. All high grade
FIGO stage III or IV EOC patients with ascites were asked to participate in this study.
Ascites was collected at diagnosis or during primary surgery. Diagnosis of high grade
EOC was based on histology.  Study approval was given by the Regional  Committee
for Medical Research Ethics (CMO 2018-4845) and performed according to the Code
for  Proper  Secondary  Use  of  Human  Tissue  (Dutch  Federation  of  Biomedical
Scientific  Societies,  www.federa.org).  The  PFS and OS at  time of  analysis,  CA-125
levels (serum and peritoneal) and treatment status are shown for the patient cohort in
Supplemental  Table  1  and  individual  patients  in  Supplemental  Table  2.  The  median
time  of  follow  up  was  21.6  months  (16.5-53.8  months).  Samples  of  abdominal
washing fluid or free fluid from patients without any malignancy, planned for surgery
of a benign cyst were used as a relevant reference sample. We chose both abdominal
washings and ascites  of  benign indications to  be able  to  visualize  the differences in
soluble  factors  in  a  cancer  microenvironment  versus  a  benign  one.  Benign  samples
were  excluded  in  case  of  signs  of  active  infection  and  had  a  serous  cystadenoma,
endometrioma,  mucinous  cystadenoma  or  fibroma  (Supplemental  Table  3).  Ascites
samples  were  filtered  using  a  100  µm  filter  and  centrifuged.  Cell-free  ascites
supernatant  was stored at  -20°C for  secretome analysis  and NK cell  activity  assays.
Cells  were  resuspended  in  phosphate  buffered  saline  (PBS)  for  subsequent
mononuclear  cell  isolation  using  a  Ficoll-Hypaque  (1.077  g/mL;  GE  Healthcare,
17-1440-03)  density  gradient.  Cells  were  cryopreserved  in  Iscove’s  Modified
Dulbecco’s  medium  (IMDM;  Gibco,  #12440061)  supplemented  with  10%  dimethyl
sulfoxide (DMSO) and 10% fetal calf serum (FCS, Integro) and used after thawing.
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NK cell isolations

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donor buffy
coats  (Sanquin  Blood  Supply  Foundation,  Nijmegen,  the  Netherlands)  by  density
gradient  Ficoll-Hypaque  centrifugation  and  frozen  for  phenotypic  analysis  (n=14,
Mean age (SD) 47(±17) years) or used fresh for subsequent NK cell isolation used in
functional  assays.  Peripheral  blood  (PB)-NK  cells  were  isolated  from  PBMCs  of
healthy  donors  using  a  magnetic  bead-based  NK  cell  enrichment  kit  (StemCell
Technologies,  #19055)  according  to  manufacturer’s  instructions.  All  isolations
resulted in ≥90% purity, as measured by flowcytometry.

HPC-NK cell culture

CD34+  hematopoietic  progenitor  cells  (HPCs)  were  isolated  from  umbilical  cord
blood  (UCB).  UCB  was  collected  at  caesarean  sections  after  informed  consent
(approved  by  the  Radboudumc  Committee  for  Medical  Research  Ethics  CMO
2014/226),  in  accordance  with  institutional  guidelines  and  regulations,  and  the
Declaration  of  Helsinki.  CD34+  HPCs  were  isolated  from  mononuclear  cells  after
Ficoll–Hypaque  density-gradient  centrifugation  and  subsequent  CD34-positive
immunomagnetic  bead  selection  (Miltenyi  Biotec,  130046702).  CD34+  HPCs  were
expanded  and  differentiated  into  HPC-NK  cells  in  a  5-week  culture  protocol,  as
described previously [21]. HPC-NK cells (≥70% CD56+) were used immediatly after
culture, or after cryopreservation followed by 5-8 days of culture in NK MACS basal
medium plus supplement (NK MACS, Miltenyi Biotec, 130–114-429) containing 10%
human serum (HS), 50 ng/ml recombinant human (rh)IL-15 (Immunotools, 11340155)
and 0.2 ng/ml rhIL-12 (Miltenyi Biotec, 130–096-704).

Tumor cell culture

SKOV-3  (RRID:CVCL_0532)  was  cultured  in  Roswell  Park  Memorial  Institute
medium  1640  (RPMI;  Gibco,  #11875091)  supplemented  with  10%  (FCS;  Integro).
K562  (RRID:CVCL_0004)  was  cultured  in  IMDM  (Gibco,  #12440061)  containing
10% FCS.  Cell  lines  were tested for  mycoplasma contamination with MycoAlertTM
Mycoplasma  Detection  Kit  (Lonza,  #LT07-418)  every  six  months.  Cell  lines  were
purchased from the ATCC and cultured for a maximum of 3 months.

Determination of soluble factors in ascites and serum

Ascites of EOC and benign patients was assessed for soluble factors by Luminex and
ELISA.  Flow  cytometry  and  high-dimensional  data  analysis  was  performed  as
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described in the supplementary information. NK functionality assays were performed
with peripheral blood-derived and CD34+ progenitor-derived NK cells. For details see
Supplementary information.

StatisticsData analysis  was conducted using Prism software (GraphPad,  version 5.03
for Windows). For normally distributed data, the Student t-test (paired or unpaired) or
One-way  ANOVA  (with  or  without  repeated  measure)  was  used,  as  stated  in  the
figure legends. Non-normally distributed data was tested with a Wilcoxon signed-rank
test,  Mann-Whitney test,  Kruskal-Wallis  or  Friedman test,  as  indicated  in  the  figure
legends.  To  identify  correlations  between  variables  (e.g.  frequency  of  immune  cell
subpopulations and soluble factors), Spearman correlation analysis was performed and
visualized  in  R  using  the  corrplot  package  (version  0.84).  A  p-value  of  <0.05  was
considered statistically significant. 

Results

Inhibition  of  NK cell  functionality  by  EOC ascites  is  correlated  with
reduced patient survival 

Soluble  factors  in  ascites  have  been  demonstrated  to  impair  immune  cell  function
within the tumor microenvironment (TME) of EOC patients. To assess the inhibitory
effect  on  NK  cell  function,  we  pre-treated  PB  or  hematopoietic  progenitor-derived
(HPC)  NK cells  with  various  amounts  of  patient-derived  ascites  in  the  presence  or
absence  of  IL-15.  After  overnight  exposure,  NK  cells  were  challenged  with  tumor
cells  and  evaluated  for  CD107a-based  degranulation  and  IFN-γ  response.  Dose-
dependent  inhibitory  effects  were  observed  when  NK  cells  were  pre-treated  with
increasing amounts of ascites both with or without rhIL-15 (Supplemental Figure 1),
whereas the presence of ascites had no negative effects when co-incubated during the
4h  tumor  cell  stimulation  without  pre-incubation  (Supplemental  Figure  2).  As  the
most  prominent  effects  were  seen  with  the  presence  of  50% ascites  during  the  16h
pre-treatment,  we  used  this  concentration  for  all  subsequent  PB-NK  and  HPC-NK
inhibition assays.

After  defining  the  optimal  conditions  to  demonstrate  the  inhibitory  effects  in  the  in
vitro  assay,  we  tested  the  inhibitory  properties  of  peritoneal  fluids  from  31  EOC
patients and 16 benign reference patients for inhibition of NK cells towards SKOV-3
or K562 target cells with both NK cell sources (Figure 1A). We found that peritoneal
fluids,  regardless  of  their  origin,  strongly  inhibited  NK  cell  functionality
(degranulation activity and IFN-γ production) in all tested conditions compared to the

Chapter 6166



PBS  control  condition.  Only  in  the  K562-stimulated  HPC-NK  cells  the  effect  on
CD107a  degranulation  was  not  statistically  significant  (Figure  1A).  Viability  of  NK
cells in this assay was 82±7% for HPC-NK cells and 97±3% for PB-NK cells across
all different conditions indicating that the large volume of non-media does not affect
NK  cell  viability.  Interestingly,  the  different  NK-cell  sources  were  not  equally
affected,  as  HPC-NK  cells  were  significantly  more  resistant  to  ascites-mediated
suppression  than  PB-NK  cells  for  all  tested  parameters  (Figure  1B).  Furthermore,
ascites-mediated suppression had more impact on NK-cell responses towards SKOV-3
target cells than against MHC class I-negative K562 cells (Figure 1C).
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Figure 1: Ascites from EOC patients inhibits NK cell activity 
(A) Percent positive CD107a and IFN-γ PB-derived (left) and HPC-derived (right) NK cells stimulated with
SKOV-3 (top) or K562 (bottom) target  cells  in the presence of  PBS (open triangles),  EOC patient  ascites
(filled  circles,  n=31)  or  benign  fluid  (open  squares,  n=15).  Cells  were  incubated  overnight  with
aforementioned fluids with addition of 1nM rhIL-15 and challenged with target cells for 4 hours. For control
quadruplicates  are  shown,  and  for  EOC patient  and  benign  control  fluids  the  average  of  duplicates  are
depicted and were used for  statistics.  Kruskal-Wallis  with Dunn’s  Multiple  Comparison Test  was used for
statistical analysis, * p < 0.05, ** p < 0.01 and *** p < 0.001. (B) and (C) Fold change CD107a and IFN-γ
inhibition of the same assay compared to control of EOC patient ascites (n=31) with for (B) HPC-derived
(open circles) and PB-derived (filled squares) NK cells stimulated with SKOV-3 (top) and K562 (bottom) or
for (C) stimulated with SKOV-3 (filled triangles) and K562 (open diamonds) on PB-NK (top) or HPC-NK
cells (bottom). Wilcoxon signed-rank test was used for statistical analysis, *** p < 0.001 (C).
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The  inhibitory  effects  were  consistent  across  different  parameters  between  the
different  functional  read-outs  (i.e.  PB-NK  vs.  HPC-NK,  SKOV-3  vs.  K562,  and
CD107a  vs.  IFN-γ,  Figure  2A).  Next,  we  assessed  the  correlation  between  ascites-
mediated NK cell  dysfunction and clinical  parameters of the advanced EOC patients
(Figure  2B).  The  mean  age  of  the  selected  EOC  patient  cohort  (n=31)  was  63±11
years and 53±10 years for the benign reference group (n=12; excluding 4 patients of
whom age  and  CA-125  levels  were  not  available).  The  median  OS and  PFS of  the
advanced  EOC  patient  cohort  at  time  of  analysis  was  18.9  and  6.9  months,
respectively,  with  seven  of  the  patients  still  alive  at  time of  analysis  (Supplemental
Table  1,  Supplemental  Table  2).  Interestingly,  ascites-induced impairment  of  PB-NK
cell reactivity against either K562 or SKOV-3 target cells was significantly correlated
with lower PFS (Figure 2B and C; ρ= -0.54 for K562 and -0.51 for SKOV-3) and OS
(ρ=-0.40  for  both  K562  and  SKOV-3).  Similarly,  ascites-induced  HPC-NK
dysfunction  in  response  to  K562  targets  was  negatively  associated  with  PFS
(Figure 2B and C; ρ=-0.42). Furthermore, we observed a positive correlation between
ascites-induced NK cell  dysfunction and higher CA-125 levels in the serum of EOC
patients  (Figure  2B  and  D).  CD107a  degranulation  activity  was  more  strongly
correlated to serum CA-125 levels for both PB-NK cells (ρ=0.35 and 0.55 for K562
and  SKOV-3,  respectively)  and  HPC-NK  cells  (ρ=0.53  and  0.51  for  K562  and
SKOV-3,  respectively).  For  IFN-γ  production  only  HPC-NK  inhibition  significantly
correlated to both CA-125 serum and peritoneal levels (ρ=0.53 and 0.56, respectively;
Figure  2D).  Collectively,  these  data  demonstrate  that  ascites  from  EOC  patients
contains  soluble  inhibitory  factors  that  potently  impair  NK  cell  function,  which
significantly correlates to reduced survival and higher serum CA-125 levels.
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Figure 2: Inhibitory properties of ascites on NK cells correlates to patient survival and CA-125 levels
(A–B) Spearman correlograms of mean fold change of suppression by EOC patient ascites between all tested
conditions, i.e. HPC-NK vs PB-NK, SKOV-3 vs K562 and CD107a vs IFN-γ  (A), or those conditions versus
OS, PFS, CA-125 (serum and ascites) (B); with color intensity and circle size indicating the Spearman’s rank
correlation  coefficient  between  biomarkers,  and  *  denoting  p  <  0.05.  (C)  Scatter  plots  illustrating  the
relationship  between  PFS  and  OS  in  months  versus  PB-NK  CD107a  (top)  or  IFN-γ  (right)  response  to
SKOV-3 (left) and K562 (right). Spearman’s rank correlation coefficient (ρ) shown, * p < 0.05  (D) Scatter
plots illustrating the relationship between CD107a (left) or IFN-γ (right) and CA-125 serum levels in PB-NK
(top) and HPC-NK cells (bottom).
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High  TGF-β1  concentration  is  correlated  with  EOC  ascites-mediated
NK cell dysfunction

After  establishing  that  soluble  factors  in  ascites  can  potently  induce  NK  cell
dysfunction, we sought to find dominant inhibitory factors in ascites that could impair
NK cell  reactivity.  For  this,  we  examined  peritoneal  fluids  in  25-plex  Luminex  and
ELISAs  in  parallel  with  NK  cell  suppression  assays  (Figure  3A).  Although  we
observed that  the general  cytokine profiles  of  benign and EOC patient  ascites  fluids
were  mostly  similar,  there  were  individual  soluble  factors  that  were  significantly
different  (Figure  3A  and  B).  We  verified  that  IL-6  concentration,  a  cytokine
previously  associated  with  poor  outcome  in  EOC  patients  [22],  was  significantly
elevated  in  EOC  patient  ascites  compared  to  benign  ascites.  Furthermore,  soluble
ligands for activating NK cell receptors such as MIC-B (NKG2D ligand) and Nectin-2
(DNAM-1  ligand)  were  higher  in  EOC  patient  ascites  along  with  the  immune
inhibitory  cytokines  IL-10  and  TGF-β1  compared  to  benign  ascites  (Figure  3B).
Besides an increase in inhibitory mediators, markers of immune activation (including
IP-10,  TRAIL,  perforin  and  IL-12p40  levels)  were  elevated  in  malignant  ascites
samples,  soluble  factors  not  shown  in  Figure  3B  were  not  statistically  significantly
different between malignant and benign reference samples.
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Figure 3: TGF-β1 as a discrete suppressive cytokine in EOC patient ascites
(A)  Log scaled soluble cytokine levels by Luminex or ELISA on of EOC patient (n=31) and benign control
(n=16) peritoneal fluids visualized in a heatmap. Each row represents a different cytokine, while columns
represent  patients  or  donors  (M=malignant  and  B=benign).  The  log  scaled  cytokine  level  of  patients  or
donors is reported and visualized with a color scale from blue (low levels) to red (high levels). (B) Cytokine
levels  of  significantly different  cytokines in the panel  of  EOC patient  and benign control  ascites fluids.  A
Mann-Whitney test was used for statistical analysis, * p < 0.05 and ** p < 0.01. (C) Spearman correlogram
of mean fold change of suppression by EOC patient ascites in all tested condition and clinical parameters
versus  cytokine  levels.  A  heat  map  is  used  to  indicate  the  Spearman’s  rank  correlation  coefficient  (ρ)  of
associations  between  biomarkers.  Red  indicates  a  positive  correlation,  and  blue  indicates  a  negative
correlation. * p < 0.05

To  define  patterns  of  co-existence  for  the  different  soluble  mediators  in  ascites  of
advanced  EOC  patients,  we  correlated  their  concentrations  (Figure  3C).  Most
mediators were positively correlated,  indicating that  soluble factor levels accumulate
in a joint fashion with 19 soluble factors strongly positively correlating together and
to a lesser extent with the remaining 10 soluble factors. Notably, TGF-β1 was not part
of this cluster, as correlations with other determined mediators were lacking, and only
IDO-1  was  negatively  correlated.  Next,  we  assessed  correlations  between  ascites-
induced  NK  cell  dysfunction  and  clinical  parameters  with  the  levels  of  determined
soluble factors in ascites in our patient cohort (Figure 4A). Interestingly, the presence
of  high  peritoneal  TGF-β1  concentrations  correlated  to  a  decreased  NK  cell
functionality. Soluble 4-1BB exhibited a similar, but weaker, correlation with ascites-
mediated NK cell  dysfunction (Figure 4A). Conversely,  high levels of ULBP-4 were
positively correlated with NK cell-mediated EOC reactivity, although, only in 9 out of
31 tested ascites samples the ULBP-4 concentration was above the limit of detection
(data  not  shown).  When  focusing  on  associations  with  clinical  parameters,  we
observed  that  IL-15,  GITRL  and  granzyme-B  were  positively  correlated  to  PFS.
Surprisingly, IDO-1 also positively correlated to PFS and OS (Figure 4A). In contrast,
TGF-β1 and IL-6 negatively correlated with PFS,  and TGF-β1 negatively associated
with  OS  as  well.  None  of  the  assessed  cytokines  were  significantly  correlated  to
serum and  peritoneal  levels  of  CA-125  (Figure  4A).  Finally,  we  analyzed  the  most
and  least  NK  cell  inhibitory  ascites  (defined  by  quartiles  of  CD107a  and  IFN-y
activity relative to the baseline functionality) for their TGF-β1 concentration (Figure
4B,  C  and  D).  This  confirmed  that  TGF-β1  was  significantly  increased  in  the
strongest NK cell inhibitory EOC ascites samples. Taken together, these data suggest
that  TGF-β1 is  a  soluble factor that  strongly negatively correlates to ascites-induced
NK-cell  dysfunction and decreased survival in EOC patients.D).  This confirmed that
TGF-β1 was  significantly  increased in  the  strongest  NK cell  inhibitory  EOC ascites
samples.  Taken  together,  these  data  indicate  that  TGF-β1  appears  to  be  a  discrete
soluble  strongly  negatively  correlating  to  ascites-induced  NK-cell  dysfunction  and
decreased survival in EOC patients.
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Figure 4: TGF-β1 is a main driver of ascites -induced NK cell inhibition
(A)  Spearman correlogram of mean fold change of suppression by EOC patient ascites,  PFS, OS, CA-125
levels in serum and peritoneal fluids and age versus soluble cytokine levels. A heat map is used to indicate
the ρ  of associations between biomarkers. Red indicates a positive correlation, and blue indicates a negative
correlation.  (B) Mean  fold  change  CD107a  and  IFN-γ  inhibition  of  all  conditions  for  each  EOC patient
ascites.  All  red  labelled  patients  indicate  the  25%  strongest  inhibitory  ascites’,  and  all  green  labelled
patients  indicate the 25% least  inhibitory ascites’.  (C and D) TGF-β1 levels  of  most  and least  inhibitory
ascites’ defined in (B) based on CD107a (C) and IFN-γ (D). A Mann-Whitney test was used for statistical
analysis, * p < 0.05, *** p < 0.001.
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TGF-β1 inhibits HPC-NK cell proliferation and functionality

As a distinct  role of TGF-β1 in mediating EOC ascites-induced NK-cell  dysfunction
was  found  in  our  association  studies,  we  further  wanted  to  elucidate  the  effects  of
TGF-β1 and its interference on modulating NK-cell EOC reactivity. First, we assessed
expression of  TGF-βR2,  which is  part  of  the heterotetrametric  receptor  complex,  on
the  surface  of  HPC-NK cells  and  observed  that  TGF-βR2  was  highly  expressed  by
HPC-NK  cells  (Figure  5A).  Next,  we  evaluated  to  what  extent  rhTGF-β1  inhibits
HPC-NK  cell  proliferation  induced  by  IL-2/IL-15  stimulation  and  if  galunisertib
(LY2157299),  an  affordable  and  readily  available  TGF-βR1  kinase  inhibitor,  can
interfere  with  TGF-β1-mediated  effects  of  proliferation.  Indeed,  TGF-β1  reduced
HPC-NK cell  proliferation that  could partly be restored by galunisertib (Figure 5B).
In  addition,  pre-treatment  with  rhTGF-β1  significantly  impaired  HPC-NK  cell-
mediated  IFN-γ  production  within  the  CD107a degranulating  population  upon target
cell  challenge  (Figure  5C).  Interestingly,  galunisertib  partially  restored
rhTGF-β1-induced reduction of IFN-γ responses against K562 and/or SKOV-3 target
cells in 4 out of 5 donors (Supplemental Figure 3).  These data indicate that TGF-β1
could severely hamper functionality of therapeutic NK-cell products and that blockade
of TGF-βR1 receptor signalling can partly rescue NK cell dysfunction by TGF-β1.
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Figure 5: TGF-β1 inhibits NK cell functionality but can be rescued by a TGF-β1 small
molecule inhibitor
(A) TGF-βR2 expression (black) and isotype control (light grey) unstimulated HPC-NK cells in histograms
(left)  and  the  percentage  of  TGF-βR2+  HPC-NK  cells  shown  for  5  different  donors  (right).  (B) Cell
Proliferation  Dye-stained  HPC-NK  cells  in  a  proliferation  assay  measured  by  a  decrease  in  eFluor450
fluorescence. The left panel shows triplicate unstimulated, IL-2+IL-15 stimulated (with or without DMSO or
galunisertib)  controls  with  eFluor450  MFI  on  y-axis.  The  right  panels  shows  reference  triplicates  of
HPC-NK cells stimulated with IL-2+IL-15 control with or without decreasing amounts (50, 5 or 0.5ng/mL) of
rhTGF-β1 with or without galunisertib. Both panels include data from the same experiment. The Friedman
test was used to calculate statistical significance.  (C) Percentage of HPC-NK cells that are double positive
for  CD107a  and  IFN-γ  after  stimulation  with  K562  or  SKOV-3  cells  in  the  presence  or  absence  of
TGF-β1(n=5).  One-way  ANOVA  with  post-hoc  Bonferroni  test  was  used  for  statistical  analysis.  ns,  not
significant, *p<0.05, **p<0.01, ***p<0.0001.

M2-like  TAMs,  B  cells  and  Tregs  are  associated  with  the  secretome
including TGF-β1 in EOC patient ascites

Following the soluble factor analysis, we focused on the cellular compartment in the
same  cohort  of  EOC  patient  and  benign  reference  fluids.  For  this,  we  set  up  an
18-color  flow  cytometry  panel  (Supplemental  Table  4)  to  assess  the  immune
composition  (including  T  cell  subsets,  B  cells,  NK  cells,  macrophages,  monocytic
subsets  and  granulocytic  cells)  within  the  peritoneal  fluids.  PBMC  from  healthy
donors  were  used  as  reference  in  peripheral  blood.  In  benign  peritoneal  fluids,  the
fraction of CD45+ hematopoietic cells was 97±3%, while this was 82±15% in ascites
of  EOC patients,  indicating  the  presence  of  tumor  cells  or  other  non-hematological
cells  in  EOC  patient  ascites  (Figure  6A).  Notably,  the  percentage  of
CD14+CD33+CD16+ and CD14+CD33+CD163+ macrophages in EOC patient ascites
was significantly higher (16.3±13.0% and 38.4±20.1%, respectively) compared to the
percentages  found  in  benign  fluids  (5.7±8.8%  and  20.3  ±20.5%,  respectively).  No
significant differences were found in the percentages of classical CD14+CD33+CD16-
or  CD14+CD33+CD163-  monocytes,  which  was  25.1±13.7%  and  2.2±1.8%
respectively  in  EOC  patients  compared  with  21.8±19.9%  and  7.0±7.2%  in  benign
fluids. Furthermore, no difference was found in the proportion of lymphocytes within
the  CD45+ population between EOC and benign fluids,  which was  48.9±22.5% and
39.2±29.4%, respectively. The frequency of CD4+ T cells was slightly lower in EOC
ascites, while the frequency of CD19+ B cells was slightly higher (Figure 6A).
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Figure 6: M2 like macrophages, Tregs and B cells are associated to the secretome including TGF-β1
in EOC patient ascites
(A)  Frequency  of  cell  populations  within  CD45  cells  in  PBMCs  (as  circulating  reference,  PB),  benign
peritoneal  fluids  and  malignant  ascites  based  on  manual  gating,  Kruskal-Wallis  with  Dunn’s  Multiple
Comparison Test was used for statistical analysis, ** p < 0.01, *** p < 0.001. (B and C) Scaled MFI values
of  FlowSOM clusters  for  the  lymphocyte  (B)  and  non-lymphocyte  (C)  fraction  of  malignant  ascites  in  a
balloon  plot.  Each  row  represents  a  marker,  while  columns  represent  a  cluster.  Balloon  size  represents
frequency while balloon color represents MFI (red is high MFI, yellow is low MFI). On top of the balloon
plot  the  cluster  size  is  presented  as  percent  of  total  where  red  indicate  large  clusters  and  green  small
clusters. All clusters smaller than 1% of the total cell population were excluded to prevent overfitting of rare
populations.  (D and E) Spearman correlogram of cytokine levels versus clusters of the lymphocyte (D) and
non-lymphocyte  (E)  fraction of  EOC patient  ascites.  A heat  map is  used to  indicate  the  Spearman’s  rank
correlation coefficient (ρ) of associations between biomarkers. Red indicates a positive correlation, and blue
indicates a negative correlation. All clusters smaller than 1% of the total cell population were excluded to
prevent  overfitting  of  rare  populations.  ns,  not  significant,  *  p  <  0.05,  L,  lymphocyte  and
NL, non-lymphocyte.

Next,  we  performed  multidimensional  scaling  (MDS)  on  the  leukocyte  dataset  to
visualize  the  differences  in  distribution  of  cellular  populations  in  healthy  donor  PB
compared to benign reference or EOC patient peritoneal fluids (Supplemental Figure
4A). For the non-lymphocyte (NL) fraction we gated on CD45+CD33+ cells and for
the lymphocyte (L) on CD45+CD33- cells,  and the MFI of each marker was used to
calculate the MDS plot.  Healthy donor PB samples clearly clustered separately from
EOC patient ascites samples,  while benign samples are distributed between the EOC
patient ascites samples and healthy donor PB samples. For the CD45+ NL fraction of
the  leukocyte  panel,  we  found  a  similar  pattern  but  the  differences  between  each
group  were  less  pronounced.  Hierarchical  clustering  of  surface  marker  intensities
across  the  samples  corresponded  with  results  from  the  MDS,  showing  a  clear
difference between benign reference and EOC patients which was especially clear in
the  NL  fraction  (Supplemental  Figure  4B).  To  further  define  the  cell  population
landscape  in  ascites,  we  used  the  FlowSOM  (k=35)  clustering  approach.  We  found
separate  clusters  for  both  the  L  and  NL fractions,  and  excluded  all  clusters  smaller
than 1% of the total cell population to prevent overfitting of rare populations (Figure
6B and  C).  For  the  L  fraction,  we  found  three  clusters  that  were  enriched  in  EOC
patients,  namely  CD4+CD25++CD127-  Tregs  (L  C05),  CD56dimCD16low NK cells
(L C09)  and  a  cluster  of  CD19+ B cells  (L  C34)  (Figure  6B,  Figure  7A).  The  two
clusters enriched in benign peritoneal fluid were a CD3+CD4+ T cell cluster (L C07)
and a CD3+CD8+ T cell cluster (L C31). For the NL fraction, we found a large meta-
cluster  of  CD14+CD163+CD197-CD16+/-CD56+/-  M2-like  macrophages  (NL  C08,
NL  C23,  NL  C31,  NL  C33,  NL  C34,  NL  C30,  NL  C26  and  NL  C29,  Figure  6C,
Figure  7B).  To  determine  which  of  these  cell  populations  were  associated  with  the
secretory  compartment  in  EOC ascites,  we  correlated  the  FlowSOM clustering  data
with  the  soluble  factor  levels.  Interestingly,  the  TGF-β1 and IL-6 concentration was

+
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significantly  associated  with  all  CD19+  B-cell  clusters  (L  C33,  L  C34  and  L  C35,
Figure  6D).  In  addition,  these  CD19+  B  cell  clusters  also  associated  with  other
inhibitory  and  activating  factors,  including  IL-10  and  soluble  ligands  for  DNAM-1
(NECTIN2  and  PVR).  This  association  was  partially  shared  with  the  CD4+CD25+
+CD127- Treg cluster (L C05) and a CD56dim NK cell cluster (L C09) with reduced
CD16  expression  typically  found  in  EOC ascites  [23],  although  not  all  correlations
were  similar.  Notably,  the  strongest  association  with  the  secretory  milieu  in  ascites
was  with  CD14+CD163+CD197-CD16+/-CD56+/-  M2-like  macrophages  including
TGF-β1  (NL  C08,  NL  C15,  NL  C19,  NL  C24,  NL  C27  and  NL  C31,  Figure  6E).
A cluster  of  (classical)  CD14+CD163-CD16-CD56-  monocytes,  found  mostly  in  PB
(NL C04), was negatively correlated with several soluble factors.

Altogether  these  findings  indicate  that  the  presence  of  CD14+CD163+CD197-
CD16+/-CD56+/-  M2-like  macrophages  encompasses  the  major  difference  between
the cellular make-up of benign versus EOC ascites. Interestingly, these M2-like TAMs
strongly  correlate  with  the  inhibitory  secretome  of  EOC  patient  ascites,  including
TGF-β1.  Besides  these  M2-like  macrophages,  B  cells  and  Tregs  are  also  associated
with the secretome found in EOC patient ascites.
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Discussion

EOC patient ascites is a major factor contributing to recurrence and poor prognosis in
EOC patients. This ascites contains a variety of soluble and cellular components that
influence  the  function  of  tumor-targeting  lymphocytes  [5,  24].  Although  significant
NK-cell  numbers are present  in EOC ascites,  their  antitumor activity is  inhibited by
soluble mediators and membrane-bound receptors [25]. Furthermore, it is well known
that ascites can impair the functionality of NK cells [5], and can thereby hamper the
antitumor efficacy of NK-cell therapeutic products in EOC patients. Nevertheless, we
and  others  have  previously  shown  that  ascites-induced  NK-cell  dysfunction  can  be
reinvigorated by for instance IL-15 receptor-mediated stimulation [13, 26]. To further
elucidate mechanisms impairing NK cell  function in the local EOC environment,  we
now combined NK-cell functional data, soluble factor analysis, high-dimensional flow
cytometry  assessment  of  cellular  components  and  clinical  parameters  of  advanced
EOC  patients  in  integrated  analyses.  Using  an  activation  assay,  we  examined  the
effects of ascites on CD107a and IFN-γ expression of NK cells after stimulation with
tumor  target  cells.  Interestingly,  we  found  that  strong  inhibitory  effects  of  EOC
patient  ascites  on  CD107a  degranulation  from healthy  donor-derived  NK cells  were
associated to reduced PFS and OS in a cohort of 31 high-grade serous EOC patients.
One explanation why survival  was  significantly  associated to  CD107a degranulation
but  not  IFN-γ  is  that  the  baseline  IFN-γ  response  to  SKOV-3 is  low,  especially  for
healthy-donor PB-NK cells thus reducing demonstration of the inhibitory potential of
ascites. Further, for most ascites fluids maximum IFN-γ inhibition was achieved, and
a  stronger  OC  cell  stimulus  in  a  future  study  might  overcome  this  limitation.
Moreover,  we  observed  a  positive  correlation  between  ascites-induced  NK-cell
dysfunction  and  higher  CA-125  levels  in  the  serum  of  the  EOC  patients.  Previous
reports  have  already  shown  that  CA-125  present  in  EOC  patient  ascites  inhibits
NK-cell  antitumor  activity  [27].  However,  our  data  show  a  stronger  correlation
between  ascites-induced  NK-cell  dysfunction  and  CA-125  serum  levels  rather  than
peritoneal  levels.  Furthermore,  we  revealed  that  TGF-β1  was  a  suppressive  factor
associated  to  ascites-induced  NK-cell  dysfunction,  reduced  patient  survival  and  the
presence  of  a  higher  frequency  of  M2-like  macrophages.  In  functional  assays,  we
showed that  NK cell  proliferation  and  function  is  significantly  affected  by  TGF-β1,
and  inhibition  of  TGF-βR1  signalling  by  galunisertib  partly  restored  NK-cell
functionality.  Although  we  tried  to  capture  the  major  soluble  factors  and  pathways
that  are  known  to  impact  NK  cell  function  such  as  IL-15,  IL-10  and  ligands  for
activating  receptors  such  as  DNAM-1  and  NKG2D  we  did  not  find  a  significant
association  of  any  other  factor  with  both  functional  and  patient  survival  data.  As
TGF-β1 is only partly responsible for our findings there may be important factors that
we failed to include in our study or that our study was not power enough to identify.
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Nonetheless,  these  results  show that  TGF-β1  is  an  important  factor  in  EOC ascites
capable of dampening NK-cell antitumor activity.

Other  factors  that  were  significantly  elevated  in  EOC  patient  ascites  compared  to
benign ascites  included IL-6 and IL-10 as well  as  soluble ligands for  activating NK
cell receptors such as MIC-B (NKG2D ligand) and Nectin-2 (DNAM-1 ligand). High
ascites  levels  of  IL-6  have  previously  been  associated  with  poor  outcome  in  EOC
patients  [28].  For  inhibitory  cytokine  IL-10,  2  out  of  3  studies  showed  that  IL-10
levels in ascites were not associated with prognosis [28]. Our study did not show an
association  of  IL-10  levels  to  patient  survival  either.  Shedding  of  ligands  for
activating receptors such as MIC-A and MIC-B can help evasion of tumor cells from
NK-cell  attack [29],  and we found that elevated MIC-B levels are increased in EOC
ascites  compared  to  benign  ascites.  Recent  data  suggests  similar  mechanisms where
soluble  PVR,  a  DNAM-1  ligand,  inhibited  DNAM-1-mediated  NK-cell  activation
[20]. In contrast, we found that soluble ULBP-4 in ascites, a different NKG2D ligand,
was associated to increased NK-cell  activity similar  to a recent study where ULBP4
was  associated  with  higher  T-cell  function  in  Multiple  Sclerosis  patients  [30].
Although benign ascites  samples  also  showed strong inhibitory  effects  on NK cells,
our  sample size was too small  to  perform comprehensive correlative studies  and we
may have missed important inhibitory soluble factors in our analysis. The mechanisms
underlying these observations will be further studied in follow-up investigations.

Many of the soluble inhibitory factors assessed are not secreted by NK cells, but other
immune  cells  that  regulate  immunity,  including  NK  cells,  in  ascites.  We  also
evaluated  the  frequencies  and  phenotype  of  a  variety  of  immune  cells  in  order  to
identify  the  cell  populations  that  correlate  with  the  suppressive  factors  present  in
ascites.  We  found  a  lower  fraction  CD45+  hematopoietic  cells  in  patients  with
malignancy,  which  corresponds  to  increased  frequency  of  tumor  and  stroma  cells
present  in ascites  [13].  Another evident  observation was the high proportion of  M2-
like TAMs, which has also been described and reviewed extensively [31]. Presence of
these  TAMs  was  associated  with  high  levels  of  TGF-β,  IL-6,  IL-10  and  TNF-α  in
ascites [32], which we confirmed in our study. It is well-known that TGF-β is a major
driver for the polarization towards M2-like TAMs [33]. In addition, we observed that
other  soluble  factors  were  associated  with  these  TAMs,  including  IL-12p40,  IL-15,
IP10  and  soluble  IDO-1.  Since  our  study  is  solely  associative,  future  research  is
required  to  elucidate  the  source  of  these  factors.  Generally,  IDO-1  expression  is
known to be up-regulated in cancer and serves as an immunosuppressive and immune
evasive  mechanism  by  tumor  cells  [34].  A  recent  study  on  IDO-1  in  EOC
demonstrated  elevated  levels  of  IDO-1  metabolism  in  ascites  compared  to  healthy
controls  [35].  In  contrast,  we  did  not  observe  an  increase  for  soluble  IDO-1  in  our

TGF-β1 associates with NK cell dysfunction and poor survival in ovarian cancer 183



study, but we compared EOC patient ascites to benign reference fluids, while Grobben
et al. used healthy donor plasma as controls potentially explaining the discrepancy in
results.  Furthermore,  our  study  revealed  a  positive  correlation  between  survival  of
EOC  patients  and  increased  IDO-1  levels.  Moreover,  in  a  phase  III  trial  IDO-1
inhibition  did  not  show  survival  benefits  in  unresectable  or  metastatic  melanoma
patients [36]. Therefore, the mechanism behind IDO-1 signalling in cancer remains to
be  further  investigated  as  IDO-1  has  been  associated  strongly  with  ascites  and
survival of EOC patients. 

Besides  M2-like TAMs we observed associations  of  (sub)populations  of  B cells  and
Tregs  and  high  levels  of  soluble  mediators  in  EOC  patient  ascites.  Regulatory
(CD25+)  B cells  have already been described,  and few studies  have highlighted the
importance of B cells in EOC [37]. One study on regulatory IL-10-producing B cells
in  EOC patients  showed that  their  frequencies  correlated positively with Tregs [38].
These IL-10-producing B cells also suppressed IFN-γ production by effector T cells.
Furthermore,  Tregs  are  known  to  be  associated  to  an  inhibitory  TME.  Our  study
confirms that  Tregs in EOC are associated with the secretome, although these Tregs
did not significantly correlate to TGF-β1 concentrations they did to IL-10. The high
proportion  of  CD56dimCD16low NK cells  in  ascites  was  previously  reported  to  be
associated  to  EOC  [23].  Although  TGF-β1  is  known  to  downregulate  NK-cell
phenotype  and  function,  we  found  no  correlation  between  the  CD56dimCD16low
NK-cell phenotype and TGF-β1.

Others have shown that  TGF-β1 can promote cancer progression,  which is  primarily
mediated  through  its  effects  on  the  local  TME.  Here,  we  revealed  that  TGF-β1  in
EOC ascites contributes to induction of NK-cell dysfunction. CD34 HPC-derived NK
cells  were  susceptible  to  rhTGF-β1  added  to  the  culture  leading  to  reduced
proliferation  and  functionality.  Importantly,  addition  of  the  TGF-βR1  inhibitor
galunisertib  partly  mitigated  this  inhibitory  effect,  but  this  effect  was  donor
dependent.  Moreover,  while  galunisertib  was  positively  evaluated  in  some
(pre-)clinical studies [39, 40], systemic TGF-β inhibition yielded poor results overall
that  were  attributed  in  part  to  cardiovascular  toxic  side  effects  and  formation  of
benign tumors [33, 41]. In combination with our data, this shows that a more effective
and controlled inhibition of TGF-β1 signalling is needed for sustained activity of NK
cells in the TME. This is currently being explored by others via overexpression of a
dominant-negative  TGF-βR2  (TGFβRDN)  or  CRISPR-Cas9-mediated  knockout  of
TGFBR2 in  adoptive  T-  and NK-cell  therapy products  [42,  43].  Recently,  a  phase  I
trial  with  prostate  cancer-directed  CAR T cells  armored  with  a  TGFβRDN to  block
TGF-β  signalling  was  conducted  illustrating  both  feasibility  and  importance  of
interfering with the TGF-β pathway [44]. Another study in glioblastoma-bearing mice
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treated  with  allogeneic  NK cells  showed that  TGFBR2 knockout  prevented  NK-cell
dysfunction and tumor growth [45]. The same group is currently evaluating NK cells
with  deleted  TGF-βR2  for  treatment  of  glioblastoma  in  a  phase  I  trial
(NCT04991870). This CRISPR/Cas9 TGF-βR2 deletion can easily be implemented in
our  protocol  for  ex  vivo-generated  HPC-NK  cells.  In  combination  with  the
aforementioned  TGF-β  receptor  gene  editing  strategies,  this  provides  a  promising
approach to improve current EOC treatment with adoptive NK cell therapy. 

In this study, we primarily used CD34+ HPC-derived NK cells that have already been
shown to be able to efficiently kill ovarian cancer cells in vitro and in vivo [46], and
these  cells  are  currently  tested  in  a  phase  I  study in  EOC patients  (NCT03539406).
Importantly, we revealed that galunisertib significantly rescued HPC-NK cell function
when  challenged  with  TGF-β  in  vitro.  Furthermore,  while  both  HPC-NK  cells  and
healthy  donor  PB-NK cells  were  potently  impaired  by  ascites  of  EOC patients,  we
found  that  HPC-NK  cells  were  more  resistant  to  ascites-mediated  suppression
indicating  their  high  functionality  and  lower  vulnerability  to  TME-mediated
suppression.  This  finding  is  in  line  with  a  previous  report  where  we  showed  that
HPC-NK cells  have superior  EOC reactivity compared to PB-NK cells,  which could
be  related  to  the  increased  granzyme-B  release  by  HPC-NK cells  and  higher  serial
killing potential [21, 47]. Furthermore, we found TGF-βR2 expression to be higher on
PB-NK cells than on HPC-NK cells (data not shown).

In  conclusion,  our  results  demonstrate  that  high  peritoneal  TGF-β1  concentrations
were  negatively  correlated  to  EOC  patient  survival.  Furthermore,  we  found  that
NK-cell  function is  strongly impaired by ascites  from high-grade EOC patients,  and
that TGF-β1 plays an important role in this effect.  We showed that  inhibition of the
TGF-β signalling pathway by small molecule inhibitor galunisertib partly rescued NK-
cell  function.  Taken  together,  these  results  provide  a  rationale  for  improvement  of
NK-cell function via inhibition of TGF-β1 signalling. Since systemic anti-TGF-β has
shown limited success in clinical trials so far, a more potent approach with fewer side
effects is warranted. We envision implementing CRISPR/Cas9 gene editing in our 5-
week  culture  protocol  to  improve  our  HPC-NK  cell  therapeutic  product  to
achieve this. 
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Supplemental Data

Supplemental tables

Supplemental table 1: Supplemental Overview patient characteristics.
Malignant (n=31) Benign (n=16)

Mean age (SD) 63 (11) years 53 (10) years*

Median PFS (SD) 6.9 (8.9) months N/A

Median OS (SD) 18.9 (14.9) months N/A

Serum CA-125 (SD) 2432 (2879) U/mL 244 (636) U/mL**

Peritoneal CA-125 (SD) 17589 (23098) U/mL 1026 (1891) U/mL

FIGO stage 3b/c n=18 N/A

FIGO stage 4 n=13 N/A

Alive*** n=7 N/A

NACT n=21 N/A

Treatment type PDS n=7 N/A

No treatment n=2 N/A

Poor n=2 N/A

Response Mixed n=5 N/A

Good n=19 N/A

Ascites Yes n=30 n=8

No n=1 n=8

*Age is known for n=12; **CA-125 serum levels have been quantified in n=12; ***At time of analysis,
SD = Standard deviation, PFS = Progression free survival, OS = Overall survival, NACT = neoadjuvant
chemotherapy, PDS = Primary debulking, N/A = Not applicable
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Supplemental Table 4: Antibodies for leukocyte subset panel.
Marker/

Dye combination
Manufacturer Catalog number Clone

Host
species, Isotype

Laser Filters

CD3 FITC BioLegend 300406 UCHT1 Mouse IgG1 488 525/40

CD4 BV510 BioLegend 317444 OKT4 Mouse IgG2b 405 525/40

CD8 BUV737 BD Biosciences 612755 SK1 Mouse IgG1 355 740/35

CD45RA PE-Cy7 BioLegend 304126 HI100 Mouse IgG2b 561 763/43

CD197
(CCR7) BV605

BioLegend 353224 G043H7 Mouse IgG2a 405 610/20

CD127
(IL-7Rα) APC

BioLegend 351316 A019D5 Mouse IgG1 638 660/10

CD25 BV786 BD Biosciences 563701 M-A251 Mouse IgG1 405 780/60

CD19 PE-Cy5 Beckman Coulter A07771 J3-119 Mouse IgG1 561 675/30

CD56 BV711 BioLegend 318336 HCD56 Mouse IgG1 405 710/50

CD16 BUV496 BD Biosciences 612944 3G8 Mouse IgG1 355 525/40

CD45 BUV395 BD Biosciences 563792 HI30 Mouse IgG1 355 385/26

CD33 BV421 BioLegend 303416 WM53 Mouse IgG1 405 450/45

HLA-DR APC-
R700

BD Biosciences 565127 G46-6 Mouse IgG2a 638 712/25

CD15 APC-
Fire750

BioLegend 323042 W6D3 Mouse IgG1 638 763/40

CD14 PerCP-
Cy5.5

Biolegend 301824 M5E2 Mouse IgG2a 488 690/50

CD11b PE Beckman Coulter IM2581U Bear1 Mouse IgG1 561 585/42

CD163 PE-CF594 BD Biosciences 562670 GHI/61 Mouse IgG1 561 610/20

Live/
dead ViaKrome808

Beckman Coulter C36628 N/A N/A 808 885/40
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Supplemental figures

Supplemental figure 1: The effect of ascites from two OC patients with overnight co-incubation on
NK cell activity
Percent positive CD107a and IFN-γ on HPC-derived (right) or PB-NK cells (left) stimulated with SKOV-3
(bottom) or K562 (top) target cells in the presence of PBS control or malignant ascites (M13 and M31). Cells
were  incubated  overnight  with  aforementioned  fluids  with  or  without  addition  of  1nM  rhIL-15.  After
overnight  incubation  NK  cells  were  challenged  with  target  cells  for  4h  .  Experiment  was  performed  in
duplicate, averages are shown.
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Supplemental figure 2: The effect of ascites from two OC patients with 4h co-incubation on NK
cell activity
Percent positive CD107a and IFN-γ on HPC-derived (right) or PB-NK cells (left) stimulated with SKOV-3
(bottom) or K562 (top) target cells in the presence of PBS control or malignant ascites (M13 and M31).Cells
were incubated for 4h with aforementioned fluids with or without addition of 1nM rhIL-15 and target cells.
Experiment was performed in duplicate, averages are shown.
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Supplemental figure 3: TGF-β1 inhibits NK cell IFN-γ responses and can be rescued by a TGF-β1
small molecule inhibitor in a subset of donors
Percent positive IFN-γ (A) and CD107a (B) positive of five different HPC-derived NK cell donors stimulated
with  SKOV-3  (bottom)  or  K562  (top)  target  cells  in  the  presence  or  absence  of  rhTGF-β1,  DMSO  and
galunisertib. Experiment was performed in triplicate.
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Supplemental  figure  4: PCA   clustering   and   hierarchical   clustering   of   healthy
donors, benign patients and malignant patients 
(A) Principal component analysis  (PCA),  based on the lymphocyte distribution (left)
and  non-lymphocyte  population  (right),  showing  (dis)similarities  in  healthy  donors
(grey, n=14), benign patients (blue, n=12) and patients with malignancy (red, n=27)
are  shown.  (B) Scaled  expression  levels  in  healthy  donors  (n=14)  of  Malignant
(n=26) and benign (n=12) visualized in  a  heatmap.  Each row represents  a  different
expression  marker,  while  columns  represent  patients  or  donors  (H=healthy  donor,
M=malignant  and  B=benign).  The  scaled  expression  levels  are  reported  and
visualized with a color scale from blue (low levels) to red (high levels).
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Supplemental figure 5: flow cytometry gating strategy for export to high dimensional analysis in R
Representative flow cytometry gating strategy of  a  healthy donor (top),  benign (middle)  and EOC patient
(bottom)  is  shown  as  an  example  to  demonstrate  the  gating  strategy  used  to  gate  CD45+CD33+  and
CD45+CD33-  cells  for  the  FlowSOM analysis.  First  we  gated  on  a  steady  cell  input  using  a  time  gate.
Then debris  was  excluded  based  on  forward  scatter  (FSC-A)  vs.  side  scatter  (SSC-A).  Doublets  were
excluded by plotting FSC-Area vs FSC-Height and SSC-Area vs. SSC-Height. Dead cells were excluded with
a viability dye. CD45+ cells were displayed and gated vs. SSC. CD33+ and CD33- cells were then defined
based on CD33 expression.
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Summary

Ovarian  cancer  (OC)  is  a  disease  with  relatively  poor  prognosis  with  a  five-year
overall survival (OS) of 25% for advanced-stage disease [1]. Epithelial ovarian cancer
(EOC),  which  accounts  for  approximately  90%  of  ovarian  cancers,  encompasses
various  subtypes  such  as  serous,  endometrioid,  clear-cell  and  mucinous  carcinomas.
Since  the  symptoms  of  OC  are  often  vague  the  majority  of  patients  presents  with
advanced  stage  (FIGO  stage  III  or  IV)  disease  and  ascites.  Ascitis  is  fluid
accumulated  in  the  peritoneal  cavity  containing  various  cells  and  soluble  factors
leading to reduced survival  and poor quality of life by promoting tumor growth and
invasion,  and  inhibiting  the  immune  system.  Current  treatment  options  consist  of
surgical  debulking  followed  by  chemotherapy  or  debulking  after  neoadjuvant
chemotherapy. The major hurdle with this approach is that 80% of patients develop a
recurrence within 3 years [2]. One of the most promising adjuvant treatment methods
for  these  patients  is  immunotherapy,  as  EOC  has  shown  to  be  a  relatively
immunogenic  tumor.  In  more  detail:  presence  of  tumor  infiltrating  cytotoxic
lymphocytes  is  associated  with  prolonged  survival,  while  presence  of  regulatory
T cells  is  correlated  with  decreased  survival  [3-5].  Although  the  majority  of
immunotherapy-based treatment strategies has revolved around T cell-based strategies
there  is  evidence  that  an  NK  cell-based  approach  for  this  disease  might  have
advantages over T cells. The main goal of the research presented in this thesis was to
identify  the  role  of  NK cells  in  EOC and to  identify  critical  pathways  that  regulate
NK cell  function which could be targeted to improve NK cell  based immunotherapy
development in EOC. 

Natural  Killer  (NK)  cells  are  innate  cytotoxic  lymphocytes,  not  reliant  on  specific
antigen specific receptors that bind antigens presented by the major histocompatibility
complex  (MHC).  Instead,  activation  of  NK  cells  is  regulated  by  the  sum  of
intracellular signals from inhibitory and activating receptors expressed on the NK cell
surface  upon  interaction  with  their  ligands  on  the  tumor  cells.  A  strong  activation
signal  for  NK  cells  is  the  lack  or  reduced  expression  of  missing  self-signals  from
MHC-1  molecules,  a  mechanism  often  used  by  tumor  cells  to  evade  T  cell
recognition,  thereby  making  NK  cells  ideal  candidates  for  immune  cell-based
treatment strategies. However, patient’s autologous NK cells are often present in low
numbers  and  may  be  strongly  inhibited  by  the  suppressive  tumor-immune
environment.  Besides  boosting  naturally  occurring  autologous  NK  cells,  adjuvant
adoptive  immunotherapy  exploiting  allogeneic  donor  NK  cells  is  a  compelling
strategy.  Different  NK cell  sources  are  investigated  for  this  purpose,  but  this  thesis
focused  mostly  on  naturally  occurring  peripheral  blood  (PB)-derived  NK  cells  and
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CD34  hematopoietic progenitor (HPC)-derived NK cells cultured ex vivo in a 35 day
culture  protocol.  These  allogeneic  HPC-NK  cells  can  be  generated  as  an
“off-the-shelf”  immunotherapy  product  and  have  the  added  benefit  of  being  more
effective killers than NK cells derived from PB [6]. Adoptive NK cell therapy can be
further  boosted  by  cytokine  stimulation,  blocking  inhibitory  pathways  and  by
genetic engineering. 

The  aim  of  this  thesis  was  to  identify  major  determinants  that  regulate  NK  cell
activity  against  EOC.  We employed comprehensive  multicolor  flowcytometry  panels
and  soluble  factor  analysis  combined  with  functional  assays  to  identify  major
inhibitory NK cell  pathways that  affect  NK cell  function in EOC. To boost  NK cell
function  we  used  a  combination  of  cytokine  stimulation  with  blockade  of  the
identified inhibitory pathways crucial for NK cell reactivity against EOC. 

In Chapter 2, we investigated the role of NK cells in FIGO advanced stage IIIc or IV
high-grade  serous  papillary  EOC  and  demonstrated  that  the  frequency  of  NK  cells
within ascites is related to OS and progression-free survival. However, expression of
activation markers DNAM-1, NKp30, NKp46, but not NKG2D and 2B4 on NK cells
from high-grade EOC were significantly lower than benign peritoneal fluid NK cells.
Using an  in  vitro activation assay we demonstrated that  boosting by IL-15 or  IL-15
superagonist  N-803  can  reinvigorate  NK  cell  degranulation  and  IFN-γ  production
against  EOC  tumor  targets.  Superagonist  N-803,  consists  of  a  modified  IL-15  with
enhanced  binding  and  activating  properties  with  an  added  IgG  Fc  region  to
significantly  extend its  half-life  in  vivo compared to  recombinant  human (rh)  IL-15.
By demonstrating  the  correlation  between NK cell  percentage  and  outcome in  EOC
patients and that NK cell functionality can be boosted by IL-15 based stimulation we
provided additional rationale for future NK cell-based immunotherapy approaches.

Chapter  3 further  explores  the  therapeutic  potential  of  N-803 in  boosting  HPC-NK
cells  functionality  against  EOC and  acute  myeloid  leukemia  (AML).  We found  that
N-803  increases  IFN-γ  production  and  proliferation  of  HPC-NK  cells.  In  AML
models,  serial  killer  capabilities  were  also  improved  and  increased  intercellular
adhesion  molecule  1  (ICAM-1)  expression  on  the  AML  cells  enhanced  their
susceptibility  to  NK cell-mediated  killing.  In  EOC models  there  was  no  increase  in
serial  killing  with  addition  of  N-803-,  although  CXCL10  expression  by  the  EOC
tumor  cells  was  significantly  upregulated  which  could  in  turn  augment  NK  cell
infiltration and attraction through CXCR3 expressed on HPC-NK cells. In EOC tumor
bearing mice treated with HPC-NK cells, N-803 or rhIL-15 were both able to support
HPC-NK cell persistence, which significantly reduced tumor growth compared to the
control  group  that  did  not  receive  NK cell  boosting.  Altogether,  these  data  provide

+
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rationale for N-803-based cytokine support in both EOC and AML to support NK cell
survival and to improve NK cell-mediated anti-tumor activity following adoptive NK
cell transfer.

In  Chapter 4, we developed two 18-color flow cytometry panels to characterize NK
cell  subsets  based  on  activation,  differentiation  and  immune  checkpoint  marker
expression,  and  compared  NK  cells  derived  from  ascites  of  26  high-grade  (FIGO
stage III and IV) serous EOC patients to NK cells from 11 abdominal washing fluid
or  free  benign  fluid  from  patients  without  any  malignancy.  Using  FlowSOM
clustering  we  revealed  two  interesting  groups  of  clusters  using  the  NK  checkpoint
panel, focused on inhibitory and activating receptors such as DNAM-1, TIGIT, PD-1
and  SIGLEC-7.  No  differences  in  NK  cell  subset  composition  nor  abundance  were
found  with  the  NK  subset  panel,  that  mainly  contained  classical  NK  cell  subset
markers including KIRs, NKG2A/NKG2C and NCRs. One group of clusters identified
with the NK checkpoint panel was enriched in benign ascites and resembled PB-NK
cells.  The  second  group  of  clusters  was  enriched  in  malignant  ascites  and  was
associated  with  lower  levels  of  the  activation  receptors  DNAM-1  and  CD16,  and
higher  inhibitory  checkpoint  molecule  expression  of  TIGIT,  TIM-3  and/or  PD-1.
Interestingly,  the group of clusters increased in benign patients negatively correlated
to  most  soluble  factors  in  ascites,  whereas  the  group  of  clusters  increased  in
malignant patients positively correlated to the majority of soluble factors found in the
EOC  patients  ascites.  In  this  chapter,  we  demonstrated  that  high-dimensional  flow
cytometry  data  analysis  can  pinpoint  NK  cell  clusters  and  receptors  linked  to  the
cytokine  environment  in  ascites.  This  insight  can  guide  future  immune  checkpoint
blockade studies by highlighting relevant NK cell receptor pathways for EOC. 

The  importance  of  the  tumor  ligand  expression  for  activating  receptors  was  further
studied in  Chapter 5 as this aids NK cells in recognizing and eliminating the tumor
cells.  Here,  we  investigated  the  tumor  and  NK cell  interaction  with  a  focus  on  the
DNAM-1,  TIGIT  and  CD96  pathway,  as  we  had  identified  DNAM-1  as  one  of  the
major activating receptors that is downregulated on NK cells derived from malignant
EOC ascites.  While DNAM-1 is significantly downregulated on EOC patient-derived
NK cells, TIGIT expression was equal and CD96 showed higher expression compared
to healthy PB-NK cells.  We were able to reproduce the DNAM-1 downregulation  in
vitro with  healthy  donor  PB-NK  cells  though  co-culture  with  an  EOC  mono-layer,
EOC spheroids and  in vivo  in EOC tumor bearing mice. Other NK cell receptors like
PD-1,  NKG2A  and  OX40  were  not  altered  by  this  tumor  and  NK  cell  interaction.
Enhancing  NK  cell  activity  through  IL-15  administration  reversed  the  effects  by
upregulating  DNAM-1  expression  in  a  dose-dependent  manner,  but  also  led  to
increased  expression  of  TIGIT  and  CD96.  Checkpoint  inhibition  using  TIGIT
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blockade resulted in increased degranulation and IFN-γ production by healthy PB-NK
cells.  More importantly,  TIGIT blockade on EOC patient-derived NK cells increased
their  EOC reactivity.  In  tumor  bearing  mice  treated  with  rhIL-15  and  PB-NK cells,
TIGIT  blockade  resulted  in  reduced  tumor  load  compared  to  untreated  mice
highlighting  the  importance  of  favorably  modulating  the  DNAM-1/TIGIT/CD96
pathway to augment NK cell-based tumor reactivity in EOC. 

Besides  direct  interactions  of  tumor  ligand  with  NK  cell  receptors,  we  further
investigated the inhibitory role of the immune cells and soluble factors in the tumor
microenvironment (ascites)  of  EOC. Ascites  is  known to promote tumor cell  growth
and invasion,  and  contains  a  variety  of  immune cells.  In  Chapter  6, we  performed
multiplexing and ELISA’s on malignant and benign ascites. We used the same ascites
to  determine  the  inhibitory  properties  on  NK  cell  function  and  degranulation,  and
correlated  this  to  the  characterized  soluble  factor  levels  and  clinical  outcome
parameters  including  OS  and  progression  free  survival.  Notably,  we  found  that
HPC-NK cells were more resistant to the inhibitory effects from ascites compared to
PB-NK  cells.  TGF-β1  turned  out  to  be  a  dominant  suppressive  cytokine  that
correlated  with  ascites-induced  NK  cell  dysfunction  and  reduced  patient  survival.
Blockade  of  TGF-β1  signaling  with  small  molecule  inhibitor  galunisertib  partly
restored NK cell  functionality.  Besides a  detrimental  effect  on NK cell  function and
association to poor clinical outcome, TGF-β1 was also associated with the presence of
inhibitory  cell  types  such  as  M2-like  macrophages,  (regulatory)  B  cell  populations
and  regulatory  T cells.  These  findings  illustrate  the  importance  of  the  TGF-β1
pathway in advanced EOC and provide evidence that NK cell-based immunotherapies
for EOC might benefit from TGF-β1 interference, which would ideally be applied in
the local tumor microenvironment. 

Collectively, this thesis provides further rationale that NK cell-based immunotherapy
is  an  attractive  adjuvant  treatment  strategy  for  EOC  patients,  who  currently  have
limited  treatment  options  after  recurrence.  We  showed  that  IL-15  based  boosting  is
critical to sustain and activate NK cells as well as to prolong their persistence in vivo.
Furthermore,  both  tumor  cells,  immune  suppressive  cells  such  as  myeloid-derived
suppressor cells,  M2-like macrophages and regulatory T cells,  and inhibitory soluble
factors  present  in  ascites  can  induce  downmodulation  of  activating  receptor
expression  and  upregulation  of  inhibitory  checkpoint  receptors.  A  key  inhibitory
soluble factor in ascites is  TGF-β1 while TIGIT signaling is  an important  inhibitory
checkpoint molecule that reduces NK cell function in the peritoneal cavity. Therefore,
both  IL-15  based  boosting  as  well  as  interference  with  the  inhibitory  TIGIT  and
TGF-β1  signaling  pathways  provide  appealing  strategies  to  limit  EOC-induced  NK
cell inhibition and improve NK cell-based immunotherapy strategies. 
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General Discussion and Future Perspectives

The importance of NK cell immunity in EOC 

In Chapter 2 of this thesis, we demonstrated that the frequency of NK cells in ascites
from  EOC  patients  is  associated  to  survival.  Our  study  was  the  first  to  report  a
positive  relationship  between  the  NK  cell  frequency  within  ascites  and  clinical
outcome  parameters.  Dong  et  al.  had  previously  described  a  negative  association
between NK cell (and B cell) infiltration in EOC and survival in 2006 [7]. The main
difference compared to our study is that we assessed NK cell frequency in ascites and
did  not  investigate  the  percentage  of  NK  cells  infiltrating  tumor  tissue.  Another
critical  difference  is  that  we  used  CD56  and  CD16  to  define  our  CD3-  NK  cell
populations,  whereas Dong et  al.  used CD16 and CD3 negative gating to define NK
cells.  Notably,  we  and  others  have  observed  that  CD16  expression  can  be
downregulated  on  peritoneal  NK  cell  subsets  in  EOC  compared  to  healthy  PB-NK
reference samples. Therefore, CD16 is a subset marker for NK cells but not a pan-NK
cell  marker.  Furthermore,  we  found  that  CD56,  the  main  marker  to  distinguish  NK
cells from other lymphocytes, can also be expressed by EOC [8]. Henriksen et al. [9]
and  Li  et  al.  [10]  used  CD57  as  marker  to  define  NK cell  infiltrating  populations.
Henriksen et  al.  found high numbers  of  CD57  cells  and CD8  T cells  to  associate
with favorable OS, while Li et al. demonstrated tumor infiltration of CD8  T cells to
associate  with  favorable  OS but  not  CD57  NK cells.  Some dissimilarities  between
these studies may explain this discrepancy, but both studies used CD57 to define NK
cells  while  terminally  differentiated  effector  T  cells  can  also  express  CD57.
Therefore,  CD57  alone  is  not  sufficient  to  accurately  define  NK  cells,  further
illustrated in  Chapter 6 where  we found only ~10% ascites-derived NK cells  to  be
CD57 .  Unfortunately,  it  remains  technically  challenging  to  stain  for  CD56  using
immunohistochemical  staining  in  tumor  tissue.  Therefore,  the  role  of  NK  cells  in
tumor  tissue  may  not  have  been  accurately  assessed  in  all  previously  published
studies. To date, our study remains the only one that defined NK cells by CD56 and
CD16,  and  to  describe  a  positive  association  to  peritoneal  CD3 CD56  NK  cell
frequency and EOC patient survival. Two other observations in  Chapter 2 paved the
way  for  the  research  in  the  following  Chapters.  The  first  is  that  IL-15  boosting  in
vitro was  able  to  reinvigorate  degranulation  and  IFN-γ  production  of  patient’s  NK
cells  obtained  from the  peritoneal  cavity.  We  further  explored  the  potential  for  this
treatment  strategy  in  Chapter  3  with  IL-15 super-agonist  N-803  demonstrating
superior NK cell killing capacity and reduced tumor growth, respectively. Finally, we
established that  activating markers  NKp30,  NKp46 and DNAM-1 on NK cells  were
significantly  lower  in  EOC patients  compared  to  healthy  PB-NK cells,  in  line  with
previous  studies  [11,  12].  The  only  discrepancy  here  is  that  we  did  not  find  this
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association  with  activating  receptor  NKG2D,  while  other  studies  did.  We  further
investigated  this  association  in  a  larger  dataset  including  many  other  important  NK
cell regulating inhibitory and activating receptors in  Chapter 4. Here, we found that
NKG2D was indeed significantly lower compared to NK cells from benign controls in
CD56  CD16  NK cells, but not in CD56  NK cells.

A substantial  part  of  the data generated in this  thesis  is  based on experiments using
human  cancer  cell  lines.  The  main  cell  lines  used  for  this  thesis  were  SKOV-3,
IGROV-1 and OVCAR-3 (Table 1). 

Table 1: EOC cell line properties used in this thesis

Cell line SKOV-3 IGROV-1 OVCAR-3

Ascites production 
in vivo

Yes No No

Histology Clear cell/non-serous
Endometrioid/non-

serous
High grade serous

Age at sampling (years) 64 47 60

Genome ancestry European European European

Tissue origin Ascites Primary tumor Ascites

However, cell lines may not adequately represent primary cells and ideally hypotheses
should  be  confirmed using  primary  material.  Another  issue  is  contamination  of  cell
lines, as 24% of cell  lines distributed by cell  banks in 2010 were contaminated with
mycoplasma [13]. In our lab, we tested for mycoplasma every 6 months, so the results
in  this  thesis  are  with  mycoplasma-negative  cell  lines.  We  have  generated  cultures
from  primary  material,  which  proved  challenging,  but  we  have  used  these  primary
cells  to  confirm our  findings  in  Chapter 5.  There  are  also  advantages  to  using cell
lines,  including  ease  of  use,  being  an  unlimited  supply  of  material  and  allowing
experiments worldwide to be more easily reproduced and compared.  Although many
studies, including some experiments in this thesis, are performed with 2D cultures of
cell  lines  3D spheroid  cultures  are  more  clinically  relevant.  Spheroids  better  mimic
the natural  cell–cell  and cell–ECM interactions  which can affect  cytotoxicity  results
for  example  [14].  The  morphology  and  physiology  of  cells  in  spheroids  also
correspond more to  in vivo EOC compared to 2D cultures [15]. Yet, spheroids cannot
be  a  replacement  for  in  vivo models.  As  indicated  in  Table  1,  SKOV-3  which  was
used for the majority of experiments in this thesis represents a non-serous histology.
For future studies it  would be relevant to include a more clinically relevant cell  line
model  of  the  high-grade serous  EOC type,  as  that  would be  most  representative  for
the  majority  of  the  EOC  patients.  Some  potentially  interesting  cell  lines  include
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OVCAR-3, OVCAR-4, OVCAR-8, COV362 and COV318 as these are all reported to
grow intraperitoneally  and  are  reportedly  of  the  high-grade  serous  subtype  [16-19].
Unfortunately,  OVCAR-3  cannot  stably  express  luciferase,  the  enzyme  used  to
quantify  tumor  burden  in  vivo  [16].  And OVCAR-8 was  later  reported  to  be  of  the
non-serous  subtype instead of  high-grade  serous  [18].  High-grade  serous  tumors  are
characterized by TP53 mutations, but although OVCAR-8 is TP53 mutated it behaves
similarly to other non-serous cell lines [20]. The downside for OVCAR-4 is that it is
a  relatively  slow  growing  tumor  compared  to  the  other  cell  lines  [21].  Another
potential  disadvantage  of  OVCAR-3  and  OVCAR-4  is  their  reported  inability  to
produce  ascites  in  vivo  [16,  21].  However,  other  studies  did  find  OVCAR-3  to
produce ascites  in vivo  [22, 23]. OVCAR-8 on the other hand does produce ascites  in
vivo and has  a  fast  disease  progression compared to  other  cell  lines  making this  an
excellent  choice  to  include  in  future  EOC studies  although,  unfortunately,  its  origin
and  histology  is  not  clearly  defined  as  high-grade  serous  [20,  24].  COV362  and
COV318,  similar  to  OVCAR-8  are  interesting  with  intraperitoneal  tumor  growth
reported  in  vivo,  they have some native ascites  producing capacity  but  this  capacity
was enhanced in both COV362 and COV318 luciferase cell lines [16]. Contradictory,
Mitra  et  al.  reported  no  intraperitoneal  tumor  growth  for  COV362  [21].  In  short,
OVCAR-3, OVCAR-4, OVCAR-8, COV362 and COV318, seem attractive choices for
future studies. 

NK cell persistence and boosting through cytokine support in EOC

As demonstrated  in  Chapter  2,  NK cells  in  the  tumor  microenvironment  (TME) of
EOC  are  strongly  inhibited  due  to,  in  part,  the  soluble  factors  and  tumor  cell
interactions further described in  Chapter 6. Several cytokines can potentially provide
a boosting signal to NK cells,  the most studied being IL-2 and IL-15 [25-27].  Other
cytokines  such  as  IL-12,  IL-18,  IL-21  and  IFN-α  can  also  boost  NK  cell  activity
[28-30].  From studies with receptor knockout mice we know that IL-2,  IL-18, IL-21
and  IL-2Ra  are  less  critical  for  NK  cell  development,  as  these  mice  have  normal
numbers of  NK cells  in their  peripheral  blood albeit  with reduced effector functions
[31-33].  However,  IL-15 and IL-15Ra knockout mice have a significant reduction in
NK cell  numbers  [34,  35].  Knockout  of  the  other  cytokines  each  individually  have
some effect on either NK cell function and/or maturation, but IL-15 appears to be the
major cytokine associated to NK cell numbers and persistence. One advantage to IL-2
is that this is the cytokine most commonly used in clinical trials to boost NK cell and
T  cell  persistence.  However,  the  main  disadvantage  of  IL-2  support  are  the  side
effects,  which  include  skewing  the  differentiation  and  maintenance  of  regulatory
T cells,  which may subsequently  dampen immune responses  [36].  For  these  reasons
we decided to further explore IL-15-based boosting of NK cells in  Chapter 3. N-803
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is  a  modified  IL-15  molecule  with  an  activating  mutation  with  enhanced  binding
properties,  an  IL-15Rα  sushi  domain  for  trans-presentation  and  an  IgG1  Fc  tail  to
increase  the  half-life  [37-39].  Normally,  IL-15Rα  is  expressed  on  the  surface  of
antigen presenting cells and forms a complex with IL-15, which is then recognized by
the β and γ receptor chains located on the surface of NK cells and CD8  T cells. Both
trans and cis (no IL-15Rα binding involved) presentations of IL-15 play an important
role  in  the  regulation,  activation  and  proliferation  of  NK  cells  [40-42].  Several
clinical  trials  with  N-803  have  been  conducted  or  are  still  ongoing  [43-45].  For
example,  Foltz  et  al.  used  N-803  in  a  phase  I  study  combined  with  rituximab  in
patients with indolent Non-Hodgkin Lymphoma [46]. In agreement with other clinical
studies conducted to date, N-803 was safe and well tolerated. Interestingly, they found
durable  clinical  responses  including  rituximab-refractory  patients  [46].  Continuous
IL-2 and IL-15 administration is known to support NK cell survival  in vivo, but there
are  potential  issues  with  either  cytokine  that  need  to  be  further  addressed.  A major
potential issue of continuous high IL-15 stimulation is NK cell exhaustion. This was
first  described  by  Felices  et  al.  who found that  continuous  exposure  to  IL-15 in  an
AML  model  resulted  in  a  defect  ex  vivo NK  cell  expansion/survival,  diminished
inflammatory  function  and  decreased  killing  [47].  The  underlying  mechanism  was
identified  to  be  sustained  mTOR  signaling,  as  the  mTOR  inhibitor  rapamycin  was
able to reverse these effects. Another study confirmed these results in an in vivo AML
model [48]. A more recent study by Mishra et al. revealed that blockade of ADAM17
increased  NK  cell  proliferation  and  CD62L  expression  in  response  to  IL-15
stimulation  [49].  ADAM17  is  a  protease  that  can  cleave  cell  surface  proteins,
resulting  in  shedding,  which  in  turn  rapidly  reduces  receptor  density  on  the  cell
surface  [50,  51].  Blockade  of  ADAM17  could  be  a  strategy  to  overcome  NK  cell
IL-15  induced  exhaustion  [49].  Another  potential  hurdle  for  IL-15  based  allogeneic
NK  cell  support  is  that  is  also  boosts  the  patient’  CD8  T  cells  which  may
subsequently  recognize  and  eliminate  the  donor  NK  cells.  Berrien-Elliott  et  al.
compared IL-2 and N-803 infusion in  patients  with  relapsed/refractory AML treated
with CD3-depleted/enriched NK cells in a phase 1 dose escalation trial [52]. Patients
treated  with  IL-2  had  better  clinical  responses  compared  to  N-803.  Interestingly,
allogeneic  NK  cells  supported  with  N-803  showed  higher  absolute  counts  at  peak
expansion, which corresponds with data published by us and others. However, on day
21  there  was  a  strong  decline  in  NK  cell  numbers  in  the  N-803  treated  patients,
possibly due to CD8  T cell-mediated elimination. Indeed, patient autologous T cells
were  significantly  increased  in  the  peripheral  blood  and  bone  marrow  of  N-803
treated  patients  compared  to  IL-2  treated  patients.  To  overcome  some  of  these
problems,  local  administration  of  IL-15  might  be  applied.  In  this  regard,  several
studies,  as  early  as  2018,  have  demonstrated  that  it  is  feasible  to  generate  chimeric
antigen receptor  (CAR) NK cells  that  overexpress IL-15 which can support  NK cell
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survival  and activation [53-57].  One recent  clinical  study with allogeneic anti-CD19
CAR-NK  cells,  derived  from  umbilical  cord  blood,  expressing  IL-15  and  inducible
caspase 9,  acting as a safety switch,  demonstrated the feasibility of this approach in
refractory CD19-positive cancers [56]. These patients showed an objective response to
treatment  with  CAR-NK  cells  without  developing  major  toxic  side-effects.  Another
approach is  to  engineer  CAR-T and CAR-NK cells  overexpressing  IL-15 and IL-15
receptor  alpha  (IL-15Rα)  to  establish  local  transpresentation,  which  was  shown  to
result  in  less  IL-15-induced  toxicity  and  enhanced  anti-tumor  activity  [57,  58].
Silvestre  et  al.  transduced  NK-92  cells  with  a  CD19  CAR  alone,  CD19  CAR  with
IL-15  or  CD19  CAR  with  both  IL-15  and  IL-15Rα.  The  CD19  CAR-NK  cells
harbouring  IL-15/IL-15Rα  showed  significantly  increased  in  vitro tumor  killing
activity compared to cells  expressing IL-15 alone [57].  These strategies,  most  likely
in  combination  with  other  innovative  engineering  strategies  such  as  CRISPR/Cas9
mediated deletion of β2M to disrupt the HLA-I complex and to prevent host rejection.
Ideally  in  combination  with  overexpression  of  HLA-E  to  prevent  rejection  by
allogeneic  NK  cells  which  might  improve  effectiveness  and  longevity  of  NK  cell-
based immunotherapy [59, 60]. 

NK cell exhaustion, receptor checkpoint expression and soluble factors
in ascites

The sum of  activating and inhibitory  receptor  signals  is  critical  in  the  regulation of
NK cell  functionality  and determines  whether  a  target  cell  is  subsequently  killed  or
spared  [61,  62].  Despite  the  often  used  common differentiation  markers  ( i.e. CD3-,
CD56+  and  CD16)  to  define  NK  cells,  NK  cells  represent  a  diverse  population
characterized  by  a  wide  array  of  activating  and  inhibitory  receptors,  of  which  the
expression  is  influenced  by  the  local  environment  and  the  specific  stimuli  they
encounter  [63].  In  Chapter  4,  we  applied  two  extensive  18-color  panels  to  further
characterize NK cell subsets in high-grade EOC patient ascites and compared them to
benign  control  samples.  Using  unsupervised  clustering,  we  found  that  lower
DNAM-1, SIGLEC-7 and CD16 expression turned out to be the major characteristic
of significant clusters found in EOC ascites. In  Chapter 5, we investigated DNAM-1
and CD16 expression with the major focus on the DNAM-1/CD96/TIGIT pathway in
more  detail.  DNAM-1  has  been  shown  to  be  one  of  the  key  activating  receptors
involved in NK cell-dependent anti-tumor responses [64-67]. DNAM-1  NK cells are
more pro-inflammatory,  proliferate more and have a better  anti-tumor response [68].
In  Chapter  5,  we  showed  that  DNAM-1  levels  on  NK  cells  significantly  decrease
upon  in  vitro co-culture  with EOC cells,  but  can be increased by IL-15 stimulation.
However,  whether  this  phenomenon is  based on cell-cell  interaction,  soluble  ligands
or  cytokine  mediated  signaling  remains  to  be  investigated.  Soluble  (s)CD155
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suppresses  DNAM-1-mediated  degranulation  of  NK  cells  and  binds  with  greater
affinity  to  DNAM-1 compared to  inhibitory  receptors  TIGIT and CD96 [69].  Given
the importance of the DNAM-1 pathway in EOC, one might expect elevated levels of
sCD155  in  ascites  of  high-grade  EOC  patients,  but  levels  were  not  significantly
increased  compared  to  benign  control  samples  in  our  study.  Though,  this  does  not
implicate that there is no suppressive role for sCD155 in ascites, as benign fluids also
exerted some inhibitory activity and in both fluid types the sCD155 levels were well
above  the  detection  limit.  CD155  is  up-regulated  in  tumors  and  favors  tumor  cell
proliferation and migration. In contrast, when expressed on the surface of tumor cells,
CD155 can bind activating receptor  DNAM-1 and induce tumor cell  killing.  CD155
and  CD112  are  often  elevated  in  various  solid  and  hematological  malignancies,
correlating  with  a  worse  OS  and  disease  stage  [70-77].  Although  we  reported  in
Chapter 5 that  CD155 and CD112 are both highly expressed by EOC cells,  we did
not  find  a  significant  association  between  sCD155  nor  sCD112  in  ascites  of  EOC
patients  and OS in  Chapter 4.  Soluble  ligands for  DNAM-1 might  be an important
factor  that  tip  the  scale  in  favor  of  tumor  cell  proliferation  and  migration,  while
impairing NK cell killing. Interestingly, sCD112 was significantly increased in ascites
from malignant EOC patients compared to benign controls. For sCD112 less is known
in literature about its mechanism of action and binding properties. Further research is
required to potentially open a window for new therapeutic strategies targeting soluble
DNAM-1  ligands.  Blockade  of  CD155  has  already  been  suggested  as  a  therapeutic
approach  alongside  allogeneic  NK  cell  therapy  to  enhance  NK  cell  activation,
cytotoxicity, and graft-versus-tumor effects [78]. 

Besides increasing NK cell  activity through augmenting DNAM-1 signaling,  another
attractive strategy is to block inhibitory TIGIT signaling. Similar checkpoint blockade
strategies targeting inhibitory receptors PD-1 and CTLA-4 showed impressive clinical
responses  [79-81].  Expression  of  TIGIT  correlates  with  NK and  T  cell  dysfunction
and  more  importantly  with  poor  prognosis  in  several  types  of  cancers  [82-84].  In
Chapter 5, we explored TIGIT blockade on NK cells and found promising results in
our  in  vitro and  in  vivo models.  This  is  corresponds  with  the  finding  that  TIGIT
deficiency,  or  prophylactic  antibody  blockade,  yields  a  modest  level  of  protection
against primary tumor growth in mice [64, 85-87]. This is in line with our results, as
we  found  a  modest  increase  in  NK cell-mediated  anti-tumor  responses  upon  TIGIT
blockade.  Similar  to  T  cell  exhaustion,  NK  cell  exhaustion  is  a  gradual  process
consisting of different stages that may be unique per disease or even per patient [88].
Therefore,  future  clinical  studies  may consider  rescuing exhausted NK cells  through
personalized  modalities.  For  example,  focusing  on  EOC  specifically,  evaluation  of
both  the  soluble  component  in  ascites  and the  cellular  exhaustion  markers  (NK and
tumor  cells)  can  guide  the  selection  of  checkpoint  blockade  targets.  The  second
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modality  to  overcome the  current  modest  effects  of  single  antibody  blockade  is  the
combination  of  multiple  checkpoint  blockers  that  are  preferably  selected  on  an
individual basis.  In unpublished data with our  in vitro degranulation assay using the
SKOV-3 cell line we found that co-blockade of TIGIT and KIR worked well together,
but  also  individually,  by  increasing  IFN-γ  (left)  and  CD107a  (right)  responses  in
healthy  donor-derived  NK  cells  (N=7)  (Figure  1).  In  addition,  we  also  explored
TIM-3  blockade  but  could  not  find  differences  in  NK-cell  mediated  SKOV-3
reactivity in the presence or absence of blockade (Figure 1).

Figure 1: KIR and/or TIGIT blockade, in contrast to TIM-3, significantly boosted IFN-γ and CD107a
on CD56  NK cells from healthy donors (HD) in response to SKOV-3 EOC cells. SKOV-3
stimulation for 4 h on HD PBMC derived NK cells in the presence of anti-TIM-3 (10 µg/mL), anti-
TIGIT (10 µg/mL) and/or anti-KIR (10 µg/mL) or matching isotype controls . Fold change in IFN-γ
(left) and CD107a (right) expression gated on CD56  cells following antibody treatment is calculated
relative to the condition of NK cells supported with low dose rhIL-15 and subjected to 4 h SKOV-3
stimulation (n = 7). A One-Way repeated measures ANOVA with Bonferroni correction was used for
statistical analysis, * p < 0.05, ** p < 0.01 and *** p < 0.001

As confirmed in  Chapter 5,  TIGIT is  one of the important checkpoint  inhibitors on
NK cells in the context of EOC reactivity, while other inhibitory checkpoints such as
KIRs  or  PD-1  might  be  more  relevant/dominant  in  other  diseases.  Using  the  same
assay  set-up  we  assessed  TIM-3,  TIGIT  and  KIR  blockade  in  an  acute  myeloid
leukemia model (THP-1 cells) with healthy donor derived NK cells (N=7, Figure 2). 
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Figure 2: Anti-KIR strongly boosts NK cells while TIM-3 and TIGIT blockade have modest effects on
PB-NK cells in response to THP-1 AML cells (4 h) in the presence of anti-TIM-3 (10 µg/mL), anti-
TIGIT (10 µg/mL) and/or anti-KIR (10 µg/mL) or matching isotype controls.  Fold change in IFN-γ
(left) and CD107a (right) expression gated on CD56  cells following antibody treatment is calculated
relatively to the condition with low dose rhIL-15 (5 ng/mL) and 4 h THP-1 stimulation only (n = 7).
A One-Way repeated measure ANOVA with Bonferroni correction was used for statistical analysis, * p <
0.05, ** p < 0.01 and *** p < 0.001

Here,  both  TIM-3  and  TIGIT  blockade  did  not  show  significant  differences,  while
KIRs  appeared  to  be  important  inhibitory  checkpoint  molecule(s)  resulting  in
increased NK cell reactivity against THP-1 cells when blocked. 

The hypothesis that monoblockade is unlikely to yield significant clinical responses is
supported by a clinical study in elderly patients with acute myeloid leukemia (AML),
which  demonstrated  that  KIR  mono-blockade  (lirilumab)  therapy  did  not  improve
disease-free  survival  [89].  Interestingly,  combined  rituximab  (anti-CD20  antibody)
treatment  with  anti-KIR  showed  significantly  better  results  compared  to  either
treatment  alone  in  a  syngeneic  murine  lymphoma  model  [90].  Another  strategy  to
overcome inhibition through checkpoint molecules for allogeneic treatment strategies
would  be  to  engineer  NK  cells  without  expression  of  these  inhibitory  receptors.
CRISPR/Cas9  technology  has  revolutionized  genome  editing,  allowing  knockout  of
specific genes with a targeted guide RNA. This guide RNA forms a complex with the
Cas9  protein,  which  can  subsequently  bind  and  cleave  the  DNA  region  of  interest
resulting in a double-strand break. The DNA repair mechanism is error prone and can
hence cause frameshift mutations resulting in an early stop codon which disrupts gene
function  [91].  A  CRISPR/Cas9-based  approach  could  be  employed  to  knock  out
inhibitory receptors, such as TIGIT or KIRs, on NK cells prior to infusion. 

Similarly,  NKG2A blockade (monalizumab) is being clinically evaluated and yielded
poor  results  as  monotherapy  in  patients  with  recurrent/metastatic  squamous  cell
carcinoma of the head and neck. No objective response rate (ORR) was observed and
the  study  did  not  meet  its  primary  objective  [92].  More  importantly,  a  study  with
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monalizumab  monotherapy  in  patients  with  gynecologic  malignancies  also  did  not
meet  the  protocol-defined  criteria  [93].  Both  groups  reported  that  future  studies
should  include  co-blockade  strategies.  One  such  example  is  the  UPSTREAM study,
where  monalizumab  is  combined  with  anti-PD-L1  (durvalumab).  Interestingly,  the
COAST  trial  investigated  anti-PD-L1  (durvalumab)  treatment  in  patients  with
unresectable,  stage  III  non–small  cell  lung  cancer  in  combination  with  anti-CD73
(oleclumab) or anti-NKG2A (monalizumab) and reported a better ORR and prolonged
progression  free  survival  [94].  Our  HPC-NK  cells  have  relatively  high  levels  of
NKG2A with an average of 80% NKG2A  cells in the therapeutic product,  and thus
NKG2A blockade could be an interesting strategy to improve anti-tumor activity [95].

Figure 3: Checkpoint receptor expression on the HPC-NK cell end product. CD34  stem cells were
isolated from cord blood, cryopreserved and thawed for HPC-NK cell generation within 5-6 weeks, as
described previously [39]. HPC-NK cells were then analyzed by flow cytometry for expression of
DNAM-1, CEACAM-1, TIGIT, PD-1, CD27, TIM-3, LAG-3, CTLA-4, 2B4, ICOS, NKG2D, CD57,
KLRG-1, pan-KIR, CD96, NKp46, CD200R, BTLA, 4-1BB, CD16, OX-40, CD160, NKp44 and
CD28 (N=2).

To further improve HPC-NK cell based therapies other checkpoint molecules besides
NKG2A should further be explored. Since HPC-NK cells inherently lack or have low
TIGIT  expression  after  35  days  of  culture,  TIGIT  blockade  is  likely  not  the  most
promising  strategy  to  improve  the  efficacy  of  this  therapeutic  product  (Figure  3).
Based on the phenotype of HPC-NK cells potentially interesting targets include CD96
and KIR. As TIGIT and TIM-3 were initial targets of interest within the scope of this
thesis, we further investigated their expression on HPC-NK cells. Even after 2 weeks
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of  NK  cell  expansion  in  SKOV-3  tumor  bearing  mice,  we  did  not  observe  TIGIT
expression on our HPC-NK cells (Figure 4). On the other hand, although TIM-3 was
initially relatively highly expressed at the end of the culture (90% positive, Figure 3),
it  was  downregulated  in  vivo as  only  10%  of  HPC-NK  cells  was  positive  after  2
weeks  of  in  vivo expansion.  Interestingly,  stimulation  with  IL-15  or  N-803  retained
TIM-3  expression  in  vivo to  the  20-40%  positive  range  depending  on  the
stimulation used.

Figure 4: TIGIT checkpoint receptor expression on HPC-NK cells is not modulated by rhIL-15 or
N-803 stimulation in vivo. SKOV-3 tumor cells (0.2 million/mouse) were injected in 24 NOD scid
gamma (NSG) mice (6-20 weeks old) 4 days prior to HPC-NK cell treatment (12 million/mouse). Cells
were harvested by intraperitoneal washing at 15-16 days after infusion. HPC-NK cell survival and
expansion was either not supported (N=6, PBS every other day), or induced with rhIL-15 (N=6, 2.5µg
every other day), low dose N-803 (N=6, 50µg/kg twice weekly) or high dose N-803 (N=6, 200µg/kg
twice weekly). Expression of DNAM-1, CEACAM-1, TIM-3, TIGIT and PD-1 was evaluated using flow
cytometry on intraperitoneal HPC-NK cells at 15-16 days after adoptive transfer in SKOV-3 tumor-
bearing NSG mice treated with PBS (top left), rhIL-15 (top right), low dose N-803 (bottom left) or high
dose N-803 (bottom right). Data is presented as a single data point since cell counts were low and thus
all cells from the same experimental group were pooled.
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CD96 expression is high on HPC-NK cells and is one of the receptors that is strongly
upregulated  on  NK  cells  from  EOC  patients  or  healthy  PB-derived  NK  cells  upon
tumor contact, as described in  Chapter 5. It is also associated with poor prognosis in
different  types  of  cancer,  including  AML  [96,  97].  The  function  of  CD96  and  the
intracellular domains are different across mice and human. Murine CD96 has only an
inhibitory  domain  similar  to  TIGIT,  while  human  CD96  has  both  the  inhibitory
immunoreceptor tyrosine-based inhibitory motif (ITIM), but also a YXXM motif that
could  be  both  inhibitory  or  activating  [98,  99].  Literature  reports  contradictory
findings  regarding  the  impact  of  CD96  blockade  in  the  human  setting,  with  the
majority  of  studies  describing  no  or  a  minimal  effect,  consistent  with  the  data
presented  in  Chapter  5  of  this  thesis.  More  research  would  be  needed  to  reveal
CD96’s function and what the role of the YXXM motif is.

Alternatively,  a  checkpoint  molecule  not  included  in  this  analysis  that  might  be
interesting  for  further  exploration  is  CD112R (also  known as  PVRL2).  CD112R,  as
the name implies, binds CD112 which is a shared ligand with TIGIT. Yet, the binding
affinity of CD112R to CD112 is much higher [100, 101]. Recent studies demonstrated
this  to  be  another  major  inhibitory  pathway  on  NK  cells  and  CD8  T  cells  [102].
Since CD112 is relatively highly expression on NK cells in epithelial ovarian cancer
(EOC) compared to other cancers, co-blockade of TIGIT and CD112R could enhance
NK cell-mediated  reactivity  against  EOC as  illustrated  in  an  EOC model  where  co-
blockade of TIGIT and CD112R led to robust IFN-γ responses [70]. Conversely, in a
lung tumor model with low CD112 expression,  TIGIT and PD-1 blockade was more
effective,  and  additional  CD112R  blockade  had  no  further  impact  [70].  This  study
illustrates  the importance of  ligand expression on the tumor cells  and the respective
checkpoint  molecules  expressed  by  effector  cells  to  predict  effectiveness  of  certain
checkpoint  inhibitor  combinations.  Although  the  aforementioned  study  was  focused
on CD8  T cells, similar results were demonstrated for NK cells. In this perspective,
another  group  showed  lack  of  effect  of  TIGIT  blockade  in  an  AML  model,
corresponding  with  our  unpublished  data,  while  CD112R  blockade  significantly
increased  NK  cell  mediated  lysis  of  KG1a  myeloid  tumor  cells  [103].  It  would  be
interesting  to  investigate  the  combination  of  KIR  and  CD112R  blockade  on
those cells. 

Besides  CD112R,  SIGLEC-7  is  an  interesting  checkpoint  receptor  which,  similar  to
CD96 and TIGIT, carries an ITIM motif [104]. SIGLEC-7 is an inhibitory lectin-type
receptor  on  NK cells  which  inhibits  NK cell  cytotoxicity  via  Sia-containing  ligands
[105, 106]. In  Chapter 4, SIGLEC-7 was a main determinant in driving clustering of
peritoneal NK cells from EOC patients, together with CD16 and DNAM-1 which we
identified  in Chapters  2  and  5.  We  found  high  expression  of  SIGLEC-7  on  EOC
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patient ascites-derived NK cells in  Chapter 4,  while SIGLEC-9 expression was low.
SIGLEC-7 defines a dysfunctional  subset  of  NK cells  associated with high levels of
human immunodeficiency virus (HIV) load [107]. Nevertheless, SIGLEC-7  NK cells
from  peripheral  blood  of  healthy  adults  were  found  to  be  highly  functional  [108].
Although this seems contradictory, the same group confirmed that agonistic antibodies
to  SIGLEC-7  did  induce  NK  cell  inhibition.  To  put  this  in  perspective,  much  like
PD-1  or  TIGIT+,  SIGLEC7  NK cells  may  not  inherently  be  dysfunctional;  rather,
their  functionality  becomes  significantly  inhibited  upon  exposure  to  their  respective
ligands.  SIGLEC-7  is  mainly  expressed  on  mature  blood  NK  cells  from  healthy
adults.  It  is  difficult  to  dissect  the  difference  between  a  mature  and  exhausted  NK
cell,  as  this  is  not  just  defined  by  receptor  expression  on  the  NK  cell,  but  also
dependent on the cytokine milieu and ligand expression of surrounding (cancer) cells
[108]. In  Chapter 4, we found a similar trend as Shao et al. reported, SIGLEC-7 was
mostly  expressed  by peritoneal  NK cell  clusters  that  had  high DNAM-1 and CD16.
SIGLEC-7 in relation to cancer is  poorly studied,  a  2019 review identified potential
functions,  yet  reported  no  specific  studies  on  SIGLEC-7 expression  in  cancers.  Our
study is  among the  first  to  contribute  to  this  field  [109].  Since  SIGLEC-7 blockade
improves NK cell function and the ligands for SIGLEC-7 are known to be expressed
by many tumors, it might be an interesting additional checkpoint molecule for future
research on EOC and other cancers [110]. 

In  Chapter  6 of  this  thesis,  we  explored  which  soluble  factors  in  ascites  were
dominant in NK cell inhibition in EOC and found TGF-β1 to be the main inhibitory
pathway for both PB and HPC-NK cells. Interestingly, a study by Sun et al. suggested
that  DNAM-1 could be downregulated by soluble factors  including TGF-β1 (37,  39,
45, 46).  Interfering with the TGF-β pathway may thereby, besides its immediate NK
cell boosting effect, also limit NK cell exhaustion. 

The TGF-β receptor is a heterotetrameric complex of the TGF-β receptor 1 (TGFBR1)
and TGFBR2. In  Chapter 6 we demonstrated that TGFBR2, in contrast to TIGIT, is
expressed  by  HPC-NK  cells.  This  makes  interference  of  the  TGF-β  receptor  a
promising  strategy  to  improve  efficacy  of  HPC-NK  cell  based  therapies.  HPC-NK
cells  can be relatively easily genetically modified  ex vivo before administration to a
patient.  It  would  be  interesting  to  genetically  modify  the  HPC-NK  cells  to  be  less
sensitive  to  TGF-β  inhibition.  In  this  perspective,  Yvon  et  al.  used  retroviral
transduction to engraft a dominant negative TGF-β receptor II. These cells expressing
a  dominant  negative  TGF-β  receptor  II  maintained  both  perforin  expression  and
NKG2D/DNAM-1  expression  in  the  presence  of  TGF-β  with  superior  killing  of
glioblastoma tumor cells [111]. A similar strategy was used for CAR-T cells targeting
mesothelin in a  murine ovarian cancer model,  resulting in improved functionality of
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CAR-T cells in the presence of TGF-β [112]. To take this one step further, Wang et al.
genetically  modified  NK-92  cells  to  express  an  extracellular  and  transmembrane
domain  of  the  TGF-β  type  II  receptor  with  the  intracellular  domain  of  NK  cell
activating  receptor  NKG2D.  Similarly  to  the  dominant  negative  TGF-β  receptor  II,
these  NK  cells  were  resistant  to  TGF-β-induced  suppression  and  instead  were
activated and chemo-attracted by TGF-β1-producing tumor cells [113]. With a similar
strategy, Shaim et al. used CRISPR/Cas9 gene editing to knock out the TGF-β type II
receptor in NK cells and subsequently infused them to treat glioblastoma multiforme
tumor  bearing  mice  [114].  Their  study revealed  a  notable  decrease  in  tumor  burden
and improved OS when using TGF-β type II receptor knockout NK cells, compared to
untreated  tumor  bearing  mice.  The  reduction  in  tumor  size  was  notably  greater  in
mice treated with TGF-β type II receptor knockout NK cells than in those treated with
wildtype NK cells combined with galunisertib. Altogether, these studies indicate that
interference  with  the  TGF-β  pathway  in  NK  cells  could  be  employed  to  protect
against  TGF-β  mediated  immunosuppression  and  even  result  in  stronger  NK
cell activation. 

Conclusion

The main  focus  of  this  thesis  was  to  identify  important  inhibitory  pathways  on  NK
cells and to explore ways to limit NK cell exhaustion in the EOC microenvironment
with  the  ultimate  goal  to  improve  existing  NK cell-based  therapy  in  EOC patients,
who  currently  have  limited  treatment  options.  We  identified  major  cell  populations
and  receptor  pathways  that  are  dysregulated  in  EOC patients  and  demonstrated  that
blockade  of  those  identified  inhibitory  pathways  restored  NK  cell  function.  From
early data we learned that NK cells are important EOC cancer reactive effector cells
and  we  found  the  DNAM-1/TIGIT  pathway  to  be  a  major  dysregulated  pathway
within EOC. Although our results are promising for new NK cell-based EOC cancer
therapies,  for  optimal  clinical  responses  a  combination  strategy  needs  to  be  further
explored. Customizing combinations of checkpoint inhibitors for specific cancer types
and  patients,  based  on  tumor  characteristics,  shows  great  potential  as  personalized
medicine.  Furthermore,  we  explored  different  cytokines  to  optimally  support  and
boost  NK cell  function  in  vivo,  for  example  with  N-803 with  an  increased  half-life
and  higher  activity  compared  to  IL-15.  Alternatively,  adoptive  transfer  of  NK cells
genetically  engineered  to  express  IL-15,  to  provide  a  more  local  effect  with  fewer
side-effects,  could be a promising strategy. Finally,  we showed that TGF-β is one of
the main inhibitory cytokines present in ascites. Since systemic blockade of TGF-β is
associated with various potential side-effects, clever engineering of NK cells, perhaps
in combination with IL-15,  could render them less  susceptible to TGF inhibition.  In
this thesis we established important novel insights into critical pathways for NK cell
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activation  and  inhibition  in  the  context  of  EOC.  We  provided  rationale  for
incorporating IL-15,  TIGIT and TGF-β-based strategies  to  further  improve NK cell-
based immunotherapy in EOC patients. 
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Het  immuunsysteem  is  een  complex  netwerk  van  verschillende  afweercellen  en
signaalstoffen met als  doel  het  lichaam te beschermen tegen schadelijke indringers -
zoals  bacteriën,  schimmels  en  virussen  -  maar  ook  het  herkennen  en  bestrijden  van
“afwijkende”  kankercellen.  Ons  immuunsysteem  bestaat  uit  twee  onderdelen:  het
adaptief  en  het  aangeboren  immuunsysteem.  De  eerste  werkt  middels  een  antigeen-
specifieke  immuunrespons  via  T-  en  B-cellen  die  enkele  weken  nodig  heeft  om
volledig  op  gang  te  komen.  Het  aangeboren  immuunsysteem  is  het  eerste
verdedigingsmechanisme van het lichaam en reageert snel. Natural killer (NK) cellen
maken deel uit van het aangeboren immuunsysteem. Dit betekent dat ze snel kunnen
reageren  op  virus-geïnfecteerde  cellen  en  kankercellen  zonder  voorafgaande
blootstelling  aan  deze  cellen  of  geheugen.  Dit  maakt  ze  een  veelbelovende
therapeutische  mogelijkheid  voor  vormen van  kanker  die  gevoelig  zijn  voor  NK-cel
reactiviteit  zoals  eierstokkanker.  Eierstokkanker  is  een  agressieve  vorm  van  kanker
die  vaak  laat  wordt  ontdekt  door  veelal  vage  klachten  totdat  de  maligne  cellen
explosief  gegroeid  en  gemetastaseerd  zijn.  In  dit  vergevorderde  stadium  is  het
moeilijk om patiënten te behandelen en hebben zij veelal een slecht prognose. Slechts
28%  van  deze  gevorderd  stadium  patiënten  leeft  nog  na  vijf  jaar.  Ascites  -  een
ophoping  van  vocht  in  de  buikholte  -  is  een  veelvoorkomende  complicatie  die
optreedt  bij  vergevorderde  eierstokkanker.  Ascites  draagt  bij  aan  de  tumorgroei  en
bevat stoffen en suppressieve cellen die het immuunsysteem remmen, waaronder NK-
cellen  die  proberen  de  tumoren  aan  te  vallen.  De  huidige  behandeling  voor
eierstokkanker  is  chirurgie  om zoveel  mogelijk  tumor  te  verwijderen,  in  combinatie
met  voorafgaande  en/of  aanvullende  chemotherapie.  Maar  ondanks  deze  intensieve
behandeling keert de kanker in 80% van de patiënten terug. 

Een veelbelovende  en  recente  ontwikkeling  in  de  behandeling  van  eierstokkanker  is
het versterken van het immuunsysteem van de patiënt om de terugkeer van de ziekte
te voorkomen. Eierstokkanker is een relatief immunogene tumor en de aanwezigheid
van  tumor  infiltrerende  lymfocyten  bevattende  T-cellen  en  NK-cellen  correleert  met
betere  overleving  van  eierstok  kankerpatiënten.  Autologe  NK-cellen  van  de  patiënt
zijn  echter  vaak  in  kleine  aantallen  aanwezig  en  worden  sterk  onderdrukt  door  de
afweer remmende tumoromgeving, die deels bestaat uit eerdergenoemde ascites. Naast
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het  versterken  van  natuurlijk  voorkomende  NK-cellen,  is  aanvullende  NK-cel
immunotherapie een veelbelovende strategie. 

Hoewel  verschillende  bronnen  van  NK-cellen  worden  onderzocht  voor  dit  doel,
richten we ons in  dit  proefschrift voornamelijk  op natuurlijk  voorkomende perifere
bloed  (PB)  NK-cellen  en  NK-cellen  die  we  in  een  35-daags  kweekprotocol  kunnen
genereren vanuit  CD34+ hematopoëtische progenitor  cellen (HPC) van een donor  in
het  laboratorium.  Deze  donor  HPC-NK-cellen  zijn  direct  bruikbaar  als  een
‘kant-en-klaar’  immunotherapieproduct  en  hebben  het  bijkomende  voordeel  dat  ze
effectievere killers zijn dan NK-cellen die afkomstig zijn uit perifeer bloed. Adoptieve
NK-celtherapie  kan  verder  worden  versterkt  door  cytokinestimulatie,  het  blokkeren
van  remmende  mechanismen  en  genetische  modificatie  van  specifieke  mechanismen
om tumor-reactiviteit te verbeteren. 

In Hoofdstuk 2 hebben we gekeken naar de rol van NK-cellen bij hooggradige sereus
papillaire  eierstokkanker  (wat  de  meest  voorkomende  vorm  is)  en  hebben  we
aangetoond dat de frequentie van NK-cellen in ascites een positief verband toont met
een langere ziektevrije en algehele overleving. Daarnaast  bleken de expressieniveaus
van  activatiemarkers  op  NK-cellen  bij  eierstokkanker  patiënten  significant  lager  te
zijn  dan  op  NK-cellen  in  buikvocht  van  patiënten  met  niet-maligne  aandoeningen.
DNAM-1,  NKp30,  NKp46,  maar  niet  NKG2D en 2B4,  zijn  significant  lager  in  NK-
cellen van eierstokkanker patiënten waardoor deze minder actief zijn. Met behulp van
een  in-vitro activatie-proef  hebben  we  aangetoond  dat  stimulatie  met  IL-15  of  de
IL-15-superagonist  N-803  de  degranulatie  en  IFN-γ-productie  van  NK-cellen  tegen
eierstok-tumorcellen  kan  verhogen.  Superagonist  N-803  is  een  gemodificeerde  vorm
van IL-15 met verbeterde bindings- en activerende eigenschappen en een toegevoegd
IgG  Fc-staart  om  de  halfwaardetijd  in  vivo aanzienlijk  te  verlengen  in  vergelijking
met recombinant humaan (rh)IL-15. Door het verband te leggen tussen het percentage
NK-cellen  en  de  klinische  parameters  van  eierstokkanker-patiënten  –  en  dat  de
functionaliteit  kan  worden  versterkt  door  extra  stimulatie  met  IL-15  –  zijn  we  tot
nieuwe  inzichten  gekomen  voor  toekomstige  immunotherapieën  op  basis
van NK-cellen.

In Hoofdstuk 3 hebben we het therapeutische potentieel van N-803 verder onderzocht
om  de  functionaliteit  van  HPC-NK-cellen  tegen  eierstokkanker  en  acute  myeloïde
leukemie  (AML)  te  verbeteren.  We  hebben  aangetoond  dat  N-803  stimulatie  de
productie van IFN-γ en proliferatie van HPC-NK-cellen verhoogt.  In AML-modellen
nam ook de frequentie van “serial killers” (NK-cellen die twee of meer kankercellen
direct  na  elkaar  aanvallen  en  doden)  toe  en  was  de  expressie  van  intercellulair
adhesiemolecuul  1  (ICAM-1)  op  de  AML-cellen  verhoogd.  Hierdoor  zijn  ze  een
makkelijker doelwit voor NK-celgemedieerde doding. In eierstokkanker modellen was
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er  echter  geen  toename  in  de  frequentie  “serial  killers”  na  toevoeging  van  N-803.
Desondanks was de expressie  van CXCL10 door de eierstok tumorcellen aanzienlijk
verhoogd,  wat  op  zijn  beurt  NK-cel  infiltratie  en  aantrekking  via  CXCR3  kan
verbeteren.  Bij  muizen met  humane eierstokkanker  die  werden behandeld met  HPC-
NK-cellen  plus  N-803  of  rhIL-15,  bleek  dat  beide  vormen  van  IL-15  de  HPC-NK-
cellen effectief ondersteunen. Dit resulteerde in aanzienlijk verminderde tumorgroei in
vergelijking  met  de  controlegroep  die  geen  rhIL-15  of  N-803  ontving.  Al  met  al
bieden deze gegevens een rationale voor N-803-gebaseerde cytokinesteun in zowel de
eierstokkanker als  AML setting om de overleving van NK-cellen te ondersteunen en
de anti-tumoractiviteit van NK-cellen te verbeteren.

Voor  Hoofdstuk  4 hebben  we  uitgebreide  flowcytometrie  panels  gebruikt  om  NK-
celsubsets  in  detail  te  karakteriseren  aan  de  hand  van  activatie,  differentiatie  en
immuuncheckpoint  markers.  Hiervoor  hebben  we  NK-cellen  uit  ascitesvocht  van  26
patiënten  met  hooggradige  sereus  eierstokkanker  met  die  van  11  goedaardige
cystadenoom  (controles)  vergeleken.  We  hebben  vervolgens  de  clustering  methode
FlowSOM  gebruikt  om  de molecuul  expressie  van  individuele  cellen  gemeten  met
flowcytometrie  te  analyseren  en  unieke  subsets  en  co-expressie  profielen  te
identificeren.  Deze  methode  groepeert  cellen  met  vergelijkbare  eigenschappen  in
meerdere  verschillende  clusters.  Daarbij  hebben  we  twee  interessante  groepen  van
clusters geïdentificeerd: één groep clusters was verhoogd in ascites van eierstokkanker
patiënten  en  was  geassocieerd  met  verlies  van  de  activatiereceptoren  DNAM-1  en
CD16, en met verhoogde expressie van inhibitie-checkpointmoleculen TIGIT,  TIM-3
en PD-1. De tweede groep clusters was juist verlaagd bij patiënten met eierstokkanker
en kwam overeen met een fenotype dat we normaliter zien op gezonde perifeer bloed
NK-cellen. Opvallend was dat deze laatste groep clusters een negatief verband toonde
met NK-cel remmende eiwitten die we gemeten hadden in ascites van eierstokkanker
patiënten. Daarnaast was het opmerkelijk dat de groep clusters die verhoogd was bij
eierstokkanker patiënten significant en sterk gecorreleerd was met de meerderheid van
de  NK-cel  remmende  eiwitten  gemeten  in  ascitesvocht  van  de  eierstokkanker
patiënten. Alles tezamen hebben we NK-cel clusters en receptoren geïdentificeerd die
geassocieerd zijn met de NK cel remmende omgeving in ascitesvocht.  De remmende
receptoren  die  we gevonden hebben kunnen als  aanknopingspunten  gebruikt  worden
voor  toekomstige  studies  naar  immuuncheckpoint  blokkade  die  zich  richten  op
relevante receptorroutes voor eierstokkanker.

Bij  Hoofdstuk 5 is het belang van tumorligandexpressie voor activerende receptoren
verder  onderzocht,  omdat  dit  voor  NK-cellen  nodig  is  voor  het  herkennen  en
elimineren  van  tumorcellen.  We  hebben  ons  hier  met  name  gericht  op  de  interactie
tussen  tumor  en  NK-cellen  van  de  receptor  familie  DNAM-1-,  TIGIT-  en  CD96,
omdat  we DNAM-1 hadden geïdentificeerd  als  een  van  de  belangrijkste  activerende
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receptoren  die  verminderd  tot  expressie  komt  op  NK-cellen  van  eierstokkanker
patiënten (Hoofdstuk 2).  Ondanks lagere DNAM-1 expressie,  waren TIGIT en CD96
respectievelijk gelijk aan of hoger dan die van gezonde perifeer bloed NK-cellen. We
hebben de vermindering van DNAM-1 kunnen bevestigen met gezonde PB-NK-cellen
door  middel  van co-cultuur  van eierstokkanker  tumorcellen in  een monolaag,  in  een
multi-cellulaire 3D structuur en bij eierstokkanker tumor dragende muizen. Expressie
van andere NK-cel receptoren zoals PD-1, NKG2a en OX40 werd niet beïnvloed door
de  interactie  tussen  tumor  en  NK-cellen.  Het  activeren  van  NK-cellen  met  IL-15
resulteerde  in  verhoogde  expressie  van  DNAM-1,  maar  verhoogde  ook  de  expressie
van  TIGIT en  CD96.  Door  TIGIT-blokkade  met  behulp  van  een  anti-TIGIT antistof
werd  de  degranulatie  en  IFNγ-productie  van  gezonde  perifeer  bloed  NK-cellen  en,
belangrijker  nog,  NK-cellen  afkomstig  van  eierstokkanker  patiënten  verhoogd  in
reactie  op  eierstok  tumorcellen.  Bij  muizen  met  eierstok  kanker  resulteerde
behandelding  met  IL-15,  gezonde  perifeer  bloed  NK-cellen  en  TIGIT-blokkade  in
verminderde  tumor  groei  in  vergelijking  met  onbehandelde  muizen.  Dit  laat  het
belang zien van signalering via DNAM-1/TIGIT/CD96 op NK cellen en het klinische
potentieel van (TIGIT) checkpointblokkade bij eierstokkanker.

Naast  interacties  tussen  tumorliganden  en  NK-cel  receptoren  hebben  we  in
hoofdstuk 6 de  remmende  rol  van  de  cellen  en  eiwitten  in  de  tumoromgeving
(ascites) van eierstokkanker verder in kaart  te gebracht.  Ascites staat bekend om het
bevorderen  van  de  groei  en  invasie  van  tumorcellen  en  bevat  allerlei  verschillende
immuuncellen  en  signaalstoffen.  Daarom  hebben  we  uitgebreide  signaalstof  analyse
uitgevoerd op ascites van eierstokkanker patiënten en op goedaardige buikvocht. Van
deze ascites hebben we ook de remmende eigenschappen op de functie van NK-cellen
bepaald,  het  verband met  de  eiwitten  uit  de  ascites  en  klinische  uitkomstparameters
zoals  overleving  en  CA-125,  een  eierstokkanker  tumor  marker.  We  ontdekten  dat
HPC-NK-cellen  beter  bestand  waren  tegen  de  remmende  effecten  van  ascites  in
vergelijking  met  perifeer  bloed  NK-cellen.  TGF-β1  bleek  het  eiwit  te  zijn  dat  het
sterkst  correleerde  met  door  ascites  veroorzaakte  disfunctie  van  NK-cellen  en
verminderde  overleving  van  eierstok  kanker  patiënten.  Blokkering  van  TGF-β1-
signalering met galunisertib herstelde de functionaliteit van NK-cellen gedeeltelijk in
functionele  in  vitro proeven.  Hoge  TGF-β1  concentraties  in  ascites  waren  verder
geassocieerd  met  een  verminderde  functie  van  NK-cellen,  een  slechte  (ziekte  vrije)
overleving  en  met  de  aanwezigheid  van  M2-achtige  macrofagen,  B-celpopulaties  en
regulatoire T-cellen. Deze bevindingen laten de rol zien van het TGF-β1 cytokine bij
het  dempen  van  NK-cel  immuniteit  in  gevorderd  eierstokkanker.  Op  basis  hier  van
zouden  op  NK-cel  gebaseerde  immunotherapieën  voor  eierstokkanker  mogelijk  baat
kunnen hebben bij interferentie met TGF-β1 signalering in de tumor omgeving.
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Hoofdstuk 7  vat  het  proefschrift  samen  en  belicht  de  relevantie  van  het  onderzoek
voor  patiënten  met  eierstokkanker.  Daarnaast  bespreekt  het  de  stappen  die  in  de
toekomst nog gezet kunnen worden en hoe dit onderzoek zich verhoudt tot bestaande
literatuur.  Toekomstige  patiënten  kunnen  baat  hebben  bij  een  therapeutisch  product
dat  is  afgestemd  op  de  individuele  patiënt.  Denk  hierbij  aan  combinatiestrategieën
waarbij  verschillende remmende moleculen die sterk tot expressie komen op de NK-
cellen in een patiënt worden uitgeschakeld door middel van blokkade met antistoffen
of genetische aanpassing van het NK-cel product voorafgaand aan infusie. Belangrijk
hierbij is een doeltreffende ondersteunende cytokine, zoals N-803, of door genetische
manipulatie  waarbij  de  NK-cel  het  IL-15  molecuul  zelf  kan  produceren.  Dergelijke
strategieën worden reeds met  succes  toegepast  in  (pre-)klinisch onderzoek in  andere
kankersoorten en zijn potentieel ook toepasbaar bij eierstokkanker.

Kortom,  in  dit  proefschrift  hebben  we  laten  zien  dat  op  NK-cellen  gebaseerde
immunotherapie  een  aantrekkelijke  adjuvante  behandelingsoptie  is  voor
eierstokkanker-patiënten. Zij hebben momenteel beperkte behandelingsmogelijkheden,
vooral  na  terugkeer  van  de  ziekte.  Bovendien  kunnen  tumorcellen,  onderdrukkende
immuun-cellen  en  remmende  eiwitten  in  ascites  de  expressie  van  activerende
receptoren op NK-cellen verlagen. Tegelijkertijd kunnen tumorcellen de expressie van
remmende  checkpoint  receptoren  verhogen.  We  hebben  ook  aangetoond  dat  IL-15
stimulatie  essentieel  is  voor  het  ondersteunen  en  (re)activeren  van  NK-cellen  voor
langdurige  persistentie  en  werkzaamheid  na  infusie.  Verder  hebben  we  ons  vooral
gericht op het identificeren van de dominante checkpoint moleculen op NK-cellen en
hoe  deze  bijdragen  aan  NK-cel  uitputting  en  remming  in  ascites.  TIGIT  bleek  een
belangrijk  remmend  checkpointmolecuul  op  NK-cellen  in  de  context  van
eierstokkanker.  Vervolgens  hebben  we  aangetoond  dat  TGF-β1  een  van  de
belangrijkste NK-cel remmende cytokines is die aanwezig is in ascitesvocht. Daarom
bieden  IL-15-gebaseerde  stimulatie  en  blokkade  van  de  TIGIT  en  TGF-β1
mogelijkheden om de remming van NK-cellen door eierstokkanker  te  voorkomen en
NK-cel-gebaseerde immunotherapie te verbeteren. Alles tezamen bieden de resultaten
van dit proefschrift nieuwe inzichten voor de verbetering van NK-celtherapie voor de
behandeling van patiënten met eierstokkanker.
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PhD portfolio 

PhD portfolio of Ralph Maas
Department: Laboratory Medicine (LH)
PhD period: 01/01/2017 – 11/12/2025
PhD Supervisor(s): Prof. Harry Dolstra and Prof. Joop Jansen
PhD Co-supervisor(s): Dr. Willemijn Hobo

Training activities Years ECTS

Courses
Radboudumc Introduction Day Course: RIMLS
Introductory course
Course: RIMLS Introductory course 
Course: ‘Management voor promovendi’
12th ENII EFIS EJI Summer School on
Advanced Immunology*
Course: Scientific Integrity course
Course: Flow Cytometry course by BD Bioscience
Course: Within sight of my PhD
Course: Scientific writing
BCR career event

2017
2017
2017
2017
2017
2017
2018
2018
2019

0.5
0.75
2.0

2.25
1.0
0.2
1.0
3.0

0.25 

Seminars
Radboud Research Rounds
Hematology meetings
Cancer Immunology & Immunotherapy meeting

2017-2021
2017-2021
2017-2021

0.8
4.8
0.4

Conferences
4x RIMLS PhD retreat *
3x Radboud Frontiers
Dutch Hematology Congress*
Dutch Tumor Immunology Meeting*
NVVI conference 
NK2018: meeting of the Society for Natural
Immunity (US)
NK2019: meeting of the Society for Natural
Immunity (EU)
3x Laboratory Hematology retreat***

2017-2020
2017-2019
2017-2019
2017-2020
2017-2020

2018
2019

2017-2020

3.0
3.0
2.0
3.0
3.0

1.25
1.25
1.5

Other
Journal clubs 

2017-2021 2.2

Teaching activities

Lecturing - -

Supervision of internships / other 2017-2021 8

Total 45.15

* Oral presentation,  poster

###

#

#
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Data management

The  research  data  presented  in  this  thesis  were  obtained  during  my  PhD  at  the
Laboratory of Hematology – Department of Laboratory Medicine, Radboud university
medical  center  (Radboudumc),  the  Netherlands.  All  primary  (raw)  and  secondary
(processed) data was captured and stored and backed-up daily on the Q and H-drive
of  the  Laboratory  of  Hematology  –  Department  of  Laboratory  Medicine.  Data  was
stored  according  to  the  FAIR  principles:  Findable,  Accessible,  Interpretable  and
Reusable,  on H:\22 LABGK LH\15 CTI research\Ralph Maas.  In  addition,  data  was
stored in Labguru , a digital lab book client which is centrally stored and backed-up
daily on a local Radboudumc server.  All  data archives are stored on Labguru  and
accessible  by  the  associated  senior  staff  members.  Mouse  studies  described  in
Chapters 3 and  5 were approved by the Central Animal Laboratory and the Animal
Ethics  Board  of  the  Radboudumc.  Human  samples  used  in  Chapter 2-6 were
collected in a biobank in accordance with the principles of the Declaration of Helsinki
and  institutional  guidelines  and  regulations.  The  medical  and  ethical  review  board
Committee  on  Research  Involving  Human  Subjects  Region  Arnhem  Nijmegen,
Nijmegen, the Netherlands has given approval to conduct these studies.  All  raw and
processed flow cytometry data described in Chapter 2-6 is available through

Q:\FCM_Users\CHL\GVL\Project4\LMD and
Q:\FCM_Users\CHL\GVL\Project12\LMD

To  ensure  interpretability  of  the  data,  all  filenames,  primary  and  secondary  data,
metadata, and descriptive files used to provide the final results are documented along
with the data. Published data generated or analyzed in this thesis or part of published
articles and its additional files are available from the associated corresponding authors
on request.

TM

TM

–  
–  
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Dankwoord

Het heeft even mogen duren, maar ook voor mij komt er een einde aan dit  avontuur
dat  een  PhD  heet.  Onderzoek  doe  je  niet  alleen  en  zonder  de  hulp  en  inzet  van
iedereen uit dit dankwoord – en nog veel collega’s, patiënten, vrienden en anderen die
niet bij naam genoemd zijn – was dit niet gelukt. Dit dankwoord is in chronologische
volgorde geschreven. Het is namelijk voor mij onmogelijk is om op basis van bijdrage
aan dit proefschrift iedereen op volgorde te bedanken.

Dan mag ik beginnen met  mijn ouders. Zonder jullie was ik nooit  zo ver gekomen.
Het doet me pijn om te zien hoe ons gezin er nu voor staat. Desondanks zijn jullie het
grootste  deel  van  mijn  leven  mijn  steun  en  toeverlaat  geweest.  Dat  betekent  nog
steeds  heel  veel  voor  me.  Ik  heb  ongelofelijk  veel  van  jullie  kunnen  leren,  zoals
scheikunde van ons pap. En ons mam stond altijd voor me klaar om me te overhoren,
zodat  ik  klaar  was  voor  de  volgende toets.  Dit  zal  ik  nooit  vergeten  en  jullie  beide
eeuwig dankbaar voor zijn. Bedankt voor alle mooie herinneringen en ik hoop dat we
betere tijden tegemoet gaan. 

De  volgende  persoon  die  in  mijn  leven  kwam:  Cecile.  Mijn  lieve  zus  en  paranimf
tijdens  de  verdediging  van  mijn  proefschrift.  Ondanks  dat  we  verschillende
carrièrepaden bewandelen, vermijden we beiden niet de moeilijke route en schrikken
we  niet  terug  voor  uitdagingen.  De  flauwe  humor  die  we  delen  (ook  met  ons  pap)
doet  me altijd  goed.  Misschien hebben we stiekem toch meer  gemeen dan we altijd
dachten. Het doet me deugd om te zien dat we vaak afspreken en onder het genot van
een alcoholische versnapering super gezellige spelletjes avonden tot diep in de nacht
hebben.  Je  bent  een  echte  doorzetter  en  het  woord  klagen  staat  niet  in  je
woordenboek.  Ik  kijk  uit  naar  de  ongetwijfeld  vele  mooie  momenten  die  we  samen
nog gaan meemaken. 

Tom, Cazzo. Er is niemand in mijn vriendenkring die zo betrokken was bij mijn PhD
als jij.  Niet zozeer vanwege het project zelf, maar omdat je niet kon wachten tot het
eindelijk voorbij  zou zijn – bij  deze, het is gelukt.  Hopelijk hebben we nu meer tijd
om  samen  rummetjes  te  drinken  en  slechte  actiefilms  te  kijken.  Bedankt  voor  je
eeuwige steun maat!  De gedachte dat  jij  er  altijd voor me bent en echt iemand bent
waar je op kunt rekenen is me heel veel waard. 

Zonder de ontspanning, sport en steun van de ‘boefjes’ was mijn PhD waarschijnlijk
een  stuk  sneller  klaar  geweest.  Toch  bedankt  voor  alle  gezelligheid  Guus, Jan,
Kevin, Martijn, Remco  en  Seep. Mijn  game/hardloop/klus-maten  Teun, Tim  en

Dankwoord 247



Yorick,  wil  ik  speciaal  benoemen  vanwege  hun  interesse  en  steun.  Bedankt  voor
jullie vriendschap.

Rinus en Marieke (Muis),  op jonge leeftijd heb ik veel  van jullie  kunnen leren als
knecht  en  met  plezier  op  de  boerderij  meegeholpen.  Op  latere  leeftijd  is  onze
werkrelatie  veranderd in  een vriendschap.  Ontspanning en vrienden waar  je  op kunt
rekenen zijn  belangrijke  pijlers  die  je  nodig  hebt  om door  een PhD heen te  komen.
Bedankt voor alle gefrituurde eitjes, een klusruimte voor m’n mustang(s), de lekkere
(liefst  dikke,  zo  eentje  waar  de  lepel  rechtop in  blijft  staan,  met  spekjes)  soep,  alle
onzin (vooral van Rinus natuurlijk) en alle gezelligheid! 

We  nemen  nu  een  grote  stap  in  de  tijd  en  komen  aan  bij  mijn  BMW  studie.  De
meesten hebben Nijmegen ondertussen verlaten,  maar  we hebben een geweldige tijd
gehad  samen.  Het  doet  me  goed  om  hier  halfjaarlijks  samen  op  terug  te  kijken.
Bedankt  voor  het  initiatief, Tonke.  Zonder  jou  was  het  waarschijnlijk  “wanneer
iemand een verdediging heeft” geworden. Bedankt ook Valerie en Sjoerd, we zochten
elkaar op voor het maken van opdrachten en met jullie samenwerken was een genot.
Uiteraard  ook  bedankt  voor  de  gezelligheid,  Amy,  Corina,  Jolien,  Lineke,  Max,
Roos en Evelien.

In  dezelfde  BMW  periode  mag  ik  Thom,  Rens,  Maarten  en  Nick  bedanken.  Met
Thom deel ik een andere titel die je niet zomaar krijgt: we zijn namelijk beide trotste
LASO  masters.  Dat  zal  ons  voor  het  leven  tekenen  en  verbinden.  Er  zijn  weinig
avonden zo ontspannen dan onze game-avonden. Bedankt hiervoor.  Rens, jij was mijn
#1  BMW bachelor  collega.  Met  geen  ander  heb  ik  zoveel  projecten  samen  gedaan.
Met variërend succes. Na ons OMB project is statistiek nooit meer mijn sterkste punt
geworden. Tevens is ook niemand met wie ik zoveel tequila heb gedronken. Aan het
eerste  heb  ik  mooie  herinneringen.  Aan  het  tweede  vooral  mooie  foto’s.  Maarten,
jouw flauwe droge humor word ik nog vaak aan herinnerd. Er lag hier tot  voor kort
nog steeds een bierdopje op ons bierdopje… Nick, ik ken niemand die zoveel leven in
de brouwerij weet te krijgen als jij. Een avond uit met Nick is altijd een avontuur. Het
was altijd erg vermakelijk om je door je studie heen te zien gaan met je topsportstatus
en je vele dutjes tijdens colleges. Wie had toen gedacht dat jij de eerste van de groep
zou zijn die zou gaan trouwen en een kind zou krijgen. Lekker bezig vriend. 

Rond  deze  periode  kwam ook  Wilbert in  beeld.  Jij  bedankt  voor  de  goede  zorgen
voor ons mam. Je staat niet alleen altijd voor haar, maar ook voor Cecile en mijzelf.
Tijdens  de  verbouwing  maakte  jouw  hulp  de  meest  uitdagende  projecten  (WC/
Badkamer) haalbaar. Dat waarderen we!
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Ook  tijdens  mijn  stages  heb  ik  veel  mogen  leren.  Met  name  aan  mijn  stages  bij
algemene interne en mijn stage in Colorado heb ik hele mooie herinneringen.  Frank 
en Mark,  bedankt voor het vertrouwen in mij bij het IL-38-project.  Mark, ik had me
geen betere stagebegeleider kunnen wensen. Je enthousiasme voor wetenschap in het
algemeen  en  schimmels  in  het  speciaal  was  aanstekelijk.  Je  hebt  je  kennis  over
labtechnieken met me gedeeld en hier heb ik tot de dag van vandaag veel aan. Zelfs
veel  later  -  tijdens  mijn  PhD  -  hebben  we  nog  een  kort  schimmel  project  samen
opgepakt. Buiten al het nuttige hebben we ook een geweldige periode samen gehad in
Colorado samen met Martin,  Duby,  Charles en alle  collega’s  uit  Charles’  lab.  Ik zal
ook niet snel vergeten hoe gemakkelijk je Mount Flagstaff op fietste. Ik dacht redelijk
fit  te  zijn  op  de  fiets,  maar  die  wedstrijd  heb  ik  geen  enkele  keer  ook  maar  bijna
kunnen winnen. Op Mount Evans was het  Martin met de struggles,  maar kudos aan
hem want we hebben het wel gered! Martin, mijn tijd samen jou in Denver en daarna
in Nijmegen zit  vol goede herinneringen. Nog sorry van de muis,  en dank aan jullie
beide  voor  het  co-auteurschap  ten  gevolge  daarvan.  Waar  ik  dat  aan  verdiend  heb,
weet ik tot de dag van vandaag niet ;) ‘A’ for effort I guess. 

Charles,  the discussion we had together with Frank about the IL-38 project was the
first  time  in  my  life  I  felt  like  I  really  couldn’t  keep  up.  Your  vast  amount  of
knowledge,  your  ideas,  and  thoughts  were  always  flooding,  especially  when  Frank
was  around.  If  I  was  ever  in  doubt  whether  research  was  for  me,  it  was  you  who
convinced me and showed me that academia was a good path to be on. Especially in
your Denver lab it was rewarding and fun. You have truly been an inspiration during
my  early  career  and  I  cannot  fully  express  my  gratitude  for  the  opportunities  and
hospitality you showed me in Denver.  To this  day I  always stock up on home-made
limoncello with the recipe you gave me. 

Dinarello’s  minions,  thanks  for  the  awesome  time:  Duby as  a  mentor,  Ben,  for
showing  me  around,  Giulio,  for  entertaining  us  and  being  my  gymbuddy  (and  for
borrowing your car),  Niki as  a  great  roommate,  Carlo for  his  hospitality and  Tania
for keeping it all in check. 

Lieve  Daniëlla,  of  beter,  Daan.  Je wilde hier  niet  eens staan,  zo bescheiden ben je.
Maar  zonder  jouw steun  was  dit  nooit  gelukt.  Bedankt  voor  al  je  geduld  tijdens  de
zware  momenten en je  hulp  om het  tot  een goed einde te  brengen.  Een PhD is  een
levenservaring en er  komt veel  bij  kijken.  Ondanks mijn  voorbeeld  heb je  zelf  toch
besloten ook dit pad te bewandelen. Jij bent eeuwig op zoek naar uitdagingen en die
zul je in je PhD wel vinden. We zijn samen al het een en ander tegen gekomen op ons
pad,  maar  ik  ben  blij  dat  we  het  samen  bewandelen.  Ik  kijk  uit  naar  de  volgende
uitdaging:  ons  huisje  verder  uitbouwen en  er  samen iets  bijzonders  van  maken.  PS:
het hele PhD proces duurde (nog) langer dan gedacht, dus bij deze ook nog heel erg
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bedankt  voor  het  regelen van zowat  alles  en  nog wat  in  de  laatste  fase.  Zonder  jou
was het een treurig feest geworden. 

Mijn  promotieteam  is  natuurlijk  het  meest  betrokken  geweest  bij  mijn  PhD  traject.
Zonder hen was dit proefschrift nooit tot stand gekomen. We gaan chronologisch, dus
eerst  Willemijn.  Oorspronkelijk  ben ik  aangenomen op jouw project  en  onder  jouw
begeleiding  begonnen.  Je  stond  altijd  open  voor  een  discussie  en  je  bent  altijd  erg
betrokken en  enthousiast  over  data,  experimenten  en  nieuwe plannen.  Dat  heeft  een
positief  effect  heeft  gehad  op  mijn  moraal,  motivatie  en  plezier  in  het  lab.  Je  geeft
snelle feedback - in groot detail - waar ik veel en dankbaar gebruik van heb gemaakt.
Je scherpe inzichten en steun hebben mij door de beginfase van dit traject geholpen.
Dat was een periode waarin ik ongelofelijk veel van je heb kunnen leren. Mijn project
over  checkpoint  en  NK  cellen  bleek  uiteindelijk  echter  toch  beter  bij  het  NK
onderzoek  van  Harry  te  passen.  Uiteraard  zijn  jullie  beide  continu  nauw betrokken
geweest  bij  mijn PhD. Via Frans hadden wij  elkaar  al  wel  eens eerder  gezien,  maar
het was pas toen ik solliciteerde op een PhD positie bij het hematologie lab dat onze
samenwerking van start ging. Ik ken weinig mensen die zo sterk gemotiveerd zijn een
doel te bereiken, het NK cel product te ontwikkelen en gebruiken om kankerpatiënten
te behandelen en genezen. Een nobel doel waar ik geprobeerd heb een steentje aan bij
te  dragen.  Toen  mijn  motivatie  richting  het  einde  van  het  traject  langzaam  minder
werd,  heb  jij  me  keer  op  keer  gemotiveerd  met  je  aanmoediging  en  je
onvoorwaardelijke  vertrouwen  in  mijn  vermogen  om  dit  PhD  project  tot  een  goed
einde  te  brengen.  Jouw  steun  heeft  me  geholpen  de  moeilijke  momenten  te
overbruggen en weer verder te gaan, zelfs als ik het zelf even niet meer zag. Dank je
wel dat je er altijd voor mij was en dat je me hebt geholpen om het beste uit mezelf
te halen.  Joop, jouw scherpe geest waren altijd in staat om de zwakke punten van een
studie, die ik zelf over het hoofd had gezien, op te merken. Dat heeft ons werk naar
een hoger niveau weten te tillen. Ook hield je altijd de haalbaarheid en de hoofdlijnen
van mijn project goed in de gaten en zette je me aan om na te denken over het grotere
geheel. Soms raak je als PhD student verzeild in experimenten, maar jij was er altijd
om  die  sleur  even  te  doorbreken.  Bedankt  voor  alle  input  en  discussies  over
mijn onderzoek. 

Jolien, wij zijn ongeveer tegelijk begonnen en werkte allebei aan NK cellen. Daarom
hebben we nogal veel experimenten samen gedaan. Zelfs tot midden in de nacht . En
natuurlijk de vele congressen zoals NK2018 en de Summer school in Sardinië aan het
begin  van  onze  PhD.  Je  vrolijke,  optimistische,  sportieve  en  competitieve
aanwezigheid  was  leuk  om  bij  de  groep  te  hebben.  Ook  buiten  werk  om!  Mijn
vaardigheden op het gebied van planning en initiatief zijn wat minder ontwikkeld dan
die  van  jou.  Gelukkig  heb  jij  deze  eigenschappen  in  overvloed.  Hartstikke  bedankt
voor de fijne samenwerking! 
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Janneke,  het  was  een  plezier  om  met  jou  samen  te  werken  en  ik  heb  onze
samenwerking  altijd  gewaardeerd.  Je  inzet  voor  onderzoek  en  onze  NK  cellen  is,
ondanks je drukke agenda, bewonderingswaardig. Bedankt ook voor het opzetten van
de  Biobank.  Daar  heb  ik  veel  mooie  experimenten  mee  kunnen  doen.  Alle  ascites
opwerkers,  Christina,  Judith,  Janneke,  Jolien en  iedereen  die  hier  betrokken  bij
was vanuit de kliniek, bedankt. 

Anniek,  bij  jou kon ik  altijd  terecht  met  vragen.  Als  ik  dacht  ‘Hmmm, wie zou dit
weten?’ was het antwoord meestal “Anniek”. Bedankt voor alle hulp, feedback en het
beantwoorden  van  mijn  eindeloze  vragen  over  muisexperimenten  of  statistiek.  Tim,
wij  waren  slechts  korte  tijd  buren  maar  ik  heb  toch  nog  wat  op  je  expertise  en
ervaring  als  senior  PhD  mee  kunnen  liften.  Jammer  dat  we  weinig  kansen  hebben
gehad samen hardloopwedstrijden te doen met Rob. Hardlopen was immers ook jouw
grote  passie.  Leuk  om  je  zo  af  en  toe  nog  eens  tegen  het  lijf  te  lopen.  Lotte,  de
manier waarop jij  je PhD afgemaakt hebt zou ik van geleerd kunnen hebben. Helaas
heb ik jouw goede voorbeeld niet gevolgd en er wat langer over gedaan. Bedankt voor
je vrolijke en opgewekte aanwezigheid. Dit maakte een werkdag op kantoor een stuk
gezelliger en leuker.  Jeannette,  you taught Jolien and myself  many things including
mouse work and the NK cell assays that we used throughout our PhD. Your guidance
provided  us  with  the  tools  and  knowledge  to  begin  our  PhD  journey.  Paul,
motormaat, met jou had ik van begin af aan al meteen een goede klik. De feestjes van
de afdeling werden direct een stuk leuker vanaf het moment dat jij bij het lab kwam.
Het hoogtepunt hier  van moet de PhD retreat  zijn geweest  waar we na een pilsje of
3-4  teveel  zijn  gaan  darten  en  armpje  drukken.  Maar  ook  nuchter  hadden  we  een
goede  tijd.  Onze  trip  met  de  convertible  mustang  in  Texas  heb  ik  geweldige
herinneringen aan.  Iedere keer dat  ik in de buurt  ben van Texas ga ik weer op zoek
naar brisket, maar hij zal nooit zo lekker zijn als die ene random tent in de middle of
nowhere.  Bedankt  voor  alle  gezelligheid!  Jesper,  paranimf,  jij  kwam  me  al  vroeg
tijdens mijn PhD steunen met wat mannelijk tegengas in het kantoor. Eindelijk had ik
weer  hoop  na  het  vertrek  van  Tim om de  verwarming  weer  wat  omlaag  te  krijgen.
Bedankt voor alle pizza’s met extra korting. Daar heb ik veel en dankbaar gebruik van
gemaakt.  Ik  heb bewondering voor  je  gevoel  voor  stijl  en smaak.  Dat  is  iets  wat  ik
compleet  mis.  Bedankt  ook  voor  je  inzet  tijdens  mijn  niet-meer-vrije  zaterdag  /
zondag experiment. In dezelfde adem kan ik  Diede,  Jolanda en  Paul (nog een keer)
bedanken voor hen inzet. Dit was mijn meest ambitieuze experiment en zonder jullie
hulp  had  ik  dat  laatste  paper  nooit  kunnen  schrijven.  Diede,  jou  ga  ik  allereerst
bedanken voor de vele  keren dat  je  me geholpen hebt  met  mijn ‘R’ problemen.  Dat
was voor mij een hele struggle en zonder jouw hulp was dit  nooit gelukt.  De laatste
twee  hoofdstukken  heb  jij  sowieso  een  belangrijke  rol  gespeeld  om  deze  over  de
streep  te  trekken.  Ook  al  bij  het  opzetten  van  de  panels  waren  we  samen  de  harde
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kern Flow PhD’ers. Ik heb onze samenwerking als heel fijn en natuurlijk ervaren. De
vloer bij Saioa is daar een mooi voorbeeld van. Sicke vloeg-leg-skills heb jij. Dat zal
ik nooit vergeten!

Jolanda, jij bedankt voor alle hulp met Flow. Ik heb op dit gebied veel van je kunnen
leren  en  die  kennis  gebruik  ik  tot  de  dag  van  vandaag  nog  steeds.  Gaintration  en
spread matrix zijn termen die ik bij  jou voor het eerst hoorde. Vooral deze laatste is
veel  werk,  maar  al  vaak  nuttig  geweest.  Jouw  R-script  heeft  daarnaast  het  ascites
hoofdstuk mogelijk gemaakt. Heel fijn dat je altijd voor me klaar stond om samen de
data in te duiken en er het meeste uit te halen. 

Paulien,  NK buddy, bedankt voor het regelen van alle cords die we gebruikt hebben
voor het NK onderzoek. Vooral bedankt voor het vaak opzoeken of de patiënt al op de
afdeling  was,  zodat  ik  daar  niet  uren  stond  te  wachten!  Je  vrolijke  en  spontane
persoonlijkheid was super om bij de groep te hebben. 

Ayla, volgens mij kwam de quote “zo hoop ik niet dat mijn PhD verloopt” van jou. Ik
hoop  het  ook  voor  je,  Ayla!  Moge  de  afronding  van  jouw PhD wat  vlekkelozer  en
sneller gaan! Jouw uitbundige persoonlijkheid met humor en je avontuurlijke zijn was
geweldig om erbij te hebben. Ook heel vet dat je motor bent gaan rijden. Ik waardeer
je mij in vertrouwen nam om je met dat avontuur te helpen! 

Mijn studenten:  Pauline, Vera, Heleen, en Shweta. Bedankt voor alle inzet. Het was
me een waar genoegen met jullie samen te werken. Hopelijk hebben jullie iets van mij
geleerd. Ik heb in ieder geval veel geleerd van jullie.  Vera, je bent een harde werker
en erg slim. Geen verrassing dus dat je een PhD bent gaan doen en al bijna klaar bent.
Heleen, met jou in het lab was het altijd feest. Ik ken weinig mensen die gezelligheid
zo ‘uitstralen’ als jij.  

Somayeh,  you came to  the  Netherlands  with  your  daughter  and joined  our  NK cell
team. Your skills in the lab are only matched by your skills in the kitchen. You made
some really tasty food for us. Highly appreciated! You are a bright and kind person. It
was a pleasure working with you. 

Menno, discussiëren met jou heb ik vele mooie herinneringen aan.  Zeker omdat het
vaak nergens over ging. Heerlijk. Je gevoel voor humor en sarcasme maakte het PhD
leven een stuk draaglijker. Hoewel we relatief weinig samengewerkt hebben, zochten
we elkaar vaak op in de Flow kamer bij Rob maar ook buiten werk. Vooruit, het was
niet allemaal sarcastische humor en biertjes drinken. We hebben ook nog wat gesport.
Ons  befaamde padel  groepje  met  Jesper  en  Jolien  (en  soms Paul  als  z’n  knie  t  aan
kon) was ook altijd mooi. Mooi om te zien hoe fanatiek je hier was!
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Denise,  hoewel ik meerdere mensen in dit dankwoord als gezellig beschrijf, zal ik dat
bij  jou niet  doen, geen zorgen. We hebben ondertussen al  een aantal  inside jokes en
tradities. Uiteraard onthoudt jij  deze met je olifantengeheugen een stuk beter dan ik!
In het lab hield je alles altijd super opgeruimd en schoon door iedereen op hun taken
te wijzen. Dank je daarvoor! De BBQ’s, broodjes hete kip en je enthousiasme/energie/
praatvolume/vele verhalen koester ik. 

Rob,  wij  delen onze passie voor Flow en jij  bent  al  vanaf mijn bachelor  mijn Flow
mentor geweest.  Bedankt voor het  delen van je kennis (en de hardloopschoenen).  Ik
waardeerde je  initiatief  om hardloop evenementen te  organiseren en ons daarvoor  te
motiveren! Mocht je weer een keer gaan lopen met het lab, dan doe ik mee. 

Nelleke,  ik  kon  natuurlijk  niet  door  de  gang  lopen  zonder  even  gezellig  gedag  te
zeggen,  zeker in de latere jaren van mijn PhD. Ik heb genoten van alle  pubquizzen.
Hopelijk  volgen  er  nog  meer!  De  befaamde  stamppot  avond  laat  zien  wat  voor
persoon jij bent: sociaal, gezellig en gul. 

Saskia, Ruth en Thessa, bij jullie kon ik altijd terecht met een vraag over een assay
of techniek waar ik nog geen ervaring mee had. Jullie aanwezigheid in het lab maakte
ons als PhD student een stuk makkelijk, bedankt! Thanks as well to  Mylène, Rinske,
Maaike,  Charlotte,  Francesca  and Saioa for  all  the  fun  and  entertainment  during
various side-activities and work. Ook Bert bedankt voor je input op mijn onderzoek.

Ook  de  analisten  Lisanne,  Marij,  Maud,  Lisa,  Janne,  Greis,  Aafke en  Malou,
hartstikke bedankt voor alle inzet om de afdeling te laten draaien. Ik heb veelvuldig
gebruik gemaakt van cellen die door jullie gekweekt zijn en zonder die cellen was dit
boekje  er  niet  gekomen.  Hanny,  in  het  verre  verleden  dat  ik  startte,  was  jij  nog
research  analist.  In  die  tijd  heb  je  vele  PhD  studenten  geholpen  met  je  kennis,
waaronder  ik.  Dank  daarvoor!  Er  gaat  veel  kennis  verloren  met  het  vertrek  van
collega’s, maar gelukkig ben jij gebleven. 

Laura  and  Marcos,  although  we  never  formally  worked  during  the  same  period  it
definitely feels  like we did.  Thanks for always welcoming me in the PhD room and
for the many nice chats (and drinks) we had. I hope I didn’t leave too much of a mess
for you guys to continue working on our awesome projects!
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