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Introduction and outline of this thesis

Introduction and outline of this thesis

OVARIAN CANCER
Ovarian cancer is the most lethal gynecological malignancy . In the Netherlands in
2018, ovarian cancer was diagnosed in 1,417 patients and 1,040 women died from
this disease2. Most patients are diagnosed after menopause and the average lifetime
risk is 1 in 703. The most important prognostic parameters for ovarian cancer include
Fédération Internationale de Gynecologie et d’Obstetrique (FIGO) stage, tumor grade,
histopathological subtype and residual disease after surgery4. Due to its insidious onset,
ovarian cancer patients are pre-dominantly diagnosed in advanced stage, suffering
from metastatic tumor lesions throughout the abdominal cavity. Rigorous surgery
aiming to remove all tumor depositions preceded by or combined with platinum-based
chemotherapy is the best option for prolonged survival. Notwithstanding the initial good
responsiveness to primary therapy, around 80% of patients with advanced disease will
develop recurrence and succumb to the illness5.
1

The majority of the ovarian malignancies are epithelial ovarian cancers. These are
subdivided in a heterogenous group of tumors including serous 75-80%, mucinous ~10%
and clear cell carcinoma <5%6. High-grade serous ovarian cancer is characterized by its
aggressive clinical course and poor overall survival. Furthermore, it can be accompanied
with ascites, which is an abnormal accumulation of fluid in the abdomen. In ovarian
cancer patients, ascites develops in combination with peritoneal spread of the disease,
i.e. peritonitis carcinomatosa. Patients experience abdominal distension, fatigue and
decreased appetite. Under normal physiological conditions, free fluid is continuously
produced to keep the serosal surfaces of the peritoneal lining lubricated so that there
is an easy passage of solutes between the peritoneum and the adjacent organs. The
majority of this peritoneal fluid is normally reabsorbed into the lymphatic channels of
the diaphragm. In advanced ovarian cancer, however, production of peritoneal fluid is
induced by the tumors by the increased leakiness of tumor microvasculature and less
fluid is reabsorbed due to obstruction of the lymphatic vessels by metastases7. Ascites
circulates through the abdomen, thereby enhancing intraperitoneal dissemination of
tumor cells. Additionally, soluble factors in ascites may support peritoneal spread of
cancer cells, and attract infiltrating immune cells interacting with the tumor to mount an
immune response8.

CURRENT TREATMENT OF OVARIAN CANCER
The current standard treatment of ovarian cancer consists of surgery combined with
6 courses of chemotherapy. When disease is diagnosed in early stage, surgical staging
is needed to detect or rule out advanced disease. Since the prognosis of advanced
ovarian cancer depends largely on completeness of debulking surgery9, neoadjuvant
chemotherapy is advised if the tumor does not appear to be resectable at primary
debulking. A randomized controlled trial showed that overall survival and progression
free survival were similar in a group with primary debulking followed by 6 courses of
adjuvant chemotherapy compared to an interval debulking group, receiving 3 courses
9
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of neo-adjuvant chemotherapy followed by interval debulking and additional 3 courses
of chemotherapy10. Since the end of the 1990s the combination of carboplatin and
paclitaxel has been the recommended chemotherapy regimen.
Since ovarian cancer is confined to the peritoneal cavity till the last stage, intraperitoneal
(IP) treatment gains more and more attention. In 2006 the study of Armstrong showed
that IP-chemotherapy for ovarian cancer improves patient survival11. Furthermore,
studies have shown that intraperitoneal delivery can achieve 120-fold increase in
cisplatin concentration and a 1,000-fold increase in local concentration of paclitaxel,
thereby the penetration in tissue is 1-3 mm for cisplatin and 80 cell layers for paclitaxel.
Although outcome is better, treatment-related toxicity is higher and the percentage of
failure to complete the whole IP therapy schedule is high12,13. These IP-chemotherapy
trials are performed in patients after primary debulking surgery. Recently, hyperthermic
intraperitoneal chemotherapy during interval surgery (OVHIPEC) treatment has shown
to prolong median overall survival with 11.8 months (from 33.9 to 45.7 months) and the
median progression free survival with 4 months, without severe side effects14.
When ovarian cancer recurs, there are fewer options for treatment. The first choice
of treatment is chemotherapy, again with carboplatin and paclitaxel. New therapies
that are introduced in the last 10 years for maintenance therapy are the monoclonal
antibody Bevacizumab and pharmacological inhibitors of the enzyme poly ADP ribose
polymerase (PARP). Bevacizumab is an anti-angiogenic agent, that inhibits the vascular
endothelial growth factor A (VEGF-A). Inhibiting VEGF-A results in less recruitment of
blood vessels in the tumor, thereby decreasing tumor growth. Several clinical trials have
shown an increase in progression free survival when bevacizumab is added to regular
ovarian cancer treatment15-18. Currently, it is approved for medical use and implemented
as maintenance therapy for ovarian cancer.
In addition, the PARP inhibitors are one of the most promising targeted therapies against
ovarian cancer. Initially, PARP inhibitor therapy was introduced for Breast Cancer (BRCA)
germline mutation carriers, but this therapy also works in patients without a deficiency
in deoxyribonucleic acid (DNA) repair pathways. PARP is an enzyme that is important
for repairing single-strand breaks in the DNA. PARP inhibitors decrease this DNA repair
mechanism, and consequently single-strand breaks in tumor cells that already have a
deficiency in homologous recombinational repair due to BRCA mutations, become lethal
for the cell. The first PARP inhibitors are now part of standard treatment regimens in
ovarian cancer.
Following the successful results of checkpoint inhibitors targeting CTLA-4, PD-1 and PDL1 in various cancers, the expectations were high for improving survival in ovarian cancer.
PD-1 and PD-L1 inhibitors showed impressive antitumor responses in melanoma and
lung cancer patients, but only in a very small percentage of ovarian cancer patients there
is a trend towards better disease free survival19. In addition, CTLA-4 inhibitors only show
minor advantages in ovarian cancer20. In the group of co-inhibitory molecules, there are
other less known candidates for immunotherapy that have not been extensively tested
10
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so far. In particular, TIGIT and TIM-3 are checkpoint molecules that deserve attention.
Although the roles of TIGIT and TIM-3 as immune checkpoint receptors in T cell and
natural killer (NK) cell biology are beginning to be uncovered, accumulating data support
the targeting of these receptors for improving anti-tumor immune responses21,22.

ADVANTAGES AND DISADVANTAGES OF CURRENT TREATMENT
Despite current treatment, survival and disease free survival have been stable for the
last 10 years. The five-year survival rate of ovarian cancer patients increased slightly
from 33% in the 90’s to 38% in the last years. OVHIPEC might really be an effective
option to reach longer overall survival, with a median overall survival in the treatment
group of 45.7 months, but still recurrence occurs after a median of only 14 months. For
recurrent disease there are no curative options and patients will be advised to restart
chemotherapeutic regimens either combined with PARP inhibitors or Bevacizumab.
Surgery for recurrent disease has been debated extensively, but has not shown to
improve duration, nor quality of life of ovarian cancer patients with recurrent disease.
This underlines the necessity to search for new treatment options either for primary
treatment, or for recurrent disease.

NEW THERAPY FOR OVARIAN CARCINOMA
In the past decades, researchers have been searching for new ways to improve disease
free and overall survival of ovarian cancer patients. The field of immunotherapy is
of great interest in the search for new therapies against ovarian cancer, as it has
shown great clinical breakthroughs in other cancers. Ovarian cancer has long been
overlooked as an immunogenic tumor such as melanoma, but substantial clinical
evidence indicates a potential role for the immune system in targeting ovarian cancer.
Although there is compelling evidence that the microenvironment of ovarian cancer has
immunosuppressive capacities, the presence of tumor-infiltrating lymphocytes positively
correlates with survival in ovarian cancer patients23-30. This suggests that ovarian cancer
is susceptible to immunological attack.
Interestingly, presence of tumor-infiltrating CD8+ cytotoxic T cells is associated with
improved survival25. Furthermore, it was reported that CD103+ tumor-infiltrating
natural killer (NK) cells often co-infiltrate with CD8+CD103+ T cells, yet the contribution
of NK cells to improving outcome is difficult to assess25. NK cells are cytotoxic cells of
the innate immune system, and are activated by a balance of activating and inhibitory
receptor engagements, thereby distinguishing aberrant cells from healthy cells. Because
of their ability to kill cancer cells without toxicity towards healthy cells, these cells gained
attention for immunotherapeutic approaches. Interestingly, an epidemiological study
showed that low NK cell activity is associated with increased cancer risk in humans.31
Furthermore, NK cell based immunotherapy has shown clinical promise in the treatment
of acute myeloid leukemia32-35. As a consolidation therapy in acute myeloid leukemia
11
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both in pediatric as in elderly patients, allogeneic NK cell adoptive transfer showed a
clinical benefit and complete remission in refractory disease has been described32,33,35,36.
Also as a bridge to donor stem cell transplantation in acute myeloid leukemia (AML)
patients, NK cell therapy has shown durable response35,36. More evidence of NK cell
effectivity in solid tumors is gained in the last 10 years. NK cell therapy is also being
explored for solid tumors such as neuroblastoma, pancreatic cancer, hepatocellular
carcinoma, breast cancer and melanoma37. Promising fact is that in all clinical trials in
solid tumors, allogeneic NK cells are well tolerated and no graft-versus-host-disease is
reported38.
However, not much is known about the role of cytotoxic NK cells in targeting ovarian
cancer, and similar to CD8+ cytotoxic T cell responses, there are various mechanisms in
the tumor microenvironment that affect NK cell anti-ovarian cancer responses. Therefore,
more knowledge on NK cell immunity in ovarian cancer is needed to determine whether
NK cell-based immunotherapy can have a positive contribution to existing therapy.

SCOPE AND OUTLINE OF THIS THESIS
Since there is an urgent need for novel therapy entities to prevent early recurrence in
ovarian cancer and since it is an immunogenic tumor, the search for this new treatment
points to an immunologic solution. Combined with the fact that ovarian cancer stays
confined to the peritoneal cavity till the last stage, the new treatment may be found in
intraperitoneal immunotherapy. In this thesis, we describe the preclinical research that
led to a phase 1 trial investigating the safety and feasibility of intraperitoneal allogeneic
NK cell therapy against recurrent ovarian cancer. For the future we hope to be able to
implement this treatment in patient care, and combinations will be sought to make the
therapy most effective. The best timing for this therapy has yet to be found, just as
the best combination therapy. In chapter 2, we first review the literature on NK cell
immunity and immunotherapeutic approaches against ovarian cancer. An overview
of relevant preclinical data is given and the available outcomes of early clinical trials
investigating NK cell adoptive therapy is described.
In chapter 3, we evaluated whether percentage, phenotype, function and IL-15
responsiveness of ascites-derived NK cells is related to outcome parameters of advanced
stage ovarian cancer patients. By testing whether NK cell functionality can be boosted by
IL-15 receptor stimulation, a part of NK cell immunity in OC is further deciphered.
In chapter 4 we studied the potency of highly active, allogeneic NK cells derived from
human CD34+ hematopoietic stem and progenitor cells (HSPC) to infiltrate and mediate
killing of human ovarian cancer spheroids using an in vivo-like model system and mouse
xenograft model. By live-imaging confocal microscopy HSPC-NK cells are observed
during infiltration and tumor cell killing in a three-dimensional multicellular ovarian
cancer spheroid. Furthermore, the effect of intraperitoneal HSPC-NK cell infusions in
NOD/SCID-IL2Rγnull (NSG) mice bearing ovarian carcinoma is investigated.
12
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In chapter 5, we describe our clinical protocol for the Intraperitoneal Natural killer cell
Therapy in Recurrent Ovarian Cancer (INTRO) study, which is a phase 1 clinical study
investigating the safety of intraperitoneal infusions of allogeneic HSPC-NK cell therapy
against recurrent ovarian cancer.
In chapter 6, the role of TIGIT in NK cell immunity against ovarian cancer is described and
the possibility for future immunotherapy through TIGIT blocking.
Finally, chapter 7 discusses the findings of this thesis into the context of current
knowledge in the NK cell field, and their significance and future implications in the
treatment of ovarian cancer.

13
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ABSTRACT
Introduction
Adoptive cellular immunotherapy could be an interesting new treatment option for
ovarian carcinoma (OC), as research has demonstrated that OC is an immunogenic
disease. In particular, natural killer (NK) cells have attracted attention due to their ability
to kill tumor cells without prior sensitization. The therapeutic value of allogeneic NK cells
has been first observed in hematological cancers and is increasingly explored in solid
tumors.

Methods
To substantiate the rationale for NK cell therapy in OC we performed a literature search
with attention for the effect of OC on NK cell function, the effect of current treatment on
NK cell biology and the evidence on the therapeutic value of NK cell therapy against OC.

Results
In six clinical trials only 31 OC patients have been reported that received NK cell adoptive
transfer. The majority of patients reached stable disease after NK cell therapy, with a
mild pattern of side effects. In patients who received repeated infusions, more complete
responses are described. All reported studies investigated the intravenous infusion of
NK cells. Whereas the studies that are currently recruiting, investigate intraperitoneal
infusion of allogeneic NK cells.

Conclusion
In this review the pre-clinical evidence and current trials on NK cell immunotherapy in
OC patients are summarized. Furthermore, challenges that have to be overcome for NK
cell adoptive therapy to have a significant impact on disease outcome are discussed.
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INTRODUCTION
Ovarian carcinoma (OC) is the most lethal gynecological malignancy and despite
therapeutic advances the 5-year survival for women with advanced stage disease is only
29%1. Because OC is generally asymptomatic until ascites or metastases beyond the
pelvis have developed, patients are often diagnosed in advanced stage. Current therapy
consists of debulking surgery combined with platinum and taxane based chemotherapy,
but the majority of patients develop a recurrence within 3 years2. Immunotherapy could
be an interesting option, since OC is an immunogenic disease with the presence of T
and natural killer (NK) cell infiltration in the tumor. Interestingly, the presence of tumorinfiltrating CD3+ T cells positively correlates with survival in OC patients3-5. Furthermore, it
was reported that CD103+ tumor-infiltrating NK cells often co-infiltrate with CD8+CD103+
T cells, but the contribution of NK cells to improving outcome is difficult to assess.3
Recently, we described that the frequency of NK cells within the lymphocyte fraction
in ascites is positively related to overall survival suggesting that NK cells are involved in
anti-OC immune responses6. Numerous preclinical studies showed that OC is susceptible
to NK cell attack6-11. But tumor cells may develop various strategies to prohibit proper
anti-tumor immune responses, and it has been demonstrated that patient’s NK cells
in the tumor microenvironment are less cytotoxic and have an ‘exhausted’ phenotype.
Therefore, various strategies are being explored to develop highly effective NK cell
products for adoptive transfer in cancer patients. Allogeneic NK cell therapy has shown
to be safe and well tolerated in clinical trials in hematological cancers12. In particular,
complete remission in refractory acute myeloid leukemia has been reported in small
scale clinical trials13,14. In this review, we discuss the current findings on harnessing NK
cell therapy towards OC as well as the most promising strategies for maximizing the
results of NK cell therapy in OC patients.

NK cell recognition of cancer cells
One of the strengths of NK cells to exploit in cancer immunotherapy is their ability to kill
tumor cells without prior sensitization. This capacity of these large granular lymphocytes
was first described by Herberman in 197515. Furthermore, a seminal epidemiological
study showed that low NK cell activity is associated with increased cancer risk in humans.16
Moreover, numerous preclinical studies have indicated that NK cells target and kill
cancer cells and spheroids12. This cytotoxic response against neoplastic cells is regulated
through a fine balance of activating and inhibitory receptors17. Unlike cytotoxic T cells, NK
cell recognition of tumor cells is not antigen-dependent18. For preventing autoreactivity,
NK cells are tolerant to healthy cells due to the expression of killer immunoglobulin-like
receptors (KIRs) and the C-type lectin-like receptor NKG2A, which interact with classical
and non-classical major histocompatibility complex (MHC) molecules, respectively.
Upon engagement of these inhibitory receptors, NK cells transmit intracellular signals
preventing activation and cytolytic activity. Thereby, loss of MHC I expression on tumor
cells triggers NK cell activation and tumor killing, the so-called ‘missing-self recognition’.
Later studies showed that lack of MHC expression was not sufficient to induce NK cell
activation, but signaling from activating receptors is required19. Upon activation, NK cells
can upregulate expression of activating receptors including DNAX Accessory Molecule-1
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(DNAM-1), the natural killer group 2 member D (NKG2D) and natural cytotoxicity
receptors (NCRs; NKp30, NKp44 and NKp46). These receptors provide activating signals
upon binding to stress-induced ligands on tumor cells, which is referred as ‘inducedself recognition’19. In addition, cytotoxic NK cells express CD16 that interacts with the
Fc portion of IgG antibodies, allowing NK cells to be activated by tumor cells coated
with tumor-targeting antibodies (i.e. antibody-dependent cellular cytotoxicity; ADCC). In
case of triggering more activating signals on the NK cell surface than inhibitory signals,
the cytolytic machinery towards tumor cells will be effectuated by several mechanisms.
These mechanisms include release of cytotoxic granules containing perforin and
granzymes, and the induction of tumor cell apoptosis through TNF-related apoptosisinducing ligand (TRAIL) and Fas ligand on the NK cell. Lastly activated NK cells produce
pro-inflammatory cytokines, including interferon gamma (IFN-g), promoting innate and
adaptive anti-tumor immune responses.

NK immunobiology in Ovarian Cancer

NK cells in the OC tumor microenvironment
While the importance of CD8+ T cell infiltration in ovarian cancer tumors has been
clearly demonstrated, the role of infiltrating innate NK cells remains unclear. Garzetti
et al. reported that the amount of NK cells in peripheral blood was significantly lower
in patients at time of disease progression20. But it has been found that CD103+ tumorinfiltrating NK cells often co-infiltrate with CD8+CD103+ T cells.3,21 Furthermore, we
recently found that the frequency of NK cells within the lymphocyte fraction in ascites
at diagnosis is related to better overall survival in OC patients6. However, most support
comes from in vitro studies showing susceptibility of OC to NK cell mediated killing, and
live-imaging confocal microscopy demonstrates that NK cells efficiently infiltrate and
kill OC cells in 3D tumor spheroids7-10,20,22-26. NK cells thereby stimulate recruitment of
dendritic cells into the tumor microenvironment27. These findings may indicate that NK
cells could play a role in anti-OC immunity.

Effect of ovarian cancer on NK cells
The immune defense against cancer may be weakened by secretion of immunosuppressive
cytokines by tumors or infiltrating suppressive immune cells, augmenting the expression
of inhibitory receptors on immune cells and inducing downregulation of MHC I molecules
on malignant cells. All these principles also apply to OC. In ascites high concentrations
of the immunosuppressive cytokines TGF-β and IL-8 have been described 28,29. TGF-β
can effectuate immunosuppression in two ways: first it induces a strong downregulation
of CD16 on NK cells, thereby impairing antibody dependent cytotoxicity. Second, it
contributes to downmodulation of NKp30 and NKG2D, both important NK cell activating
receptors. Also expression of the inhibitory ligand B7-H6 on tumor cells impairs NK cell
effector function, and OC cells can excrete soluble B7-H6 leading to downmodulation
of NKp3030,31. Another activating NK cell receptor that is downregulated by factors in
the tumor microenvironment is DNAM-1, thereby diminishing NK cell activation towards
OC11. Furthermore, NK cells are equipped with several NK cell specific inhibitory receptors
(KIRs and NKG2A), and in addition can express non-MHC binding inhibitory receptors
like programmed death-1 (PD-1) and T cell immunoreceptor with Ig and ITIM domains
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(TIGIT). It has been found that PD-1 positive NK cells exhibit a strongly reduced cytotoxic
capacity against OC32 and that NK cell function could be boosted by TIGIT blockade in a
subset of patients33. Antibody blockade of these inhibitory factors of NK cell functionality
can be used for future combination therapy with adoptive transfer strategies.

Pre-clinical murine studies of NK cell therapy in OC.
Pre-activated or expanded NK cells recognize and destroy cancer cells in vitro.8,9,13,34-43
Moreover, ex vivo-expanded NK cells from peripheral blood and ascites of ovarian cancer
patients are cytotoxic against autologous primary OC cells26. Adoptive transfer studies
performed with different allogeneic NK cell products in human OC xenograft models
have shown promising results. Hermanson et al. demonstrated in a mouse model
with the OC cell line MA148 that intraperitoneal (IP) delivery of induced pluripotent
stem cell (iPSC)-derived NK cells inhibits tumor growth9. Similarly, hematopoietic stem
and progenitor cell (HSPC)-derived NK cells generated by a combined SR1/IL-15/IL-12
based culture protocol mediate an anti-OC effect and significantly prolong the survival
of SKOV-3 bearing mice. To further boost these NK cell mediated anti-OC responses,
adoptive transfer can be combined with NK cell stimulating cytokines including IL-2 and
IL-15. Mostly IL-2 has been used with allogeneic NK cell transfer but IL-15 might be a
more effective stimulator and does not stimulate regulatory T cells that impair NK cell
functionality. In this regard, the IL-15 superagonist ALT-803, which is a hybrid molecule
of a mutated IL-15, IL-15 receptor α and IgG1 Fc, is very promising. In the presence of
ALT-803 higher NK cell mediated anti-tumor effects were reported7. Finally, in a murine
model with patient-derived OC tumors, allogeneic ex vivo-expanded NK cell therapy has
shown reduced tumor growth, improved survival and prevention of systemic metastasis.

Effect of current standard of care in OC on NK cell functionality
Current standard of care in OC comprises counseling, chemotherapy and surgery,
combined with targeted therapy. Surgery by itself might have impact on NK cell
functionality. In other cancers, Iannone et al. described that surgical resection of the
tumor has an effect on NK cell count in the peripheral blood and that a higher number
of NK cells on day 30 after surgery is related to better survival44. In addition, the used
technique of anesthesia at surgery might have impact on the cytotolytic activity of NK
cells. Propofol anesthesia demonstrated a favorable impact on immune function in breast
cancer surgery by preserving NK cell cytotoxicity, compared with sevoflurane anesthesia45.
In OC patients, carboplatin-paclitaxel is the main chemotherapeutic regimen. It is known
that paclitaxel inhibits NK cell-mediated killing without affecting the viability of NK cells,
whilst carboplatin has no effect on killing capacity nor on viability of NK cells in vitro46. In
recurrent OC other chemotherapeutic regimens are applied, such as a combination with
gemcitabine. Lin et al. described that gemcitabine treatment impaired ULBP2 shedding
in pancreatic cancer, thereby potentially enhancing NK cell activation47. Another new
agent in OC treatment are the poly ADPribose polymerase (PARP) inhibitors. Recently,
it was shown in prostate cancer that the PARP inhibitor olaparib significantly increased
tumor cell sensitivity to NK cell mediated killing48. Future research should focus on finding
the best selection of treatment agents to be combined with adoptive NK cell therapy.
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The social support of patients may also be an important factor in treatment of patients
with OC. This is highlighted by the research of Lutgendorf et al.49. In this study, patients
with greater social support had higher levels of NK cell activity both in peripheral blood
as in tumor infiltrating lymphocytes (TILs), whereas patients with higher levels of distress
had lower cytotoxicity activity in TILs. A multivariate model indicated independent
associations of both distress and social support with NK cell activity in TILs49. In breast
cancer, psychosocial interventions have also shown to have a positive effect on NK cell
cytotoxicity, and these changes could be explained by adrenergic immunomodulating
mechanisms50. Together these findings show that current standard of care has an effect
on NK cell cytotoxicity and that it is important to further explore these interactions in
OC to be able to develop the best strategy to combine adoptive NK cell therapy with
current care.

NK cell-based immunotherapy in cancer
In 2003, Ruggeri et al. showed that after haplo-identical hematopoietic stem cell
transplantation, allogeneic NK cells (generated from the donor graft in the recipient)
support graft-versus-tumor effects and reduce leukemia recurrence in patients with
acute myeloid leukemia (AML)51. In this setting, NK cells are thought to become reactive
to the tumor cells through the ‘missing-self hypothesis’, where the NK cell becomes
reactive against the tumor cells that lack donor-specific self MHC I molecules. This
finding paved the way for NK cell adoptive transfer studies in hematological cancers.
Autologous NK cells from peripheral blood have been investigated but have not proven
to induce clinical benefit in solid tumors, potentially because their functional status is
often poor and effectivity is inhibited by the autologous MHC I expression on tumor
cells. Allogeneic NK cell therapy is well tolerated in hematological as well as in solid
cancers, but various challenges need to be overcome in order to make NK cell therapy
more efficient. After intravenous (IV) infusion of allogeneic NK cells, there is effective
expansion in a minority of patients and limited persistence of NK cells in the long term.
Besides, due to the combination with IL-2, regulatory T cells may suppress NK cell
activity13. Interestingly, allogeneic NK cells seem to be more effective in consolidation
therapy than in refractory patients. As a consolidation therapy in both pediatric and
adult AML patients allogeneic NK cell adoptive transfer showed prolonged remission
52,53
. Furthermore, complete remission in refractory disease has been reported in small
scale clinical trials13,14. Moreover, as a bridge to allogeneic stem cell transplantation in
AML patients, NK cell therapy might have contributed to a durable response13,14. NK
cell therapy is increasingly being explored for solid tumors such as neuroblastoma,
pancreatic cancer, hepatocellular carcinoma, breast cancer and melanoma54. Promising
fact is that in all clinical trials in solid tumors, allogeneic NK cells are well tolerated and
no graft-versus-host-disease (GVHD) is reported12. Due to the findings that allogeneic NK
cell therapy has mild side effects and does not induce GVHD, as they selectively attack
malignant transformed or virus-infected cells, they are an excellent candidate to use in
cancer immunotherapy.
Although allogeneic NK cell therapy showed promise, an easily accessible NK cell product
that is available as an ‘off-the-shelf’ product in large quantities, has yet to be found.
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Different NK cell products from different sources have been used in clinical trials. Donor
peripheral blood apheresis is the most common source, from which an activated NK cell
product is produced through enrichment by CD56 positive selection and/or CD3 T cell
depletion followed by short stimulation with activating cytokines (IL-2, IL-12, IL-15, IL18). Other cell sources that are used for production of NK cell therapeutics are umbilical
cord blood (UCB) and bone marrow12. Rezvani et al. isolated and expanded resident
CD56+ NK cells from UCB for clinical application55. Furthermore, UCB provides a rich
source of HSPCs from which high numbers of therapeutic cells, including NK cells can be
generated with potent immune effector functions52. Exploiting UCB has the advantage
of non-invasive collection and off-the-shelf availability of large number of units from
UCB banks worldwide. Interestingly, NK cells can also be efficiently generated ex vivo
from iPSC, which have shown to have high cytotoxicity against OC cells9. These HPSCand iPSC-derived NK cell products can be utilized as an off-the-shelf NK cell therapeutic,
and clinical trials have commenced to explore their potential. Another off-the-shelf
possibility is use of the cell line NK92, which is being investigated as an allogeneic NK cell
therapeutic. A clinical trial involving advanced lung cancer patients showed encouraging
results, and additional trials are ongoing to validate the safety profile and clinical value
of NK92 cells56.

NK cell-based immunotherapy in ovarian cancer
Pioneering studies

Although NK cell therapy is broadly investigated in hematological malignancies, there is
yet limited data in ovarian cancer. In six clinical studies only 31 patients are described
that received NK cell adoptive transfer (table 1). The largest study on allogeneic NK cell
adoptive transfer in OC is the study of Geller et al., which included 14 OC patients57-59,
while the other reports are case series. Patients were pretreated with cyclophosphamide
and fludarabine (Cy-Flu) and in 5 patients the Cy-Flu was combined with total body
irradiation to improve in vivo NK cell expansion. Included patients were heavily pretreated
with median seven lines of prior chemotherapy. Patients were infused with an average
of 2.2x107 NK cells/kg and 6 subcutaneous dosages of 6 million units IL-2. Overall this
regimen was well tolerated, but a severe adverse event occurred leading to death after
tumor lysis syndrome. Although no sustained NK cell expansion in the periphery was
noted, the evaluation after three months by computed tomography (CT) showed that 4
patients had partial response, 8 had stable disease and 1 progressive disease. Long term
follow-up of patients is not available.
The study by Yang et al. investigated allogeneic NK cells against various cancers, included
two OC patients, who were treated with healthy donor-derived allogeneic NK cells from
peripheral blood mononuclear cells that were ex vivo-expanded after CD3-based T cell
depletion. This ex vivo-expanded NK cell product was administered in a single dose in the
first cohorts and repeated infusions were administered in the later cohorts. In one patient
with advanced recurrent OC, stable disease was reached with one NK cell infusion of 106
cells without prior immunodepleting chemotherapy, whereas the other OC patient had
progressive disease after 3 weekly infusions of 106 cells59. The latter patient was heavily
pretreated with chemotherapy in the 139 months before NK cell therapy was given.
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The case report of Xie et al. described the first OC patient treated with NK cells as primary
treatment. A 60 year old patient, diagnosed in advanced stage OC with massive ascites
and a sizeable tumor was treated with ex-vivo expanded, highly activated allogeneic NK
cells58. These infusions of circa 1.5x109 NK cells were administered every 2 weeks and a
total of 6 infusions were given. Patient experienced no side effects and showed clinical
recovery. Her CA125 level dropped from 11270 to 580, and all ascites disappeared.
Furthermore, the masses on CT scan reduced in volume.

Intraperitoneal NK cell therapy
Since OC is confined to the peritoneal cavity till the last stage, IP treatment is a rationalistic
approach. Recently, ovarian hyperthermic intraperitoneal chemotherapy (OVHIPEC)
treatment has shown to prolong median overall survival with 12 months and combined
IP and IV chemotherapy increased the overall survival with 15 months and progression
free survival with 6 months60,61. Furthermore, studies have shown that IP delivery can
achieve a 20-fold increase in cisplatin concentration and a 1000-fold increase in local
concentration of paclitaxel, with ensuing gains in OS60,61. Therefore, direct delivery
of new therapeutic agents including cellular immunotherapy could be very effective
approach. Intraperitoneal NK cell therapy could potentially bypass the depletion of
transferred cells by the liver and spleen, giving the cells the opportunity to encounter
the cancer cells directly in the abdominal cavity. Therefore, IP infusion of NK cells could
enhance the effectiveness of NK cell transfer against OC in the same compartment as
the disease.
The APOLLO trial investigating the feasibility of IP FATE-NK100 (ex-vivo expanded
terminally differentiated adaptive NK cells) infusion following outpatient chemotherapy
in platinum resistant OC patients is currently recruiting (NCT03213964). The preliminary
results presented on the Innate killer Summit 2018 showed the results of the first 2
patients, wherein the first patient in the first dose level showed progressive disease
on day 28, but the second patient who had repeated NK cell infusion, showed stable
disease with evidence of tumor reduction on the first time point. In China, a trial is
being conducted investigating autologous ex vivo-expanded NK cell therapy in 200
cancer patients of whom 40 with OC. Repeated IV infusions will be given in a threeweekly regimen, and the NK therapy will be combined with chemotherapy and targeted
therapies (NCT03634501). We recently opened the INTRO trial, which investigates the
safety and feasibility of a single IP infusion of highly activated NK cells, generated ex vivo
from CD34+ umbilical cord blood HSPCs in recurrent OC patients (NCT03539406). Next to
feasibility, safety and toxicity, we will address the question whether a lymphodepleting
chemotherapy regimen is needed or not for peritoneal expansion and persistence of
allogeneic NK cells.
So far the completed trials and case series showed that allogeneic NK cell therapy is
overall well tolerated, might have a beneficial effect on clinical outcome but needs to be
investigated further for sustainable NK cell expansion and clinical effects in vivo.
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Concluding remarks and future perspectives
In this review, the current status of NK cell research in harnessing OC and early results of
NK cell therapy trials in OC are summarized. Substantial pre-clinical evidence has been
provided for the role of NK cells in OC and their potential therapeutic impact. However,
besides the promising results there are significant challenges to address. The immune
suppressive microenvironment of ovarian carcinoma should be investigated and
manipulated to give NK cell therapy more opportunity. The question of limited NK cell
expansion in vivo should be addressed, in order to maximize the anti-OC effect. Current
trials on IP NK cell therapy might bring these answers. Furthermore, different sources to
produce an easily available allogeneic NK cell product are being developed. Ultimately,
a standardized protocol for highly active NK cell preparation off-the-shelf would be
required to bring NK cell therapy to the clinic. Lastly, NK cell based immunotherapy could
be further maximized by combination with other agents.
There are several pre-clinical studies that describe ways to maximize the effect of NK cell
adoptive transfer, which can be roughly divided in 5 strategies: 1) genetic modification,
2) combination with more efficient cytokines, 3) construction of chimeric antigen
receptor (CAR)-NK cells, 4) combination with checkpoint inhibitors or 5) combination
with targeted therapies. Since the widely co-administered cytokines have side effects,
it is an attractive option to genetically modify NK cells to express exogenous cytokines.
An example of these are genetically modified NK92 cells carrying high affinity CD16
receptors and expressing IL-2. Currently a clinical trial on these modified NK92 cells is
including patients with Merkel cell carcinoma62. Moreover genetic modification with
IL-15 can be a promising approach for cancer immunotherapy63,64. Expanded NK cells
expressing membrane bound (mb)IL-15 showed increased cytotoxicity in vitro and in
vivo64. Another way to make NK cells more effective is to combine them with a more
efficient cytokine, the IL-15 superagonist: ALT-803. A trial investigating ALT803 in ovarian
carcinoma patients is conducted now in the USA (NCT03054909).
Improvement of functionality in T cell therapy has been reached by the chimeric antigen
receptor T cells (CAR-T). Currently, CD19 CAR-T cells are FDA and EMA approved for
treatment of certain hematological cancers (i.e. acute lymphoblastic leukemia and
diffuse large B cell lymphoma), whereas CAR-NK cells are still in the early clinical phase
55
. Li et al. investigated recently a CAR-iSPC-NK product containing the receptor NKG2D,
the 2B4 co-stimulatory domain, and the CD3ζ signaling domain in an OC xenograft. They
showed that these CAR-iPSC-NK cells significantly inhibited tumor growth and prolonged
survival in an OC xenograft, with comparable activity to that of CAR-T cells65. Antigen
specificity of NK cell responses can also be improved by better engagement of NK cells
to the tumor. Constructs are generated wherein the CD16 targeting scFv domain is fused
with a tumor antigen targeting scFv domain such as CD19, CD20, CD33, CD133 or EpCAM
(i.e. bispecific killer cell engagers or BiKEs)66. Additionally, IL-15 can be added in the
construct, named TriKEs, to further potentiate the NK cell mediated anti-tumor effect66.
These BiKEs and TriKEs efficiently stimulate NK cell responses in vitro in hematological
cancers and solid tumors66,67.
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Another combination therapy that originates in T cell research are the checkpoint
inhibitors. Despite the huge success of checkpoint inhibitors in melanoma and lung
cancer, OC patients don’t experience the success and there is also rarely but extensive
toxicity associated with these therapies68. A combination with NK cell adoptive therapy
has yet to be explored. However, promising results are shown for PD-L1 blockade in
combination with NK cell therapy in an OC mouse model69. Preclinical work in other
solid cancers shows that blocking of TIGIT prevents NK cell exhaustion and elicits potent
anti-tumor immunity70. In addition, the combination with current standard therapies for
recurrent disease including gemcitabine, PARP-inhibitors and bevacizumab has yet to be
explored in future research.
Already being investigated is the step to peritoneal infusion of allogeneic NK cell
adoptive transfer in the current clinical trials. Peritoneal infusion might make NK cell
therapy more valuable in ovarian cancer treatment. All together it is encouraging that
there is sufficient pre-clinical evidence on the susceptibility of OC to NK cell cytotoxicity,
the first clinical trials on NK cell adoptive transfer have been performed and current
research progresses on maximizing the effect of NK cell adoptive transfer. In the near
future more clinical evidence on the applicability of NK cell adoptive transfer against
ovarian carcinoma is expected.
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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.

Keywords
NK cells, ovarian cancer, ascites, IL-15 stimulation, ALT-803
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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 coinfiltrate 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 observed20, 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-1524. 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
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
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fusion complex, ALT-803. These findings indicate that boosting NK cell expansion and
functionality by immunotherapeutic strategies could improve survival in OC patients.

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 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 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.

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% nonlymphocytes 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 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 CD56dim/bright 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 CD56dim and 10% regulatory CD56bright cells
are present.42 In contrast, in the benign ascites samples we found 32.4 ± 3.7% NKdim
cells and 67.5 ± 3.7% CD56bright cells, respectively. In OC patient ascites, however, the
ratio was more in favor of the cytotoxic CD56dim population with 54.7 ± 4.0% CD56dim
and 45.4 ± 4.0% CD56bright cells, compared to the benign peritoneal fluids (Figure 1D).
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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

41

Chapter 3
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 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.

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).
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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 ascitesderived 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.

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 4). These data demonstrate that the
function activation of NK cells in ascites can be efficiently rescued with IL-15 or ALT-803.
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due to20enhanced surface expression of ligands for activating receptors on tumor cells by
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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 report12. 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 found to correlate with better outcome47,48, 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.
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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 ALT803, ALT-803 is likely more potent in long-term assays and in vivo because of its longer
half-life53,54.
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. 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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MATERIAL 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 100µm
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 OC patients. For
the benign control group, samples were collected at benign gynecological surgeries.
Indications for diagnostic laparoscopy were 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 1C and figure 2 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 G patients were divided based on median NK cell
frequency, for figure 1F and H groups are divided by median CD3 cell frequency.

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.
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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 x 106 cells were cocultured with 0.5 x 106 K562 cells, 0.5 x 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 1h 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).
Gating strategy is shown in Supplementary Figure 2

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.
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Figure S1: Gating strategy for CD56+ NK cells and CD56 dim versus CD56 bright in ascites.
In F the lymphocytes are gated. In G the CD56 positive cells are seen, with two populations. In S1-H the NK CD56 bright and the NK CD56 dim are gated.
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Supplementary Table 1. Characteristics of SR1/IL-15/IL-12-generated HSPC-NK cell products.
Characteristics

Treatment
Debulking

Survival

Age mean (SD)
CA-125 mean (95% CI)
Postmenopausel
Neoadjuvant Chemotherapy
Primary Surgery
Complete Debulking
(Sub-)optimal Debulking
No Debulking
PFS mean (SD)
OS mean (SD)

Good survival
(n=10)
57.2 (8.4)
1532 (641-2423)
70%
50%
50%
20%
80%
0%
19.7 (16.4)
32.9 (11.2)

Poor survival
(n=10)
69.0 (11.4)
1268 (199-2337)
90%
60%
40%
20%
70%
10%
3.2 (2.3)
10.3 (4.4)

*Percentage CD56+ cells were determined after volume reduction, washing and removal debris.
Abbreviations: UCB, umbilical cors blood: SD, standard deviation.

57

3

CHAPTER 4
Umbilical cord blood CD34+
progenitor-derived NK cells efficiently
kill ovarian cancer spheroids and
intraperitoneal tumors in NOD/SCID/
IL2Rgnull mice
Janneke. S. Hoogstad- van Everta,b, Jeannette Canya, Dirk van den Brandc, Manon
Oudenampsena, Roland Brockc, Ruurd Torensmad, Ruud L. Bekkersb, Joop H. Jansena,
Leon F. Massugerb, Harry Dolstraa.

Oncoimmunology 2017

Chapter 4

ABSTRACT
Adoptive transfer of allogeneic natural killer (NK) cells is an attractive therapy
approach against ovarian carcinoma. Here, we evaluated the potency of highly active
NK cells derived from human CD34+ hematopoietic stem and progenitor cells (HSPC)
to infiltrate and mediate killing of human ovarian cancer spheroids using an in vivolike model system and mouse xenograft model. These CD56+Perforin+ HSPC-NK cells
were generated under stroma-free conditions in the presence of StemRegenin-1, IL15 and IL-12, and exerted efficient cytolytic activity and IFN- production towards
ovarian cancer monolayer cultures. Live-imaging confocal microscopy demonstrated
that these HSPC-NK cells actively migrate, infiltrate, and mediate tumor cell killing in
a three-dimensional multicellular ovarian cancer spheroid. Infiltration of up to 30%
of total HSPC-NK cells within 8 hours resulted in robust tumor spheroid destruction.
Furthermore, intraperitoneal HSPC-NK cell infusions in NOD/SCID-IL2Rγnull (NSG) mice
bearing ovarian carcinoma significantly reduced tumor progression. These findings
demonstrate that highly functional HSPC-NK cells efficiently destruct ovarian carcinoma
spheroids in vitro and kill intraperitoneal ovarian tumors in vivo, providing great promise
for effective immunotherapy through intraperitoneal HSPC-NK cell adoptive transfer in
ovarian carcinoma patients.
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INTRODUCTION
Ovarian cancer (OC) is the fifth leading cause of cancer-related death in women1. Since
patients with early-stage OC seldom have clinical symptoms, most patients are diagnosed
at advanced stage with peritoneal tumor dissemination and ascites. Standard treatment
for OC patients is cytoreductive surgery combined with platinum/taxane chemotherapy.
Although OC is sensitive to chemotherapy, the 5-year survival is 46% for all stages of
OC, and only 20% and 6% for advanced stage III and IV disease1, respectively. In the last
decades, only slight improvements have been made to increase patient outcomes, so
there is an unmet need for novel therapeutic strategies as most women with relapsed or
metastatic OC ultimately die of progressive disease.
Adoptive cell therapy (ACT) exploiting allogeneic natural killer (NK) cells could be a
novel, relatively non-toxic and attractive treatment approach against OC. In particular,
intraperitoneal (i.p.) infusions, rather than intravenous (i.v.) administration, of preactivated or expanded NK cells is a promising strategy to better control ovarian
tumors confined to the peritoneum2,3. However, effective ACT requires NK cells to be
appropriately activated, available in sufficient numbers and have a good persistence
in vivo4. Furthermore, effective NK cell infiltration into solid tumor tissue and tumor
cell killing upon encounter is required. Generally, allogeneic NK cell products have been
enriched from peripheral blood (PB) of haplo-identical donors followed by overnight
activation with IL-2 or IL-15. However, this cellular product is rather heterogeneous
with 25-95% of infused cells being NK cells depending on the used enrichment method,
and contains a variable number of monocytes, B cells and potentially alloreactive T
cells capable of inducing graft-versus-host disease5-7. Furthermore, this approach yields
relatively low NK cell numbers, enough for only a single dose, while higher numbers and
multiple dosing requires further expansion before adoptive transfer4. For these reasons,
development of more homogeneous, scalable and “off-the-shelf” allogeneic NK cell
products is preferable for adoptive immunotherapy.
Alternatively, NK cells can be generated ex vivo from hematopoietic stem and progenitor
cells (HSPC) or induced pluripotent stem cells (iPSC)3,8-10. Previously, we reported good
manufacturing practice (GMP)-compliant, cytokine-based culture protocols for the ex
vivo generation of highly active NK cells from CD34+ HSPCs isolated from various stem cell
sources9-12. By applying the aryl hydrocarbon receptor (AHR) antagonist StemRegenin-1
(SR1), and the combination of IL-15 and IL-12 we demonstrated that highly active CD56+
NK cells can be generated with potent functional activity towards hematological tumor
cells in vitro as well as anti-leukemic effects in vivo following i.v. administration 9,10,13. In
addition, we observed that these HSPC-NK cells efficiently kill melanoma cell lines12 and
renal cell carcinoma cell lines in vitro (unpublished data), and therefore HSPC-NK cells
are attractive for allogeneic NK cell ACT against refractory OC and other solid tumors.
Many studies, including ours, have shown that pre-activated or expanded NK cells rapidly
recognize and destroy malignantly transformed cells in vitro.2,3,7,9,10,12-22 However, the
majority of reported studies is based on tumor cell monolayer culture systems neglecting
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the three-dimensional tumor structure, thereby allowing only limited translation to the
in vivo situation. Therefore, three-dimensional multicellular tumor spheroid models
have been developed to better investigate infiltration and intra-tumoral cytotoxicity by
NK cells.15,16,23 Furthermore, adoptive transfer studies should be performed in relevant
human OC xenograft models to study the optimal delivery route, in vivo persistence
of function and potency of well-defined NK cell products. Recently, Hermanson et al.
demonstrated in a mouse model with the OC cell line MA148 that i.p. delivery of iPSCderived NK cells inhibits tumor growth at least as efficient as PB-enriched NK cells3. In
the present study, we investigated the preclinical efficacy of ex vivo generated, highly
functional HSPC-NK cells generated by a novel combined SR1/IL-15/IL-12 based culture
protocol in clinically relevant OC models. Flow cytometry analysis and live-imaging
confocal microscopy demonstrate that these HSPC-NK cells efficiently infiltrate, migrate
and kill OC cells in 3D tumor spheroids. Moreover, we demonstrate that i.p. infusions of
this HSPC-NK cell product mediate a potent anti-OC effect in a SKOV-3-based xenograft
model and significantly prolongs mice survival. These preclinical studies provide the
rationale to pursue clinical trials using adoptive transfer of HSPC-NK cells in OC patients.

MATERIAL AND METHODS
HSPC-NK cell generation
Umbilical cord blood (UCB) units were collected in CB-collect bags (Fresenius Kabi) at
Caesarean sections after full term pregnancy and obtained informed consent of the
mother (CMO 2014-226). CD34+ HSPCs were isolated from mononuclear cells after Ficoll–
Hypaque density-gradient centrifugation and CD34-positive immunomagnetic bead
selection (Miltenyi Biotec, 130046702). After isolation, CD34+ HSPCs were cryopreserved
or directly used for NK cell generation. Cultures were performed for 6 weeks in 6-well
tissue culture plates (Corning CLS3506), using CellGro DC medium (CellGenix 208010500) supplemented with 10% and 2% human serum (Sanquin Bloodbank) during the
expansion and the differentiation phase, respectively. Cells were cultured using three
successive cytokine cocktails, and in the presence of 2 μM SR1 (Cellagen Technology,
C7710-5) till day 21. In the first 9 days, CD34+ HSPCs were expanded with 25 ng/mL IL-7,
25 ng/mL stem cell factor (SCF), 25 ng/mL Flt3L (all ImmunoTools, 11340077, 11343328,
11343307), and 25 ng/mL thrombopoietin (TPO; CellGenix, 1417-050). At day 9, TPO was
replaced by 50 ng/mL IL-15 (ImmunoTools, 11343615). Thereafter, expanded cells were
cultured in differentiation medium consisting of 20 ng/mL IL-7, 20 ng/mL SCF, 50 ng/mL
IL-15, and 0.2 ng/ml IL-12 (Miltenyi Biotec, 130-096-704). Total cell number and CD56
acquisition were analyzed twice a week by flow cytometry, and medium was refreshed
every 2 to 4 days to keep cell density between 1.5 and 2.5 x106 cells/ml. HSPC-NK cell
products were used in experiments after 5 to 6 weeks of culture with >90% CD56+ cells.

Patient samples
Patient material was obtained from stage III and IV OC patients before primary treatment
in the Radboud University Medical Center (Radboudumc) after written informed
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consent. Fresh ascites was filtered using a 100 µm filter, centrifuged and resuspended
in PBS. Subsequently, mononuclear cells were isolated using a Ficoll-Hypaque (1.077 g/
ml; GE Healthcare, 17-1440-03) density gradient. Samples were cryopreserved in DMSOcontaining medium and used after thawing.

Culture of OC cell lines
OC cell lines SKOV-3 and IGROV1 were cultured in Roswell Park Memorial Institute medium
(RPMI 1640; Gibco, 11875119) medium with 10% Fetal Calf Serum (FCS; Integro). The
OVCAR-3 cell line was cultured in RPMI 1640 medium with 20% FCS and 1 µg/ml insulin
(Sigma 10516). K562 cells were cultured in Iscove’s Modified Dulbecco’s medium (IMDM;
Gibco, 21980065) containing 10% FCS. SKOV-3-GFP-luc cells were generated by stable
transduction of parental cells with lentiviral particles LVP20 encoding the reporter genes
green fluorescent protein (GFP) and luciferase (luc) under control of the CMV promoter
(GenTarget, LVP020). Transduced cells were cloned and an optimal SKOV-3-GFP-luc clone
for in vitro and in vivo experiments was selected based on GFP expression, luciferase
activity, and comparable susceptibility to HSPC-NK killing as the parental cell line.

Multicellular tumor spheroids
OC tumor spheroids were generated by seeding 3x104 cells/well in a volume of 100 l/
well of culture medium in 96-well plates coated with 1% agarose in DMEM/F12 medium
(Invitrogen 11330-057) with 0.3% bovine serum albumin (Sigma Aldrich A3156), which is
adjusted from Giannattasio et al. and nature protocols15,24. Tumor spheroids were used
for functional assays upon reaching a solid state after 72 h after initial seeding.

Flow cytometry (FCM)
HSPC-NK cell numbers and expression of cell surface markers were determined by
flow cytometry (FCM). Anti-CD45-ECD (Beckman Coulter, A07784) and anti-CD56PC7 (BioLegend, 318318) antibodies were used to follow cell number and NK cell
differentiation during culture using the Coulter FC500 flow cytometer (Beckman
Coulter). The population of viable cells was determined by exclusion of 7-aminoactinomycin D (7-AAD) positive cells (Sigma A9400). For phenotypical analysis, cells were
incubated with antibodies in FCM buffer (PBS/0.5% bovine serum albumin) for 30 min at
4°C. After washing, cells were resuspended in FCM buffer and analyzed. The following
fluorochrome-conjugated monoclonal antibodies were used: CD3 A07748, CD14 325604,
CD19 302228, CD56 318318, NKG2A A60797, NKp30 325208, NKp44 325108, NKp46
331908, NKG2D 320806, DNAM-1 559788, TRAIL 308210, CD69 310904, CD16 302006,
KIR’s 312606, CXCR3 353708, CD62L 304821, CD11a 301206, CD107a 328618, HLA-ABC
311410, HLA-E 342603, MIC A/B 320908, ULBP-1 FAB1380A, ULBP-2 FAB1298P, TRAIL-R1
307208, TRAIL-R2 307406, CD112 337410, and CD155 FAB25301A all Biolegend, R&D
systems, e-bioscience or BD Biosciences.
Analysis of NK cell reactivity at the single cell level was determined following 4 hours
stimulation with K562 cells in the presence of anti-CD107a and Brefeldin A (555029 BD
Biosciences) and subsequent intracellular staining for perforin (308106, Biolegend) and
IFNγ (554700 BD Biosciences) and EOMES (11-4877-41 e-bioscience). Flow cytometric
63

4

Chapter 4

analysis was performed with exclusion of dead cells with Fixable Viability Dye eFluor780
(65-0865-18 eBiosciences), gating on CD56+Perforin+ NK cells, and using unstimulated
cells as control.

FCM- based cytotoxicity and infiltration assays
In monolayer cytotoxicity assays, tumor cells were first seeded at a concentration of
3x104 in flat-bottom 96-well plates in triplicate for each test condition. The following day,
HSPC-NK cells were labeled with 1 μM carboxyfluorescein diacetate succinimidyl ester
(CFSE; Invitrogen, C34554) and were added at different effector-to-target (E:T) ratios
(1:1, 3:1 and 10:1). For cytotoxicity assays with SKOV-3-GFPluc cells, HSPC-NK cells were
added without CFSE staining. After 24 hours, co-culture supernatants were harvested
and stored at -20°C until use for ELISA. Subsequently, cells in each well were gently
resuspended and suspension cells were collected in Micronics tubes. Next, adherent
cells were detached using trypsine, collected and added to the tubes. Then, the life/dead
marker 7-AAD was added to the cells and absolute numbers of viable targets present in
each well were determined by FCM (FC500, Beckman Coulter). The specific killing of OC
cells by NK cells was calculated with the following formula: 1- (number of viable target
cells after co-culture with NK cells/number of viable target cells cultured alone) x 100%.
In cytotoxicity assays with OC spheroids, day three spheres were used as previously
described by Giannattasio et al.15. Again, HSPC-NK cells were added at different dosages
2x105, 6x105, 2x106/well. After 24 hours of co-culture, supernatant of the 2x105 NK cells
was collected for ELISA. Spheroids were washed, trypsinized and double negative target
cells for CFSE and 7-AAD were counted using the FC500 flow cytometer.
In the co-culture supernatants, production of granzyme B (GzmB) and IFN- by HSPC-NK
cells was evaluated by ELISA according to the manufacturer’s instructions (IFN-; Perbio
Scientific M700A and GzmB; Mabtech, 3485-1H-20).
For the FCM-based infiltration assay, we performed the spheroid cytotoxicity assay
as described above. Infiltrating versus non-infiltrating HSPC-NK cells were collected
separately as previously described by Giannattasio et al.15. Remaining spheroids were
washed twice, trypsinized, and transferred in separate tubes. Absolute NK cell counts
were determined by FCM for each well.
Intra-tumoral cytotoxicity of infiltrated HSPC-NK cells was determined by transferring
HSPC-NK cell treated spheres after 5 hours of co-culture to a new well, and subsequently
determining the specific killing after overnight incubation.

Confocal microscopic imaging of NK cell invasion and killing in
multicellular spheroids
Co-culture of OC spheroids and HSPC-NK cells was performed as described above. For
confocal experiments, SKOV-3-GFPluc spheroids were co-cultured with CD56-APC and
GAM-AF647 labeled NK cells. After co-culture, spheres were collected, washed mildly
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with PBS/BSA buffer, and placed in an Ibidi µ-slide 8 wells plate (Ibidi, 80826) in RPMI
without phenol red, and Propidium idodide (PI) (Sigma-Aldrich, 247-081-0) was added
to a final concentration of 50 µg/ml to detect cell death. Imaging was performed with a
Leica TCS SP5 microscope (Leica Microsystems, Germany) at 37°C using an HC PL Fluotar
20.0x0.5 dry lens. Laser power, gain and offset were kept constant between experiments
and conditions. End point experiments were performed at 0, 1, 3 and 5 hours and
z-stacks of confocal sections were acquired with a step size of 5 µm. Time lapse movies
were made by imaging with a time interval of 30 seconds and a maximum acquisition
time of ~5 hours in a fixed z-plane. GFP and PI were excited with the argon laser line at
488 nm and emission was detected between 495 and 550 nm for GFP and between 595
and 640 nm for PI. In a sequential scan APC and GAM-AF647 were excited with the HeNe
laser at 633 nm and emission was measured between 640 nm and 710 nm.

Image analysis
The acquired images were analyzed with Fiji image analysis software25. For qualitative
representation, the brightness and contrast settings were adjusted for better
visualization. The same settings were used for all images. Cell death was quantified by
placing a threshold on the PI channel and creating a binary image for every z-plane.
Subsequently, particles were separated by performing a dilute, erode and watershed
operation on the image. For every z-plane a separate region-of-interest (ROI) was drawn
around the edge of the spheroid, based on the image in the GFP channel. The area of
each ROI was measured and the number of particles bigger than 20 µm2 was counted. In
order to correct for size differences between different z-planes and spheroids the ratio
between the number of particles and the measured area was used to represent cell
death. Cell death in depth was measured on the 5h HSPC-NK cell co-culture spheroids,
and the 250 min time lapse was used for the analysis of cell death in time and compared
to time points in untreated spheres.

Adoptive transfer studies of HSPC-NK cells in intraperitoneal OC mouse
model
All experiments were approved by the Radboudumc animal care and user committee (DEC
2014-150). In the first experiment, eleven NOD/SCID/IL2Rgnull mice (Jackson laboratories)
of 6-12 weeks old were injected intraperitoneally (i.p.) with 1.0×106 cells SKOV-3-GFPLuc cells and divided randomly into two treatment groups (i.e. control versus NK i.p.),
after the first BLI at day 3. After 4 and 11 days, mice of the i.p. treatment group received
two i.p. HSPC-NK cell infusions (12×106 cells/mouse/infusion). In addition treated mice
received 1 µg recombinant human IL-15 (Immunotools, 11340158) subcutaneously
every 48 hours till day 21. Bioluminescence images were collected weekly till day 56. For
this, mice were injected i.p. with D-luciferin 150 mg/kg (PerkinElmer 122796), after 10
minutes anesthesized with isoflurane and bioluminescence images were collected in the
IVIS using the Living Image processing software. ROI were drawn around the abdominal
area of the mice, and measurements were automatically generated as integrated flux
of photons (photons/s). The second experiment was performed with a lower tumor
dose of 0.2x106 SKOV-3-GFPLuc cells and again 2 infusions of 12x106 HSPC-NK cells were
given. Bioluminescence images were collected weekly till day 56. All mice were followed
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till day 92 for survival. Following euthanasia, a macroscopic tumor score was given by
two independent researchers using the following classification: 0 for no macroscopic
tumor, 1 for small tumors <5mm and 2 for large tumors ≥5mm. From paraffin-embedded
samples, 5-µm tissue sections were cut and placed on polylysine-coated glass slides
for immunohistochemistry. The method described by Taylor et al. was used for Ki67
staining26.

Statistics
Data analysis was conducted by Prism software (GraphPad, version 5.03 for Windows).
Two way ANOVA, or Student T-test was used to calculate statistically significant
differences between groups. The survival probability was estimated by Kaplan-Meier
methods, p value was calculated with a log-rank Mantel-Cox test. A p-value of <0.05 was
considered statistically significant.

RESULTS
Ex vivo generation of highly functional HSPC-NK cells
We showed recently that inhibition of the aryl hydrocarbon receptor using SR1 improves
NK cell generation from CD34+ HSPCs by enhancing the expression level of several
transcription factors involved in early NK cell development10. In addition, we reported that
combining IL-15 with IL-12 drives the differentiation of more mature and highly functional
HSPC-NK cells, which display potent alloreactivity towards haematological cancer cells9.
In the present study, we combined SR1, IL-15 and IL-12 to generate HSPC-NK cells and test
their tumor-reactivity against OC. As illustrated in Figure 1, this culture protocol resulted
in >1,000 fold expansion and differentiation into >80% CD45+CD56+CD3- cells (Figure 1A,
Supplementary Table 1). Non-CD56+ cells present in the final product were comprised
of CD14+ myeloid cells and <0.05% CD19+ B cells (Figure 1B). Contaminating T cells were
virtually absent (<0.05%). After 6 weeks of culture, NK cell yields were determined using
CD56 and NKG2A markers, which discriminated between conventional EOMES+Perforin+
NK cells and other innate lymphoid cells (Figure 1B). On average, the SR1/IL-15/IL-12
culture protocol yielded 1,097x106 NK cells from 1x106 CD34+ cells (range 833 – 1,843,
n=7, Supplementary Table 1). These cells displayed high expression level of activating
receptors (Figure 1C). The expression profile of other maturation markers, as well as
homing and adhesion molecules, was similar to that previously reported on HSPC-NK
cell products generated either in the presence of SR1 or IL-15/IL-12 combination.9,10.
Furthermore, these novel SR1/IL-15/IL-12-induced HSPC-NK cells demonstrated high
cytolytic activity and IFN-γ production capacity against K562 cells at low E:T ratios (Figure
1D). Potent NK cell activation and reactivity was further confirmed at the single cell level
with induction of significant proportions of degranulating CD107a+ and IFN-γ+ NK cells
upon short term stimulation (Figure 1E). These data show that SR1/IL-15/IL-12-induced
HSPC-NK cells can be generated at high numbers and are highly functional, providing a
strong rationale for HSPC-NK-cell based immunotherapy.

66

UCB-NK cells efficiently kill ovarian cancer cells
Figure 1
A

B

[CD45+]

[LIVE CELLS]

Fold expansion

98.4%

[CD45+]

2.2%

0.01%

0.00%

CD45+: 99.9%

CD19

CD3
[CD56+]

[CD56+]

93.2%

[CD56+]

92.0%

NKG2A

NKG2A

NKG2A

CD56+ cells (%)

92.7%

CD56

Days

0.01%

CD14

CD56

SS
CD45

Days

0.02%

EOMES

Perforin

C

NKp44

NKp46

NKG2D

CD69

CD16

KIRs

CXCR3

E

DNAM -1

TRAIL

CD62L

CD11a

[Perf+ NK]

5.1%

CD107a

IFN-γ production (pg/ml)

Speciﬁc lysis (%)

D

NKp30

[Perf+ NK]

0.2%

NS

0.5%

45.7%

8.4%

+K562

1.2%

IFN γ

Figure 1: SR1/IL-15/IL-12-induced HSPC-NK cells can be generated at high numbers and are
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HSPC-NK cells efficiently kill ovarian carcinoma cells
To explore the potential of HSPC-NK cells against OC, we first performed cytotoxicity
assays with several frequently used OC cell lines (SKOV-3, IGROV1, OVCAR-3). The NKsensitive K562 cells were included as a positive control. At an E:T ratio of 1:1, 24% to
79% killing was observed after overnight co-culture (Figure 2A). This increased to >90%
using higher E:T ratios and potent killing capacity was seen for all used HSPC-NK cell
products that were generated from different UCB donors. To further demonstrate high
reactivity of HSPC-NK cells towards OC cells, ELISA for IFN-γ and GzmB were performed
on co-culture supernatants. HSPC-NK released substantial amounts of these factors
upon culture with all three OC cell lines (Figure 2B-C). Notably, the levels of IFN-γ and
GzmB released by HPSC-NK cells against SKOV-3 cells were lower than with the other OC
cell lines. This was also in line with the relatively lower killing susceptibility of SKOV-3
cells by HSPC-NK cells compared to IGROV1 and OVCAR-3. To investigate whether this
is related to the expression of certain activating NK-ligands, we performed FCM analysis
of the used OC cell lines and compared them with EpCAM+ OC cells in ascites samples
of 10 different patients. This analysis showed that OC cell lines and patient’s OC cells
in ascites have similar levels of the NK-activating ligands including MICA/B, ULBP-1,
ULBP-2, DNAM1 ligands (CD112, CD155) and TRAIL receptors (Figure 2D, E). Together
these data demonstrate that OC cells display expression of NK-activating ligands and are
highly susceptible to killing by SR1/IL-15/IL-12 induced HSPC-NK cells. From these data,
we have chosen SKOV-3 with the lowest NK-sensitivity as a clinically relevant model for
further studies.

Ovarian carcinoma spheroids are effectively infiltrated and attacked by
HSPC-NK cells
To investigate the potency of HSPC-NK cells to infiltrate and kill OC cells in a more
physiological assay for ovarian cancer deposits, we set up an OC spheroid culture system
using SKOV-3 cells (Figure 3A). Plating of SKOV-3 cells in agarose-coated plates resulted
in the formation of well-defined spheroids within 72 hours (Figure 3B, C), which were
used to test HSPC-NK cell killing and infiltration capacity. After overnight incubation, NK
cell clustering around the spheres was evident and addition of higher NK cell numbers
resulted in disruption of the spheroids (Figure 3C). Accordingly, FCM analysis of the cocultures after 24 hours confirmed a dose response relationship between the amount
of NK cells added and the percentage killing of OC cells, resulting in to >90% target cell
killing after coculture with 2x106 HSPC-NK cells (Figure 3D). Furthermore, HSPC-NK cells
significantly secreted IFN-γ and GzmB upon co-culture with SKOV-3 spheroids (Figure
3E-F).
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of HSPC-NK cells after 24h co-culture with SKOV-3 spheroids (unpaired t-test IFN-γ p=0.04, GzmB
p=0.0009).

Next, we studied whether lysis of OC cells by HSPC-NK cells occurred primarily from
the outside or also within the core of the spheroids. To address this, we examined NK
cell infiltration in time by FCM and confocal microscopy. First, we performed a FCMbased infiltration assay and showed that about one third of the added HSPC-NK cells
infiltrate into the spheroid, which was similar after coculture with different amounts
of HSPC-NK cells (Supplementary Figure 1). This observation indicates that at higher
HSPC-NK cell numbers, more NK cells will invade into the tumor spheroids resulting in
higher intratumoral killing and destruction. Following a more extensive washing protocol
to exclude the disrupted outer part of the spheroid, we demonstrated progressive
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infiltration of the spheroids by HSPC-NK cells peaking at 8 hours (Figure 4A). After 24
hours, less infiltrating NK cells were detected, likely due to disruption of the spheroid as
a consequence of HSPC-NK cell-mediated tumor cell killing.
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to a new well to measure the cytotoxic capacity of the infiltrated HSPC-NK cells. On the left the
percentage specific lysis without transfer is shown, on the right the specific HSPC-NK cell mediated
lysis is depicted after 24h incubation following transfer to a new well. C Confocal images of a SKOV3 spheroid incubated with HSPC-NK cells after 4 time points. The green cells are GFP+ SKOV-3 cells
and the blue cells are HSPC-NK cells infiltrating in the spheroid. D Amount of PI positive SKOV-3
cells in the spheroids following incubation with HSPC-NK cells (in black), and in untreated spheroids
(in grey), per scan depth in µm. Data are shown as mean ± SD of a representative experiment.
60µm is the maximum scan depth for the used confocal microscopy. In the NK-treated spheres the
amount of PI+ cells is significant higher (2 way anova; p<0.0001). E Amount of PI positive SKOV3 cells in time within HSPC-NK cell treated spheroid was calculated with assistance of Fiji image
analysis (in black). As control 3 time points of an untreated SKOV-3 spheroid is depicted in grey.
SKOV-3 cell death is significantly increased within the HSPC-NK cell treated spheroid compared to
untreated spheroid (unpaired T-test with Welch correction; P=0.004). F Confocal image of SKOV-3
spheroid incubated 5 hours with HSPC-NK cells, with addition of PI. On the left a spheroid without
NK addition is shown, where few PI positive cells are seen, in the middle a spheroid with HSPC-NK
cells, where we see more dead cells, and on the left a zoomed in picture of a part of the spheroid
illustrating the infiltration of HSPC-NK cells causing cell death in a SKOV-3 spheroid.

To demonstrate that the infiltrated HSPC-NK cells actually kill SKOV-3 cells inside
the spheroid, we collected and washed the co-cultured spheroids after 5 hours, and
transferred them to a new well for an overnight killing assay, thus without NK cells in the
supernatant. Notably, after initial administration of 2x105 HSPC-NK cells no killing was
measured (Figure 4B). However, at higher E:T ratios with 6x105 HSPC-NK cells >50% of
SKOV-3 target cells were killed by the infiltrated HSPC-NK cells. To further visualize HPSCNK cell infiltration into the multicellular SKOV-3 spheroid, we performed time-lapse
imaging with confocal microscopy. Already after 1 hour of co-culture, infiltrating and
migrating CD56+ cells were observed in the outer third of the 500µm diameter sphere.
Gradually, HSPC-NK cell numbers increased in the outer area while migrating NK cells
reached the core of the sphere after 5h of co-culture (Figure 4C). Time-lapse movies
demonstrated that HSPC-NK cells actively migrate into the SKOV-3 spheroid and mediate
killing inside the spheroid (Supplementary Video S1 and S2).
Quantification by using the propidium iodide (PI) signal during co-culture showed that
dead SKOV-3 cells were found in the outer 5-15 µm of the spheroid, but SKOV-3 cell
death was also significantly observed up to 60 µm within the spheroid (i.e. detection
limit confocal microscopy; p<0.0001 compared to untreated spheres; Figure 4D). At 5
hours, the amount of PI-positive cells per nm2 is increasing 12 times from 5 to 60, while
in the untreated SKOV spheres the amount only doubled (Figure 4E and F). Collectively,
these data demonstrate that HSPC-NK cells efficiently migrate, infiltrate and mediate
intratumoral killing of OC cells in a tumor spheroid.
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Intraperitoneally transfused HSPC-NK cells inhibits OC progression in
vivo
Based on the encouraging data we obtained in vitro on HPSC-NK cell mediated killing
of OC cells and spheres, we next aimed at evaluating the anti-tumor potential of HSPCNK cells in vivo. To achieve this, we established an OC mouse model by i.p. inoculation
of luciferase-expressing SKOV-3 cells into NSG mice (Figure 5A). This model resulted
in SKOV-3 tumor development in ovaries and omentum, as well as small nodules
deposition along the peritoneum (data not shown). Proliferation of SKOV-3 tumor cells
in the nodules was confirmed by Ki67 staining (Figure 5B). Because one requirement
for adoptive cell therapy is the homing of the infused cells to the tumor site, we tested
the effect of HSPC-NK cells infused directly into the peritoneal cavity, the compartment
where OC is located. Subsequently, tumor growth was analyzed by bioluminescence
imaging (BLI). In a first experiment, we observed a slight but significant reduction of
SKOV-3 cell progression in mice receiving two HSPC-NK cell injections and IL-15 support
till day 28 (Figure 5C). Next, we performed a second experiment using a less stringent
model by decreasing the number of SKOV-3 cells injected by 5-fold to 0.2x106. Here,
the effect of HSPC-NK cells was more pronounced. Weekly measurement of the BLI
signal indicated potent control of SKOV-3 cell progression by HSPC-NK cells (Figure 5D).
Importantly, these mice had improved survival as compared to untreated mice (Figure
5E). Furthermore, at sacrifice at day 90 the HSPC-NK treated mice had a significant lower
macroscopic tumor score on peritoneal surfaces. These results demonstrate that HSCPNK cells are functional following i.p. infusion and able to efficiently target OC depositions
in vivo.
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Figure 5: Intraperitoneal infusion of HSPC-NK cells slows down tumor growth and improves
survival of OC-bearing NSG mice. A Experimental design of i.p. SKOV-3 injection and subsequent
adoptive transfer of 2 HSPC-NK cell infusions combined with rhIL-15 administration till day 21.
Tumor load was followed by BLI imaging till day 56 and mice were followed for survival till day 92. B
Ki67 immunohistochemical staining of intraperitoneal SKOV-3 tumor nodules of NSG mice bearing
SKOV-3 tumors, showing high tumor cell proliferation. C Results of the high tumor (1x106 SKOV-3
cells i.p.) dose experiment of the tumor size evaluation by quantification of the bioluminescent
signal (in photons per second per cm2) in a standardized ROI. In red the BLI signal of mice treated
with intraperitoneal HSPC-NK infusions and in black the untreated mice. HSPC-NK cell treatment
significantly reduced tumor growth (2way ANOVA; p=0.016). D Radiance in photons per second
per cm2 of the lower tumor dose experiment with 0.2x106 SKOV-3 cells i.p. HSPC-NK cell treatment
significantly reduced tumor growth at this lower tumor burden (2way ANOVA p=0.0007). E
Percentage survival of the NSG mice of the low tumor dose experiment. Kaplan meier with log
rank Mantel Cox test showed a significance of p=0.023 and a hazard ratio of 6. F Macroscopic
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tumor score of the NSG mice after sacrifice at day 92 with a significant lower tumor score on
peritoneal surfaces after HSPC-NK cell treatment (Paired T-test; p =0.034).

DISCUSSION
Overall survival of patients diagnosed with recurrent and advanced stage ovarian
carcinoma has only slightly improved in the last 20 years despite evolving therapies,
illustrating the unmet need for new treatment modalities.1 Since HLA class I molecules
are often down-regulated in ovarian carcinoma and evidence is emerging that OC cells
are susceptible to NK cell-mediated cytotoxicity,27-29 ACT exploiting allogeneic NK cells
can be proposed as a prime candidate and relatively non-toxic treatment approach for
OC patients. Previous studies have shown that allogeneic NK cells rapidly recognize
and destroy malignantly transformed OC cells in vitro and in vivo.2,3,21,22,30,31 Here, we
demonstrate that highly functional HSPC-NK cells generated by an optimized SR1/IL-15/
IL-12 based expansion protocol are very potent killers of OC cells in relevant preclinical
models. Moreover, we provide novel evidence that HSPC-NK cells are able to efficiently
infiltrate, migrate and mediate intratumoral killing of OC cells in a multicellular tumor
spheroid, and that after i.p. infusion HSPC-NK cells slows down tumor progression and
prolongs survival in OC-bearing mice.
Collectively, these findings provide a strong rationale for intraperitoneal HSPC-NK cellbased therapy against ovarian cancer. In order to generate high numbers of allogeneic
NK cells completely devoid of T cell contamination, we developed a GMP-compliant,
cytokine-based, feeder-free ex vivo culture protocols. Using this procedure, CD34+ HSPCs
isolated from widely available UCB units can be expanded over 2,000-fold into a mixture
of immature and mature NK cells with a purity of >90%. In this study, we combined
two recent optimizations, which include the AhR antagonist SR1 for improving NK cell
differentiation, and the combination of IL-15 and IL-12 that stimulates the differentiation
of more “memory-like” NK cells with a superior cytolytic and IFN- response upon target
cell encounter.9,10 This SR1/IL-15/IL-12 generated HSPC-NK cell product is even more
pure; >90% and a total dosage up to 3x109 HSPC-NK cells for i.p. infusion in OC patients
can be readily generated from a single HSPC donor. This is a higher purity and yield than
NK products from other sources and protocols.4-6,32,33
These highly active HSPC-NK cells rapidly recognize and destroy malignantly transformed
cells in vitro when added to tumor cell monolayers. Although tumor monolayer cell
culture is traditionally used,2,3,17,33,34 it neglects the three-dimensional tumor structure,
thereby potentially overestimating the translation to the in vivo situation. Therefore, 3D
tumor spheroid models have been developed to better investigate solid tumor-NK cell
interactions, and more closely resemble the tumor microenvironment than conventional
monolayer cultures. These multi-cellular tumor spheroids are formed by association of
several thousands of cells and consist of an outer rim of proliferating cells around a core
of quiescent tumor cells.14 So far, a few studies are published employing tumor spheroids
to assess NK cell infiltration and intratumoral cytoxicity dynamics. Giannattasio et al.
showed that IL-2 pre-activated and expanded PB-NK cells can invade cervical cancer
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spheroids.15 We have adopted the spheroid system of Giannattasio et al., and showed
by real-time monitoring that infiltrated HSPC-NK cells in OC spheroids mediate efficient
intratumoral killing, which is of clinical relevance for HSPC-NK cell therapy in ovarian
cancer treatment. However, still many questions remain unanswered about the
mechanism of action of activated NK cells in solid tumors. Furthermore, previous studies
showed that 3D tumor spheroids are useful tools to study the stimulatory potential of
other drugs and cells of the tumor microenvironment on NK cell function. For instance,
inhibition of NK cell function in Ewing’s sarcoma spheroids,23 and head and neck
squamous cell carcinoma (HNSCC) spheroids16 was reported. Interestingly, cetuximab, an
anti-epidermal growth factor receptor (HER1) antibody, reconstituted pro-inflammatory
cytokine secretion and tumor-infiltrating capacity of sMICA-inhibited NK cells in HNSCC
spheroids.16 In addition, Herter et al. recently employed a 3D spheroid model composed
of tumor cells, fibroblast and immune cells to study the effect of combined treatment
with a novel IgG-IL2v compound and tumor-targeting bispecific antibody.35 Finally, we
and Giannattasio et al. show that efficient tumor spheroid infiltration is performed by
only a fraction of the activated NK cells. This could be related to differential phenotypes
of infiltrating and non-infiltrating NK cells. Moreover, although some activated NK cells
can kill up to 14 adjacent tumor cells within 6h, each NK cell within a bulk population
or product is not equally active in forming contacts and serial killing properties.17,18
Therefore, further studies are warranted to decipher the behavior of individual HSPCNK cells infiltrating 3D tumor spheroids or even by intravital multiphoton microscopy in
adoptive transfer studies in OC-bearing mice.36
Regarding the potency of HSPC-NK cells to target OC in vivo we observed that two i.p.
infusions plus IL-15 support inhibited tumor growth, prolonged survival and resulted in
a lower macroscopic tumor score in SKOV-3 bearing NSG mice. The localization of tumor
depositions in the SKOV-3 tumor xenograft model in omentum, ovaries and peritoneal
surfaces makes the model clinically relevant. Through intraperitoneal infusion of highly
active HSPC-NK cells direct targeting of the tumor cells is facilitated. Good infiltration
rates are considered a critical factor for effective adoptive NK cell therapy.37 In a bladder
cancer mouse model intravesical NK cell administration shows a significant higher
infiltration rate than systemic delivery.33 Furthermore, investigators at the University of
Minnesota have clearly demonstrated in a mouse model with the OC cell line MA148 that
the i.p. delivery route of activated NK cells is superior to i.v. infusion for an effective antiOC effect.2,3 Previously, we and others have observed that a large proportion of activated
NK cells are trapped in the liver upon i.v. infusion,13,38,39 and therefore i.p. infusion of a
high dose of HSPC-NK cells can immediately attack the OC cells as NK sequestration in
the liver will be prevented.
Although we have observed significant anti-OC effects of HSPC-NK cells in SKOV-3 tumor
spheroids and xenograft models, potentiating of the anti-OC reactivity in vivo might be
needed in patients. Different strategies to improve HSPC-NK cell-ACT could be exploited.
For instance, combining HSPC-NK cell infusion with i.p. administration of the IL-15
superagonist ALT-803 might be promising. ALT-803 has a longer half-life than rhIL-15,
and represents an effective IL-15 receptor-agonist that augments NK cell proliferation,
76

UCB-NK cells efficiently kill ovarian cancer cells

cytotoxic potential and antibody-dependent cell-mediated cytotoxicity (ADCC).19
Other factors that might enhance the anti-OC effect are to be investigated, especially
combination therapy with tumor-targeting antibodies or immune modulatory agents
seems promising. ADCC is attractive because of the rapidly up-regulated CD16 expression
of our HSPC-NK cell product in vivo and cytotoxic anti-OC activity could be enhanced
with a targeted antibody.9 Similar to cytotoxic T cells, chimeric antigen receptor (CAR)mediated anti-tumor activity has been demonstrated using different NK cell sources
and might provide a method to redirect these cells more specifically to target refractory
cancers.34 Another option to improve HSPC-NK cell therapy is to sensitize tumor cells to
NK cell mediated killing by combined treatment with hypomethylating agents such as
decitabine.40
In conclusion, our data strongly support that SR1/IL--15/IL12 expanded HSPC-NK
cells constitute a promising immunotherapeutic product that can be exploited for
intraperitoneal therapy of OC patients, as demonstrated by their capability to actively
migrate, infiltrate and mediate intratumoral cell killing in OC spheroids. In addition,
we demonstrated promising preclinical anti-OC activity of HSPC-NK cells following
intraperitoneal infusion in a relevant SKOV-3 based OC xenograft model. Finally, the
methodologies reported here to study HSPC-NK cell infiltration capacity and anti-OC
effects will be instrumental to validate future combination therapies for the treatment
of refractory or relapsed OC patients.
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SUPPLEMENTAL MATERIAL
Supplementary Table 1. Characteristics of SR1/IL-15/IL-12-generated HSPC-NK cell products.
After CD34 enrichment
HSPC donor

UCB1
UCB2
UCB3
UCB4
UCB5
UCB6
UCB7
Median
Mean
SD

Purity
CD34+
(%)
82
80
78
53
57
76
73
76
71
11

Number
CD34+
(x106)
0.1
0.3
0.4
0.2
0.3
0.1
0.2
0.2
0.2
0.1

HSPC-NK products after expansion*
Purity
CD56+
(%)
97
94
99
99
91
91
92
94
94
3

Viability
CD56+
(%)
99.8
99.5
99.7
99.0
98.9
99.6
99.6
99.4
0.4
99.5

Fold
Expansion
1,903
1,160
845
1,014
1,168
1,102
931
1,102
1,161
349

Yield
CD56+
(x106)
1,843
1,094
833
1,000
1,058
1,000
854
1,000
1,097
343

4

*Percentage CD56+ cells were determined after volume reduction, washing and removal debris.
Abbreviations: UCB, umbilical cors blood: SD, standard deviation.
Supplementary Figure 1
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Supplementary Figure S1.
Percentage of HSPC-NK cells in supernatant versus in a SKOV-3 spheroid after coculture with 2x105
and 6x105 HSPC-NK cells. Results are SEM of 5 experiments in triplo. 2 Way Anova p0.0001
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Supplementary Video S1. Time-lapse imaging of OC spheroid infiltration and intratumoral killing
by HSPC-NK cells. Confocal time lapse movie of a part of a SKOV-3 spheroid incubated with HSPCNK cells. The green cells are GFP+ SKOV-3 cells and the blue cells are HSPC-NK cells infiltrating in
the spheroid. In red, cell death is shown by the acquisition of PI positivity. In the movie migrating
blue NK cells can be seen, with an increasing amount of PI positive (red) tumor cells in time.
File: online (overview_2_7 FPS.avi)

Supplementary Video S2. Close up time-lapse imaging of OC spheroid cell killing by infiltrated
HSPC-NK cells.
In this close up movie increasing amounts of dead cells (in red) are seen after infiltration of HSPCNK cells (in blue) in a GFP+ SKOV-3 spheroid (In green).
File: online (Cell dying_1.avi)
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ABSTRACT
Introduction
Recurrent ovarian carcinoma has dismal prognosis, but control of disease and prolonged
survival are possible in some patients. The estimated 5-year survival is 46% for all stages
of ovarian cancer, and only 28% for metastasized disease. Notably, the majority of women
with ovarian cancer are diagnosed with stage III or IV disease with a high recurrence
rate. As most women with relapsed or metastatic cancer will die of progressive disease,
there is an urgent need for novel therapeutic strategies. The primary aim of our study
is to evaluate safety and toxicity of intraperitoneal infusion of ex vivo-expanded natural
killer cells (NK), generated from CD34+ umbilical cord blood (UCB) progenitor cells,
with and without a preceding non-myeloablative immunosuppressive conditioning
regimen in patients suffering from recurrent ovarian cancer. The secondary objectives
are to compare the in vivo lifespan, expansion and biological activity of intraperitoneally
infused NK cell products with or without preparative chemotherapy, as well as evaluate
effects on disease load.

Methods
In this phase I safety trial 12 patients who are suffering from recurrent ovarian cancer,
detected by a significant rise in serum level of CA-125 on two successive time points,
will be included. Prior to UCB-NK cell infusion, a laparoscopy is performed to place a
catheter in the peritoneal cavity. The first cohort of three patients will receive a single
intraperitoneal infusion of 1.5-3x109 UCB-NK cells, generated ex vivo from CD34+
hematopoietic progenitor cells obtained from an allogeneic UCB unit, without a
preparative chemotherapy regimen. The second group of three patients will be treated
with a similar dose of UCB-NK cells following a preparative four days non-myeloablative
immunosuppressive conditioning regimen with cyclophosphamide and fludarabine (Cy/
Flu). If no severe toxicity is seen in these 6 patients, an extension cohort of 6 patients will
be included to answer the secondary objectives.

Discussion
This study investigates the safety of a promising new cellular therapy in a group of
patients with a poor prognosis. Demonstration of safety and in vivo expansion capacity
of allogeneic UCB-NK cells in the absence of Cy/Flu pre-treatment will provide rationale
for UCB-NK cell infusion after regular second line chemotherapy.
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Introduction
Recurrent ovarian carcinoma (OC) remains largely incurable, but control of disease and
prolonged survival can be achieved in some patients. The estimated 5-year survival is
46% for all stages of ovarian cancer, and only 28% for metastasized disease1. Notably,
nearly 70% of women with OC present with stage III or IV disease, for which the
recurrence rate is 60-70%. As most women with relapsed or metastatic cancer will die
of progressive disease, there is an urgent need for novel therapeutic strategies. Current
therapy of relapsed disease consists of 6 cycles of palliative chemotherapy, which are
not always completed due to side effects or early progression. New drugs include the
antibody bevacuzimab and the tyrosine kinase inhibitor cediranib targeting the VEGF
axis, which are used in combination with gemcitabine and carboplatin chemotherapy.
Although these combinations show improvement of progression-free survival (PFS),
they do not prolong overall survival2,3. Interestingly, accumulating evidence indicates
that presence of immune responses has prognostic value in OC. Infiltrating CD8+ T cells
and CD56+ NK cells can be detected in OC biopsies, and strong infiltration of CD8+ T
cells is correlated with prolonged survival4-7. As most tumors with infiltrating CD56+ NK
cells also contain CD8+ T cells the precise contribution of these individual populations
in mediating anti-tumor efficacy remains unclear. Nevertheless, enhanced NK cell
frequencies in the lymphocyte fraction in ascites of advanced OC patients has been
associated with prolonged survival8. This emphasizes that OC patients could benefit
from immunotherapeutic strategies. Therefore, we exploit a unique immunotherapy
consisting of highly powerful allogeneic NK cells ex vivo-generated from hematopoietic
progenitor cells (HPCs) obtained from umbilical cord blood (UCB).
NK cells are key immune effector cells, capable of effectively killing tumor cells through
several killing mechanisms9. These include release of cytotoxic granules containing
perforin and granzymes, TRAIL-dependent cytotoxicity and activation of Fas-mediated
apoptosis. NK cell activation is tightly regulated by activating and inhibitory signals
from cell surface receptors10. The inhibitory signals are mediated by HLA class I-binding
receptors, including killer cell immunoglobulin-like receptors (KIRs) and CD94/NKG2A.
Since HLA class I molecules are often lowly expressed on tumor cells11-13, these inhibitory
receptors are not engaged. So, in the presence of activating signals, target cells will be
killed (i.e. the “missing-self” concept)14. These activating signals are mediated by a wide
array of receptors, including NKG2D, DNAM-1, natural cytotoxicity receptors (i.e. NKp30,
NKp44, NKp46), CD94/NKG2C, and KIR with activating intracellular domains. Ligands for
these activating receptors are expressed predominantly by “stressed” cancer cells, and
not by normal cells. Differential expression of these ligands between tumor and normal
cells determines the tumor reactivity of NK cells.
In the evolving era of immunotherapy, NK cells are promising candidates for cellular
therapy. Numerous trials that have been launched in the past years, exploring infusion of
allogeneic NK cell products against various cancers15,16. Approximately 70% of these trials
target hematological malignancies, particularly acute myeloid leukemia (AML). Adoptive
NK cell therapy plus low-dose IL-2 after lymphodepleting cyclophosphamide(Cy)/
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fludarabine(Flu) conditioning has shown to induce 20-50% complete remissions in
relapsed/refractory AML patients17-20. Clinical efficacy correlates with in vivo NK cell
persistence and expansion. In addition, NK cell therapy is an emerging therapy for solid
tumors, including OC21-23. The first trial showed that intravenous infusion of allogeneic
NK cells plus low-dose IL-2 after lymphodepleting chemotherapy resulted in transient in
vivo expansion of NK cells in recurrent OC patients. Notably, most studies are performed
with NK cells enriched from peripheral blood (PB) of haplo-identical donors, which
typically contains about 30-70% NK cells with low activation status17,18,24. To generate a
more homogenous and well-defined NK cell product, we have developed methodology
for the expansion of NK cells from UCB-HPCs25-27. Recently, we reported that by
applying the aryl hydrocarbon receptor (AHR) antagonist StemRegenin-1 (SR1) and
the combination of IL-15 and IL-12, we can generate highly active NK cells with potent
reactivity against hematological tumor cells in vitro as well as anti-leukemic effects in
vivo following intravenous administration27-29. Preclinical testing showed that this ‘next
generation’ UCB-NK cell product also effectively kills OC cells and spheroids30. In previous
homing studies in NOD/SCID/IL2Rgnull (NSG) mice and patients it has been observed that
a major part of the NK cell product accumulates in the liver and lungs 48 hours after
IV infusion31,32. Since in OC patients the disease is confined to the peritoneal cavity, IP
infusion of UCB-NK cells was explored in NSG mice engrafted with SKOV-3 ovarian tumor
nodules in the abdomen. Interestingly, significantly decreased tumor progression and
improved survival of OC-bearing mice was observed33. These findings illustrate that
intraperitoneal UCB-NK cell therapy could be a promising strategy to control OC.
The primary aim of our study is to evaluate safety and toxicity of intraperitoneal infusion
of ex vivo-expanded NK cells, generated from CD34+ UCB progenitor cells, with and
without a preceding non-myeloablative immunosuppressive conditioning regimen in
patients suffering from recurrent OC. Secondary objectives are to compare the in vivo
expansion, lifespan and biological activity of intraperitoneally infused NK cell products in
patients treated with or without preparative chemotherapy, as well as evaluate effects
on disease load.

METHODS/DESIGN
Study objectives
The study is designed as a phase I toxicity study in a series of 12 patients suffering from
their second recurrence of ovarian, fallopian tube or primary peritoneal cancer, detected
by an elevated serum level of CA-125 on two successive time points with 28 days in
between, reaching a level of more than 35 U/ml, to evaluate:
safety and toxicity of intraperitoneal CD34+ UCB progenitor-derived allogeneic
NK cell infusions with a fixed dose of 1.5-3x109 ex vivo-expanded UCB-NK cells
in patients treated with or without preceding immunosuppressive conditioning
therapy.
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Secondary Objectives:
evaluation of the in vivo expansion and lifespan of UCB-NK cells following
intraperitoneal infusion in patients treated with or without preceding
immunosuppressive conditioning therapy.
exploration of the biological and clinical activity of UCB-NK cell infusion in study
participants.

Study design
This is a prospective phase I toxicity study in a single centre. In this trial a total of
12 patients divided over 4 cohorts, suffering from a second recurrence of ovarian,
fallopian tube and primary peritoneal cancer, will be infused with ex vivo-expanded
allogeneic UCB-NK cells. In a classical three by three design, in the first two cohorts of
three patients, the safety and toxicity of intraperitoneally infused UCB-NK cells in the
absence or presence of Cy/Flu pre-treatment will be studied. The question whether
the chemotherapeutic pre-conditioning regimen is necessary, will be addressed in the
extension cohorts of three patients without and three patients with a preparative nonmyeloablative immunosuppressive chemotherapy regimen. This means that cohort 1
gets NK cell without Cy/Flu pretreatment, cohort 2 NK cells with Cy/Flu, cohort 3 NK cells
without Cy/flu and cohort 4 again NK cells with Cyflu pretreatment, see fig 1.

Study schedule
The trial starts in the beginning of 2019. The estimated time of accrual is 30 months. The
estimated study completion date is July 2021, for final data collection and secondary
outcome measures.

Statistics
This study has a three-by-three design, with 2 extension cohorts of 3 patients. A total of
3 patients will be included into each treatment arm in order to appropriately determine
UCB-NK cell treatment-related toxicity. To answer the other key question whether Cy/
Flu pre-conditioning is required for successful UCB-NK cell engraftment and expansion
in the peritoneal cavity, we will perform statistical analyses on the immunomonitoring
results. The proportion of patients with NK cell expansion as well as the number of NK
cells in the peritoneum and blood will be statistically compared between cohorts 1 and
3 (without Cy/Flu) and cohorts 2 and 4 (with Cy/Flu) using the Mann-Whitney U-test.
Using the statistical program R, we calculated that a group size of 6 patients per cohort
is sufficient to evaluate whether pre-conditioning is required or not. We estimated that
pre-conditioning results in a frequency of 50 ± 20% UCB-NK cells IP at day 7 and/or 14
determined by flow cytometry and DNA chimerism analyses. In case NK cell expansion
is >3-fold lower, i.e. 15±20%, in patients not treated with pre-conditioning, this will be
a statistically less effective treatment at a significance level of 0.05 and a power of 0.80.
So after the classic three by three toxicity study, we will continue with the extension
cohort of three patients per group. If no statistical difference is observed in the total
of 6 patients treated with versus 6 patients treated without pre-conditioning, we will
conclude that pre-conditioning is not required for IP UCB-NK cell engraftment and
expansion in OC patients. In case <5% of the peritoneal CD56+CD3- cell fraction is of
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UCB-NK origin in pre-conditioned patients (cohort 2), this is considered unsuccessful
and the trial will be stopped. In that case the extension cohort will not be exposed to
an ineffective experimental treatment and chemotherapy. The secondary goal of clinical
(CA-125) response has a descriptive nature. Data management will be conducted in
Castor (Castor EDC, CIWIT B.V. Amsterdam) in collaboration with our clinical trial office.

Recruitment
The trial is expected complete recruitment within 30 months. Participants will be recruited
from the Radboud University Medical Center and referred from the oncologic region
south east Netherlands. After obtaining informed consent, patients will be screened for
inclusion and exclusion criteria (Table 1). After fulfilling all eligibility criteria, patients will
be enrolled in the study.

Study intervention
This study is a phase I toxicity trial, using ex vivo-generated NK cells from CD34+ UCB
cells of allogeneic partially HLA-matched donors. These ex vivo-generated allogeneic
UCB-NK cells will be infused intraperitoneally into patients suffering from recurrent
ovarian, fallopian tube or peritoneal cancer treated with or without Cy/Flu preconditioning. This immunosuppressive conditioning regimen is often applied with
intravenous NK cell infusion to prevent direct rejection, but might not be required in
case of IP administration. The investigational CD56+CD3- UCB-NK cell products will be
≥70% pure and almost devoid of CD3+ T cells (i.e. <1x105 cells/kg body weight), thereby
minimizing the risk of allogeneic T cell-mediated GVHD. NK cell therapy is combined
with IL-2 cytokine support, at a dose of 6x106 units/dose, 3 times a week with a total of 6
dosages. Study participants will undergo clinical and immunological evaluation

Laparoscopy
To allow infusion of the UCB-NK cells in the abdominal cavity, a single lumen 9.6fr
attachable silicone catheter (Bard Medical) is placed per laparoscopy. If there are too
many adhesions to reach 5 out of 9 compartments of the abdominal cavity, no catheter
is placed and this patient will be excluded from further study treatments.

Pre-treatment
All patients will receive an intraperitoneal infusion of 1.5-3x109 allogeneic NK cells
generated ex vivo from CD34+ cells obtained from a UCB unit. This dosage is based on
results of published trials with PB-enriched NK cells and our previous UCB-NK trial in
elderly AML patients34. Miller et al. are currently executing a trial on peritoneal infusion
of enriched PB-NK cells with IL-2 support in ovarian carcinoma patients (NCT02118285)
and a trial on intraperitoneal FATE-NK100 cells (NCT03213964). IP infusion might be a
valuable strategy, since the immunologic environment in the abdomen is completely
different from the situation in blood. The hypothesis is that our UCB-NK cell product
can survive and expand in the abdominal cavity without requiring a preparative
lymphodepleting chemotherapy regimen. However, lymphodepleting chemotherapy is
currently the standard clinical practice for adoptive cellular therapy in cancer patients.
In the first cohort, toxicity of UCB-NK cell therapy with IL-2 support will be monitored.
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Figure 1 flow chart study design
In this flowchart all possible decision in (dis)continuation of the study are outlined. Toxicity (tox)
limits are described in the text.

The second cohort of 3 patients will receive a non-myeloablative immunosuppressive
preparative regimen of cyclophosphamide (900 mg/m2/day) and fludarabine (30 mg/m2/
day) on days -6, -5, -4, -3. Ample experience with this preparative conditioning regimen
is present in our transplant center where patients suffering from multiple myeloma and
high-grade Non-Hodgkin’s lymphoma are treated with this regimen34,35. In addition, in
our trial with the first generation UCB-NK cell product in elderly AML patients, no severe
toxicity was observed. Currently Cy/Flu is the standard preparation for cellular adoptive
therapy. To evaluate potential differences in expansion and lifespan of UCB-NK cells in the
abdominal cavity in patients treated with or without myeloablative pre-conditioning, an
extension cohort of 3 patients per group will be performed, thereby obtaining 6 patients
per group.

UCB-NK cells
In eligible patients, UCB-NK cell products will be administered IP at a dose of minimum
1.5x109 and maximum 3x109 UCB-NK cells. In the first cohort, UCB-NK cells will be infused
three days after the Cy/Flu regimen. The UCB-NK cell dosage is based on our study in
elderly AML, where we demonstrated that Cy/Flu conditioning followed by administration
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of the UCB-NK cell product at a dose ≤3x107/kg body weight, i.e. ≤3x109 total cells in a
patient of 100 kg, was safe and did not cause GVHD nor severe toxicity. Here, we want to
investigate whether UCB-NK cells are safe to administer intraperitoneally in OC patients,
as this is the standard route of chemotherapy administration in ovarian carcinoma
therapy to allow better targeting of the intraperitoneal disease. Intraperitoneal NK cell
infusion may favour NK cells to quickly interact with the tumor cells, without being
trapped in the liver or lungs. Since the immunologic environment in the abdominal
cavity is different from the environment in blood and lymphoid organs, the hypothesis
is that the UCB-NK cells may survive and expand in the abdominal cavity without the
preparative regimen. Based on our previous clinical trial and the route of administration
we do not expect severe toxicity of our allogeneic NK cell product.

IL-2
IL-2 (proleukin) will be co-administered IP to support NK cell expansion and survival.

Assessment
Patients will be monitored closely for side effects. This includes physical examination,
blood tests and peritoneal fluid collection. All patients will be evaluated intensively for
toxicity caused by the conditioning regimen according to the CTCAE toxicity criteria and
Glucksberg GVHD grade36.

Translational research
To study the immunological response, we will determine the percentage and absolute
number of allogeneic UCB-NK cells in peripheral blood (PB) and peritoneal fluid (PF) after
infusion. These analyses will be done by flow cytometry and DNA chimerism analyses. In
parallel, we will determine the donor NK cell engraftment and IL-15 plasma level in blood
in the context of NK cell survival and expansion in the peritoneal cavity. Finally, we will
assess cytolytic activity of NK cells, isolated from peritoneal fluid, using functional assays.
To assess these biological parameters, PB samples will be taken on day 0 (pre-study
sample) and day 1, 3, 7, 14, 21, 28 and 56 after IP-NK cell infusion. PF samples will be
obtained at day 0, 7, 14 and 28. The following immunological tests will be conducted on
blood and IP-wash samples:
a. Phenotypic analyses of NK cells: To study the effect of treatment on leukocyte
composition, immunophenotyping will be directly performed on PB samples and PF
samples collected following UCB-NK administration. Using a whole blood phenotype
assay we will quantify the proportion of the following lymphocyte subsets: NK cell subsets
(CD3-CD56bright and CD3-CD56dim), NKT cells (CD56+CD3+), T cell subsets (CD3+CD4+ and
CD3+CD8+ T cells in combination with CCR7, CD45RA, CD27, CD25, CD127, FoxP3) and
B cells (CD19+). Absolute numbers of circulating lymphocyte subsets will be determined
by single-platform flow cytometry analyses using counting beads. Effective NK cell
expansion is defined by presence of ≥5% donor-derived NK cells within the circulating
and/or peritoneal cell fraction at day 7 after infusion. In addition, multi-color flow
cytometry panels will be used to examine the frequency and phenotype leukocyte
subsets in the IP-wash samples. Next to the above mentioned lymphocyte subsets, we
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will determine the proportion of macrophages and CD45- tumor cells. Furthermore, in
both blood and IP-wash samples, the CD56+CD3- NK cell fraction will be analyzed for the
expression of KIRs (CD158a, CD158b, CD158e), c-type lectin receptors (CD94/NKG2A,
NKG2C, NKG2D), NCR (NKp30, NKp44, NKp46), activation markers (DNAM-1, CD69,
CD16), cytotoxic mediators (Perforin, TRAIL), cytokine receptors (CD25, CD127, CD122)
and homing receptors (CXCR3, CD62L).
b. Enumeration of donor-derived NK cells: To assess in vivo expansion and persistence of
the infused NK cells, we will perform standard chimerism analysis on DNA derived from
PB and IP-wash samples. DNA will be extracted from blood and IP-wash samples (Qiagen
DNA blood mini kit) and used to determine the proportion recipient versus donor cells
by real-time quantitative PCR based single nucleotide polymorphisms (SNP) that are
discriminative for the UCB donor and OC patient. Patient and donor DNA, collected
before infusion, will be used to identify differential SNP in a panel of polymorphic genes.
Effective NK cell expansion is defined by presence of ≥5% donor-derived NK cells within
the circulating and/or peritoneal cell fraction at day 7after infusion.
c. Detection of cytokines in plasma: Pre- and post-infusion plasma and peritoneal wash
samples will be evaluated for cytokine levels by a commercial ELISA or LUMINEX assay.
In cohort 2 and 4, plasma and PF collected before and after Cy/Flu conditioning will be
examined for enhanced levels of endogenous cytokines (IL-15, IL-7). In addition, we will
determine the levels of inflammatory cytokines (IFN-γ, TNF-α, IL-6). Cytokine levels will
be correlated with absolute lymphocyte and NK cell counts, as well as NK cell chimerism.
d. Functional activity of UCB-NK cells: To enumerate the number of NK cells reactive
against the patient OC cells, we will analyze CD107a degranulation and intracellular
IFN-g using flow cytometry. For this, PBMC and peritoneal wash samples will be cocultured with different OC cell lines (e.g. SKOV-3, OVCAR, IGROV1), patient-derived
ovarian carcinoma cells and/or K562 cells (positive control). After overnight incubation,
the percentage CD107a+ and/or IFN-g+ cells within the CD56+CD3- NK cell population
will be determined by flow cytometry. In parallel, we will evaluate the amount of IFN-γ
produced by the stimulated NK cells using ELISA.
e. Phenotypic analysis and enumeration of tumor cells present in peritoneal fluid: To
study the effect of UCB-NK cell infusion on the frequency and phenotype (activating
and inhibitory ligands) of tumor cells in the peritoneal fluid, immune phenotyping will
be performed on the PF samples obtained before and after UCB-NK administration. This
analysis will be performed on PF samples directly after collection.
f. Response on residual disease in treated patients
The effect of NK cell infusion on measurable residual disease will be investigated by
determining CA-125 serum levels.
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DISCUSSION
This study investigates the feasibility and safety of a promising new cellular therapy
in a group of OC patients with a poor prognosis. Previous studies exploring different
allogeneic NK cell products showed mild toxicity profiles in various cancers. We and
others demonstrated promising clinical effects in AML patients treated with allogeneic
NK cell adoptive transfer. However, for OC this has not been clearly demonstrated yet.
Here, we present the first study investigating our allogeneic UCB-NK cell product, which
is highly activated and exhibits profound cytotoxic potential, in OC patients following
intraperitoneal infusion. This provides us with the unique opportunity to monitor
immunological responses in the abdominal cavity by consecutive sampling via an IP catheter.
To explore the therapeutic potential of this UCB-NK cell product in OC patients, and
to conclude whether a myeloablative immunosuppressive chemotherapeutic regimen
is necessary in IP cellular therapy, there is the need to conduct this phase 1 trial. The
results of this study will provide important information on the benefit and potential
pitfalls of IP cellular therapy, and give insight in the immunological OC environment
during immunotherapy through the repeated peritoneal fluid sampling. Demonstration
of safety of UCB-NK cell therapy and NK cell expansion in the absence of Cy/Flu pretreatment, could provide rationale for UCB-NK cell infusion after regular second line
chemotherapy.
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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 towards 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 coculturing healthy donor NK cells with OC tumor spheroids, and in vivo on intraperitoneal
infused NK cells in SKOV-3 OC bearing NOD/SCID-IL2Rγnull (NSG) mice. Interestingly,
TIGIT blockade enhanced degranulation and 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 that TIGIT/DNAM-1 triggering plays 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 antiOC 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, many 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 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 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 [17].
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 [18,
19]. Furthermore, CD112/CD155 are upregulated upon cellular stress and are therefore
highly expressed on several types of cancer [20]. CD112 binds to DNAM-1 but only
weakly to TIGIT, while CD155 has high affinity for both TIGIT and DNAM-1 [21-23].
NK cell cytotoxicity is triggered by DNAM-1 crosslinking, resulting in Fyn-mediated
phosphorylation of the cytoplasmic tyrosine residues [24]. Whereas 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 [25, 26]. The DNAM1/TIGIT/CD96 axis on NK cells was recently excellently and elaborately reviewed by
103
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Sanchez-Correa et al. for more in depth information about the pathway [27].
DNAM-1 on NK cells is downregulated in most cancer types including OC, colon
carcinoma and acute myeloid leukemia (AML) [28-31]. 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 [30].
Similarly, reduced expression of DNAM-1 on NK cells from AML patients was observed,
which was negatively correlated with CD112 expression on blasts [28]. Moreover, NK
cells expressing high levels of TIGIT were associated with poor survival in AML patients
[32]. These TIGIThigh NK cells were found to be more susceptible to myeloid-derived
suppressor cell (MDSC) inhibition compared to TIGITlow NK cells [33]. Furthermore, TIGIT
could be upregulated through IL-15 stimulation, which was associated with lower IFNγ
production [33, 34]. 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 [35, 36].
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
donors and OC patients following TIGIT blockade, thereby providing rationale for
incorporating TIGIT interference in NK cell-based immunotherapy in OC patients.

METHODS
Patient samples
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. Samples were cryopreserved in dimethyl sulfoxide (DMSO)-containing medium
and used after thawing.
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Patient Characteristics
CD56dim NK call population
Patient EOC CA125 Treatment Complete
PFS
OS
DNAM-1 DNAM-1 TIGIT
TIGIT Responder CD107a CD107a IFNγ
IFNγ
no. Stage (U/mL)
(months) (months) (%gated) (ΔMFI) (%gated) (ΔMFI) (≥10% Control TIGIT control TIGIT
CD107a)
blockade
blockade
1
3c
1304 Interval Complete
8.4
29.4
NA
NA
NA
NA
Yes
14
22
4
7
debulking
2
4
1800 Interval Complete
0
8.6
79
0.90
38
1.8
Yes
10
21
3
8
debulking
3
3c
358
Primary Optimal
0
28.8
46
0.40
48
2.7
Yes
26
34
8
9
debulking
4
3c
1242 Primary Optimal
0
13.7
43
0.30
33
1
No
4
5
1
2
debulking
5
4
1400 Chemo- Treament
0
1.7
55
0.40
37
2.6
No
3
5
1
0
therapy
not
contiued
6
3c
2380 Primary Optimal
20.5
55.5
15
0.10
78
4.8
Yes
22
27
3
4
debulking
7
3c
928
Interval Complete 23.9
41.3
23
0.30
69
4.8
No
1
1
0
0
debulking
8
4
1223 Interval Optimal
4.1
9.4
81
1.17
29
1.79
Yes
37
51
34
46
debulking
9
4
1430 Interval Optimal
12.2
54.6
59
0.64
16
0.88
Yes
38
51
27
35
debulking
10
3c
2528 Primary Complete 17.2
54
61
0.60
34
1.3
NA
NA
NA
NA
NA
debulking
Characteristics of ovarian cancer patients from whom NK cells were phenotyped and functionally assesed. Patient samples were obtained at diagnosis.
EOC, Epithelial Ovarian Cancer; PFS, Progression-Free Survival; OS, Overall Survival; MFI, Median Fluorescence Intensity; NA, not applicable.

Table 1 Ovarian cancer patient characteristics and DNAM-1/TIGIT expression profile
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NK cell isolations
Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donor buffy
coats (Sanquin Blood Bank, Nijmegen, the Netherlands) by density gradient FicollHypaque centrifugation. NK cells were isolated from PBMCs of healthy donors or
cryopreserved ascites-derived mononuclear cells using the 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 forward/side scatter using the FACS Aria (BD Bioscience). 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 1µg/mL bovine albumin (Sigma,
#I0516). K562 (RRID:CVCL_0004) was cultured in IMDM containing 10% FCS. Cell lines
were tested for mycoplasma contamination with MycoAlertTM Mycoplasma Detection
Kit (Lonza, #LT07-418) every six 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 Otto Boerman’s research group, Radboudumc.

Multicellular tumor spheroids
OC tumor spheroids were generated by seeding 3×104 (SKOV-3), 6×104 (IGROV-1) and
12×104 (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 Giannattasio
et al. and Friedrich et al. [37, 38]. 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 IL-15 ranging from 0.01 to 10nM (Immunotools)
and re-treated with the same IL-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 spheroids
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 IL-15 ranging from 0.01 to
10nM and re-supplemented with the same IL-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
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FCM buffer and analyzed on a Gallios flow cytometer (Beckman Coulter). The following
fluorochrome-conjugated monoclonal antibodies were used: DNAM-1-FITC (clone DX11,
BD Bioscience, #559788), TIGIT-APC (clone 741182, R&D systems, #FAB7898A), CD96BV421 (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), 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 Iscove’s Modified Dulbecco’s medium (IMDM; Gibco,
#12440061) supplemented with 10% FCS in the presence of 1nM IL-15. 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 mg/ml anti-TIGIT hIgG1.3
FC silenced blocking antibody (Bristol-Myers Squibb), hIgG 1.3 isotype control (BristolMyers Squibb), anti-DNAM-1 (clone 11A8, Biolegend, #338302) 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 staiend 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 aqcuired on the
Gallios.

In vivo SKOV-3 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 grams, were devided randomly in
two groups. One group received an intraperitoneal (i.p.) infusion with 1.0×106 cells SKOV3-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), anesthesized 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 healthy donors. In addition, all mice received i.p. recombinant
human IL-15 (2.5 µg/mouse) every 48h. Fourteen days after NK cell infusion, mice were
sacrificed and an abdominal lavage was performed with 8mL PBS. NK cells from this
lavage were used for NK cell activity assays described above and phenotyping.
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Statistics
Data analysis was conducted by Prism software (GraphPad, version 5.03 for Windows).
For for normally distributed data the Student t-test (paired or unpaired) or One-way
ANOVA (with or without repeated measure) was used where applicabele 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 where applicable as stated in
the figure legends. A p-value of <0.05 was considered statistically significant.

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 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 CD56dim
and CD56bright NK cells derived from ascites of high-grade serous OC patients (N=9)
and compared them to healthy donors (N=10, Fig 1A-C). CD56dim and CD56bright NK cells
were defined as shown in Supplemental fig S1A for both patients and healthy donors.
We confirmed that DNAM-1 expression was significantly reduced in both peritoneal
CD56dim and CD56bright NK cells from OC patients (51.8% ± 23.4% and 64.1% ± 13.6%,
respectively; Fig 1B) compared to healthy donor NK subsets (90.9% ± 7.7 and 91.8%
± 7.4%, respectively; Fig 1B). Notably, TIGIT expression was similar for ascites-derived
NK cells and healthy donor NK cells, with higher expression on CD56dim compared to
CD56bright NK cells (Fig 1B). Expression of CD96 was significantly higher in both CD56dim
and CD56bright NK cell subsets in ascites (84.2% ± 9.3% and 95.1% ± 3.0%, respectively; Fig
1B) compared to healthy donor NK cells (44.1% ± 28.2% and 78.8% ± 13.6%, respectively;
Fig 1B). These data reveal that the balance shifts towards higher expression of TIGIT and
CD96 compared to DNAM-1 on peritoneal NK cells of OC patients.
As expected in healthy donors we observed a clear distinction between CD56dim CD16high
and CD56bright CD16neg NK cell subsets, but, for ascites-derived NK cells we found altered
CD56 and CD16 expression patterns (Supplemental fig S1B). Three distinct populations
of CD56dim NK cells were defined; i.e. CD56dim CD16high, CD56dim CD16low and CD56dim
CD16neg NK cells, each having different expression patterns of DNAM-1, TIGIT and CD96
(Fig 1C). In addition, we found the CD56bright CD16neg NK cell subset besides a small
CD56bright population with low CD16 expression, which exhibit similar expression levels
of DNAM-1, TIGIT and CD96. The conventional CD56dim CD16high 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 CD56dim
populations, DNAM-1 expression gradually decreased in parallel with decreasing CD16
expression (Fig 1C). In contrast, CD96 expression significantly increased with loss of CD16
expression, while TIGIT expression remained unaltered and is exclusively expressed by
the CD56dim populations.
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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.
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Figure 1: NK cell phenotype of DNAM-1/TIGIT/CD96 pathway in healthy donors and ovarian
cancer patients
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(A) DNAM-1, TIGIT and CD96 expression of PBMC and ascites-derived CD56dim and CD56bright NK
cells of a representative healthy donor and OC patient. In grey isotype control and in black the
marker of interest. Numbers in the plot represent the median fluorescence intensity. (B) DNAM-1,
TIGIT and CD96 expression on CD56dim and CD56bright NK cells of 10 healthy donors and 9 ovarian
cancer patients. Data 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
9 ovarian cancer patients. Data shown in box-whisker plot with minimum to maximum. KruskalWallis with Dunn’s Multiple Comparison Test was used for statistical analysis, * p < 0.05, ** p <
0.01*** and p < 0.001.
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Figure 2: DNAM-1, TIGIT and CD96 are dose-dependently upregulated by IL-15 and DNAM-1 is
downregulated by OC tumor cells
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(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 IL-15 concentrations for 7 days. Data
is shown as mean+SEM. One-Way ANOVA with Bonferroni correction was used for statistical
analysis, * p < 0.05, ** p < 0.01 and *** p < 0.001. (B) DNAM-1, TIGIT and CD96 expression
cultured in duplicate on healthy donor NK cells co-cultured with patient-derived tumor spheroids
and increasing IL-15 concentrations for 7 days.

Expression of DNAM-1/TIGIT/CD96 axis members on NK cells is increased
upon IL-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
IL-15 concentrations to support NK cell survival. DNAM-1, TIGIT and CD96 expression
levels were all upregulated on CD56dim NK cells by IL-15, in a dose dependent manner (Fig
2A). Stimulation with either of the OC spheroids resulted in a strong decrease of DNAM-1
expression (Fig 2A). In contrast, TIGIT and CD96 expression was not significantly affected
by SKOV-3, IGROV-1 or OVCAR-3 spheroids at lower IL-15 concentrations. However, with
higher levels of IL-15, also a trend in reduced CD96 and TIGIT expression was observed in
the presence of SKOV-3 and/or IGROV-1 spheroids. To validate these results with primary
OC material from patients, we made cell suspensions of small pieces of tumor tissue
and performed co-cultures with healthy donor NK cells for one week in the presence of
IL-15. Indeed, we found that DNAM-1 was strongly reduced in the presence of primary
tumor cells (Fig 2B). Also, TIGIT expression was somewhat decreased, but CD96 was not
affected.
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 (Fig 3A and B). IL-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 CD56dim and CD56bright NK cells
compared to NK cells from non-tumor bearing control mice (Fig 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, IL-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 nonexposed and OC-exposed NK cells, we analyzed their reactivity at the single cell level
upon ex vivo re-stimulation with SKOV-3 cells in presence of TIGIT blocking antibody (Fig
3E). Interestingly, TIGIT blockade increased degranulation and IFNγ production activity
of NK cells harvested from either SKOV-3 tumor bearing mice or control mice (Fig 3E).
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Figure 3: SKOV-3 tumor bearing mice have significantly reduced DNAM-1 expression in CD56dim
and CD56bright NK cells
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(A) Schematic overview of the mouse experiment. (B) Bioluminescence imaging (BLI) signal of the
SKOV-3 tumor bearing mice over time. (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. The top graphs depict percentage positive cells and the bottom
graphs depict ΔMFI. Cumulative data are shown (lines indicate mean, N=5). A One-Way repeated
measure ANOVA with Bonferroni correction was used for statistical analysis, * p < 0.05 and *** p
< 0.001. (E) Representative plots are shown of CD107a and/or IFNγ expression by CD56dim NK cells
after 4h co-culture with SKOV-3 target cells, low dose IL-15 and TIGIT blockade or matching isotype
control. (F) CD107a and IFNγ expressing CD56dim NK cells are shown on day 0 and day 14 results.
Day 14 results are pooled NK cells from 5 different mice.

All together, these data indicate that DNAM-1 and TIGIT are both upregulated by NK cells
in response to IL-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.

TIGIT blockade effectively enhances degranulation and IFNγ production
by OC-reactive CD56dim 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 (Fig 1). Hereto, mononuclear cells (MNCs) or CD56enriched cells (by negative selection) were rested overnight with low dose (1nM) IL-15.
This revealed that DNAM-1 is somewhat upregulated on CD56dim NK cells in the isolated
fraction, while TIGIT was significantly enhanced only in CD56dim NK cells in the nonselected MNC situation (Supplemental fig S2A-B). Notably, CD96 was upregulated on
both CD56dim and CD56bright NK cells in all tested conditions. Interestingly, ascites derived
NK cells showed similar expression patterns as healthy donor NK cells (Supplemental fig
3A-C). As overnight resting of enriched NK cells in the presence of IL-15 did not affect
TIGIT expression, we continued with 1nM IL-15 for subsequent TIGIT blocking studies
using the three different OC cell lines as targets. TIGIT blockade resulted in a 31% (± 14%)
increase in both degranulation and IFNγ production activity against SKOV-3 by healthy
donor CD56dim NK cells (Fig 4A-B). In contrast, CD56bright NK cells did not respond to TIGIT
blockade as these cells lack TIGIT expression (Supplemental fig S4A-B). As expected,
DNAM-1 blockade effectively inhibited the degranulation and IFNγ response of CD56dim
(Fig 4A-B) and CD56bright (Supplemental fig S4A-B) NK cells towards 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. Similar results were found with the other OC cell lines IGROV-1
and OVCAR-3 (Fig 4C).
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 OVCAR-3 in contrast to high
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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 SKOV3 cells were used with substantially reduced CD112 or CD155 expression (Supplemental
fig S5A). 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 S5B-C).
Table 2 Ovarian cancer cell line characteristics
Cell line

CD112
CD112 Expression CD155 Expression CD155 Expression
Expression
(∆MFI)
(%gated)
(∆MFI)
(%gated)
SKOV-3
95
6384
84
628
OVCAR-3
50
451
4
40
IGROV-1
93
1768
74
698
CD112 and CD155 expression of ovarian cancer cell lines SKOV-3, OVCAR-3 and IGROV-1. MFI,
Median Fluorescence Intensity.

Together, these data demonstrate that TIGIT blockade enhances degranulation and IFNγ
production of healthy donor CD56dim NK cells in response to OC tumor cells, especially
when appropriate DNAM-1/CD155 interactions are in place.

CD56dim NK cell functionality can be elevated by TIGIT blockade 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 the OC patient setting. 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
(1nM) IL-15 and stimulated with K562 or OC target cells for 4h. Though heterogeneous,
similar degranulation and IFNγ responses against K562 were observed overall for ascitesderived and healthy donor CD56dim NK cells (Fig 5A). In contrast, ascites-derived NK cells
from several OC patients showed impaired responsiveness to SKOV-3 as compared to
healthy donors (Fig 5B).
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Figure 4: CD56dim NK cell degranulation towards OC cell lines is boosted by TIGIT blockade and
inhibited by DNAM-1 blockade
(A) CD56dim NK cells positive for CD107a and IFNγ after 4h stimulation with SKOV-3 target cells, low

115

Chapter 6
dose IL-15, and TIGIT and/or DNAM-1 blockade or matching isotype controls in one representative
donor. Error bars represent mean+SD. (B-C) HD NK cells cultured with low dose IL-15 (1nM), then
stimulated with SKOV-3 (B) or IGROV-1 and OVCAR (C) for 4h in the presence of TIGIT and/or
DNAM-1 blockade or matching isotype controls. Fold change in CD107a and IFNγ expression on
CD56dim cells following antibody treatment is calculated relatively to the condition with low dose
IL-15 and 4h SKOV-3 stimulation only. Cumulative data are shown as mean(+SEM) (N=13 for SKOV3; N=6 for IGROV-1 and OVCAR). A One-Way repeated measure ANOVA with Bonferroni correction
was used for statistical analysis, *** p < 0.001.

Based on the SKOV-3 degranulation response, patients were grouped in responders
(≥10% CD107a+ CD56dim cells) and non-responders (<10% CD107a+ CD56dim cells; Fig 5B and
Table 1). Next, we compared the response against K562 for both non-responders versus
responders. Also here we noticed that CD56dim NK cells from non-responders exhibited
impaired tumor responsiveness, indicating a more general impairment of the NK cells
in these particular patients (Supplemental fig S6A and B). Notably, TIGIT blockade was
unable to rescue the NK functionality in these non-responders (Supplemental fig S6C).
Most importantly, TIGIT blockade of CD56dim NK cells in responders resulted in significantly
enhanced degranulation and IFNγ production activity (Fig 5C). 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 CD56dim NK
cells in patients with baseline reactivity against OC tumor cells.
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Figure 5: TIGIT blockade boosts functional responsiveness of CD56dim NK cells of OC patients with
a baseline reactivity against SKOV-3 cells
(A-B) Percentage CD107a+ and IFNγ+ CD56dim NK cells upon overnight treatment with low dose
IL-15 (1nM) and subsequent 4h stimulation with K562 (A) or SKOV-3 (B). Based on a cut-off of
10% CD107a expression on CD56dim NK cells co-cultured with SKOV-3 and IL-15 (without additional
treatment) patients were subdivided in responder and non-responder 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 < 0.05. (C) CD56dim NK cells positive
for CD107a and IFNγ after 4h stimulation with SKOV-3 target cells, low dose IL-15 (1nM), 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 < 0.05 and *** p < 0.001.

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 [39, 40].
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
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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 and found that peritoneal NK cells of OC patients
consist of different CD56dim subpopulations with reduced DNAM-1 and high TIGIT and
CD96 expression. 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. We were able to counteract DNAM-1 downregulation
by adding IL-15 to the NK cell-tumor co-cultures, which resulted in a dose-response
increase of DNAM-1, TIGIT and CD96. 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 CD56dim NK
cells in response to OC tumor cells, especially when DNAM-1/CD155 interactions were
in place. Moreover, 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 CD56dim CD16neg NK cells in tumor biopsies and their prevalence negatively correlated
with lytic ability [41]. Our results suggest that these CD56dim CD16neg cells have a more
inhibitory phenotype compared to CD56dim CD16high and CD16dim NK cells as they had
the lowest DNAM-1 levels, high TIGIT expression and the highest CD96 expression
of the three CD56dim subsets. CD96+ NK cells have recently been described to be
functionally exhausted with impaired cytokine production which, together with DNAM1 downregulation, supports that CD56dim CD16neg NK cells acquired a more inhibitory
phenotype [42]. 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 CD56dim CD16neg and CD16dim 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 [43, 44]. In turn, DNAM-1 also decreases upon tumor cell contact
[30]. Therefore it’s possible that CD56dim CD16high NK cells may become CD56dim CD16dim
and later CD56dim CD16neg during continuous OC tumor engagement but future studies
will have to elucidate this phenomenon in more detail.
In our assays we used IL-15 for NK cell survival and found that TIGIT and DNAM-1
expression was increased by IL-15 in a dose-dependent manner which is in accordance
with literature [33, 45, 46]. 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 [30, 31]. We validated these findings in an in vivo model and found that DNAM1 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 IL-15 administration to boost NK cell persistence, which is in accordance with
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our in vitro data where we also found increased TIGIT levels upon IL-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, 30]. These data fit with our findings but do not explain
why OVCAR-3, which is CD155 low/negative, still significantly downregulated DNAM-1
on NK cells. 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 [28].
Our data show for the first time that TIGIT blockade can enhance NK cell responsiveness
towards OC. A beneficial effect of TIGIT blockade on NK cells has already been shown
in colon cancer and breast cancer [35, 36]. We observed that TIGIT blockade was able
to improve degranulation and IFNγ production activity of CD56dim NK cells from patients
with an in vitro baseline response towards SKOV-3 tumor cells. This supports that TIGIT
blockade in OC could be a potential immunotherapy for patients with high grade OC
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 towards OC cells (e.g. SKOV-3). However, these non-responders also showed
an impaired response towards 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 survival [31].
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Overall, our data show that TIGIT/DNAM-1 triggering plays 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 demonstrated that DNAM-1 expression
can be upregulated by IL-15 suggesting that TIGIT checkpoint blockade efficacy in OC
patients may be optimal in combination with IL-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 IL-15 could be a promising immunotherapeutic approach in OC patients.
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SUPPLEMENTAL METHODS
siRNA targeting and silencing of CD112 and CD155
siRNA were purchased from Invitrogen. siRNA targeting CD112 had the
following sequence: sense 5’-CCUGAUACCUGUGACCCUCUCUGUA-3’, antisense
5’-UACAGAGAGGGUCACAGGUAUCAGG-3’. siRNA targeting CD155 had 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 redfree 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: 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 and one OC patient. (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: Effect of overnight IL-15 stimulation on DNAM-1, TIGIT and CD96
expression on total versus isolated healthy donor NK cells
CD56dim (A) and CD56bright (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 OneWay repeated measure ANOVA with Bonferroni correction was used for statistical analysis, ** p <
0.01 and *** p < 0.001.
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Supplemental figure 3: 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 CD56dim CD16high, CD56dim CD16dim, CD56dim
CD16neg, CD56bright CD16dim and CD56bright CD16neg NK cells in ascites of OC patients. MNC refers to
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the MNC fraction. Data are expressed as ΔMFI (lines indicate the mean, N=3).
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production of healthy donor CD56bright NK cells in response to SKOV-3, NK function cannot be
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Cumulative data are shown as mean+SEM (N=13). A One-Way repeated measure ANOVA with
Bonferroni correction was used for statistical analysis, *** p < 0.001.
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Supplemental figure 6: CD56dim NK cells from non-responders to SKOV-3 also exhibit impaired
degranulation capacity towards K562
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Ovarian cancer has a poor prognosis despite current therapies. This thesis aimed to
develop a new therapeutic strategy to complement treatment of patients with ovarian
cancer. Ovarian cancer can be considered an immunogenic disease, as the amount of
tumor-infiltrating lymphocytes in the tumor has been found to correlate with prognosis.
Several studies showed that the presence of tumor-infiltrating lymphocytes is positively
correlated with survival in cancer patients.(1-8) While the importance of CD8+ cytotoxic
T cell infiltration has been clearly demonstrated, the role of infiltrating cytotoxic natural
killer (NK) cells remains unclear. Interestingly, it was reported that CD56+CD103+ tumorinfiltrating NK cells often co-infiltrate with CD8+CD103+ T cells, yet the contribution
of NK cells to improving outcome is difficult to assess.(3) Next to investigating tumorinfiltrating lymphocytes, OC ascites is an attractive source to study immune cell function
in patients because tumor cells and immune cells in this abdominal fluid are both
present. Furthermore, ascites contains a variety of immunosuppressive cellular and
soluble components that influence the function of tumor-targeting lymphocytes.(9-14)
Interestingly, our studies showed a relationship between the CD56+ NK cell proportion
within the ascites lymphocyte fraction and clinical outcome parameters (Chapter 4). In OC
the only other 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(4). Unfortunately, CD56 expression to determine if these CD16 positive
cells represented NK cells or a particular subset, was not evaluated in their analysis. In
addition to the availability of immune cells in the ovarian cancer microenvironment, an
immunoreactive molecular signature has been identified by the Cancer Genome Atlas
Network and subsequent analysis of patient cohorts. This molecular signature displays an
enrichment of genes and signaling pathways that was associated with tumor-infiltrating
lymphocytes and with improved survival in ovarian cancer patients(15, 16).
Most immunotherapy research in OC has been focused on cytotoxic T cells and only few
reports have looked into another cytotoxic lymphocyte subset with anti-tumor activity,
the NK cells(17). Adoptive T cell-based immunotherapy has shown great promise in other
cancers, especially tumor-infiltrating T cell therapy in metastatic melanoma and chimeric
antigen receptor (CAR) T cell therapy demonstrated impressive responses in leukemia
and advanced lymphomas(18, 19). However, these T cell-based therapies have not yet
been successfully developed for ovarian cancer patients. Furthermore, patients treated
with CAR T cell therapy suffer from severe toxicity such as neurotoxicity and the cytokine
release syndrome (CRS)(20, 21). Therefore, adoptive NK cell-based therapy holds good
promise with a mild pattern of side effects and an opportunity to be applied in tumors
with loss or severe down-regulation of major histocompatibility complexes (MHC) I
expression(21). MHC is a self-recognition signal on the cell surface that is often lost or
downregulated on tumor cells, but not on healthy cells. For preventing autoreactivity,
NK cells are tolerant to healthy cells due to the expression of killer immunoglobulin-like
receptors (KIRs) and the C-type lectin-like receptor NKG2A, which interact with classical
and non-classical MHC I molecules(22). Upon engagement of these inhibitory receptors,
NK cells transmit intracellular signals preventing activation and cytolytic activity. Thereby,
loss of MHC I expression on tumor cells triggers NK cell activation and tumor killing,
the so-called ‘missing-self recognition’(14). Regulation of the NK cell cytotoxic response
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toward tumor cells is explained in chapter 2.

CYTOTOXICITY OF NK CELLS TOWARDS OVARIAN CANCER
Since the available patient’s NK cells in the ovarian cancer microenvironment are not
able to prevent tumor spread and growth, interventions may be investigated to improve
the cytotoxicity of these resident NK cells or to infuse more cytotoxic NK cells generated
from an allogeneic donor source. Allogeneic NK cells efficiently targeting OC cells can
be generated and cultured out of different peripheral blood or stem cell sources (see
Chapter 2 for detailed description)(22). There is sufficient evidence in vitro and in vivo
that peripheral blood NK cells efficiently kill ovarian cancer cell lines(22-30). We showed
that a hematopoietic stem/progenitor cell (HSPC)-derived NK cell product is highly
activated and shows effective cytotoxicity against ovarian cancer cells(31). Hermanson
et al. demonstrated in a mouse model with the OC cell line MA148 that intraperitoneal
(IP) delivery of induced pluripotent stem cell (iPSC)-derived NK cells inhibits tumor
growth at least as efficient as peripheral blood (PB)-enriched NK cells(32). Literature
on improving the cytotoxicity of NK cells in ovarian cancer describes the combination
with IL-15 superagonist ALT803, whereby the NK cell functionality improves significantly
in a preclinical setting with peripheral blood allogeneic NK cells(26). Interestingly, NK
cells are described to be even more effective killers of ovarian cancer stem cells(28).
Ovarian cancer stem cells are held responsible for the early recurrence and metastases
of ovarian cancer and these stem cells are known for their increased resistance against
chemotherapy. In the ovarian cancer field, cancer stem cells remain elusive with
significant gaps in knowledge. The characteristics and specific role of ovarian cancer stem
cells in recurrence still requires further research. If the NK cells are especially armed for
these stem cells, a longer progression free survival might be achieved(33).

DEVELOPMENT OF NK CELL THERAPY IN OVARIAN CANCER
Although the preclinical evidence on cytotoxicity of NK cells against OC is promising, the
clinical research in ovarian cancer is still in an early phase. Different products were used
in clinical trials for NK cell adoptive transfer(34). The first products were autologous NK
cell infusions, but these haven’t shown the expected effectivity and have the limitation
of the availability and poor functional status of the patient’s own amount of NK cells(35).
Furthermore, the amount of immune cells is often reduced in cancer patients after
repeated chemotherapy. Healthy donors have more NK cells available for expansion, to
produce allogeneic NK cell therapy. In chapter 2, we described the case series and small
scale clinical trials that have investigated NK cell allogeneic adoptive transfer in ovarian
cancer patients(36-39). Promising is that on intravenous infusion of allogeneic NK cells,
only mild side effects, of fever and flu-like symptoms are described, but also one case
of death after a cytokine release syndrom. This is promising but only investigated in
small numbers of patients. Since the persistence of allogeneic NK cells after IV infusion
in ovarian cancer patients is rather limited despite preparative chemo- and radiation
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therapy (36), other routes of application are being investigated.
The intraperitoneal route is expected to have the advantage for the NK cells to be
in the same compartment as the disease and experiencing another immunologic
environment. Intraperitoneal cellular therapy is not new, as in 1990 lymphokine
activated killer cells were infused intraperitoneally in ovarian cancer patients(40). But
the recent developments of hyperthermic intraperitoneal chemotherapy, and combined
intraperitoneal and intravenous chemotherapy regimens in ovarian cancer have put
it back into focus(41-43). The first phase 1 trials that use the intraperitoneal route to
infuse allogeneic NK cells are ongoing now (NCT02118285, NCT03539406)(37). Out of a
personal communication of prof. Jeff Miller we know that two ovarian cancer patients
were treated intraperitoneally without adverse events with an overnight activated NK
cell product which is enriched from donor peripheral apheresis. (NCT02118285). We
developed a clinical trial, the INTRO study, that opened in June 2019 (NCT03539406)
(37). This study investigates the safety of intraperitoneal infusions of HSPC-derived NK
cells in recurrent ovarian cancer. This is the first in human trial exploring intraperitoneal
adoptive transfer of umbilical cord blood, hematopoietic stem cell derived NK cells
against ovarian cancer. The first patient was treated in July 2019. Complete results will
be expected by the end of 2021. All together the field of NK cell adoptive transfer is
evolving quickly.

CAR-IMMUNE CELL THERAPY
Chimeric antigen receptor (CAR) expressing T cells are engineered to target tumor
antigens. The FDA and EMA have approved two CD19 CAR-T cell therapies for B-cell
malignancies(18), but neither are applicable in ovarian cancer. The rationale behind CAR
T cell therapy is that they specifically target an antigen to attach the T cell to a tumor
cell. Especially in B-cell malignancies the CAR-T cells have shown spectacular results (19,
44). These successes in B-cell malignancies are this high because of the specific B-cell
targeting, destroying al B-cells including the healthy ones. Limitations of this therapy are
the (neuro-) toxicity, the extended production process and the loss of CAR specific antigens
on the tumor(45). Severe immune mediated toxicities are described; the cytokine release
syndrome and neurotoxicity recently referred to as “immune effector cell-associated
neurotoxicity syndrome” (ICANS). However, as the underlying mechanisms of ICANS
are not well understood, treatment options remain limited and further investigation is
warranted(19, 20). A CAR-T cell specific for tumor cells has not yet been developed. The
success of CAR-T cells also opened perspective for genetically modified NK cells with
CARs to make them antigen-specific and improve their cytotoxicity. CAR-NK cells can
be produced ‘off-the-shelf’ because they can be produced from allogeneic sources, but
CAR-NK cells may have more advantages over CAR-T cells(46). The advantage of CAR NK
cells versus CAR T cells is their MHC independency, the lack of graft-versus-host reactions
and their relatively limited lifespan which avoids the need to insert suicide genes into the
CAR NK cell constructs. (46, 47).
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There are several CAR-NK cell products under investigation in preclinical studies that will
progress to clinical trials for ovarian cancer treatment in the near future. Most relevant
for ovarian cancer are a CD24 CAR-NK cell product, a NKG2D ligand (NCT03415100) and
a mesothelin CAR-NK product (NCT03692637)(48). CD24 is an ovarian cancer stem cellassociated antigen, NKG2D a typical NK cell activation receptor and mesothelin is the
receptor for CA125(17, 48, 49). But since ovarian cancer is a heterogenous cancer and
since monoclonal antibody therapy with single antibodies have not imposed major effect
on ovarian cancer survival, the search for combined treatment options continues(50).

CHECKPOINT INHIBITORS
Better NK cell products and routes of administration is one way to improve NK cell
effectivity, but also preclinical effort is put into finding ways to circumvent inhibitory
pathways. There are many immune suppressive pathways described in ovarian cancer,
one of them being checkpoint inhibitors(51).Checkpoint inhibitors have revolutionized
cancer treatment. Since the approval of ipilimumab, an anti-cytotoxic T lymphocyte
antigen (CTLA)-4 monoclonal antibody for the treatment of patients with malignant
melanoma, other checkpoint inhibitors like anti-PD-1 (Nivolumab, Pembroluzimab,
Cemiplimab) and anti-PD-L1 (Atezolizumab, Avelumab, Durvalumab), have demonstrated
their power in the clinic to treat previously untreatable advanced malignancies(51-56).
These powerful checkpoint therapies led to two Nobel Prize winners in Physiology and
Medicine in 2018. Checkpoint inhibitors that have led to huge improvements for patients
with melanoma and lung cancer, have not shown clinical relevant improvements in
ovarian cancer(52). High mutational burden pleads for improved responses to immune
checkpoint therapies in melanoma and lung cancer, but despite a significant mutational
burden in ovarian cancer patients, overall response rates to anti-PD-1 treatment varies
between 11-24%(57, 58). Although these PD-1 therapies are designed to rescue tumortargeting T cells from immunosuppression, PD-1 is also expressed on NK cells and PD-1
therapy has shown increased cytotoxicity of NK cells as well (59).
In addition to PD-1, other immune checkpoint inhibitors are being explored in the
NK cell field, like anti-KIR, anti-NKG2A and anti-TIGIT(60-62). Anti-KIR (lirilumab) has
shown promising preclinical results, but only poor response in clinical trials(61, 62).
Monalizumab, the NKG2A inhibitor has shown effective stimulation of immune function
of both T and NK cells in mouse models, and a response rate of up to 31% in a phase
2 trial in head and neck cancers(63). A relatively new checkpoint inhibitor; TIGIT has
gained attention(60, 64, 65). In chapter 3, we described the relationship between
frequency of NK cells in ascites and a lower expression of the DNAM-1 receptor on
ascites NK cells. DNAM-1 is a receptor for CD112 and CD155, and shares these ligands
with TIGIT(66). With blocking of TIGIT there is a way to prevent this inhibition, and make
better NK cell activation possible. Currently, there is one clinical trial running with TIGIT
blockade recruiting patients with advanced solid malignancies including ovarian cancer
(NCT03628677). By combining with checkpoint inhibitors, it may be possible to augment
the NK cell anti-tumor response.
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FUTURE PERSPECTIVE OF ADOPTIVE NK CELL THERAPY IN OVARIAN
CANCER.
Results obtained in this thesis, show promising directions for NK cell adoptive therapy
in ovarian cancer patients. The outcome of the INTRO trial, our phase 1 clinical trial,
investigating the safety and feasibility of intraperitoneal HSPC-NK cell infusion, will be
essential for the route of future clinical development(37). We will be informed on the
safety of HSPC-NK cells, and also on the necessity of a preparative lymphodepleting
chemotherapeutic regimen. If allogeneic HSPC-NK cell therapy is feasible and sufficient
expansion of NK cells is obtained, there are many opportunities for further development.
The next step would be to perform a phase 2 trial investigating the effectiveness of
allogeneic HSPC-NK cell therapy against ovarian cancer. Our hypothesis is that the
preparative chemotherapeutic regimen is not necessary for lymphodepletion if NK cell
therapy is infused intraperitoneally. The immunologic environment in de abdominal
cavity is different from that in blood, there might be less immunosuppressive activity
against donor NK cells by patients own lymphocytes(17). The question on necessity of
preparative chemotherapy will be answered after completion of the INTRO trial. For
application of NK cell therapy in ovarian cancer patients it would be an advantage if this
chemotherapy with its side effects could be prevented. If so, HSPC-NK cell infusion could
be administered at time of complete debulking surgery. This could be a good moment to
apply NK cell therapy, since all visible lesions are resected, and chemotherapy only starts
four weeks after surgery. Since NK cells can trace tumor cells and small depositions, and
possibly have a more potent cytotoxic effect on tumor stem cells, this might prevent
early recurrence(33). If the chemotherapeutic regimen is necessary to get enough
expansion and persistence of HSPC-NK cells in the abdominal cavity, it might be useful to
investigate the best chemotherapeutic preparing regimen. The current golden standard
of chemotherapy in preparation for adoptive immune cell therapy is cyclophosphamide
combined with fludarabine, but both these chemotherapeutic drugs have no role in the
current treatment of OC, and cause severe myelodepression(67). Cyclophosphamide
has been used in treatment for ovarian cancer till the introduction of the current
regimen of carboplatin and paclitaxel(68). Furthermore, recent reports suggest a role for
cyclophosphamide in the treatment of recurrent platinum resistant ovarian cancer(69).
However, carboplatin, paclitaxel and gemcitabine can potentially replace the Cy/Flu
-based chemotherapeutic regimen in adoptive cellular therapy in OC patients.
In the future, combinations can be tested for allogeneic NK cell therapy to enhance
clinical relevant effectiveness. Currently, research is focusing on possible combination
therapies, which are found in the current standard therapies. Carboplatin with paclitaxel
is the main chemotherapeutic regimen in OC(70). It is known that paclitaxel inhibits
NK cell-mediated killing without affecting the viability of NK cells, whilst carboplatin
has no effect on killing capacity nor on viability of NK cells in vitro(71). In recurrent OC
other chemotherapeutic regimens are applied, mostly a combination with gemcitabine.
It has been shown that gemcitabine treatment impairs ULBP2 shedding in pancreatic
cancer, thereby potentially enhancing NK cell activation(72). Our recent research
suggests an enhanced cytotoxicity of HSPC-NK cells in vitro when used in combination
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with Gemcitabine (unpublished data). Other new agents in ovarian cancer treatment
are the poly ADPribose polymerase(PARP) inhibitors including olaparib, rucaparib and
niraparib(73-76). The success of PARP inhibition is based on deficiency in the homologous
recombination repair pathway, which repairs DNA double-strand breaks. This deficiency
is often seen in BRCA-mutated tumors, but is also described in BRCA negative population
as homologous repair deficiency (HRD). Maintenance treatment with PARP inhibitors
showed increased progression free survival in large cohorts of BRCA mutation carriers
and non BRCA patients (possibly those with HRD)(74). Recently, it was shown in prostate
cancer that the PARP inhibitor olaparib significantly increased tumor cell sensitivity to
NK cell mediated killing, by increasing TRAIL-R2, a death receptor. TRAIL-R2 increases the
activation of the caspase cascade, inducing apoptosis(77). Future research should focus
on finding the best selection of treatment agents to be combined with NK cell therapy.
Intraperitoneal administration of allogeneic NK cells is being investigated now in two
clinical trials in ovarian cancer(37). There is no clinical evidence yet that the intraperitoneal
infusion is better than the intravenous route, but the hypothesis is that the infused NK
cells will have more chance to encounter a tumor cell, and less chance of being trapped
in the liver or spleen. Intraperitoneal infusion has several challenges, with the risk of
laparoscopic placement, difficulties with catheter obstruction and risk of infection.
Intraperitoneal chemotherapy for ovarian cancer has been studied more extensively,
since Walker et al. first published on intraperitoneal chemotherapy in ovarian cancer(43,
78). Recently the HIPEC (hyperthermic intraperitoneal chemotherapy during surgery)
has shown significant improvements in ovarian cancer patient outcome(42).
Besides the best moment for NK cell therapy in treatment of OC patients, the best way
and the best combination, it is important to find the best product for NK cell adoptive
transfer. Ideally this product would be available in large quantities, as an off-the-shelf
NK cell product, and would have the best activation status, infiltration capacity and the
best cytotoxic features. We believe that our umbilical cord blood CD34+ HPSC-derived
NK cells have those specifications except yet for the off-the-shelf availability. However,
if it will be feasible to combine different umbilical cord blood donations to manufacture
larger allogeneic NK cell batches in one manufacturing campaign followed by freezing in
storage bags, this large-scale production is within sight for on-demand NK cell therapy.
In the field of NK cell research, other groups are working on other alternatives for large
scale NK cell production, like iPSC-derived NK cells(32, 79). On the other hand, research
continues on the mechanisms by which NK cell mediated killing is inhibited, and whether
these pathways can be blocked. In chapter 6, we described the blocking of the TIGITCD155/CD112 receptor-ligands couple. This could be an innovative combination with
NK cell therapy. Especially since other co-inhibitory molecules and checkpoint inhibitors
have not shown clinical relevant benefits in larger patient cohorts.
Ultimately if the best allogeneic off-the-shelf NK cell product, the best moment in
treatment of OC patients and the best combination therapy are found, NK cell therapy
might have a significant impact on quality of life for ovarian cancer patients.
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Samenvatting

SAMENVATTING
Omdat ovariumcarcinoom een slechte prognose heeft, met een 5-jaarsoverleving van
slechts 28% bij hoog stadium ziekte, wordt in dit proefschrift gezocht naar een nieuwe
aanvullende behandeling. Deze behandeling wordt specifiek gezocht in Natural
killer (NK) cellen, welke onderdeel zijn van onze aangeboren afweer tegen virusgeïnfecteerde cellen en afwijkende tumorcellen. Deze NK cellen kunnen een tumorcel
herkennen door een overwicht aan activerende ten opzichte van inhiberende signalen
op het cel oppervlak, waarbij gezonde cellen gespaard blijven omdat deze alleen
inhiberende signalen geven. Door deze kwaliteiten is er steeds meer aandacht voor NK
cellen als immunotherapie. Vooral NK cellen die gekweekt of geïsoleerd worden van een
allogene donor zijn interessant omdat deze uitgezocht kunnen worden aan de hand
van het HLA van de patiënt. Allogene NK cel immunotherapie laat al veelbelovende
resultaten zien bij acute myeloide leukemie patiënten, maar ook bij solide tumoren
komt steeds meer onderzoek naar toepassing van deze therapie. In dit proefschrift
onderzoeken wij stapsgewijs de rationale voor NK cel therapie bij ovariumcarcinoom.
Hoofdstuk 1 bevat de algemene inleiding van dit proefschrift. Hierin worden de
achtergronden en de rationale van de uitgevoerde onderzoeken beschreven. Na een
korte introductie over ovariumcarcinoom, wordt de huidige behandeling beschreven.
Deze bestaat uit een combinatie van chemotherapie, chirurgie en eventueel een
onderhoudsbehandeling. Ondanks veel onderzoeken naar betere behandelmethoden
wordt er maar weinig winst geboekt in overleving. De recente ontwikkeling met
intraperitoneale (hypertherme) chemotherapie ondersteunt de hypothese dat een
nieuwe behandeling via de peritoneale route gevonden moet worden. Daarnaast wijst
de immunogeniciteit van het ovariumcarcinoom in de richting van immunotherapie.
Er blijkt namelijk een relatie te zijn tussen de aanwezigheid van tumor infiltrerende
lymfocyten en overleving bij ovariumcarcinoom. De rol van NK cellen in deze
infiltrerende lymfocyten populatie is nog niet geheel duidelijk. Maar het interessante
van een therapie met NK cellen is dat ze uit verschillende bronnen gekweekt kunnen
worden, bijvoorbeeld uit perifeer bloed van allogene donoren, maar ook vanuit
bloedvormende stamcellen die we kunnen isoleren uit navelstrengbloed. Gezien
de veelbelovende resultaten van allogene NK cel therapie bij leukemie, hebben wij
onderzocht of NK cel therapie ook een rol zou kunnen hebben bij ovariumcarcinoom.
In hoofdstuk 2 hebben wij een review geschreven over NK cellen bij ovariumcarcinoom,
met aandacht voor het effect van ovariumcarcinoom op NK cel functie, het effect van
de huidige behandeling op NK cel biologie en de huidige onderzoeken naar de effecten
van NK cel therapie in muismodellen. Verder focussen we op de uitdagingen die
moeten worden aangegaan om allogene NK cel therapie een klinisch relevant
effect te laten hebben op overleving. Vervolgens wordt het uitgevoerde klinisch
onderzoek bij ovariumcarcinoom beschreven. Er is vooral fase 1 en 2 onderzoek
bekend bij ovariumcarcinoom, met daarin 6 kleine klinische studies met NK cel therapie.
In de meerderheid van de behandelde patiënten wordt stabiele ziekte gezien na NK
cel therapie, met een mild patroon aan bijwerkingen. In een aantal case reports van
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patiënten die herhaalde infusies hebben gekregen wordt complete respons beschreven.
Al deze onderzoeken zijn verricht met intraveneuze infusie van NK cellen, maar de
huidig lopende onderzoeken naar NK cel therapie bij ovariumcarcinoom onderzoeken
intraperitoneale toediening van allogene NK cellen. In toekomst zullen de uitkomsten
van deze studies gerapporteerd worden.
In hoofdstuk 3 beschrijven we het onderzoek naar fenotype en activiteit van NK cellen
uit ascites van ovariumcarcinoom patiënten. In deze ascites zien we dat bepaalde
activerende receptoren op NK cellen bij ovariumcarcinoom veel minder tot
expressie komen dan bij cellen van vrouwen zonder kanker. Tevens zien we dat
het percentage NK cellen in de lymfocyten fractie in buikvocht van gezonde vrouwen
veel hoger is. In ovariumcarcinoom patiënten hebben we gevonden dat het percentage
NK cellen binnen de lymfocyten fractie in ascites gerelateerd is aan ziekte vrije
overleving en totale overleving. Omdat niet alleen het percentage NK cellen van
belang is, maar ook de functionaliteit in van deze cellen, werd onderzocht of CD107a
degranulatie en interferon-gamma productie door NK cellen vergelijkbaar is in bloed
van gezonde donoren ten opzichte van NK cellen uit ascites. Daarnaast werd gekeken
of bovengenoemde NK cellen geactiveerd kunnen worden met het cytokine IL15 of de
IL15 superagonist ALT-803. We zien dat NK cellen uit ascites van ovariumcarcinoom
patiënten sterk geactiveerd worden door IL15 of ALT-803 en net zo goed geactiveerd
kunnen worden met IL15 receptor stimulatie als NK cellen uit het bloed van gezonde
individuen. Door te laten zien dat een hogere NK cel frequentie in ascites gerelateerd
is aan betere overleving in ovariumcarcinoom patiënten en door te laten zien dat
IL15 receptor stimulatie de functionaliteit van NK cellen verbetert, hebben we meer
aanwijzingen dat NK celtherapie een mogelijke rol zou kunnen spelen in de
behandeling van ovariumcarcinoom.
In hoofdstuk 4 hebben we de functionaliteit onderzocht van ons gekweekte NK cel
product tegen ovariumcarcinoom. Deze NK cellen worden volgens een nieuw protocol gekweekt vanuit bloedvormende stamcellen die we isoleren uit allogene navelstrengbloed donoren. Deze NK cellen (CD56+Perforin+ HSPC-NK cellen) zijn gekweekt
onder stroma-vrije omstandigheden, in de aanwezigheid van StemRegenin-1, IL15 en
IL12. Deze ex-vivo gekweekte NK cellen hebben een sterk geactiveerd fenotype en zijn in
grote hoeveelheden te kweken. Deze NK cellen laten een efficiënte cytolytische activiteit
zien en goede productie van interferon-gamma tegen ovariumcarcinoom cellijnen
zowel gekweekt als monolaag als gekweekt als een multicellulaire tumor-sferoïde. Als
we met een confocale microscoop in deze sferoïde kijken, kunnen we de NK cellen zien
bewegen tussen de tumorcellen door, en zien we infiltratie en ook tumorcel apoptose
optreden in de sferoïde. Tot 30% van de NK cellen infiltreren binnen 8 uur in een sferoïde
en laten dan robuuste cytotoxiciteit zien. Ook in een immuundeficiënt muismodel zien
we dat het gekweekte NK cel product, ondersteund met IL15 toediening, ervoor zorgt
dat het ovariumcarcinoom minder hard groeit, met significant lagere scores in aanwezigheid van tumor en een significant betere overleving.
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Hoofdstuk 5 bevat de opzet van een klinische studie met ons gekweekte NK cel
product, de INTRO studie. Dit onderzoek bestudeert de veiligheid en haalbaarheid
van intraperitoneale NK celtherapie met IL2 infusie bij recidief ovariumcarcinoom
patiënten. Het onder GMP geproduceerde NK cel product, wat we kweken vanuit
CD34 positieve bloedvormende stamcellen vanuit navelstrengbloed bevat sterk
geactiveerde NK cellen. In dit fase 1 onderzoek naar veiligheid en haalbaarheid
van intraperitoneale toediening van allogene NK cellen, worden 3 patiënten per
cohort geïncludeerd. Naast veiligheid wordt gekeken naar effect op de tumormarker
CA125 en in vivo overleving en expansie van NK cellen in de peritoneaal holte.
Tussen de verschillende cohorten wordt gekeken of deze behandeling beter mét
of zonder voorbereidende chemotherapie middels Cyclofosfamide en Fludarabine
kan worden gegeven. Tot nu toe wordt alle cellulaire therapie gegeven met
dit voorbereidend regime van chemotherapie, om directe afstoting van de NK cellen
te voorkomen, de aanwezigheid van immunosuppressieve cellen te verminderen en
de bio beschikbaarheid van cytokines voor de allogene NK cellen te verhogen.
Omdat de immunologische omgeving in de peritoneaal holte anders is dan in
perifeer bloed, en immuun cellen daar minder geactiveerd zijn, verwachten we
minder afstotingsactiviteit. Naast belangrijke gegevens over veiligheid en toxiciteit zal
dit onderzoek antwoord geven op de vraag of voorbereidende chemotherapie nodig is
als deze NK cellen intraperitoneal toegediend worden bij ovariumcarcinoom patiënten.
In hoofdstuk 6 laten we zien dat er mogelijkheden zijn om de functionaliteit van NK
cellen in het tumor micro-environment van ovariumcarcinoom te verbeteren. We
hebben specifiek gekeken naar de rol van TIGIT en DNAM-1 moleculen, die respectievelijk
een rol spelen bij remming en activatie van NK cellen. Deze 2 receptoren delen een
ligandpaar van CD112 en CD155. We beschrijven de aanwezigheid van deze receptoren
en liganden op het celoppervlak en de functionaliteit tegen ovariumcarcinoom. NK
cellen uit ascites van patiënten laten een verlaagde DNAM1 expressie zien en verhoogde
waarde van de uitputtingsmarker CD96 in vergelijking met donor NK cellen, terwijl
TIGIT expressie gelijk is in beide groepen. DNAM-1 expressie wordt sterk verlaagd als
de NK cellen gekweekt worden samen met ovariumcarcinoom sferoïden, terwijl TIGIT
expressie gelijk blijft. Datzelfde zien we in een intraperitoneaal SKOV3 muismodel.
Interessant genoeg zorgt TIGIT blokkade van donor NK cellen, voor hogere cytotoxiciteit,
te zien in meer degranulatie en meer interferon-gamma productie na stimulatie met
ovariumcarcinoom cellen. De respons tegen tumor cellen van NK cellen uit ascites
van ovariumcarcinoom patiënten, kan ook verhoogd worden met TIGIT blokkade. Dit
betekent dat TIGIT blokkade een veelbelovende strategie zou kunnen zijn in een selecte
groep patiënten om de NK cel functionaliteit te verbeteren en daarmee mogelijk de
klinisch uitkomst.
Hoofdstuk 7 vat het onderzoek uit dit proefschrift samen en in dit hoofdstuk bediscussiëren
we de relevantie van het uitgevoerde onderzoek en de mogelijkheden voor toekomstig
onderzoek naar allogene NK celtherapie bij ovariumcarcinoom. Toekomstig onderzoek
zal zich moeten richten op het beste NK cel product wat op voorraad beschikbaar zou
moeten zijn voor iedere patiënt. Tevens zal gekeken moeten worden naar wat het beste
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moment van toediening zou zijn in het behandeltraject van ovariumcarcinoom. En als
laatste zal de beste combinatie met andere medicijnen gezocht moeten worden om het
NK cel anti-tumoreffect zoveel mogelijk te vergroten. Deze combinatie zou gevonden
kunnen worden in huidige behandelingen van chemotherapie of PARP inhibitors,
maar ook in combinatie met cytokines als IL15 of combinatie met checkpoint
blokkerende middelen of antilichamen. Bovendien is genetische manipulatie van ex vivo
geëxpandeerde NK cellen met chimere antigeenreceptoren (CAR’s) een veelbelovende
benadering om targeting van tumoren te verbeteren.
Concluderend is dit proefschrift een veelbelovende eerste stap in de richting van
behandeling van ovariumcarcinoom met NK celtherapie. Zoals bijna ieder onderzoek,
roept ook dit onderzoek aanvullende vragen op en zal aanvullend onderzoek nodig
zijn naar een beter begrip van de immunologie van ovariumcarcinoom en naar een
betere behandeling voor ovariumcarcinoom. De INTRO-studie zal belangrijke informatie
opleveren over het effect van NK cellen in de peritoneaal holte bij ovariumcarcinoom
patiënten en zal nieuwe inzichten opleveren voor het verder ontwikkelen van NK
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SUMMARY
Ovarian cancer is often diagnosed in advanced stage, and despite current therapies
the 5-year survival rate of advanced stage disease is only 28%. Therefore, novel and
improved therapies are needed to improve clinical outcome. This thesis focusses on
the development of a new adjuvant treatment for this poor-prognosis cancer type. This
treatment is specifically sought in exploiting natural killer (NK) cells, a type of immune
effector cells that targets tumor cells by the balance in NK cell activating and inhibitory
signals on the cell surface, while these NK cells selectively spare healthy cells. Because
of this ability NK cells gain more and more attention for use in cancer immunotherapy.
Especially, NK cells isolated or expanded from allogeneic donors is attractive due to their
high functionality and the ability to select donors based on KIR-ligand matching and an
activated KIR genotype. Interestingly, allogeneic NK cell adoptive immunotherapy has
shown clinical promise in the treatment of acute myeloid leukemia. Furthermore,
more evidence is gained in the last 10 years that NK cells also play a role in the immune
response against solid tumors. Therefore, NK cell therapy is also being explored for
solid tumors such as neuroblastoma, pancreatic cancer, hepatocellular carcinoma,
breast cancer and melanoma. The aim of this thesis was to investigate step by step the
rationale and opportunity for allogeneic NK cell therapy for patients with ovarian cancer.
Chapter 1 contains the general introduction to this thesis. This describes the background
and rationale for the investigations carried out. After a brief introduction about
ovarian cancer, the current treatment is described. This consists of a combination
of chemotherapy and surgery. Despite many studies into better treatment protocols,
little improvement is achieved in patient’s survival. The recent development with
intraperitoneal (hyperthermic) chemotherapy supports the hypothesis that new
treatment opportunities can be found in the peritoneal administration route.
Furthermore, more insight in the immunogenicity of ovarian carcinoma points in
the direction of exploiting immunotherapy. Interestingly, there appears a relationship
between the presence of tumor-infiltrating cytotoxic lymphocytes and survival in ovarian
cancer patients. However, the role of NK cells in these infiltrated lymphocyte population
is not clear. NK cells are innate cytotoxic lymphocytes that can effectively kill
cancer cells, without harming healthy cells due to lack of activation of the NK
cells. Therapeutic NK cells can be either isolated from the peripheral blood of allogeneic
donors or generated ex vivo from hematopoietic stem cell sources for subsequent use
in adoptive cellular immunotherapy. Taking into account that there are promising
results in allogeneic NK cell adoptive therapy in hematological cancers, allogeneic
NK cell therapy in ovarian cancer is worth exploring.
In Chapter 2, we performed a literature search to substantiate the rationale for NK
cell therapy in ovarian cancer with attention for the effect of ovarian cancer on NK cell
function, the effect of current treatment on NK cell biology and the in vivo evidence on
the therapeutic value of NK cell therapy against ovarian cancer. Furthermore, we
focused on the challenges that have to be overcome for allogeneic NK cell adoptive
therapy to have a significant impact on disease outcome. In six early clinical trials only 31
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patients have been described that received NK cell adoptive transfer. The majority of the
treated patients reached stable disease after NK cell therapy, with a mild pattern of side
effects. In patients who received repeated infusions, more responses are described.
However, all reported studies investigated the intravenous infusion of NK cells, while the
studies that are currently recruiting all investigate intraperitoneal infusion of allogeneic
NK cells. Results of these studies will be reported in the coming years.
In Chapter 3, we investigated the presence, phenotype and activity of NK cells in
the abdominal fluid, i.e. ascites, of ovarian cancer patients. We evaluated whether
percentage, phenotype, function and IL-15 responsiveness of ascites-derived NK cells
is related to progression-free survival and overall survival of advanced stage ovarian
cancer patients. Generally, a lower percentage of NK cells within the lymphocyte
fraction was seen in ovarian cancer ascites versus benign peritoneal fluids. Interestingly, a
higher CD56+ NK cell percentage in ascites was associated with a better progression free
survival and overall survival in ovarian cancer patients. Furthermore, the functionality
of ascites-derived NK cells in terms of CD107a degranulation and IFN-γ secreting 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 ovarian cancer patients and NK cell functionality can be boosted by IL-15
receptor stimulation, a part of NK cell immunity in OC is further deciphered in favor of
exploiting NK cell based immunotherapy.
In Chapter 4, we investigated whether ovarian cancer cells are susceptible to killing
by NK cells that are ex vivo generated from CD34+ stem and progenitor cells (HSPC)
obtained from allogeneic umbilical cord blood donors. These CD56+Perforin+ HSPC-NK
cells were generated under stroma-free conditions in the presence of StemRegenin-1,
IL-15 and IL-12, and exerted efficient cytolytic activity and IFN-γ production towards
ovarian cancer monolayer cultures. These ex vivo generated NK cells are highly
activated and can be cultured in large quantities. Live-imaging confocal microscopy
demonstrated that these HSPC-NK cells actively migrate, infiltrate, and mediate
intra-tumor cell killing in a three-dimensional multicellular ovarian cancer spheroid.
Infiltration of up to 30% of total HSPC-NK cells within 8 hours resulted in robust
tumor spheroid destruction. Furthermore, intraperitoneal HSPC-NK cell infusions in
immune compromised NOD/SCID-IL2Rγnull (NSG) mice bearing ovarian carcinoma
significantly reduced tumor progression. These data further motivated the exploration
of NK cell based immunotherapy in ovarian cancer patients.
Chapter 5 describes the design of a new clinical study, named the INTRO study,
investigating the safety and feasibility of intraperitoneal infusion of ex vivo generated
allogeneic HSPC-NK cells in conjunction with IL-2 support in recurrent ovarian cancer.
The GMP-compliant NK cell product consists of the highly activated NK cells cultured
from CD34+ HSPC from off-the-shelf umbilical cord blood. The trial is designed
to investigate the safety and toxicity of the investigational treatment in cohorts of 3
patients. Furthermore, we will study if allogeneic HSPC-NK cells are able to expand
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in the peritoneal cavity without preparatory cyclophosphamide-fludarabine (Cy/Flu)
chemotherapy that is generally given to patients receiving intravenous immune effector
cell infusion. This Cy/Flu preparative regimen is given to prevent direct rejection of the
allogeneic NK cells, reduce immune suppressive cells negatively affecting infused
NK cells and improve bioavailability of cytokines required from NK cell engraftment.
However, in the abdominal cavity the immune environment is different from the
composition in blood, and immune cells in the abdominal cavity are less active possibly
exhibiting less rejection capacity. Therefore, next to safety and toxicity aspects this study
will provide an answer as to whether Cy/Flu conditioning is necessary when these ex
vivo generated HSPC-NK cells are administered in the abdominal cavity in ovarian
cancer patients.
In Chapter 6, we investigated the role of the TIGIT-DNAM-1 immune regulatory axis
on the functionality of allogeneic NK cells against ovarian cancer. NK cells from
ascites of ovarian cancer patients and healthy donor buffy coats were phenotyped based
on their DNAM-1, TIGIT and CD96 expression and their reactivity towards ovarian cancer
cells was assessed. Patient ascites-derived NK cells showed reduced DNAM-1 expression
and increased CD96 levels compared to healthy donor NK cells, while TIGIT expression
was equal. Co-culturing of healthy donor NK cells with ovarian cancer spheroids resulted
in a strong decrease of DNAM-1 expression, while TIGIT expression remains. The same
pattern was shown in an in vivo intraperitoneal SKOV3 mouse model. Interestingly,
TIGIT blockade significantly increased degranulation and IFN-γ production of healthy
donor-derived NK cells stimulated with ovarian cancer cells. Moreover, NK cells derived
from patient’s ascites that did have a baseline response to ovarian cancer cells had a
significant increase of CD107a and IFN-γ with TIGIT blockade.
Chapter 7 summarizes the research in this thesis. Here, we discuss the relevance of the
performed research and the possibilities for future developments of allogeneic NK cell
therapy against ovarian cancer. Future directions will have to focus on the most effective
NK cell product that should be ideally available as an off-the-shelf, on-demand
therapy product for every patient. Furthermore, future studies should investigate
the best time of administration in the treatment process of ovarian cancer, and whether
intraperitoneal NK cell infusion can be performed without or with a less intensive
preparative conditioning regimen. Finally, the best combination therapy has yet to be
explored in order maximize the NK cell antitumor effect. This combination could be
found in current chemotherapy or PARP inhibitor treatments, but also in combination
with cytokines such as IL-15 or combination with checkpoint blocking agents or tumortargeting antibodies exploiting antibody-dependent cellular cytotoxicity. Furthermore,
genetic engineering of ex vivo expanded NK cells with chimeric antigen receptors
(CARs) is promising approach to improve tumor targeting.
In conclusion, this thesis is a promising step in the direction of treatment of
ovarian cancer with allogeneic NK cell therapy. The results of the INTRO-study will
deliver important information on the behavior of NK cell adoptive transfer in ovarian
cancer and will guide us in further research into the possible therapeutic role of alloge157
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neic NK cell therapy in ovarian cancer. s shows that in a subset of patient samples, ascites NK cell function could be boosted by TIGIT blockade. Therefore, blocking TIGIT
could be a promising therapeutic approach to boost NK cell functionality and improve
outcome in a subset of ovarian cancer patients.
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werken. Ralph, jou enthousiasme en wilskracht zijn niet te evenaren. Met de vaart die
jij achter het onderzoek zet, kunnen we hele grote dingen gaan bereiken. Jolien jouw
precisie en heldere geest maken dat iedere stap die jij zet er een in de juiste richting is.
Ik hoop dat we samen nog veel mooi onderzoek kunnen doen.
Beste Lisanne, Frans, Hanny en, jullie doen fantastisch werk voorde NK cel productie in
de cleanroom. Beste Chantal, Ilse, Yvonne en Arwa het was me een genoegen om jullie
te mogen begeleiden als student en ik hoop dat jullie nog eens met een glimlach terug
denken aan de tijd bij ons in het lab.
Lieve Mieke en Paulien, wat was ik blij dat jullie als klinische collega’s begrepen hoe
frustrerend het onderzoek soms kon zijn. We moeten nog steeds een keer samen naar
een mooi NK cel congres.
Beste kantoortuin bewoners, bedankt dat ik af en toe bij jullie in de tuin kon bijtanken
en bijkletsen, bedankt voor alle leuke congressen in Nice, Lissabon, Wenen en Berlijn,
ook bedankt voor alle mooie feestjes en gezellige borrels. We komen elkaar vast nog wel
ergens tegen.
Dank aan alle patiënten die deel hebben genomen aan de biobank en aan het navelstreng
onderzoek, maar bovenal aan alle patiënten die nu deelnemen aan onze INTROstudie.
Zonder jullie komen we niet verder met het onderzoek, jullie zijn goud waard voor de
volgende generatie.
Beste Peter, Eline, Laura, Wendy en anderen van het trial bureau, wat is het fijn om
met jullie samen te kunnen werken en wat verzetten jullie in korte tijd een hoop werk.
Ik weet niet wat we zonder jullie hadden moeten beginnen. Beste Gerard, wat heerlijk
dat jij wat taken van het navelstreng onderzoek over kon nemen, toen dit een te groot
project werd voor mij alleen.
Dank aan de geldschieters. Dit project is gestart met financiering van het RIMLS, daarmee
heb ik een beurs voor arts assistenten binnen kunnen halen, voor de volgende fase
van het onderzoek, en met deze stevige basis hebben we van het KWF het vertrouwen
gekregen dat onze klinische studie het waard is om gefinancierd te worden. Daarnaast
heeft de stichting Ruby en Rose het vervolg onderzoek naar middelen ter versterking van
het effect van NK cellen mogelijk gemaakt. Donateurs bedankt.
Lieve gynaecologen, assistenten, verpleegkundigen en doktersassistenten in het
Radboud het voelde als een warm bad om bij jullie te mogen werken. Gynaecologen van
het CWZ, bedankt voor de opleiding die ik van jullie heb gekregen en de gezellige tijd in
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het CWZ. Lieve gynaecologen uit het Albert Schweitzer, bedankt voor de kans bij jullie te
werken, en nu weten jullie eindelijk wat ik die andere dag doe. Beste collega’s in Breda,
bedankt voor het vriendelijke welkom, ik hoop dat we nog heel veel feestelijkheden
samen mogen vieren!
Lieve vrienden en vriendinnen, lieve Maaike, Rian, Noortje, Frida, Bas en Veronica,
Laura, Rosa, Lisa, Eve, Angele, Caro, Ivonne, Ruwien, Judith, Barbara en Frank, ik zou
jullie allemaal nooit willen missen. Bedankt voor jullie begrip als ik weer eens aan het
werk was, vanavond proosten we op het feest!
Lieve Joost, ik ben trots op dat jij mijn grote broer bent. Ik hoop dat jij en Alycia samen
heel gelukkig worden. Nu ik meer tijd krijg, kunnen we vaker weer samen op stap.
Gabie, je was al de leukste ceremoniemeester, nu ook mijn paranimf. Wat ben ik blij
met jou als vriendin en maatje. If we ruled the world, dan zouden sommige dingen heel
anders zijn… Lieve Judith, wat had ik jou graag als paranimf gehad, maar ze hebben je in
Canada veel harder nodig.
Liefste papa en mama, jullie hebben me altijd het vertrouwen gegeven dat als ik iets
wilde, dat ik het dan kon. Jullie hebben me de beste basis gegeven die ik kon wensen en
ik zou willen dat ik een beetje dichter bij jullie was.
Liefste, wat moet ik zonder jou beginnen? De liefste en de leukste dat ben jij. Ik ben heel
trots op je, en blij dat je vandaag naast me staat.
Lieverds, liefste Eefje, Abel en Madelief: dit boekje is ook voor jullie. Jullie hebben me
laten voelen dat er maar 1 ding belangrijk is in dit leven. Ik hou van jullie en ben super
trots op de mooie mensen die jullie aan het worden zijn.
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