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Nuclear export is an important process for regulating transcription and translation by spatial 

distribution of transcription factors, RNA and signalling components. Exportin-1 (XPO1) is a nuclear 

export protein that transports key tumour suppressor proteins, oncogenic mRNA and ribosomal 

constituents into the cytoplasm and its function is often dysregulated in haematological malignancies 

to promote cancer cell survival and proliferation. 

Selinexor is a first-in-class inhibitor of XPO1 and is approved for the treatment of relapsed and 

refractory multiple myeloma and diffuse large B cell lymphoma. Selinexor induces the accumulation of 

tumour suppressor proteins in the nucleus and inhibits oncogene translation to impair cell proliferation 

and induce apoptosis. It is beginning to be appreciated that small molecule drugs which target 

tumourigenic pathways also possess immunomodulatory activity. Understanding the mechanism 

behind these immunomodulatory effects can improve the design of rational combination strategies 

with immunotherapies. Selinexor has been shown to enhance T cell function, increase NK cell 

abundance in tumours and promote tumour regression in combination with PD-1 blockade. But how 

XPO1 inhibition impacts NK cell-mediated immunity is unknown, which this project aimed to address, 

with the hypothesis that XPO1 inhibition sensitises cancer cells to NK cell immunosurveillance via 

modulation of NK cell ligand expression.  

XPO1 inhibition in B-cell lymphoma and multiple myeloma cell lines and primary chronic 

lymphocytic leukaemia cells sensitised cancer cells to NK cell cytotoxicity. Increased sensitivity to NK 

cell activation was due to decreased surface expression of HLA-E, the ligand for the inhibitory NK cell 

receptor NKG2A. As such, XPO1 inhibition led to preferential activation of NKG2A+ NK cells and 

potentiated the effects of expanded allogeneic NK cells, anti-CD19 CAR NK cells and promoted 

antibody-dependent cellular cytotoxicity in combination with clinically relevant monoclonal 

antibodies. This research project also identified that lymph node-associated signals IL-4 and CD40L 

confer resistance of malignant B cells to NK cell activation through upregulation of HLA-E, and this can 

be reversed by XPO1 inhibition. 

Overall, this research project revealed a novel immunomodulatory mechanism of XPO1 inhibition 

in haematological malignancies by sensitising cancer cells to NK cell anti-tumour functions via 

disruption of NKG2A:HLA-E interactions. Future work could investigate the combination of selinexor 

with NK cell therapeutic strategies in vivo to assess the potential for translation of these findings to 

clinical trials. 
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Chapter 1 Introduction 

1.1 Overview of the immune system 

To fight infections and remove neoplastic cells animals have evolved to have an immune system 

consisting of a variety of cells that work together to maintain an animal’s healthy state. The immune 

system comprises of two arms: the innate and adaptive immune system. Both work in unison to 

resolve damage inside the body and respond to vaccination to protect from future disease.  

The immune system develops from CD34+ haematopoietic stem cells (HSC) which reside in the bone 

marrow throughout life. HSCs continuously re-populate the immune system by differential 

expression of transcription factors that determine the fate of HSCs and progenitor cells. There are 

two main differentiation trajectories of HSCs. The first is the myeloid lineage in which a common 

myeloid progenitor produces most innate immune cell populations. The second is the lymphoid 

lineage in which a common lymphoid progenitor (CLP) produces T and B lymphocytes, Natural Killer 

(NK) cells and some populations of dendritic cells (DCs).  

1.1.1 The innate immune system 

The innate immune system, named because of its natural capacity to quickly respond non-specifically 

to a plethora of danger signals, consists of eight main cell types. Neutrophils, eosinophils, basophils 

and mast cells are collectively referred to as granulocytes because of the toxic granules found inside 

the cytoplasm. These cells have similar, but non-redundant roles within the innate immune system. 

Neutrophils are important regulators of anti-bacterial immunity, eosinophils and basophils play 

crucial roles in clearing parasitic infections and mast cells along with basophils are regulators of 

allergic responses.  

Other cells of the innate immune system include NK cells, which play roles in the killing of virus-

infected cells and cancer cells, monocytes, macrophages and DCs. The latter three are hugely 

important in cross talk between the innate and adaptive immune systems. Similar to granulocytes, 

macrophages and dendritic cells have similar, but non-redundant roles. Macrophages are main 

regulators of phagocytosis. Phagocytosis is the process by which a cell engulfs another cell. Once a 

macrophage engulfs a bacterium, infected or damaged cell, danger signals, also referred to as DAMPs 

(danger-associated molecular patterns) or PAMPs (pathogen-associated molecular patterns), are 

transmitted which lead to macrophage activation. The activated macrophage then differentiates into 

a type of macrophage best adapted to clearing the assault. For example, M1 macrophages are best 

equipped for dealing with intracellular pathogens and cancer cells and M2 macrophages are best 
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adapted to resolve infections of extracellular pathogens. This consequently leads to inflammation 

which is characterised by the invasion of multiple immune cells leading to clinical features of heat, 

redness, itching and swelling. The resultant immune response is more complex than described due to 

the involvement of other immune populations which secrete inflammatory mediators that also 

contribute to skewing the immune response to optimally resolve the type of infection/inflammation.  

DCs also have roles in phagocytosis, but once activated differentiate into professional antigen 

presenting cells (APC). Macrophages also carry out APC functions, but to a lesser extent compared to 

DCs. Antigen presentation involves the presentation of pathogen or cancer-associated peptides to 

induce an antigen-specific adaptive immune response. More specifically, once an APC is activated by 

DAMPs or MAMPs, these cells transit to secondary lymphoid organs where they interact with 

immature adaptive immune cells to prime their effector functions. Antigen presentation involves the 

loading of peptides on to major histocompatibility complex I or II (MHC-I and MHC-II) which interact 

with T cell receptors (TCR) on CD8+ and CD4+ T cells, respectively, and with killer cell 

immunoglobulin-like receptors (KIR) on NK cells. T cell activation not only requires TCR-MHC 

interactions, but also a secondary signal derived from the CD28 receptor which interacts with 

CD80/86 on activated macrophages and mature DCs. CD80/86 is only expressed on activated APCs 

and therefore avoids initiating an adaptive immune response unnecessarily. This is referred to as 

peripheral tolerance which avoids damage to self-tissue. Once activated, T cells then transit to the 

site of infection to carry out their effector functions such as directly killing of infected and cancer 

target cells and releasing inflammatory cytokines and chemokines to promote the activity of other 

immune cells.  

1.1.2 T lymphocytes 

T lymphocytes express a TCR that is activated against a specific peptide that is presented on MHC-I 

and MHC-II for CD8+ and CD4+ T cells, respectively. CD4 and CD8 are co-receptors that stabilise that 

MHC:TCR complex. T cells start their development in the bone marrow and transit to the thymus in a 

naïve state to undergo a process of education, in which T cells adapt to the host. Autoreactive T cells 

are deleted in a process of negative selection. T cells leaving the thymus possess TCRs specific for 

foreign peptides and these T cells survey peptides presented by APCs at secondary lymphoid organs 

and become activated once the peptide is recognised. The complexity of TCRs is due to the 

expression of RAG1/2 enzymes that rearrange VDJ genes encoding the variable regions of TCRs, and 

the specific rearrangements of these are not inherited. Because of the education process, T cells are 

MHC-restricted within individuals such that T cell infusions have to be MHC matched otherwise graft-

versus host or host-versus graft disease will surmount.   
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Similar to M1 and M2 macrophages, T cell populations exist that are better equipped at dealing with 

different types of pathogens. Depending on the inflammatory environment, CD4+ T cells differentiate 

into either Th1 (intracellular-specific), Th2 (extracellular-specific) or Th17 (parasite-specific) T cells. The 

differentiation process is regulated by a set of transcription factors (Th1 = t-bet, Th2 = GATA-3, Th17 = 

RORγt) which are induced by the stimulation of cytokines in the microenvironment (t-bet = IFNγ + IL-

12, GATA-3 = IL-4, RORγt = TGFβ + IL-6). These differentiated CD4+ T cells then secrete inflammatory 

modulators (Th1 = IFNγ + IL-2, Th2 = IL-4 + IL-5, Th17 = IL-6 + IL-17) to orchestrate the most effective 

immune response to deal with the type of infection. Whilst CD4+ T cells orchestrate the immune 

response, CD8+ T cells have roles in direct cytotoxicity of target cells that present specific peptides at 

the plasma membrane. Another important population of T cells are T regulatory T cells (Treg) which 

possess TCRs specific for autoantigens. Treg cells are derived from T cells with high affinity TCRs and 

these cells play important roles in circumventing autoimmunity and dampening inflammation. Treg 

cells mediate their anti-inflammatory functions via expression of the transcription factor FOXP3 and 

secretion of anti-inflammatory cytokines IL-10 and TGFβ. 

Of equal importance is switching off an on-going T cell immune response. This is because once 

pathogens or neoplastic cells are removed an on-going immune response would lead to destruction 

of healthy tissues and the development of autoimmunity. Dampening of the immune response is 

done through a variety of mechanisms such as via Treg activation but also through the downregulation 

of MHC-II and upregulation of CTLA-4 on APCs (CTLA-4 inhibits the interaction of MHC-II with CD28). 

Equally important is the ligation of inhibitory T cell receptors (e.g. PD-1) and NK-mediated clearance 

of T cells and DCs (1).  

Once the inflammation is cleared, T cells produce immunological memory unlike innate cells. 

Therefore, when they encounter the same pathogen, they can respond much faster and clear the 

infection before disease ensues. This is the basis of vaccination. Vaccines involve the exploitation of 

pathogen antigens without the need for inoculation with the real agent. The antigen initiates an 

immune response which culminates in inducing immunological memory so that when the host 

encounters the real pathogen disease is avoided. Memory T cells arise from activated T cells once the 

inflammatory insult has been resolved. These exist in the body throughout a person’s life circulating 

through the body in search of the specific antigen.  

1.1.3 B lymphocytes 

B lymphocytes are another type of lymphoid cell that is a part of the adaptive immune system. These 

cells produce antibodies which are mediators of humoral immunity. Antibodies, like TCRs, are specific 

to antigens on target cells but antibodies activate innate immune cells to perform effector functions 

against opsonised targets. Similar to T cells, B cells undergo a process of selection whereby 
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autoreactive cells are destroyed and after B cell activation, long-lived memory B cells develop to clear 

repeat infections.  

In addition to stimulation of the B cell receptor (BCR), B cells require a secondary signal derived from 

MHC-II which interacts with the TCR of follicular T helper CD4+ T cells (Tfh). Tfh cells differentiate using 

the transcription factor Bcl6 which responds to IL-6. These Tfh cells create a supportive 

microenvironment for B cell activation through the secretion of IL-4 and IL-21 and via the expression 

of surface receptors for example CD40L. IL-21 facilitates the creation of germinal centers, important 

for B cell maturation and CD40 and IL-4 potentiate BCR signalling and promote cell survival and 

proliferation (2). Within germinal centers B cells interact with Tfh cells, macrophages and follicular 

DCs which aid somatic hypermutation (SHM), a process of affinity maturation whereby antibody 

variable fragment genes of heavy (IGHV) and light chains mutate to produce high affinity antibodies 

against specific antigens. SHM takes place in the dark zone of germinal centers after which B cells 

progress into the light zone. Within the light zone, mutations that induce low affinity BCRs or BCRs 

against autoantigens induce apoptosis of B cells. Cells with mutations that confer improved affinity 

for antigens are selected for and these undergo proliferation and antibody class switching, a process 

essential for the production of antibody isotypes with the correct properties to deal with the 

inflammatory insult. Following B cell maturation in germinal centers, B cells develop into terminally 

differentiated plasma cells or memory B cells and leave germinal centers (3). Plasma cells secrete 

large quantities of a specific antibody and memory B cells once activated quickly differentiate into 

antibody-secreting plasma cells. 

Antibodies in tissues bind to target cells which result in various downstream events partaken by 

different immune cells that express Fc receptors (FcR). FcRs bind to the Fc constant region of 

antibodies and upon ligation induce activating signals via adapter proteins containing 

immunoreceptor tyrosine-based activation motif (ITAM) domains. One FcR, FcγRIIb, transduces 

inhibitory signals via immunoreceptor tyrosine-based inhibitory motif (ITIM) domains. FcRs 

selectively bind antibody isotypes: FcαRs bind IgA antibodies, FcγRs bind IgG, FcεR bind IgE and FcµRs 

bind IgM. For example, NK cells solely express FcγRIIIa (CD16a) which binds to IgG1 antibodies to 

induce antibody-dependent cellular cytotoxicity (ADCC). Phagocytic cells express multiple FcRs which 

enable them to perform antibody-dependent phagocytosis (ADCP). However, FcγRIIb (CD32b) 

transduces signals to inhibit phagocytosis and to inhibit B cell activation which is important for 

shutting down the immune response, clearing antibodies and inhibiting further production of 

antibodies by B cells (4). Another function of antibodies is the activation of complement-dependent 

cytotoxicity.  At opsonised sites, a membrane attack complex is formed which induces pores in target 

cell membranes which leads to apoptosis of the cell (5). 
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1.2 Human Leukocyte Antigens (HLA). 

1.2.1 HLA class I proteins 

MHC in humans is referred to as human leukocyte antigen (HLA). These are proteins expressed by all 

individuals that enable self-recognition by T cells through the presentation of self-peptides to the 

TCR and by NK cells through engagement of inhibitory killer cell immunoglobulin-like receptors (KIR). 

Upon oncogenesis or infection, non-self-peptides are presented on HLA molecules that enable 

activation of the immune system through the activation of CD8+ T cell TCRs and impairment of KIR 

interactions. 

HLAs consist of two major classes: HLA class I and HLA class II. HLA class II is only expressed on 

professional APCs and is upregulated on APCs and B cells during inflammation. HLA class II presents 

peptides to the TCR of CD4+ T cells. HLA class I is constitutively expressed on all nucleated cells and is 

responsible for presenting peptides to CD8+ T cell TCRs and to KIR on NK cells. There are three 

classical HLA class I proteins: HLA-A, HLA-B and HLA-C and each gene contains thousands of different 

alleles making these the most highly polymorphic proteins in the human genome. As well as classical 

HLA protein presentation to TCRs, the non-classical HLA class I protein HLA-E also presents peptides 

to HLA-E-restricted TCRs (6). At homeostasis, HLA-E presents peptides derived from the leader 

sequences of HLA class I proteins that are trimmed by signal peptidases in the endoplasmic reticulum 

(ER) (7). During inflammation, non-canonical peptides derived from pathogens or stress-related 

conditions can be presented by HLA-E and recognised by these HLA-E-restricted TCRs on CD8+ T cells. 

Most research on peptide presentation to HLA-E-restricted TCRs has been in the context of 

mycobacterium tuberculosis, HCV and CMV infections (6). 

Classical HLAs have a uniform structure made from two polypeptides: α and β2-microglobulin. The α 

chain consists of three domains, two at the most extracellular portion of the protein (α1 and α2) 

which bind to and present amino acid chains of 8-10 amino acids in length and a third domain (α3) 

which spans the plasma membrane. β2-microglobulin is essential for HLA expression at the plasma 

membrane and for stabilisation of the peptide binding groove (8). Endogenous peptides derived from 

the proteasome are loaded onto HLA proteins in the ER by the peptide loading complex consisting of 

the proteins TAP1, TAP2, calreticulin, ERAP1/2, ERp57 and tapasin. These proteins are important for 

maintaining the stability of unloaded HLA proteins and the trimming of peptides by ERAP allows for 

the appropriate binding of peptides in the binding groove. The abundance of HLA molecules at the 

plasma membrane is regulated at multiple levels including the rate of transcription, the availability of 

peptides that initiate HLA exit from the ER, the stability of HLA molecules at the plasma membrane 

and the internalisation rate (Figure 1-1). HLA class I genes are mainly regulated by NOD-like receptor 

family CARD domain containing 5 (NLRC5), but other factors including signal transducer and activator 
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of transcription (STAT), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), 

interferon response factors (IRF) and CIITA can enhance the transcription of HLA class I genes to 

promote peptide presentation to T cells under inflammatory conditions. Proteasome function is 

crucial for supplying peptides to stabilise HLA proteins and promote their export from the ER (9). 

When peptides are low in abundance, for example with proteasome inhibitors, HLA proteins become 

trapped in the ER which reduces the replenishment of HLA molecules at the plasma membrane 

resulting in decreased surface expression. Once at the plasma membrane, HLA stability is affected by 

the affinity of the peptide in the binding groove and by internalisation via the endocytosis pathway 

(9). A low affinity peptide will become detached from the binding groove resulting in an empty HLA 

protein which will quickly become internalised into the cell (10,11). Endocytosis is a natural process 

to survey the extracellular environment which is regulated by clathrin that binds to the intracellular 

tails of receptors. HLA molecules contain clathrin-binding domains on their intracellular tails (12) and 

differences in sequence between HLA tails result in different rates of internalisation (9). If one of 

these processes is disrupted or enhanced, such as during tumour transformation, viral infection or 

targeted agents, HLA expression levels change enabling recognition or protection from the immune 

system (11). 
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Figure 1-1: HLA surface expression dynamics. 

HLA class I expression at the plasma membrane is regulated by multiple cellular process. (1) HLA class 
I gene transcription is governed by multiple transcription factors (TF) which become activated 
downstream of receptor activation during inflammation and these bind to enhancer regions of HLA 
class I genes for example interferon response elements. The main transcription factor complex for all 
HLA class I genes is the NLRC5 complex. (2) HLA mRNA is translated in the endoplasmic reticulum (ER) 
where peptides from the proteasome derived from endogenous proteins are loaded onto HLA 
molecules by the TAP peptide loading complex and ERAP enzymes. Once peptides are loaded on to 
HLA molecules, HLAs can exit from the ER and transit to the plasma membrane (PM). (3) The stability 
of peptides within the binding groove determines the surface stability of HLA molecules at the PM. 
Once peptides become unbound HLA molecules are internalised. (4) Internalisation rates of HLA 
proteins are also determined by their cytoplasmic tails which have different affinities for clathrin. Part 
of this figure was made using SmartArt. 

 

 

1.2.2 The non-classical HLA class I molecule HLA-E 

There are three non-classical HLA class I proteins: HLA-E, HLA-F and HLA-G. The major similarity 

between non-classical HLA class I and classical HLA class I proteins is their structure with the α 

polypeptide chain and β2-microglobulin (13). On the other hand, there are numerous dissimilarities. 

Firstly, non-classical HLA are much less polymorphic, for example HLA-E has two known allelic 

variants (HLA-E*0101 and HLA-E*0103) compared to classical HLA class I molecules of which there 

are thousands of alleles (13). The two allelic variants of HLA-E stem from differences in the amino 

acid at position 107 outside of the peptide binding groove: HLA-E*0101 has an arginine and HLA-

E*0103 has a glycine (13,14). As a result, the peptide repertoires are overlapping (13,14). Secondly, 

they do not solely act as ligands for TCRs, but as ligands for KIRs on NK cells and other receptors 
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found on NK, T and NKT cells. For example, HLA-E binds to NKG2A and NKG2C receptors which are 

expressed on NK cells, NKT cells and T cells (15). However, because of the low polymorphism of HLA-

E, its primary function during evolution must have been to interact with non-rearranging receptors 

on NK cells. Thirdly, although HLA-E is ubiquitously expressed like classical HLA-A/B/C, the expression 

level of non-classical HLA is much lower and HLA-G and HLA-F are expressed differentially among cell 

types (16,17). 

All HLA proteins differ in their ability to present certain peptides because of differences in the 

peptide binding groove which discriminate peptide size and anchor different residue of the peptide 

chain (18). At homeostasis, HLA-E primarily presents peptides derived from the leader sequences of 

HLA-A/B/C (VMAPRTLIL) and HLA-G (VMAPRTLFL) and therefore HLA-E expression usually correlates 

with expression of HLA-A/B/C (7,19). The leader sequence is important in trafficking HLA class I to the 

ER (20). Once there this is trimmed by signal peptidase and signal peptide peptidase and the leader 

peptide is loaded on to HLA-E in the ER where it then transits to the plasma membrane (7,21). The 

peptide binding groove of HLA-E supports peptides of 9-11 amino acids in length and primary anchor 

residues are located at positions 2 (methionine) and 9 (Leucine) (7). 

At the surface HLA-E acts to inhibit NK cell activation via engagement with the NKG2A-CD94 

heterodimer and signal peptide polymorphisms in HLA class I can determine the level of NK cell 

inhibition (15,22,23). Under non-homeostatic conditions, HLA-E can present non-canonical peptides, 

which abrogate NKG2A interactions and stimulate the activating receptor NKG2C-CD94, 

consequently activating NK cells (23–26). During physiological processes, HLA-E has been shown to 

protect activated B and T lymphocytes and activated macrophages from NK-mediated clearance (27–

30) and HLA-E enables NK-DC crosstalk to prevent off-target effects of an on-going immune response 

(1). 

HLA-E can also act as a ligand for TCRs on CD8+ T cells, particularly in the context of viral infection 

(31,32). Virus-associated peptides are less stable when bound to HLA-E than canonical HLA-E-binding 

peptides (26), but during viral infection the large abundance of viral peptides enable loading on to 

HLA-E, altering the binding motif to enable interactions with TCRs to stimulate a CD8+ anti-viral 

immune response (33). 

The low surface expression of HLA-E is attributable to the limited peptide pool able to stabilise HLA-E 

in the ER and initiate its transit to the plasma membrane, therefore HLA-E is trapped intracellularly 

(9). This low surface expression of HLA-E has evolved to enable HLA-E to sense changes in the 

function of the antigen processing and presentation machinery, for example during inflammation to 

modulate innate immune responses quickly (34). HLA-E expression is highly influenced by the 

inflammatory microenvironment. As such, HLA-E has the ability to act as a sensor of the 

inflammatory environment at levels of signalling cascades and peptide availability resulting in the 
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modulation of NK cell immune response. For example, IL-27 increases HLA-E expression through 

STAT1 signalling and this is particularly important on monocytes which subsequently inhibit 

autologous NK cell function via NKG2A (35) (Figure 1-2). In a pro-inflammatory microenvironment 

enriched with IFNγ as within immunologically ‘hot’ tumours and during viral infection, activation of 

the IFNγ receptor leads to STAT1 activation and downstream HLA-E transcription (36). Within the 

nucleus, STAT1 is dephosphorylated by the TC45 phosphatase (37), enabling its export into the 

cytoplasm via the nuclear export protein exportin-1 (XPO1) to re-initiate the IL-27 and IFNγ signalling 

cascades (38). In addition to STAT1 recycling, STAT1 autoregulates its transcription (39), increasing 

total STAT1 levels by 16-24 hours post IFNγ treatment as shown by western blot (40). Therefore, the 

translation of de novo STAT1 protein in the cytoplasm may contribute to perpetuating inflammatory 

signals alongside STAT1 nuclear-cytoplasmic shuttling.  

 

 

Figure 1-2: Regulation of HLA-E gene expression by inflammatory signals. 

Activation of the IFNγ and IL-27 receptors activate STAT1 via phosphorylation by JAK1/2 leading to its 

nuclear translocation. There it binds to the gamma-activated site (GAS) enhancer sequences 

upstream of HLA-E to enhance HLA-E transcription. STAT1 is then dephosphorylated by the TC45 

phosphatase in the nucleus and transported back to the cytoplasm via exportin-1 (XPO1) to re-start 

the STAT1 activation cycle enabling chronic IL-27 and IFNγ signalling. 
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1.2.3 The role of HLA-E in cancer 

Cancer develops from the disruption of multiple cellular processes in healthy cells. As a brief 

overview, cells acquire genetic abnormalities overtime that induces genetic instability, enhances 

proliferation, increases resistance to apoptosis and protects from immune destruction. Collectively 

this is referred to as the hallmarks of cancer (41). Immune evasion can occur via many mechanisms 

such as cancer cell secretion of anti-inflammatory molecules such as IL-10 and TGFβ, through the 

upregulation of inhibitory immune cell ligands (such as PD-L1) and via the downregulation of classical 

HLA class I to avoid T cell activation (42).  

Although HLA class I downregulation enables cancer cells to evade CD8+ T cell immunity, NK cells are 

activated by loss of inhibitory HLA class I on target cells as explained by the missing-self hypothesis 

(Figure 1-3). Therefore, evasion from T cells renders cancer cells susceptible to NK cell activation. In 

order to escape NK cell-mediated immunity, cancer cells develop further mechanisms such as 

shedding of NK cell activating ligands and upregulation of non-classical HLA class I molecules, for 

example HLA-E (43,44). The presence of IFNγ in the TME is a well described mechanism for HLA-E 

upregulation (Figure 1-2). Even when classical HLA class I is downregulated, HLA-E can still be 

overexpressed as shown with immunohistochemistry of ovarian carcinoma samples (45,46). 

However, this study did not identify the mechanism for HLA-E expression in the absence/reduced 

pool of class I leader sequences, most likely stress-associated peptides are being presented by HLA-E 

in this context (24,26). In a recent in vivo CRISPR screen to investigate the mechanisms of immune 

resistance in tumours, loss of IFNγ signalling sensitised tumours to immune destruction, and indeed 

in melanoma and renal cell carcinoma patients, IFNγ signature correlated with worse response to 

checkpoint therapy and correlated with HLA-E expression (47). 

Through the upregulation of HLA-E, cancer cells inhibit NK cell function via NKG2A and multiple 

reports have noted HLA-E and NKG2A upregulation across many haematological cancers including 

chronic lymphocytic leukaemia (48,49), multiple myeloma (50,51), acute myeloid leukaemia (52) and 

many solid tumours: renal carcinoma (53), glioblastoma (54), sarcomas (55), non-small cell lung 

cancer (56) and bladder cancer (57). This upregulation correlates with worse outcome and in acute 

lymphoblastic leukaemia (ALL), HLA-E is a determinant for disease monitoring after HSC 

transplantation such that low, but tolerogenic levels on ALL cells protect them from NK cell deletion 

(58).  
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Figure 1-3: The missing self-hypothesis of NK cells activation.  

Healthy cells present self-peptides on classical HLA class I molecules (HLA-A/B/C) to inhibitory KIR and 

on non-classical HLA class I (e.g. HLA-E) to inhibitory NK cell receptors (e.g. NKG2A-CD94 heterodimer). 

These NK cell receptors signal via ITIM domains (red boxes) to inhibit NK cell activation (red arrows) 

and protect healthy cells from NK-mediated lysis. During oncogenic transformation or viral infection, 

HLA class I protein expression is downregulated preventing the activation of inhibitory KIR and 

inhibitory NK cell receptors. Alongside this, expression of stress-associated ligands stimulates 

activating NK receptors (e.g. NKG2D) culminating in NK cell activation via signalling of adapter proteins 

FcγR, CD3ζ and DAP10/12 (green). HLA class I can also present virus/stress-derived peptides to 

activating KIR and activating receptors (e.g. NKG2C-CD94 heterodimer) to activate NK cell release of 

cytotoxic granules and inflammatory cytokines and chemokines. 

 

 

The two allelic variants of HLA-E also hold prognostic value and this is independent of their structure 

and the peptides that are presented by both allotypes since their structure and peptide repertoires 

are the same (14,59). The difference lies in their peptide binding groove affinity for peptides. The 

HLA-E*0103 variant has a higher affinity for peptides (14,59) which, as described in Figure 1-1, results 

in increased plasma membrane stability and improved intracellular transport efficiency. As a result, it 

is more highly expressed on cells compared to the HLA-E*0101 variant (14,59) and this has 

consequences on signalling downstream of NKG2A and NKG2C (23). As such, patients with aggressive 

B-cell lymphoma either homozygous or heterozygous for the HLA-E*0103 allele have a less 

favourable treatment outcome compared to HLA-E*0101 homozygous patients (60). For solid cancer 

few studies have investigated HLA-E variants and outcome, but research in head and neck cancer and 

ovarian cancer revealed a higher representation of the HLA-E*01:03 variant in patients, suggesting a 

role for HLA-E:NKG2A interaction in the development of these cancers (61,62). Interestingly, allelic 
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variants of the HLA-B leader sequence presented by HLA-E have been found to correlate with 

improved survival in bladder cancer, such that the 21-MT variant improves patient outcomes (63). 

This is potentially due to enhanced NK cell education via NKG2A of HLA-B 21-MT patients and these 

individuals also had improved outcome in AML (64).  

Furthermore, the HLA-E hold prognostic value in the susceptibility to and resolution of COVID-19 

infection. HLA-E*0101 homozygosity confers protection from COVID-19 infection and HLA-E*0103 

homozygous individuals are more susceptible to severe disease (65). Therefore, not only in cancer 

but also viral infection HLA-E alleles determine disease and treatment outcomes. It could be 

speculated that this association of the HLA-E*0103 variant in B-cell lymphoma and COVID-19 

infection is due to increased resistance from NK-mediated immunity via increased HLA-E:NKG2A 

interactions given that higher HLA-E expression inhibits NK cell activation more potently (17). 

During oncogenesis in which cells are stressed from tonic oncogenic signalling and DNA damage, 

cellular senescence can be induced (66). The process of cellular senescence involves cell cycle arrest 

and activation and recruitment of the immune system via IL-6 and IL-8 to clear senescent cells by 

macrophage phagocytosis and NK cell-mediated lysis (67). However, senescent cells can escape 

immune activation and HLA-E:NKG2A interactions play an important role in this immune escape 

process. Senescent cells upregulate HLA-E via pro-inflammatory cytokines as a result of the 

senescence-associated secretory phenotype (SASP) and this facilitates protection from NK and CD8+ 

T cell immune destruction (68). The SASP has also been shown to induce HLA-E expression on 

senescent hepatocytes in mice which impair NKG2A+ NK cell function (69). As a result, the SASP 

phenotype can confer protection of tumour cells and senescent cells during oncogenesis from 

NKG2A+ immune cells via HLA-E upregulation. 
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1.3 Human NK cell development, maturation, education and function 

1.3.1 The development and maturation of NK cells 

Common lymphoid progenitors (CLP) have the potential to commit to the B cell, T cell or NK cell 

lineage. Commitment to the NK cell lineage is defined by CD122 (IL-2Rβ) surface expression, giving 

rise to NK cell progenitors (NKP) (70). The final step from immature NK cell to mature NK cell is the 

appearance of CD56, which is initially expressed at a high-level allowing identification of a CD56bright 

NK cell population. The majority of CD56bright NK cells (>90%) downregulate CD56 producing another 

major NK cell population found in the circulation, CD56dim NK cells (70). Within tissues however, the 

proportion of CD56bright and CD56dim NK cells differ for example in the liver >50% of NK cells are 

CD56bright (71).  

Multiple cytokines are essential for orchestrating NK cell maturation. IL-7, stem cell factor (SCF) and 

FLT-3L are crucial for differentiation of HSCs and CLPs to early NKP (72). Lymphotoxin then 

contributes to early-stage NK cell development as mice knockout for lymphotoxin receptors do not 

support NK cell differentiation (73). IL-15 can partially rescue NK cell numbers in lymphotoxin 

knockout mice, but ablation of the IL-15, the IL-15 receptor or the common γ chain receptor abolish 

NK cell differentiation, highlighting the crucial role of IL-15 to NK cell development (73,74). From 

NKPs to terminally differentiated CD57+ NK cells, IL-15 plays a crucial role and in addition to this, IL-

15 enables continued NK cell expansion in vivo and in vitro and supports cell survival via activation of 

STAT3 and STAT5 (72).  

There are also cytokines that impede NK cell maturation and function. TGFβ is the best described 

cytokine which signals to phosphorylate smad2/3 which then binds to smad4 to inhibit NK cell 

maturation by reducing levels of granzyme B and IFNγ and impairing IL-15 signalling reducing NK cell 

proliferation (75,76).  

Multiple transcription factors work sequentially and in unison during the NK cell maturation process 

in concert with the cytokine milieu. NK cell lineage commitment is regulated by E4BP4, TOX and ID2 

and NK cell maturation is governed by ID-2, T-bet and Eomes (72). E4BP4 is crucially important for 

CLP to NKP differentiation as knockout in mice accumulate CLPs in the bone marrow and lack NKP 

cells (77,78). The latter group of transcription factors are important for expression of effector 

molecules, chemokine receptors and maturation markers in maturing NK cells.  

CD56dim and CD56bright NK cells generally have opposite, but not mutually exclusive, immune 

functions. CD56dim NK cells are highly cytotoxic and are positive for CD16a (FcγRIIIa) endowing these 

cells with ADCC capabilities (79). In contrast, CD56bright NK cells are considered more 

immunoregulatory with high expression of inhibitory receptor NKG2A; able to produce and secrete 
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large quantities of cytokines and proliferate strongly (80). NKG2A is the first HLA-specific receptor 

expressed during maturation with the acquisition of KIRs at the latter stages of differentiation (81). 

The acquisition of multiple KIRs correlates with loss of NKG2A such that mature NK cells express KIR 

or NKG2A, although a small circulating population express both (82,83). Complete maturation is 

marked by expression of CD57 and these terminally differentiated NK cells have the highest cytotoxic 

capacity with high CD16a expression, but limited proliferative capabilities (84).  

Circulating NK cells comprise ~5-20% of total peripheral blood mononuclear cells (PBMC), and of 

these NK cells, >90% are CD56dim (85). CD56bright NK cells mainly reside in secondary lymphoid tissue, 

and there are mounting observations of tissue-resident NK cells, which display unique tissue-specific 

markers and are developmentally less mature as a result of the local tissue microenvironment (86). 

Many unknowns remain about tissue-resident NK cells such as their transcriptional control, 

differentiation and plasticity (86).  

Mounting evidence suggests that NK cells possess memory-like traits of long-term persistence and a 

trained response to repeat stimulation (87). Memory NK cells have been mostly studied in setting of 

CMV infection in which activated and expanded NK cells in infected mice lyse after the infection has 

cleared, but some NK cells develop into memory cells (87,88). Upon re-infection, these memory NK 

cells are capable of being activated again more quickly, producing a stronger immune response and 

protecting mice from infection and cancer. In humans, memory NK cells are marked by NKG2C 

expression and these cells are expanded and persist after CMV infection and show stronger immune 

responses and increased maturation upon CMV re-inoculation (89,90). A key area of current research 

is investigating which transcription factors regulate memory NK cell formation (91), but it is known 

that memory NK cells exist in a primed state possessing a more open chromatin and an epigenetic 

profile at key activation genes that enable a fast immune response (92,93). 

Additionally, a recent paper describing NK cells in terms of gene expression and chromatin landscape 

rather than surface marker expression unravelled the existence of three major NK cell populations: 

NK1, NK2 and NK3 in human blood (94). The significance of this study could pave the way for re-

evaluating the nomenclature of NK cells away from the current CD56dim and CD56bright description. 

NK1 cells were shown to be primed for cytotoxic functions and NK2 and NK3 cells possessed an 

immunoregulatory phenotype with tissue remodelling and chemotaxis properties.  

1.3.2 NK cell education and licensing 

Before NK cells become functionally competent and tolerant of self-tissue, NK cells undergo a 

process of education/licensing whereby NK cells adapt to the host. NK licensing/education and 

maturation/differentiation described above act in parallel, but their effects on NK cell function are 

mutually exclusive (81).  
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The process of NK cell education involves engagement of self-MHC class I with specific inhibitory 

receptors on NK cells, but education can also involve non-classical MHC class I-dependent and MHC 

class I-independent mechanisms (95). There are multiple theories of NK cell education/licensing. One 

is the arming model in which the engagement of inhibitory receptors with MHC ligands arms NK cells 

with effector functions (96). Another is the disarming theory in which activating signals in a 

developing NK cell result in NK cell hypo-responsiveness unless inhibitory signals are integrated into 

the cascade (97). Both types of education may contribute to NK cell licensing, which is not an all-or-

nothing outcome, but a fine-tuning process. It was shown that increases in inhibitory receptor 

engagement results in NK cells with more potent effector functions (98), giving rise to a rheostat 

model of NK cell education. As such, a poorly educated NK cell will still possess effector functions, 

but it will need a greater stimulus in order to carry out target cell killing (81). 

As described above, failure to educate NK cells does not result in autoreactivity (there is no evidence 

of NK-dependent autoimmunity), but in hypo-responsiveness towards infected and malignant cells 

and activating stimuli. Mice which are deficient in MHC expression possess NK cells that are 

unresponsive to self-tissue and not alloreactive (96,99,100). The same is true when inhibitory NK cell 

receptors Ly49 (mouse KIR equivalent) and NKG2A are deleted, NK cell degranulation and production 

of IFNγ are greatly impaired (101). NKG2A is particularly important in the education of uterine NK 

cells. Genetic ablation of NKG2A results in birth abnormalities in mice and dimorphisms in the HLA-B 

leader peptide in women results in poor NKG2A licensing and increased risk of pregnancy-related 

problems including pre-eclampsia (102). Furthermore, impairing ITIMs on mouse inhibitory NK cell 

receptors (103) and deleting downstream inhibitory phosphatases SHP-1 and SHP-2 (Src homology 

region 2 domain-containing phosphatase) (104) specifically in NK cells results in NK cell hypo-

responsiveness, demonstrating that inhibitory receptor signalling during NK cell licensing is crucial for 

generating functional NK cells. Recently, it was shown that SHP-1 acts as a rheostat to fine tune the 

NK cell immune response. SHP-1 protein levels may be determined during the education process 

such that educated NK cells develop low levels of SHP-1 through KIR and NKG2A interactions with 

self-ligands which then endows educated NK cells with high cytotoxic potential (105). Therefore, in 

order to generate functionally competent NK cells, developing NK cells require a process of licensing 

to fine-tune inhibitory and activating receptor signalling to orchestrate effective immune responses 

when required. 

To summarise NK cell maturation and education, maturation produces NK cells with different 

functional capacities and can be described by maturation marker expression. For example, CD57 

marks mature NK cells with high cytotoxic capacity and low proliferative potential, whereas NKG2A 

marks immature NK cells with cytokine secreting phenotypes and high proliferative potential, and 

this is consistent across individuals (81,84). Education, however, produces functionally competent NK 

cells such that an uneducated NK cell or an NK cell without expression of KIR or NKG2A is functionally 
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incompetent (101,104). Mature NK cells possess at least one self-reactive receptor so that 

autoreactive immune responses are avoided (96). Between human individuals and murine 

specimens, the level of NK cell education differs resulting in donors with variable NK cell functionality 

(105).  

One important aspect to consider with cancer treatment targeting NK cell receptors, in particular 

anti-KIR and anti-NKG2A antibodies, is the impact on NK cell education. Education is a continuous 

process in tissues, including tumours, and it has been shown in mice that NK cell infiltrates into MHC-

I deficient tumours become anergic as opposed to cytotoxic (106,107). This highlights that protection 

from NK cells can be conferred through loss of MHC-I expression such that an NK cell undergoing 

licensing in the tumour becomes anergic to cancer cells. Through using anti-KIR and anti-NKG2A 

antibodies, there is the potential of inducing NK cell anergy towards tumours through impairing the 

NK cell education process, therefore treatment regimens may have to account for this for example 

through low dose administration or drug holidays to allow for NK cells to be educated in the TME. 

1.3.3 The immunological synapse and the cytotoxic functions of NK cells 

Immunosurveillance is one of the main functions of NK cells in which NK cells survey the environment 

to identify transformed tumour cells or cells infected with intracellular pathogens (108–110). This 

process is well described by the missing self-hypothesis (Figure 1-3) (111,112). On encountering a 

healthy cell the engagement of HLA class I and HLA-E with inhibitory KIRs and NKG2A, respectively, in 

addition to the absence of activating ligands on healthy cells results in immune tolerance. During 

oncogenic transformation, for example, the downregulation of HLA class I (to evade T cell immunity) 

and increase in stress ligand expression result in NK cell activation leading to lysis of the target cell 

(Figure 1-3). In parallel, HLA class I can present peptides which are recognised by activating KIRs (113) 

(Figure 1-3). This is also true for HLA-E in which stress-derived peptides bound to HLA-E abrogate 

NKG2A interactions and stimulate NKG2C activation (26). 

NK cells induce lysis of target cells via two main mechanisms: the release of cytotoxic granules in a 

process called degranulation and by activation of death receptor signalling in target cells. During 

degranulation toxic granules containing perforin and granzyme B are released at the immunological 

synapse. The NK cell cytotoxic immunological synapse is divided into three stages: initiation, effector 

and termination. Initiation involves tethering and increasing strength of adhesion to enable effective 

receptor clustering and signalling (114). NK cells are sensitive to tension and the stiffness of target 

cells, potentially due to the stabilisation of the immunological synapse (115). The effector stage is 

marked by microtubule polarisation and actin accumulation at the synaptic membrane to form the 

supramolecular activation cluster (SMAC) which consists of peripheral (pSMAC) and central (cSMAC) 

zones, and these allow for strong adhesion and directed granule release, respectively (114) (Figure 
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1-4). At activating receptor clusters, the adaptor proteins DAP10/12 are recruited which 

subsequently recruit downstream effector proteins including SRC family kinases, ZAP70, SYK and 

VAV1. These proteins are activated by phosphorylation and potentiate the signalling cascade 

ultimately activating the transcription factors ERK, NK-κB and NFAT to stimulate the expression of 

effector NK cell molecules including perforin, granzyme B and IFNγ (116). ERK also enhances NK cell 

survival and proliferation through the activation of IL-2 transcription and Myc and cyclin activation 

(117). The activating signalling cascades also increase the cytosolic concentration of calcium which 

stimulates the release of cytotoxic granules which are directed along actin filaments to the SMAC. 

The directed granule release ensures efficient target cell killing and negation of bystander cell death 

and autolysis of NK cells (118).  Finally, termination involves the downregulation of activating 

receptors at the synapse and detachment from the target cell via actin destabilisation. After 

termination NK cells re-stock cytotoxic granules and re-express activating receptors to enable serial 

killing (114). 
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Figure 1-4: NK cell activating and inhibitory receptor signalling cascades. 

Killer cell immunoglobulin-like receptors (KIR) contain either two or three Ig-like domains that interact 

with HLA class I proteins loaded with peptides. The intracellular domains of inhibitor KIR possess ITIM 

domains which activate SHP-1/-2 and SHIP-1/-2 phosphatases that dephosphorylate, and therefore 

deactivate, signalling proteins downstream of activating KIR. Upon ligation of activating KIR with HLA 

class I, DAP12 (or FcRγ for KIR2DL4) is recruited which contains ITAM domains which are 

phosphorylated in order to recruit downstream activating proteins for example SRC family kinases, 

ZAP70, SYK and VAV1 which are themselves phosphorylated. These proteins propagate signalling 

cascades via MAPK, PLC-γ and PI3K to activate transcription factors such as NF-κB, NFAT and ERK which 

stimulate the expression of NK cell effector molecules such as perforin, granzyme B (Gzmb) and IFNγ. 

Proteins involved in NK cell survival and proliferation also become activated. The GTP exchange factor 

VAV1 is also involved in the polarisation of microtubules and the reorganisation and accumulation of 

F-actin to form and stabilise the NK cell immunological synapse referred to as the SMAC. The SMAC is 

made up of peripheral (pSMAC) and central zones (cSMAC) and this is the site of activating receptor 

clustering, adapter protein activation and cytotoxic granule recruitment and release. Activated NK cells 

also secrete pro-inflammatory cytokines and chemokines to orchestrate innate and adaptive immunity 

and these molecules are secreted away from the immunological synapse to enable diffusion into the 

microenvironment. Broad HLA ligands for KIRs are shown with HLA-C allotype 1 and 2 marked as HLA-

C1 and HLA-C2, respectively.  
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Within granules the acidic pH inactivates perforin, but once released into the neutral environment of 

the immunological synapse, perforin monomers oligomerise and form pores in the plasma 

membrane of target cells. These pores allow granzyme B, which is also released from cytotoxic 

granules, to transit into targets and induce lysis via cleavage of multiple targets including the effector 

caspase-3 and mitochondrial apoptotic regulators such as Bid which results in cytochrome C leakage 

and apoptosome formation (119,120) (Figure 1-5). Executioner caspase-3 and the apoptosome lead 

to cell lysis via cleavage of enzymes involved in DNA fragmentation such as ICAD and degradation of 

the proteasome and transcription factors involved in cell survival and differentiation (121). 

  

 

Figure 1-5: General immune functions of NK cells and death receptor pathways in target cells. 

NK cells can induce direct lysis of target cells (cancer or infected cells) via death receptor activation 

and release of cytotoxic granules which contain perforin and granzyme B. Perforin forms pores in the 

membrane of targets to enable transit of granzyme B into target cells to initiate apoptosis via cleavage 

of executioner caspases-3/6/7. These caspases cleave bid which initiates cytochrome c release from 

mitochondria and subsequent apoptosome formation with caspase-9 which cleaves further 

executioner caspases. Apoptotic executioner proteins are cleaved by capsase-3/6/7 such as ICAD 

which transits to the nucleus to digest chromatin. Upon engagement of TRAIL and FASL on NK cells 

with DR4/5 and FAS on target cells, respectively, the Fas-associated death domain (FADD) recruits 

adapter proteins to form the death-inducing signalling complex (DISC). The DISC then activates adapter 

caspases-2/8/10 which cleave the executioner caspases-3/6/7. CD16a (FcRγIIIa) expression on NK cells 

enables antibody-dependent cellular cytotoxicity (ADCC) when target cells are opsonised with 

antibodies. CD16a signals via the ITAM-containing adapter proteins FcγR and CD3ζ to activate NK cells. 

Upon activation, NK cells recruit and activate innate and adaptive immune cells through the secretion 

of pro-inflammatory cytokines and chemokines. 
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NK cells are protected from granzymes and perforin-mediated autolysis by numerous other 

mechanisms. The fusion of exosomes with the plasma membrane during granule release temporarily 

places lysosome-associated membrane protein-1 (LAMP-1/CD107a) at the plasma membrane which 

offers protection from degranulation-suicide due to the heavy, negatively charged glycosylation of 

LAMP-1 which inhibits perforin (122). A high density of lipids at the synapse along with the negatively 

charged lipid phosphatidylserine on the outer surface of the lipid bilayer also inactivate perforin to 

shield NK cells from autolysis (123). High levels of the granzyme B inhibitor serpin B9 is expressed by 

NK cells which protects from autolysis (124). 

Equally important is the establishment of an inhibitory NK cell synapse. Inhibitory receptors on NK 

cells bind to MHC class I ligands to activate SHP-1/2 and SHIP-1/2 (Src homology 2 domain containing 

inositol polyphosphate 5-phosphatase 1) phosphatases and this complex is called the supramolecular 

inhibitory cluster (SMIC) (114). Phosphatases from the SMIC de-phosphorylate proteins downstream 

of activating receptors and impede F-actin formation at the SMAC via de-phosphorylation of F-actin 

re-modellers including VAV1 (125,126) (Figure 1-4). To activate an NK cell, SMIC formation is 

impaired alongside the formation of the SMAC. To disrupt the SMIC, peptides on MHC class I with 

low affinity for inhibitory NK cell receptors stall SMIC formation by impeding strong, stable 

interactions resulting in reduced levels of SHP activation (127). Additionally, the colocalisation of 

inhibitory and activating receptors that are engaged with their cognate ligands can determine the 

activation status of NK cells, such that the closer the receptors the greater the level of inhibition 

(128). In addition to this, the size of receptor-ligand interactions also plays a crucial role in regulating 

NK cell activation, such that increased length of ligand-receptor pairs reduces the 

activating/inhibitory effect of receptors (129,130).  This aligns with the kinetic-segregation model 

where molecules with large ectodomains are excluded from the immunological synapse in favour of 

small ligand-receptor interactions to promote receptor signal integration to either induce immune 

activation or inhibition.  How NKG2A:HLA-E interactions impact synapse integrity, size and shape 

remains to be investigated, but NKG2A engagement is known to abolish actin polymerisation and 

exclude lipid raft formation at the synapse (site of activating receptor clustering) (125,131). 

The second method of killing involves the ligation of TRAIL and FASL on NK cells with death receptors 

DR4 and DR5, and FAS on targets, respectively (Figure 1-5). Death receptor activation results in the 

formation of a death-inducing signalling complex (DISC) and the Fas-associated death domain (FADD) 

on the intracellular tails of death receptors. The recruitment and activation of initiator caspase-8 

leads to the activation of executioner caspases including casapase-3 to mediate apoptosis (132).  

Degranulation and death-receptor signalling work in unison to lyse target cells (133), although a 

single degranulation event has been shown to be sufficient to lyse a target cell (134). During serial 

killing, NK cells switch between killing methods using degranulation for early events and death 
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receptor-mediated killing at later stages (135). CD107a expression, the marker for cytotoxic granule 

release, correlates with TRAIL and FAS expression, which enable NK cells to switch killing methods 

from granzyme B to death receptor pathways (135). The production of IFNs also induce TRAIL 

expression which my contribute to the switch in killing methods (136). Interestingly, cancers can 

express decoy receptors (Dc1 and Dc2) which engage with TRAIL to prevent apoptosis as these do not 

contain a FADD. A mechanism by which NK cells circumvent decoy receptors is by TRAIL potentially 

facilitating activating signals in NK cells leading to enhanced production of granzyme B and increased 

degranulation and IFNγ production (137,138), although the mechanism behind this remains to be 

determined since TRAIL possesses no signalling capacity. Together, both granzyme-B mediated and 

death receptor-mediated killing mechanisms work in unison to ensure efficient killing of target cells. 

1.3.4 Secretion of cytokines and chemokines 

As well as direct lysis of target cells, NK cells produce a plethora of chemokines and cytokines to 

stimulate the recruitment of and activation of innate and adaptive immune cells. As quick responders 

of inflammation NK cells are readily poised to transcribe cytokines quickly due to the open 

configuration of chromatin (139). Key proinflammatory cytokines include IFNγ, TNFα and GM-CSF 

and well-studied chemokines include CCL1-5 and CXCL8 (140) (Figure 1-5). These cytokines skew the 

CD4+ T helper cell response towards a Th1 phenotype, polarise macrophages towards an M1 

phenotype and aid DC maturation to enhance antigen presentation to T cells (140). IFNγ-producing 

NK cells have been recently identified as a key orchestrator of anti-tumour T cell immunity through 

remodelling of the TME (141). 

Similar to perforin and granzymes, cytokines are stored in secretory granules which are readily 

released after NK cell stimulation (142). However, the secretion of cytokines and chemokines is 

different to cytotoxic granule release which takes place at the immunological synapse close to the 

plasma membrane of target cells. Cytokines and chemokines are secreted away from the 

immunological synapse to enable efficient release into the microenvironment to modulate the 

function of and recruit further immune cells into the inflamed site (142) (Figure 1-4) For example, NK 

cell secretion of CCL5, XCL1 and XCL2 recruit DCs to the tumour microenvironment and induce DC 

differentiation and this has been shown to promote tumour regression in mouse models of 

melanoma (143). As well as IFNγ playing important roles in promoting macrophage phagocytosis and 

T cell polarisation, IFNγ enhances HLA class I expression on antigen presenting cells and target cells, 

including tumours, to promote antigen presentation to CD8+ T cells. The increase in HLA class I 

expression however, dampens NK cell function via inhibitory KIR and NKG2A activation (144,145). 

Another function of NK cells which is becoming increasingly understood is their role in dampening 

inflammation. This is important when inflammation is not further needed once infections and 
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transformed cells are cleared. This is achieved via the secretion of immunomodulatory cytokines 

such as IL-10 and direct cytotoxicity towards effector T cells, mature macrophages and DCs (28–

30,146–148).  

1.3.5 ADCC 

Another important activating receptor expressed by NK cells is CD16a (FcγRIIIa) which enables NK 

cells to partake in humoral immunity (Figure 1-5). This provides NK cells with an antigen-specific 

modality whereby NK cells are activated against a specific antigen. CD16a binds IgG1 antibodies 

(149), therefore IgG1 antibodies that opsonise a cell can activate NK cells via CD16a engagement to 

the Fc region of IgG1. CD16a signals via the adapter proteins CD3ζ and Fcγ which possess ITAMs to 

recruit downstream signal transducers as outlined in Figure 1-5 to induce degranulation of cytotoxic 

granules and secretion of cytokines and chemokines. There are two alleles of CD16a with a single 

amino acid substitution at position 158 of phenylalanine (F158) to valine (V158) (150). The valine 

allele confers stronger binding to IgG1 (and IgG3) and transduces stronger activating signals into NK 

cells leading to enhanced ADCC (150). Compared to other Fc receptors such as CD16b, CD32a/b and 

CD64, CD16a has a low-intermediate affinity for IgG1 (151). Compared to other IgG isotypes IgG3 has 

the highest affinity for CD16a followed by IgG1 > IgG4 > IgG2 (151). Besides ADCC, NK cells can 

indirectly boost other forms of antibody-mediated immune responses such as antibody-dependent 

cellular phagocytosis (ADCP). NK cell secretion of CCL3/4/5 and IFNγ promote macrophage 

infiltration and activation and in the presence of anti-CD20 mAbs enhance macrophage phagocytosis 

of B-cell lymphomas (152).  

1.3.6 Adaptive/memory NK cells 

Although NK cells are classically described as innate effector cells of the innate immune system, 

evidence is emerging of an adaptive, memory-like NK cell population (153). These possess 

phenotypic, functional and epigenetic differences compared to other NK cell populations and can 

persist after hantavirus infection in humans for more than two months (154). In viral experiments in 

mice, re-exposure to the infectious agents induces a rapid response by adaptive NK cells which are 

able to produce larger quantities of cytokines, are highly cytotoxic and are able to protect naïve mice 

from primary infection (87,155). The promoter region of IFNγ is hypomethylated in adaptive NK, 

endowing them with a high capacity to produce IFNγ (156). In humans, a similar adaptive NK cell 

population has been reported in HCMV-infected individuals marked by high NKG2C expression (153). 

Cytokine-induced memory (CIML) NK cells can be induced by incubation with IL-12, IL-15 and IL-18 

and these NK cells have shown increased persistence, expansion and activation in in vitro and in vivo 

models of cancer (157,158). 
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1.4 Receptors regulating NK cell activity. 

As depicted in Figure 1-4, NK cell activation is governed by the integration of signals derived from 

inhibitory and activating receptors. NK cell receptors are germ-line-encoded and do not undergo 

gene rearrangement like TCRs and BCRs. As such NK cell receptors are not antigen specific and this 

allows for a rapid NK cell immune response. Not all receptors are expressed by any one NK cell, 

therefore NK cell subpopulations exist with differentially expressed receptor profiles (159).  

Studying NK receptor functions and signalling usually involves the use of the B-cell leukemic cell line 

721 which was derived from the PBMC of a healthy individual and transformed with Epstein-Barr 

virus (160). From the parental 721 cell line generations of cells were generated including 721.221 

which is knock out for HLA class I genes and 721.174 which is deficient in the peptide protein 

exporter TAP (161). As such 721.221 and 721.174 cell lines do not express HLA class I proteins. By 

transduction of specific HLA genes or delivery of peptides in the cell media and subsequent co-

culture with NK cells, ligand-receptor interactions can be examined.  

1.4.1 Killer cell immunoglobulin-like receptors (KIR) 

1.4.1.1 Inhibitory KIR 

KIRs represent a major family of inhibitory receptors which recognise peptide-loaded HLA class I 

molecules. KIRs do not undergo rearrangement unlike TCRs and BCRs, thus are germline encoded. 

Similar to CD8+ TCRs which bind the top of HLA class I molecules on the α1 and α2 domains, KIRs 

bind the top of HLA molecules making contact with the presented peptide at the C-terminus end 

(162) and KIR specificity for HLA is determined by polymorphisms in the α1 domain (163). Although 

KIR contact the presented peptide on HLA molecules, KIR recognise HLA-peptide complexes by a 

motif-based mechanism, in contrast to the restricted peptide specificity of TCR:HLA class I 

interactions, enabling the recognition of multiple peptides by KIR (164). In terms of peptide 

recognition, slight changes in the amino acid sequence can alter the recognition motif and therefore 

modulate KIR binding (165). As such, the peptide repertoire contains peptides that strongly inhibit 

and weakly inhibit NK cell functions through differences in KIR affinity for the peptide MHC complex 

(165). As a result of this, KIR genes that are differentially expressed among the population can confer 

protection to infectious diseases based on engagement of KIR with the peptide repertoire presented 

by HLA class I.  

In humans, inhibitory KIRs contain long cytoplasmic tails, four with two Ig-like extracellular domains 

(KIR2DL1-3 and KIR2DL5) and three with three Ig-like extracellular domains (KIR3DL1-3) (166) (Figure 

1-4). ITIM motifs on the intracellular domain of KIRs transduce inhibitory signals via SHP-1/-2 and 

SHIP-1/-2 phosphatases that target effector proteins downstream of activating NK cell receptors to 
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inhibit NK cell activation (Figure 1-4) (167,168). Mechanistically, SHP-1/-2 and SHIP-1/-2 contain Src 

homology 2 (SH2) domains that recognise phosphorylated tyrosine on target proteins including 

activators of NK cells such as SYK and VAV1 (Figure 1-4). Inhibitory receptors binding non-classical 

HLA class I molecules (HLA-F/G) have also been identified, such as KIR2DL4:HLA-G and KIR3DL2:HLA-F 

(Figure 1-4).  

1.4.1.2 Activating KIR 

Alongside inhibitory KIRs NK cell express activating KIRs. Like inhibitory KIRs, activating KIRs contain 

either two (KIR2DS1-5 and KIR2DL4) or three (KIR3DS1) Ig-like domains. However, activating KIRs 

contain a short cytoplasmic tail and possess positively charged amino acids in their transmembrane 

domains (lysine or arginine) that facilitate interactions with DAP12 (or FcRγ for KIR2DL4) (169). These 

adapter proteins contain ITAM motifs to transmit activating signals via phosphorylation of ZAP70, Syk 

and Vav1 (Figure 1-4). Similar to inhibitory KIRs, activating KIRs recognise HLA class I proteins, but 

with lower affinity due to amino acid differences in the HLA-binding domain which has evolved for 

inflammatory settings in which HLA class I is highly expressed (113). Activating KIR recognise HLA by 

self-altered or non-self-peptides loaded onto the HLA binding groove and by open HLA conformers 

lacking peptides within the binding groove (170). The peptides recognised by KIR include self-

peptides for self-tolerance and NK cell education, viral-associated peptides and tumour-associated 

peptides. Most work has addressed KIR recognition in the context of viral infection (17), but 

increasing evidence suggests a role for KIR recognition of cancer-associated antigens (171–173). 

However, the difficulty identifying peptide ligands for activating KIR is the high sequence homology 

between different KIR and the dominating affinity of inhibitory KIR for HLA-peptide loaded 

complexes. For example, in the ligand binding domain there is a 98% amino acid sequence homology 

between KIR2DS2 and KIR2DL2/3 all of which bind to HLA-C group 1 allotypes, however KIR2DS2 does 

not recognise HLA-C group 2 allotypes (174,175). This high sequence homology also makes it difficult 

to raise antibody clones against specific KIR. Usually, multiple antibody clones are used together to 

allow identification of specific KIR NK cell populations. This is illustrated by the combination of the 

antibody clones REA147 (KIR2DL3 and KIR2DL2 specific) and CH-L (KIR2DL3, KIR2DL2 and KIR2DS2 

specific) to identify KIR2DS2+ NK cells enabling research into KIR2DS2 receptor function (176).  

Through using these antibody clones, it is thought that KIR2DS2+ NK cells are primed for activation, 

even in the absence of a cognate HLA-C ligand (172). In terms of peptides that activate the KIR2DS2 

receptor, peptides derived from flaviviruses and hepatitis C virus (HCV) with an AT (alanine-

threonine) motif at positions 1 and 2 at the C-terminus end are recognised by KIR2DS2 leading to 

Vav1 phosphorylation and NK cell activation (174). Recently, it was demonstrated that a cancer-

derived peptide from the nuclear export protein exportin-1 (XPO1), which also has an AT motif, can 
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be recognised by KIR2DS2, demonstrating that KIR2DS2 may have a role in anti-cancer immunity 

alongside anti-viral immunity (171). 

As mentioned earlier, KIRs are germline encoded and KIR genes are organised into two main 

haplotypes. Group A is characterised by inhibitory KIRs plus KIR2DS4 and group B consists of more 

activating KIRs (including KIR2DS1-3, KIR2DS5 and KIR3DS1). Because of this variation in gene 

content, the frequency of activating KIRs between populations vary. This adds additional complexity 

in the study of activating KIRs since donors possess different KIR NK cell populations. For example 

KIR2DS2 is present in approximately 50% of Caucasians and therefore specific donors are required to 

investigate KIR2DS2 function (113). As a result, NK cell subsets with differential activating receptor 

expression possess different thresholds of activation. For example, KIR2DS2+ NK cells are more 

readily activated against tumour targets and have enhanced ADCC functions (172,177) which perhaps 

reflects their association with improved overall survival following cord blood transplantation in acute 

myeloid leukaemia (178) and with improved outcomes of anti-GD2 mAb therapy in neuroblastoma 

(179). As such selectively activating specific NK cell populations with antibodies or peptides (173) and 

exploiting specific KIR NK cell populations in adoptive transfer therapy may improve the efficacy of 

immunotherapy aimed at promoting NK cell function. 

1.4.2 NK cell inhibitory receptors 

NK cell subsets also express non-HLA-specific inhibitory receptors. Examples include PD-1, CD96 and 

TIGIT (Figure 1-6) (166). These receptors, in particular PD-1, are expressed at a very low levels on 

resting NK cells, but upon cytokine stimulation are highly expressed (180). Therefore, these receptors 

are only expressed under specific inflammatory conditions and are important in switching off the NK 

cell immune response.  

HLA class I bind to other receptors expressed by immune cells such as the LILRB(1-5) receptor family, 

although LILRBs have other non-HLA ligands, expressed on a plethora of immune cell types including 

NK cells (181). LILRB1 and LILRB5 on NK cells recognise HLA class I and transduce inhibitory signals to 

prevent NK cell activation. In the context of cancer, NK cells from multiple myeloma and prostate 

cancer patients express high levels of LILRB1 (182). Recently LILRB1 and 2 have been reported to 

recognise murine MHC-E irrespective of peptide cargo (34) and this engagement impedes 

macrophage phagocytosis.  
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Figure 1-6: Non-KIR inhibitory and activating NK cell receptors. 

Major NK cell inhibitory and activating receptors expressed by NK cells and their ligands on target cells. 

Activating receptors associate with ITAM-bearing DAP12 and PI3K-binding DAP10 and upon ligand 

engagement recruit phosphatases and activating signalling components. CD16a signals via Fcγ and 

CD3ζ which has multiple ITAM domains to transduce potent activating signals. Red boxes on inhibitory 

receptors represent ITIM domains.  

 

 

1.4.3 NK cell activating receptors 

As described above the activating receptor CD16a (FcγRIIIa) enables NK cells to contribute to 

humoral immunity by binding to antibody-coated target cells. CD16a engagement with IgG 

antibodies recruits the ITAM-bearing Fcγ and CD3ζ adapter proteins (149,183). CD3ζ possesses 

multiple ITAM domains and can therefore transduce strong activating signals and indeed CD16 

engagement alone is sufficient to activate NK cells (184) (Figure 1-6). Other activating receptors act 

in parallel to activate NK cells (185). ITAM-bearing DAP-10-associated activating receptors include 

NKp30, NKp44 are NKp46 which are referred to as natural cytotoxicity receptors that are activated by 

a plethora of ligands usually expressed by virus-infected and cancerous cells (186). DNAM-1 (CD155 

and CD112 binding) and LFA-1 (CD54/ICAM-1 binding) enable strong immunological synapse 

formation to stabilise the SMAC and can recruit activating proteins via the phosphorylation of the 

DNAM-1 cytoplasmic tail (187,188). Natural killer Group 2 member D (NKG2D) is another important 

activating NK cell receptor that has important immunosurveillance functions by recognising MHC-like 

ligands such as MHC class I-related protein-A/B (MIC-A/B) and UL16-binding proteins (ULBP1-6) that 
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are upregulated during stress (110). NKG2D associates with the adapter protein DAP10, which does 

not have an ITAM domain and does not signal via SRC-family kinases, but instead signals via the 

recruitment of PI3K and VAV1 (189,190). The crucial immunosurveillance role of NKG2D is 

highlighted by the fact that lymphoma cells deficient in NKG2D ligands promote more aggressive 

disease in mice (191) and the shedding of these ligands on human CLL cells are important in 

dampening NK tumour immunosurveillance (49).  

TRAIL and FASL expression by NK enable target cell apoptosis through binding to DR4/DR5 and FAS 

on target cells, respectively. In addition to inducing apoptotic signalling in cancer cells, TRAIL also 

transmits activating signals into NK cells leading to NK degranulation and production of IFNγ 

(137,138). TRAIL activation has been shown to promote expression of granzyme B via modulation of 

the IL-15 signalling pathway (138) and potential activation of the MAPK pathway (137).  

1.4.4 NKG2A and NKG2C receptors 

NKG2A and NKG2C receptors form a heterodimer with CD94 which predominantly acts as a scaffold 

to interact with the ligand HLA-E (Figure 1-6) (15). The signalling component of the heterodimer is 

determined by NKG2A/C. NKG2A contains two ITIM domains to activate SHP-1/2 to inhibit NK cell 

activation (Figure 1-6) (192), whereas NKG2C associates with the ITAM-containing DAP12 adapter 

protein to activate NK cell functions (Figure 1-6). NKG2A/C expression on NK cells is mutually 

exclusive (193) and therefore there is no competition for HLA-E on the same cell. NKG2A is encoded 

by the Klrc1 gene and NKG2C by Klrc2. NKG2A/C not only differ by their intracellular tails, but they 

also differ in their extracellular domains such that they associate with HLA-E bound to different 

peptides, being highly selective such that one amino acid change in the presented peptide alters 

NKG2A/C interactions (194,195). When HLA-E presents canonical HLA class I signal peptides, NKG2C 

has a much lower affinity for HLA-E (6-fold lower) and therefore NKG2A interactions dominate (195).  

The functions of NKG2A/C receptors are very well described because of homologues found in mice 

that possess the same functions and have the same receptor ligand as humans. In mice HLA-E is 

referred to as Qa-1b and Qa-1b also presents signal peptides derived from MHC class I proteins (196). 

NKG2A is also highly expressed in the human circulation (~30-60% of peripheral blood NK cells) 

making it easy to obtain samples and study human NKG2A functions. Besides regulating NK cell 

activation and inhibition, NKG2A is also important for HLA class I-independent NK cell education as 

described in section 1.3.2. Loss of NKG2A in mice during NK cell development results in NK cell hypo-

responsiveness towards targets such as cancer cells or virally-infected cells both in vivo and in vitro 

(101,104). 

In addition to the canonical HLA class I signal peptides presented by HLA-E, non-canonical peptides 

which modulate NKG2A/C activity are being elucidated, particularly in the context of viral and 
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bacterial infection (26) (Table 1-1). No tumour-associated HLA-E stabilising peptides have been 

identified to date, although stress-associated peptides such as those derived from heat shock 

proteins (HSPs) are well known to stabilise HLA-E and regulate NK cell activity and these may be 

expressed by stressed cancer cells (24,197). For example, HSP60 peptides are presented by HLA-E 

which abrogate NKG2A/C interactions (24). NKG2A binds a wide range of peptides presented on HLA-

E compared to the restricted pool for NKG2C (197). Single nucleotide polymorphisms in HLA class I 

signal peptides induce different levels of HLA-E expression and engage NKG2A/C receptors with 

varying affinity (23), leading to varying signal strength and activating/inhibitory responses. Therefore, 

the level of NKG2A/C signalling depends on the peptides presented by HLA-E and as a result different 

levels of education could be conferred via NKG2A. The varying affinities for peptides by NKG2A/C 

receptors in different disease contexts and the levels of NKG2A+ and NKG2C+ NK cell infiltrates will 

also determine the magnitude of an NK cell activating response. 

 

Table 1-1: Selection of HLA-E stabilising peptides at homeostasis and stressed states  

Peptide Protein Reference  

Homeostatic conditions   

VMAPRTLVL HLA-A (26)(194)(198)(15)(19)  

VMAPRTVLL HLA-B (26)(194)(198)(15)(19)  

VMAPRTLIL HLA-C (26)(194)(198)(15)(19)  

VMAPRTVFL HLA-G (26)(194)(198)(15)(19)  

VMAPRTLFL HLA-G (199)(200) 

VNPGRSLFL BFR (bifunctional apoptosis regulator) (26) 

Viral and bacterial infection   

VMPLSAPTL SARS-CoV-2 – Nsp13 (201) 

AISPRTLNA HIV (202) 

VMAPRTLIL HCMV – UL40 (203)(204) 

VMAPRTLFL HCMV – UL40 (203) 

RLPAKAPLL TB – enoyl reductase (205) 

Stress   

QMRPVSRVL HSP60 (24) 
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Alongside regulating NK cell activation, NKG2A maintains the expansion capacity of NK cells (82) and 

enhances NK cell survival (206). It was shown in vitro with human NK cells that NKG2A marks highly 

proliferative NK cells and that NKG2A+ NK cells are more resistant to apoptosis (82). But whether 

NKG2A plays a critical role in maintaining NK cell expansion or is a passive marker on proliferative NK 

cells remains to be determined. The study by Kaulfuss (82) did not look into the function of NKG2A 

during NK cell expansion, and the K562 feeder cell line is negative for functional HLA-E expression 

(26,207) and therefore NKG2A would not have been engaged during expansion. It would have been 

interesting to decipher whether re-introducing NKG2A into sorted NKG2A- NK cells would 

recapitulate a highly proliferative NKG2A+ NK cell phenotype. Furthermore, it will be interesting to 

uncover whether these findings hold true in vivo, such as do NKG2A+ NK cells outcompete NKG2A- 

NK cells when introduced into mice at a 1:1 ratio?   

The activation kinetics of NKG2A, unlike KIR, follows saturation kinetics such that when HLA-E is lowly 

expressed changes in surface expression leads to potent changes in NKG2A signalling, perhaps 

reflecting the evolution of NKG2A with the lowly expressed HLA-E protein (17,208). When HLA-E is 

highly expressed, further increases in expression have limited consequences on NK cell function. In 

this manner, NKG2A can respond quickly and potently to slight changes in HLA-E expression levels 

which may be disrupted during oncogenesis and viral infection when antigen processing and peptide 

presentation is disrupted, acting as a sensor for antigen processing machinery (34).  

Besides being expressed on NK cells, NKG2A is also found on activated CD8+ T cells (209). NKG2A is a 

late checkpoint receptor being expressed after three rounds of stimulation on CD8+ T cells and is a 

marker of clonal expansion (209–212). Because of this upregulation of NKG2A upon activation, 

NKG2A increases the survival capability of T cells which allows clone-specific proliferation (206,213). 

Interestingly, anti-CD19 chimeric antigen receptor (CAR) T cells used to treat patients with diffuse 

large B-cell lymphoma (DLBCL) had increased NKG2A expression after 28 days compared to the pre-

infused product (214), suggesting that repeated CAR T cell activation also induces the expression of 

the late checkpoint receptor NKG2A. Hence, in the context of cancer NKG2A can mark disease-

specific exhausted T cells within the tumour microenvironment. 

Because of the important cytotoxic functions of NK cells and their role in modulating adaptive 

immune responses via the secretion of inflammatory molecules, NK cells are critical to the onset and 

resolution of multiple diseases including infections and cancer. There have been many investigations 

into the role of activating and inhibitory NK cell receptors during disease and discussed briefly below 

are the key studies into KIR2DS2 and NKG2A in infection and cancer. 
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1.5 Roles of NK cells in disease 

1.5.1 Role in infection 

NK cells are critically important in the resolution of viral infection as demonstrated by specific KIR NK 

cell populations providing protection from infections and contributing to the resolution of disease 

(113). For example, higher levels of KIR3DS1 expression correlate with lower HIV viral loads (215) and 

KIR2DS2 has been shown to protect from HCV (174) and COVID-19 (216) infections. This is perhaps 

reflected by the virus-associated peptides presented on HLA proteins that activate these KIR which 

confers protection to individuals with specific HLA allotypes and KIR haplotypes. 

NKG2A is also associated with virus infection outcomes. Individuals with late-stage HIV infection 

were found to have increased NKG2A expression on cytotoxic NK cells and this may impede HIV 

clearance (217). HIV infection in in vitro models demonstrated that increased HLA-E expression on 

CD4-expressing 721.221 cells promoted escape from NKG2A+ NK-mediated immunity (218) and high 

viral load is associated with higher HLA-E expression in individuals (219). Additionally, HCV peptides 

released from infected hepatocytes stabilise HLA-E at the plasma membrane inhibiting NKG2A+ NK 

cell function (220). Blockade of this interaction with antibodies against NKG2A or Qa-1b in infected 

mice promoted HCV clearance, illustrating that NKG2A is an important checkpoint in HCV infection 

(221). HLA-E overexpression was also found in cervical cancer biopsies of HPV-infected women (222). 

Together, these studies demonstrate the importance of HLA-E:NKG2A interactions in limiting the 

anti-viral NK cell immune response. 

On the other hand, HLA-E expression has been linked to improved NK cell-mediated immunity. HLA-E 

presentation of non-structural protein 13 (Nsp13) from SARS-CoV-2 abrogates interactions with 

NKG2A to stimulate NK cell activation, but its physiological relevance needs to be determined (201), 

but overrepresentation of NKG2A+ NK cells has been observed in COVID-19 patients compared to 

healthy controls (223–225). This suggests that modulation of NKG2A:HLA-E interactions may improve 

COVID-19 resolution or that an on-going immune response by NKG2A+ NK cells due to Nsp13 

presentation by HLA-E is promoting immunopathology in COVID-19. 

NKG2A+ NK cells are also important in the identification of and lysis of vaccinia virus-infected cells 

(226). Specific downregulation of HLA-E after vaccina virus infection of 721.221 cells activate NKG2A+ 

NK cells. In mice, LCMV infection induces Qa-1b expression on B and T lymphocytes which inhibits 

NKG2A+ NK cell killing of anti-viral T cells allowing clearance LCMV (27). This study demonstrates the 

opposing functions of NK cells in anti-viral immunity. In certain settings NK cells directly lyse infected 

targets thereby facilitating viral clearance. In other settings, NK cells limit anti-viral T cell responses 
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which enable viral replication and immunopathology. Understanding the interplay between immune 

cell populations in specific viral infections will aide therapeutic intervention strategies.   

1.5.2 Role in cancer 

1.5.2.1 Historical perspective of NK cells and the role of NKG2A expression in cancer 

Since their initial discovery, NK cells have been shown to possess potent anti-cancer functions from 

cancer onset to metastasis. Early studies revealed that perforin-deficient (227) and TRAIL-deficient 

(228) mice develop lymphoma with age and NK cell production of perforin is crucial to control 

tumours in vivo (229). An important 11-year follow up study into NK cell activity and cancer incidence 

in humans revealed that high activity of NK cells reduced cancer incidence across >3000 individuals 

(230). Numerous studies have looked at NK cell tumour infiltrates and found that increased NK cell 

number correlates with better prognosis, highlighting the positive role NK cells play in anti-tumour 

immunity (231–233).  

During cancer onset, NK cells identify transformed cells by the decreased surface expression of MHC 

proteins and by upregulation of stress ligands (B7H6, MIC-A/B and ULBPs) as outlined previously 

(234). Oncogenic stress, which is associated with increased DNA damage and enhanced cell 

proliferation, can induce upregulation of stress ligands and therefore enhance NK cell 

immunosurveillance (110). In terms of MHC expression, murine lymphoma cells expressing Qa-1b are 

able to establish tumours, whereas lymphoma cells knockout for Qa-1b are able to establish tumours 

and this was shown to be dependent on NK cells (43). In addition, NK cells have been shown to 

inhibit metastasis in murine models of ovarian cancer, highlighting a role of NK cells in late-stage 

cancer progression (235). Recently, it was illustrated that high HLA-E and HLA-C expression on 

circulating pancreatic tumour cells can protect from NKG2A+ and KIR2DL1+ NK cell-mediated 

clearance, respectively, and therefore promote metastasis to the lung, demonstrating that NK cells 

participate in cancer elimination during tumour migration (236,237).   

In cancer patients, it is evident that NK cell function is impaired intrinsically alongside tumour 

promoting an immunosuppressive environment. For example, in haematological malignancies NK 

cells have decreased cytotoxic granule number, have impaired ADCC capability and patients have 

reduced NK cell numbers (238–240). In addition, NK cell subsets are skewed towards an inhibitory 

phenotype through differential expression of activating and inhibitory receptors. For example, in 

paediatric leukaemia NKG2A associates with NK cell dysfunction (241) and in chronic lymphocytic 

leukaemia (CLL) the activating receptor NKp30 is severely downregulated (49) and in conjunction 

with reduced total NK cell number correlates with worse survival (242).  
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An in-depth RNA-seq analysis of 33 tumour types revealed that HLA-E is upregulated in cancer and 

this correlates with NKG2A expression in tumours (243) and in mice intratumoral NK cells 

upregulates NKG2A (244). Upon entry into an immune-suppressive TME, NK cells become rapidly 

dysfunctional, losing expression of effector molecules and having increased expression of inhibitory 

receptors including NKG2A (245). This loss of NK function may involve increased expression of HLA-E 

on tumours, since HLA-E expression is known to be regulated by inflammatory conditions 

(34,144,246). Overall, these studies demonstrate that an opportunity exists to disrupt HLA-E:NKG2A 

interactions in cancer to induce an NK cell immune response given the important of HLA-E expression 

in cancer onset and progression. 

1.5.2.2 Expression of KIR2DS2 in cancer 

As for specific KIR NK cell subsets certain KIR NK cell populations are correlated with cancer 

development and treatment outcomes. For example, KIR2DS2 is associated with decreased risk of 

developing childhood B-cell acute lymphoblastic leukaemia (178,247). In terms of treatments, 

KIR2DS2 is associated with lower risk of relapse in haematological malignancies after cord blood 

transplantation and is correlated with improved progression-free survival of patients with non-

Hodgkin lymphoma after transplantation (248). Furthermore, improved clinical outcome in multiple 

cancer types including breast (249), lung (250), liver (251) and colorectal (252) cancer is correlated 

with KIR2DS2 expression. This may be due to the high anti-tumour activity of KIR2DS2+ NK cells as 

compared to other KIR NK cells; KIR2DS2 expression marks those with enhanced degranulation and 

increased IFNγ production (172). By targeting KIR2DS2+ NK cells with viral peptide vaccines 

containing the AT motif, an anti-tumour NK cell immune response can be generated to augment 

tumour regression in mice (173). Interestingly, CD16a expression is higher on KIR2DS2+ NK cells 

(172,253) and this promotes enhanced ADCC as shown with anti-GD2 (179) and CD20 antibodies 

(172). Moreover, KIR2DS2-expressing neuroblastoma patients who received anti-GD2 treatment had 

superior event-free survival (179). 

As a result of their potent anti-cancer function and detailed knowledge of the molecular mechanisms 

governing NK cell activation, therapies have been designed to promote NK cell activation. These 

include peptide vaccination strategies, NK cell adoptive transfer approaches using allogeneic and CAR 

NK cells and monoclonal antibody therapy that induce ADCC or impede inhibitory signalling.  
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1.6 Exploiting NK cells in cancer therapy 

1.6.1 Direct targeting monoclonal antibody therapy 

Monoclonal antibody (mAb) therapy has revolutionised cancer treatment being used to treat a wide 

variety of cancer types with great success. There are two main types of mAb therapy classified by 

antigen specificity: direct targeting and immunomodulatory mAb therapy. Direct targeting mAbs bind 

to specific receptors on cancer cells and act by opsonising tumours to the immune system. These 

work by inducing ADCP by macrophages and enhancing complement-dependent immunity. NK cells 

also contribute to the efficacy of direct targeting mAbs through their ADCC capabilities (254) (Figure 

1-7). On the other hand, immunomodulatory mAbs recognise receptors expressed by tumours or 

immune cells, including NK cells, to either potentiate immune cell activation (immune stimulatory 

mAbs) or prevent their inhibition (immune checkpoint inhibitors) (Figure 1-7). 

 

 

Figure 1-7: Mechanisms of action of monoclonal antibodies which promote NK cell activation against 

tumours. 

Direct targeting monoclonal antibodies (left) which target tumour antigens enhance NK cell ADCC via 

engagement with CD16a. Immune checkpoint inhibitors block inhibitory NK cell receptor interactions 

with ligands on tumour cells to impair inhibitory NK cell signalling. Stimulatory antibodies which are 

undergoing clinical assessment potentiate activating signalling by NK cells. 
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The first and one of the most successful direct targeting mAbs are those targeting CD20 in B cell 

malignancies. Rituximab was the first anti-CD20 IgG1 mAb approved in 1997 (255). Although IgG3 has 

increased affinity for CD16a, IgG1 isotypes are preferred due to the numerous allotypes of IgG3 

making it incompatible for clinical use due to increased immunogenicity and reduced half-life (256). A 

cascade of next generation anti-CD20 mAbs followed rituximab to improve ADCC and ADCP (257). 

Obinutuzumab is a next-generation anti-CD20 mAb with a glycoengineered Fc domain that is non-

core-fucosylated enabling it to bind more strongly to CD16a (258). Obinutuzumab has shown 

increased efficacy over rituximab in chronic lymphocytic leukaemia (CLL), enhancing the progression 

free survival of patients (259). In terms of NK cells, an association between fewer circulating NK with 

shorter progression free survival with anti-CD20 chemoimmunotherapy in non-Hodgkin lymphoma 

was observed (260) and patients bearing the high affinity CD16 allele (V158) had improved response 

and survival to rituximab (261,262), highlighting the potential importance of NK cells to contributing 

to anti-CD20 mAb therapy.  

Some direct targeting mAbs, such as daratumumab (anti-CD38) used to treat multiple myeloma, bind 

tumour antigens that overlap with receptors expressed on effector immune cells. NK cells express 

CD38, albeit at a lower level compared to myeloma cells, thus daratumumab opsonises NK cells to NK 

cell-mediated lysis (263). Although NK cell counts reduced in patients treated with daratumumab, 

clinical response was not affected. The remaining NK cells in Daratumumab-treated patients were 

still able to lyse opsonised tumour cells highlighting the importance of NK cells in anti-CD38 efficacy 

and suggesting that improved efficacy may be observed by shielding CD38+ NK cells from 

daratumumab binding (264).   

Inhibitory receptors on NK cells can impede ADCC (265) including the NKG2A receptor (266) and 

inhibitory KIR (267) and the activity of these receptors can be inhibited to augment the anti-tumour 

functions of NK cells. This class of antibody therapy is referred to as immune checkpoint therapy. 

1.6.2 Immunomodulatory mAb therapy 

1.6.2.1 Immune checkpoint inhibitors 

The current approved immunomodulatory mAbs target either CTLA-4 or the PD-1/PD-L1 interaction 

and more recently the anti-LAG-3 mAb relatlimab was approved for melanoma (268). In terms of NK 

cells, the PD-1/PD-L1 axis plays an important role in myeloma escape from NK cell activation and the 

use of anti-PD-1 mAbs demonstrated enhanced NK cell activation against patient myeloma cells 

(269). Interestingly, tumours can induce PD-L1 expression on NK cells and anti-PD-L1 therapy has 

been shown to stimulate NK cells which may explain anti-PD-L1 efficacy in PD-L1 negative tumours 

(270). Building upon this, it was recently demonstrated that PD-L1+ NK cells were efficacious in 

combination with the anti-PD-L1 monoclonal antibody atezolizumab in in vivo models of lung cancer 
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(271). Despite the success of immunomodulatory mAbs in treating many cancer types, not all 

patients respond, and new targets are warranted. 

Novel checkpoint inhibitors are being clinically investigated to unleash the anti-tumour capacity of T 

cells and NK cells. TIGIT has been described as an important NK cell checkpoint, being expressed on 

activated NK cells and promoting exhaustion (272). Knockout of TIGIT can improve NK cell 

cytotoxicity and promote metabolic fitness (273). TIGIT expression correlates with anti-tumour 

activity, and blocking TIGIT promotes a potent activating NK cell response and improves tumour 

regression in mice (272,274). As described above in sections 1.4.4 and 1.5.2.1, NKG2A is an important 

immune checkpoint on NK cells and CD8+ cytotoxic T cells. The fact that NKG2A is not expressed on 

regulatory T cells (209) makes it an attractive target to enhance an anti-tumour T cell immune 

response. Furthermore, NKG2A identifies highly anti-tumorigenic γδ T cells (275) and antigen 

experienced, clonal CD8+ T cells (211,212) and in contrast to PD-1, NKG2A is a late checkpoint on T 

cells, appearing at the plasma membrane after three rounds of TCR stimulation (210). Therefore, 

alongside activating a potent NK cell immune response, specific T cell populations with high anti-

tumour activity will be activated. 

Monalizumab is an anti-NKG2A mAb that promotes NKG2A+ NK cell and NKG2A+ T cell function by 

disrupting NKG2A engagement with the inhibitory ligand HLA-E (43). This checkpoint inhibitor has 

shown great promise in pre-clinical trials of B-cell lymphoma (43) and is currently in phase III clinical 

trials in combination with cetuximab (anti-EGFR) for the treatment of head and neck squamous cell 

carcinoma (276,277) (NCT04590963) and in phase III clinical trials with durvalumab for non-small cell 

lung cancer (NCT05221840). Additionally blockade of NKG2A function can promote anti-tumour 

vaccine strategies (278). However, the problem with impairing NKG2A signalling with mAbs is the 

potential to impede NK cell education which is important for producing functional NK cells 

(101,102,104) and the fact that that different peptides presented on HLA-E can modulate the activity 

of anti-NKG2A mAbs (279). For example, HLA-G leader peptide presentation on HLA-E reduces the 

potency of monalizumab-induced NK cell activation and therefore patient stratification may be 

required. Considering these points, targeting HLA-E with mAbs may be a more viable option that may 

provide a tumour-specific approach through peptide targeting and avoiding the negative effects of 

negating NKG2A-mediated education and targeting HLA-E may also promote ADCC alongside 

reducing inhibitory signalling as with targeting PD-L1 (Figure 1-7) (280,281). 

On the reverse, high HLA-E expression may offer the opportunity to promote anti-tumour immune 

responses via NKG2A. Overexpression of HLA-E on adoptively transferred stem cells evade rejection 

by NK cells (282) and multiple studies have shown that high expression of HLA-E improves 

persistence of CAR T cells and CAR NK cells in vivo which could potentially be used as a universal 

source of CAR immune cells (283–285). An interesting study also showed that swapping the 
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extracellular domain of NKG2C with NKG2A can augment NK cell and T cell function against HLA-E-

expressing tumours and control glioblastoma in xenograft murine models (286). Overall, these 

studies demonstrate the powerful immunosuppressive nature of HLA-E which can be capitalised 

upon in adoptive transfer settings. 

Further NK cell immune checkpoints are being investigated for their potential to stimulate an anti-

tumour immune response. LILRB1, known for its inhibitory functions in macrophages (287), is a novel 

target that through blocking its interaction with HLA class I may promote an NK cell immune 

response and increased LILRB1 expression on NK cells has been reported in prostate cancer patients 

(182,288). Further targets include blocking inhibitory KIR on NK cells (289). Lirilumab is an anti-

KIR2DL mAb which increases NK cell cytotoxicity and shows synergy with anti-CD20 mAbs in mouse 

models of B-cell lymphoma (290). Combined with IL-2, lirilumab can reverse NK cell hypo-activity in 

glioblastoma (291). However, the challenge with targeting KIR is the high homology between KIR 

which may impede activating KIR activation and block other inhibitory KIR leading to overactive NK 

cells. Indeed, in a phase II clinical trial for AML, lirilumab impaired T cell activation and reduced NK 

cell counts, and did not improve survival outcomes for patients (292). Potentially, lirilumab impairs 

NK cell licensing to tumour cells. Hence, it is important to determine the optimal treatment regimen 

when targeting key receptors involved in NK cell education, such as KIR and NKG2A, such that 

transient blockade will promote an anti-tumour immune response but negate deleterious effects on 

NK cell education. 

1.6.2.2 Stimulatory antibodies and NK cell engagers 

Besides discovering novel immune checkpoint inhibitors, stimulatory antibodies may provide 

increased response rates in cancer patients to mAb therapy. These work by binding to activating 

receptors on T cells and NK cells to stimulate receptor signalling to promote an anti-tumour immune 

response. Examples include antibodies targeting 4-1BB, OX40 and CD27 and these are being pre-

clinically and clinically tested (293–295). These molecules are found on activated T cells and NK cells, 

therefore utilising these antibodies would potentiate an on-going immune response. Designing 

antibodies against NK cell activating KIRs could be another strategy to enhance NK cell activation 

against tumours. However, the major problem with this strategy is the genetic similarity between 

KIRs such that an antibody raised against an activating receptor may also bind inhibitory KIRs (113). 

Identifying which KIR to target is an additional challenge because assays comparing KIR NK cell 

populations are difficult to conduct since there are no commercially available antibodies to 

specifically detect certain KIRs. As such, novel approaches are required to activate KIR on NK cells. 

Similar to antibodies, next generation multifunction molecules that co-target tumour antigens and 

NK cell activating receptors are aimed at improving engagement and activation of NK cells against 

tumours (296,297). These molecules are termed killer cell engages (NKEs) and are being developed in 
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multiple formats: bi-specific killer cell engagers (biKEs) and tri-specific killer engagers (TriKEs). These 

induce stronger activating signals via the simultaneous engagement of more than one activating 

receptor (298). 

A CD16axCD33 biKE has shown to be an effective activator of autologous NK cells in AML and ALL in 

ex vivo experiments (299). A TriKE designed against CD16a on NK cells, CD19 on tumour targets and 

linked to the IL-15 cytokine to promote NK cell proliferation and survival promoted a potent NK 

immune response against B-cell lymphoma cell lines and CLL patient targets (300). NK production of 

IFNγ was superior compared to rituximab treatment, highlighting that these next generation NK 

engagers boost NK anti-tumour functions more potently than mAbs. Other NK receptor targets of 

NKEs include NKG2D and NCRs, which in certain contexts may promote a more effective NK cell 

immune response (298).  

1.6.3 NK cell adoptive transfer therapy 

Adoptive NK cell therapy involves the transfer of ex vivo expanded autologous or allogeneic NK cells 

into patients (301). Compared to T cell adoptive transfer therapy, NK cells have the potential of 

providing an off-the-shelf, universal product using allogeneic NK cell sources. To date no evidence of 

graft-versus host disease (GvHD) nor cytokine release syndrome (CRS) have been observed (302–

305). The lack of CRS may be due to the reduced abundance of cytokines that drive CRS such as IL-6 

(303). Sources of NK cells include cell lines (NK-92 and YT), primary NK cells derived from peripheral 

blood and umbilical cord blood and the differentiation of NK cells from pluripotent stem cells. The 

concept of using alloreactive NK cells stems from the observation that NK cell infusion of KIR ligand 

mismatch grafts induce better responses in AML patients (306). This complements the missing self-

hypothesis such that KIRs on infused NK cells are not inhibited by HLA in patients. 

Expanded NK and CIML NK cells are known to be highly cytotoxic towards cancer cells (157,307) 

including primary patient CLL cells (308) and so exploiting their use in patients is of particular 

interest. One major challenge with NK adoptive transfer therapy is the production of clinically 

relevant NK cell numbers. How to effectively culture and grow NK cells requires optimisation and 

knowledge of how culture methods regulate NK cell receptors is important for predicting efficacy. 

Common culture methods use IL-2, IL-15, IL-21 cytokines and feeder cells and recently, it was 

illustrated that IL-21 produces high yields and highly cytotoxic NK cells (309,310). All culture methods 

upregulate the inhibitory receptor NKG2A (243,311–313) hence, the efficacy of NK cell adoptive 

transfer therapy may be reduced in cancer settings with high HLA-E expression. To overcome this NK 

cells could be genetically manipulated to downregulate NKG2A expression and this was shown to be 

more effective at promoting NK cell anti-tumour functions compared to antibody blockade (314). 

Preclinical work has shown that knockdown of NKG2A with siRNA boost NK cell effector functions 
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against HLA-E+ tumours in vitro and in vivo (315–317). Use of protein expression blockers (PEBLs) 

against NKG2A which sequester NKG2A in the Golgi enhance NK cell anti-tumour functions against 

AML cell lines and primary tumours (243). CIML NK cells may provide improved benefit as these have 

enhanced anti-tumour functions and increased persistence and have induced remission in paediatric 

AML patients (157,318,319). Improving the efficacy of memory-like NK adoptive transfer could 

involve targeting the NKG2A:HLA-E axis as memory NK cells also upregulate NKG2A expression (318).  

1.6.4 Chimeric antigen receptor (CAR) NK cells 

CAR NK cells are designed to improve the activation, tumour-specificity and persistence of adoptively 

transferred NK cells. As with CAR T cells, NK cells can be engineered to express a receptor specific for 

a tumour antigen using retroviral or lentiviral delivery methods into NK cell lines or primary NK cells. 

The intracellular signalling domain of CAR constructs varies depending on NK cell source and consists 

of combinations of CD3ξ, CD28, 4-1BB, DAP10 and DAP12 (Figure 1-8) (320). Many CAR NK constructs 

are undergoing pre-clinical investigation with multiple studies now in clinical trials primarily for 

haematological malignancies (304), in particular using anti-CD19 CAR NK against B-cell malignancies 

(321). Anti-CD19 CAR NK cells have provided promising results in phase I and II clinical trials for non-

Hodgkin lymphoma and CLL (303) and in a recent trial (NCT03056339) of relapsed/refractory patients 

with CD19+ tumours responders to anti-CD19 CAR NK cells had a 1-year overall survival of 94% with 

no observations of toxicities (cytokine release syndrome, neurotoxicity nor GvHD) (305). 

 

 

Figure 1-8: Generations of chimeric antigen receptor constructs. 

CAR NK cells express a construct consisting of an antibody short chain variable fragment (scFv) specific 

for a cell surface antigen and signalling domains to promote activating signalling. The intracellular 

domain of the first-generation construct consists only of a CD3ξ signalling domain. Subsequent 

generations of CARs include co-stimulatory domains from the intracellular domains of CD28, 4-1BB, 

DAP10 or DAP12.  
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It could be imagined that specific NK cell populations with high anti-tumour activity such as KIR2DS2+ 

NK cells transduced with a CAR construct will boost the efficacy of CAR NK cell therapy (172). 

Additionally, it could be speculated that KIR2DS2+ CAR NK cells could be further bolstered by 

strategies activating KIR2DS2 via presentation of peptides on HLA molecules such as with peptide 

vaccine strategies (173). Boosting CAR NK cell efficacy could also be achieved using NK receptors with 

a wide range of ligands such as NKG2D. NKG2D-tranduced CAR NK cells enhance the survival of mice 

engrafted with multiple myeloma cell lines (313). In addition to CAR expression, NK cells could be 

engineered with multiple receptors to improve tumour targeting. This has been demonstrated with a 

quadruple gene-engineering approach in which NK cells target B cell maturation antigen (BCMA), 

express non-cleavable CD16a, possess membrane-bound IL-15 and are knockout for CD38 to avoid 

NK cell fratricide with anti-CD38 mAbs (322). These quadruple-gene engineered NK cells are 

extremely cytotoxic towards multiple myeloma cells in combination with anti-CD38 mAbs.  

Another mechanism by which to improve CAR NK cell approaches could be through modulation of 

inhibitory receptors that become highly expressed on NK cells during expansion (after ~1 week) and 

activation (43,243). The increased expression of inhibitory receptors may skew CAR NK cells into an 

inhibitory state, since there exists a fine balance between activating and inhibitory NK cell signalling 

(105). Levels of the inhibitory SHP-1 phosphatase is a biomarker for enhanced NK cell activity in 

donors, such that low levels (induced through productive education via KIR and NKG2A) enhance NK 

cell activity (105). Therefore, exploiting donors with low SHP-1 expression or targeting SHP-1 

expression via genetic engineering approaches may overcome inhibitory receptor signalling in CAR 

NK cells.  

As described above, NKG2A is upregulated across multiple expansion protocols and indeed NKG2A 

can limit anti-BCMA and anti-CD33 CAR NK cell anti-tumour functions and this can be overcome with 

antibody blockade or CRISPR/Cas9, respectively (323,324). Besides combining NK cell 

immunotherapy with knockout or antibody approaches, small molecules that induce intrinsic cancer 

cell toxicity whilst mediating anti-cancer immunity through the modulation of NK cell ligand 

expression could be an effective method of improving tumour regression in patients. Moreover, 

preclinical models have shown increased tumour regression using NK cell immunotherapy in 

combination with anti-cancer agents (325,326). Using CLL murine models allogeneic and autologous 

membrane-bound IL-21-expanded NK cells in combination with venetoclax or obinutuzumab showed 

improved mouse survival compared to monotherapy (327). Additionally, this study illustrated that 

the bruton’s tyrosine kinase inhibitor (BTKi) ibrutinib was less effective in combination with NK cells 

compared to venetoclax or obinutuzumab, most likely due to the off-target effect of ibrutinib 

inhibiting IL-2-inducible kinase (ITK) which is important for NK cell function (328). The use of the 

next-generation BTKi orelabrutinib with reduced ITK inhibition improved mouse survival in 

combination with rituximab compared to ibrutinib (329). Thus, understanding which small molecule 
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drugs best combine with immunotherapies will enable the most optimal anti-cancer responses in 

patients. The most promising results to date corroborating the use for NK cell immunotherapy have 

been observed for haematological malignancies, particularly of B cell origin and the multiple 

compounds used to treat B-cell malignancies offer a potential opportunity to combine small 

molecules with NK-stimulating immunotherapies. 

 

1.7 B-cell and plasma cell malignancies 

1.7.1 Development of B cell lymphoma/leukaemia and multiple myeloma 

Haematological malignancies arise from the cells of the blood, including NK cells, B and T 

lymphocytes, myeloid cells and megakaryocytes. Oncogenic transformation is a result of healthy cells 

acquiring genetic abnormalities overtime which induces genetic instability, enhances cell 

proliferation, increases resistance to apoptosis and protects from immune destruction as in the 

hallmarks of cancer (41). There are two main types of lymphoma: Hodgkin lymphoma and non-

Hodgkin lymphoma (NHL), the latter account for 90% lymphoma cases (330). Hodgkin lymphoma is 

characterised by Reed-Sternburg cells at diagnosis and a key risk factor is Epstein-Barr virus infection 

in childhood (330). Focussing on B-cell NHL which account for 90% of NHL, this is separated into 19 

subtypes of which there are two major groups of disease: aggressive disease and indolent disease.  

The cellular origin of B-cell lymphomas was deciphered from gene expression studies comparing 

expression profiles between malignant cells and normal B cells (331,332) and the subtypes studied in 

this thesis are highlighted in Figure 1-9. Diffuse large B cell lymphoma (DLBCL) is the most common 

and most aggressive NHL accounting for 31% of cases in adults, mantle cell lymphoma (MCL) 

accounts for 6% of cases and Burkitt lymphoma 2% of cases (333).  
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Figure 1-9: Cellular origin of B-cell malignancies and multiple myeloma. 

Chronic lymphocytic leukaemia (CLL) with unmutated IGHV (immunoglobulin heavy chain) develops 

from naïve B cells. Upon B cell activation such as TLR stimulation or encountering BCR-specific antigen, 

activated B cells enter the germinal center to begin the process of somatic hypermutation (SHM) in 

the dark zone and selection and class switching (CS) which takes place in the light zone with help from 

follicular dendritic cells (which present antigens to assess BCR affinity) and T helper cells (through 

CD40:CD40L interactions and cytokine secretion e.g. IL-4), respectively. IL-4 and CD40L signalling in 

malignant B cells facilitates cell proliferation, survival and drug resistance. At different stages of B cell 

development through the germinal center different malignancies arise. Early after activation and 

progression into the mantle zone, mantle cell lymphoma (MCL) originates. Burkitt lymphoma develops 

from clonal expansion in the dark zone and germinal center B-cell diffuse large B cell lymphoma (GCB-

DLBCL) originates from centrocytes. At the end of B cell maturation, B cells differentiate into either a 

memory B-cell or an antibody-secreting plasma cell. Another form of DLBCL, activated B-cell lymphoma 

(ABC-DLBCL), stems from B cells leaving the germinal center after B cell maturation. CLL cells with 

mutated IGHV due to SHM develop from memory B cells. Malignancies of plasma cells is referred to as 

multiple myeloma. 

 

 

There are common genetic lesions associated with driving malignant transformation of B cells as per 

the hallmarks of cancer (334). In terms of cell proliferation, a gain-of-function in MYC through, for 

example, through chromosome translocation in Burkitt lymphoma leads to overexpression of Myc 

(335,336). MYC acts as a transcription factor for genes involved in cell proliferation, therefore MYC 

overexpression leads to enhanced cell multiplication (337). p53 is an important tumour suppressor 

protein that becomes activated via multiple mechanisms including upon DNA damage and oncogenic 

signalling to halt cell division and if necessary, induce apoptosis (338). Mutations in p53 induce 

genomic instability, allow for oncogenic signalling and promote cell survival and p53 mutations are 

common across all cancers including B-cell neoplasms. Translocation of the BCL2 gene (339,340)  in 
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DLBCL promotes resistance to apoptosis via increased BCL2-mediated inhibition of pro-apoptotic 

proteins that induce mitochondrial leakage and caspase activation. One mechanism to evade 

immune-mediated clearance is through silencing of β2-microglobulin via gene deletion or mutation 

which has been recorded in 29% of DLBCL (341).  

In addition to the many genetic lesions of B-cell malignancies, the multiple developmental stages of 

maturing B cells in germinal centers also contribute to disease heterogeneity (Figure 1-9). MCL is 

derived from naïve B cells in the mantle zone of germinal centers, hence its name. The mantle zone 

surrounds the dark and light zones and develops because proliferating B cells in the dark and light 

zones push naïve B cells to the periphery of the germinal center. Therefore, MCL develops from B 

cells that have not undergone B cell differentiation. Burkitt lymphoma is derived from B cells 

undergoing SHM within the dark zone. DLBCL is separated into two main types depending on the 

origin of the B cell: germinal center B cell-DLBCL (GCB-DLBCL) and activated B cell-DLBCL (ABC-

DLBCL). GCB-DLBCL develops from B cells within the dark zone undergoing SHM, and ABC-DLBCL is 

derived from B cells at the final stage of differentiation. Compared to GCB-DLBCL, ABC-DLBCL is 

correlated with poorer outcomes with standard treatments (342). Lastly, multiple myeloma develops 

from plasma cells which are terminally differentiated, antibody-producing cells that have lost 

expression of classic B cell marker CD19 and CD20. 

Chronic lymphocytic leukaemia (CLL), on the other hand, is the most common adult leukaemia in the 

western world and is associated with the expansion of immature B lymphocytes in the blood, spleen 

and lymph node. Malignant cells are characterised by the positive expression of both CD5 and CD19 

(343) and patients present with various subtypes of the disease which hold prognostic value. The 

major subtype of CLL is based on the mutational status of the immunoglobulin heavy chain variable 

region (IGHV) (344). The genetic differences arise from malignant cells originating from B cells post- 

or pre-somatic hypermutation (SHM), a process of B cell receptor (BCR) affinity maturation towards 

antigens. Unmutated IGHV (U-IGHV) CLL develops from naïve B cells, therefore the IGHV gene 

resembles the germline reference sequence. Mutated-IGHV (M-IGHV) CLL originates from mature B 

cells after SHM and is described as the dominant clonal population having >2% genetic differences in 

the IGHV sequence from the germline reference sequence (345). M-IGHV CLL is usually an indolent 

disease, but the U-IGHV subtype is more aggressive and patients have poorer clinical outcome due to 

the immaturity and proliferative potential of naïve B cells (344,346). In 2-10% of CLL patients, 

particularly those with M-IGHV CLL, Richter’s transformation can occur which is an aggressive B-cell 

malignancy with similar histopathology to DLBCL and is associated with poor prognosis (347). 

In addition to unmutated and mutated forms of CLL, patients present with different expression levels 

of surface proteins which also provide prognostic value. For example high surface expression of IgM 

(the BCR) is associated with poorer clinical outcome as too is high expression of CD49 and patients 



Chapter 1 

71 

positive for CD38 have lower survival probability compared to CD38 negative patients (348–351). 

High expression of these proteins allows for enhanced survival signalling. CD49 mediates interactions 

between CLL cells and aids migration to lymphoid tissue in which CLL cells are immersed in a 

protective, proliferative environment where drug resistance can develop (352,353).   

1.7.2 Treatment of B-cell lymphoma/leukaemia and multiple myeloma 

The survival of CLL cells largely depends on BCR signalling, which upon activation a complex signalling 

cascade ensues which terminates in NFAT, ERK and NF-κB activation which promotes CLL cell survival 

and proliferation (354). Therefore, targeting BCR signalling has demonstrated long-term efficacy, 

both as first-line treatments and in the chemoimmunotherapy relapsed/refractory setting. The 

treatments include PI3-kinase inhibitors (E.g. Idelalisib) and bruton’s tyrosine kinase inhibitors (BTKi, 

such as ibrutinib). Ibrutinib achieved a 70% 5-year progression free survival rate as a front-line 

treatment (355) and in relapsed/refractory settings to immunotherapy showed a progression free 

survival of 44 months (356). As mentioned previously, BCL2 overexpression enhances the survival of 

malignant B cells (339,340) and the anti-BCL2 drug venetoclax is approved for use in CLL (357).  

Immunotherapy regimens are also successfully used to treat CLL as well as NHL including anti-CD20 

mAbs rituximab and obinutuzumab. Rituximab was the first immunotherapy to be approved for CLL 

(358) and the efficacy of anti-CD20 mAbs has greatly improved with antibody engineering 

approaches, such as the development of obinutuzumab which has increased glyocsylation of its Fc 

domain to augment ADCC and ADCP (359,360). For CLL anti-CD20 mAbs are combined with BTKi and 

BCL2 inhibitors described above. For DLBCL anti-CD20 mAbs are used in combination with 

chemotherapy, referred to as R-CHOP therapy and chemotherapy regimens and radiation therapy 

are standard treatments for other types of NHL. 

The anti-CD38 mAb daratumumab is used for the treatment of multiple myeloma as well as the anti-

SLAMF7 mAb elotuzumab, both are used as front-line treatments in combination with chemotherapy 

and the proteasome inhibitor bortezomib. In terms of cellular therapies, the FDA have approved anti-

BCMA CAR T cell therapy for relapsed multiple myeloma patients who have received four rounds of 

therapy and astonishing results have been reported with overall response rates of >90% and 

progression free survival of 2-3 years to date (361).  

Despite the success of these treatment options, they are not able to successfully treat all individuals. 

For example, 60% of DLBCL patients are cured with R-CHOP, but for patients who relapsed prognosis 

is dismal (362). Relapsed DLBCL patients have a median overall survival of 6.6 months on high 

intensity chemotherapy regimens and stem cell transplantation (363). Anti-CD19 CAR T cell therapy 

which is now used as a second line therapy for DLBCL has shown an event-free survival benefit of 6 

months (NCT03391466) (364). For relapsed CLL patients with Richter’s transformation, prognosis is 
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extremely poor with an overall survival of 5.9-8 months (365,366). Therefore, new approaches are 

required for the treatment of relapsed and refractory individuals with B-cell lymphoma/leukaemia.  

Approaches to improve CAR T cell therapy include combinations with mAbs or small molecules (367). 

One challenge with CAR T cell therapy is the use of autologous T cells which have encountered 

rounds chemotherapy treatment and have been immersed in an immunosuppressive environment. 

Another challenge is the period between apheresis and CAR T cell generation which could take up to 

one month and therefore bridging therapies are required to maintain a patient with advanced 

disease in a state capable of receiving CAR T cells (368). Hence, another approach could involve the 

adoptive transfer of allogeneic NK cells which have the potential as an off-the-shelf product, reducing 

the time from intention to treat to NK cell adoptive transfer. As outlined above in section 1.6.4, 

clinical trials (NCT03056339) using anti-CD19 CAR NK cells are showing great promise for the 

treatment of advanced CLL and relapsed/refractory NHL (303,305). But understanding how best to 

promote NK cell function in patients requires knowledge of the extent of patient NK cell dysfunction 

and the mechanisms behind immune evasion of malignant B cells and multiple myeloma cells.  

1.7.3 NK cells in B-cell lymphoma/leukaemia and multiple myeloma 

In newly diagnosed CLL, NK cell number is predictive of disease progression, such that higher NK cell 

frequency induces longer time to treatment in individuals, but compared to healthy controls, NK cell 

abundance is diminished (49,369,370). Although NK cell abundance may be important in CLL, CLL 

cells are immunosuppressive towards NK cells (49,371,372). For example the upregulation of surface 

HLA-E on CLL cells avoids NKG2A+ NK cell recognition and the use of anti-NKG2A blocking antibodies 

revives NKG2A+ NK cell activity (48,372). Additionally ligands for activating NK cell receptors are shed 

from the plasma membrane of CLL cells to escape NK cell immunosurveillance (49,372).  

In addition to the immunosuppressive mechanisms of CLL cells, patient NK cells are partially 

dysfunctional, suggesting impairment of intracellular processes (49,370). Patient-derived NK cells are 

hyporesponsive, being less cytotoxic (373), having decreased degranulation capabilities (374) and 

producing inferior levels of IFNγ (300). NKG2D levels are downregulated in CLL patients compared to 

healthy controls and this downregulation is greater in advanced disease (375) and in DLBCL NKG2A is 

highly expressed on patient NK cells compared to healthy NK (376). The ADCC capacity of patient NK 

is also severely impaired compared to healthy controls (377) and increased expression of HLA class I 

molecules through engagement of inhibitory KIR can mediate escape from ADCC by anti-CD20 mAbs 

(267). Therefore, strategies to replenish NK cell numbers and sensitise CLL cells to NK are required 

and indeed NK hyporesponsiveness can be reversed in CLL patients by providing adequate activating 

signals (374).  
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Malignant B cells besides being in circulation, which are the main cells used in laboratory 

experiments, are also found in secondary lymphoid organs and the bone marrow. Within secondary 

lymphoid organs, malignant B cells are submersed in a microenvironment enriched with molecules 

which can promote proliferation, enhance survival and facilitate drug resistance (2) For example, IL-4 

and CD40L stimulate the expresion of MCL-1, an anti-apoptotic protein, which enhances CLL survival 

and protects from venetoclax treatment (378). In CLL, T cells produce IL-4 (379) and express CD40L 

(380) and in progressive CLL the abundance of T cell-producing IL-4 cells is increased in addition to 

increased IL-4 receptor expression on CLL cells (381) (Figure 1-9). The IL-4 receptor signals via JAK1 

and JAK3 leading to STAT6 phosphorylation and IL-4 is known to increase surface IgM levels (2) and 

inhibit the expression of miRNAs that impair BCR signalling (382) and therefore IL-4 augments 

proliferative and survival BCR signals. As such, IL-4 can impede the effects of BTK and PI3-K inhibition 

(2). With regards to CD40 signaling, NF-κB and mTOR become activate which support CLL survival and 

drug resistance via the expression of Bcl-2 family of anti-apoptotic proteins including MCL-1 

(378,383). As such, IL-4 and CD40L together provide a model of lymph node signalling in B-cell 

lymphoma/leukaemia to mimic the tissue microenvironment. Besides the intrisic survival properties 

conferred by IL-4 and CD40L lymph node support molecules, how they modulate NK cell immune 

responses and impact NK-stimulating immunotherapies is largely unknown (384). 

In multiple myeloma NK cell function is severely impaired with NK cell adhesion abnormalities and 

reduced cytotoxic capacity, and these correlates with poor prognosis (385). In advanced disease HLA 

class I molecules are highly expressed on myeloma cells to further impede NK cell function (240). 

Higher HLA expression is also correlated with shorter survival and poor prognosis (386). Other 

soluble factors expressed by myeloma cells are known to suppress NK cell function such as 

cyclooxygenase-2 and expression of inhibitory NK cell ligands HLA-E and HLA-G (50,371,387). As a 

result of the immunosuppressive mechanisms of malignant B cells and multiple myeloma cells and 

the dysfunction of patient NK cells, strategies to promote NK cell anti-tumour functions have been 

established inlcuding monoclonal antibody therapy to promote ADCC and block inhibitory NK cell 

signalling and the adoptive transfer of allogeneic NK cells or CAR NK. 

However, cancer treatments are often used in combinations to avoid drug resistance and reduce 

doseage to negate adverse events. Nevertheless, combinations could be tailored to maximise anti-

tumour effects by complementing each other’s modes of action. Small molecules induce intrinisic 

toxicities in cancer cells and immunotherapies promote immune responses, therefore combining 

these drugs may induce potent anti-cancer responses. Indeed, combining T cell immunotherapy with 

small molecules is being considered, especially small molecules that actively enhance immune 

function (367). The same could be considered for NK cell immunotherapies and interestingly, anti-

cancer agents have been shown to possess NK cell immunomodulatory activity. Therefore, 

understanding the mechanisms of small molecule modulation of cancer cell immunogeneicity will 
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enable the design of tailored combination therapies to induce potent anti-cancer responses in 

patients. 

1.8 Immunomodulation by anti-cancer agents  

It is beginning to be appreciated that cancer targeted drugs (and radiotherapy) possess 

immunomodulatory activity alongside tumour-intrinsic toxicity (388–390). This is thought to be due 

to increased stress induced in cancer cells and stress signals are known to enhance the 

immunosurveillance properties of NK cells (110). But understanding the specific immunomodulatory 

mechanisms of cancer treatments will aid the design of potent combinations with immunotherapies. 

For example, mitochondrial apoptosis acts as a facilitator of NK-mediated immunotherapy (391). 

Priming of cancer cells with apoptotic agents, such as through inhibition of the pro-survival molecule 

BCL-2, enhances NK cell cytotoxicity in vitro and in vivo (391). Based on these findings, a reasonable 

treatment regimen may involve sensitising cancer cells with anti-cancer agents followed by adoptive 

NK cell therapy or a therapy which stimulates NK cell function. But to select the most optimal NK cell 

population or the most appropriate immunotherapy combination, further studies investigating the 

mechanisms behind sensitisation of anti-cancer agents are required.  

Cancer targeted drugs are designed against specific proteins to re-establish tumour suppressor 

function, inhibit the action of oncogenic proteins, and impede survival and proliferative signals. The 

histone deacetylase inhibitor (HDAC), Panobinostat, approved for the treatment of multiple myeloma 

promotes NK cell lysis of myeloma cell lines and enhances NK cell activation in vivo (392). This was 

due to increased expression of adhesion molecules and tight junctions which are important for NK 

cell immunological synapse formation (393). Furthermore, in malignant B cells HDACs can increase 

CD20 antigen density and thereby augment anti-CD20-based therapeutics including mAbs and anti-

CD20 CAR T and CAR NK cells (394–396). 

MDM2 negatively regulates the expression and function of the important tumour suppressor protein 

p53 (397). Nutlin-3a is a small molecule designed to inhibit MDM2 action and therefore restores p53 

expression and function (398). Interestingly, nutlin-3a re-activation of p53 increases the expression 

of the NK cell activating ligand PVR (CD155) on neuroblastoma cells, sensitising these to NK-mediated 

lysis both in vitro and in vivo (326). PVR is the ligand for the DNAM-1 receptor, therefore as a proof-

of-concept, Nutlin-3a treatment has subsequently been shown to improve DNAM-1 CAR NK cell 

cytotoxicity against neuroblastoma cell lines (325). This proof-of-concept study provides justification 

for sensitising cancer cells to NK with anti-cancer agents followed by specific immunotherapy 

treatments.  
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How anti-cancer therapies effect cellular processes in different cancer types requires consideration 

and this is particularly true with ionising radiation which has been shown to differentially effect the 

expression of NK cell ligands in different malignancies (399). Irradiation of melanoma cells lines 

downregulates HLA-E expression (400) while HLA-E expression is enhanced in glioblastoma (54). 

Irradiation has also been shown to impact the expression of NKG2D ligands and death receptors to 

promote an NK cell immune response against tumours (399).  

Another important aspect to investigate with anti-cancer agents and radiation therapy is the effect 

on intrinsic NK cell function and viability. Although cancer cells are more vulnerable to the disruption 

of biological processes due to their dependency on particular pathways, anti-cancer treatments are 

not cancer-specific, they target proteins and pathways that overlap with healthy cells. As such, it is 

important to consider the effect on NK cell function and indeed irradiation has been shown to 

facilitate and impede NK cell function (54,400). The drug lenalidomide, which inhibits the 

transcription factors IKZF1 and IKZF3 that are important for B cell function, potentiates NK cell 

function and proliferation alongside inducing intrinsic toxicity in CLL cells (401). Moreover, CD20 

expression on CLL cells increases with lenalidomide and therefore can potentiate ADCC by rituximab 

(401).  

Besides enhancing activating ligand expression, anti-cancer agents can downregulate inhibitory 

ligands to promote NK cell activation. Bortezomib, a proteasome inhibitor approved for multiple 

myeloma, is able to sensitise tumour cells to NK cell cytotoxicity through increased death receptor 

expression and bortezomib treatment combined with NK cell adoptive transfer improves survival of 

leukemic mice (402). But recently it was shown that proteasome inhibition downregulates HLA-E 

expression as an additional mechanism to activate NK cells (403). The cyclin-dependent kinase 

inhibitor dinaciclib approved for acute myeloid leukaemia also downregulates HLA-E promoting an 

NKG2A+ NK cell immune response against cell lines in vitro, in vivo and against primary patient 

samples (404). In an opposite but similar manner, dasatinib, a tyrosine kinase inhibitor used in 

chronic myeloid leukaemia, potentiates NK cell activation due to downregulation of NKG2A on 

patient NK cells enabling NK cells to evade HLA-E-mediated suppression (405). This study also 

highlights the importance of understanding how anti-cancer agents impact NK cells, not only in terms 

of function but also in terms of receptor expression.  

It is clear from these studies that small molecule cancer therapies can possess NK cell 

immunomodulatory activity. Knowledge of how the immune system is sensitised by these agents will 

enable the design of potent immunotherapy combination strategies. A plethora of other compounds 

may also possess NK cell immunomodulatory activity. Studies describing changes in the tumour 

immune landscape with anti-cancer agents are suggestive of immunomodulatory activity, but 

detailed functional and mechanistic studies are required to understand how anti-cancer agents 
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promote specific immune cell responses. For example, the exportin-1 (XPO1) inhibitor selinexor 

increases the abundance of NK cells in the TME in murine models of melanoma (406,407) and in 

human studies, it has been suggested that XPO1 inhibition can modulate the immunogenicity of 

multiple myeloma cells to NK-stimulating immunotherapy (408). However, how XPO1 inhibition 

regulates the interactions of immune cells with cancer cells remains to be determined. 

 

1.9 Exportin-1 and selective inhibitors of nuclear export (SINE) 

1.9.1 The function of Exportin-1 

Nuclear export is a physiologically important process for the control of gene expression, protein 

translation and signalling cascades by the spatial distribution of transcription factors, RNA, ribosomal 

constituents and signalling proteins (409). Transfer of material between the cytoplasm and nucleus is 

controlled by karyopherins, a GTPase family of proteins consisting of importins, exportins and 

biportins that recognise specific motifs within cargo (410).  

The primary structure of XPO1 consists of 21 tandem HEAT domain repeats that possess two hairpin 

alpha helices (A and B) which fold XPO1 into a ring shape with A helices forming the outer ring and B 

the inner (Figure 1-10A). The specific function of XPO1 is to transport cargo that contain a leucine-

rich nuclear export signal sequence (NES) in its hydrophobic pocket which is located in HEAT domains 

11 and 12 (411) (Figure 1-10A). XPO1 cargo shuttling is controlled by ras-related nuclear protein GTP 

(RanGTP) (Figure 1-10) in which a gradient is established between the nucleus and cytoplasm 

regulated by nuclear Ran GTPase-activating protein which catalyses RanGTP from RanGDP. A higher 

concentration of RanGTP in the nucleus enables XPO1:cargo to transit to the cytoplasm through the 

nuclear pore complex. Hydrolysis of RanGTP to RanGDP by Ran guanine nucleotide exchange factor 

dissociates cargo from XPO1.  
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Figure 1-10: XPO1 structure and SINE interactions with XPO1. 

(A) Primary protein structure of XPO1 which consists of 21 tandem repeat HEAT domains which each 

produce two alpha-helix structures A and B. At the N-terminus end is a CRIME domain which interacts 

with RanGTP, in H9 there is an acidic loop which also aids RanGTP interactions and inhibits cargo 

binding in the absence of RanGTP. The nuclear export signal (NES) interaction pocket resides in H11-

H12 where cargo proteins containing an NES sequence are recognised and the interface of cargo 

interactions span H11-H16 domains. SINE compounds interact with the cysteine residue 528 to inhibit 

cargo recognition and the frequent cancer driver mutation E571K (glutamate to lysine substitution) is 

located within the NES pocket to aid stronger interactions with cargo, but critically it does not impede 

SINE action. (B) Shown is the structure of SINE molecules Leptomycin B and selinexor (KPT-330) 

adapted from Crochiere et al., (2015) and Ferreira et al., (2020). (C) Crystal structures of XPO1 with the 

NES interaction site displayed in the absence (left) and presence (right) of selinexor. Also shown is the 

interaction of XPO1 with RanGTP. Crystal structures of XPO1 in contact with selinexor are derived from 

Walker et al., (2021) and were created with NGL (415). 

 

 

Over 200 proteins have been identified to interact with XPO1. These include key tumour suppressor 

proteins p53, Rb, p21, FOXO and I-κB (416–419). XPO1 has also been shown to transport ribosomal 

RNA (rRNA) to aid protein translation (420) (Figure 1-11). Reports also indicate that XPO1 regulates 

the expression of oncogenes including Myc and cyclin D1 through the indirect shuttling of mRNA into 

the cytoplasm which promotes cell proliferation (421). Additionally, XPO1 aides the amplification of 

cell signalling including NF-κB via the export of the NF-κB inhibitor I-κB (422) and IFNγ signalling by 
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the export of dephosphorylated STAT-1 (38) into the cytoplasm to enable re-activation of STAT-1 by 

JAK1/2 downstream of the IFNγ receptor (Figure 1-2). 

 

 

Figure 1-11: The function of XPO1 and the mechanism of action of SINE compounds.  

(Left) XPO1 transports protein cargo with a nuclear export signal sequence (NES) in a GTP-dependent 

mechanism from the nucleus into the cytoplasm which includes tumour suppressor proteins such as 

p53. XPO1 also exports ribosome constituents and RNAs indirectly via binding to NES-containing 

protein cargo including oncogenic mRNA such as Myc. Once in the cytoplasm, the transcription factor 

function of tumour suppressor proteins is inhibited, and protein translation of oncogenic mRNA is 

enhanced resulting in increased cancer cell survival and enhanced proliferation. XPO1 also exports 

proteins involved in signalling cascades and can therefore perpetuate inflammatory signalling such as 

with IFNγ via STAT-1 cytoplasmic shuttling. (Right) Through using SINE compounds, tumour 

suppressors accumulate in the nucleus and the translation of oncoproteins is inhibited resulting in 

cancer cell apoptosis and reduced proliferation. Signalling cascades can be impaired for example 

through the nuclear accumulation of unphosphorylated STAT-1. Depending on the SINE compound, 

XPO1 can be degraded by the proteasome. 
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1.9.2 Exportin-1 in cancer 

XPO1 expression can become dysregulated during oncogenesis through amplification of the XPO1 

gene (423,424), and via mutations in the cargo-binding domain which promote stronger interactions 

with cargo and alters the XPO1 interactome (425,426). As a consequence, tumour suppressor 

proteins become inactivated through enhanced export from the nucleus which promotes cancer cell 

survival. Additionally, cell proliferation is enhanced via the export of cell cycle regulator mRNA and 

via the export of ribosomal constituents to enable sufficient protein production for cell growth.   

Mutations within the NES-interacting cleft of XPO1, such as the frequently observed E571K mutation 

in B-cell malignancies (414), can act as a driver of oncogenesis (427). Injection of CLL cells expressing 

the E571K XPO1 mutation in mice result in increased tumour burden and reduced survival  (427). 

Within CLL patients, the mutation was responsible for increasing mutational and epigenetic burden in 

cancer cells so that tumours acquire further DNA changes and modifications to drive cancer 

phenotypes (414) and recently XPO1 mutations were reported in the late stages of CLL enabling 

expansion of CLL clones highlighting a clonal advantage conferred by XPO1 mutation (428). 

Moreover, XPO1 expression is linked to the survival and treatment outcomes of cancer patients. High 

XPO1 expression is an unfavourable prognostic factor in CLL (429) and is often upregulated in DLBCL 

and multiple myeloma and is associated with poor prognosis and drug resistance (430). In GCB-

DLBCL, high expression of XPO1 is associated with shorter progression-free survival and 

overexpression of XPO1 was found to be overrepresented in the resistant/relapsed subgroup of 

DLBCL patients (431). XPO1 overexpression is also associated with worse outcome across solid 

malignancies including pancreatic adenocarcinoma (432) and hepatocellular carcinoma (433). 

Furthermore, XPO1 has also been linked to resistance across multiple cancer types including multiple 

myeloma resistance to the proteasome inhibitor bortezomib (434) and resistance to ibrutinib 

treatment in MCL and CLL (424). XPO1 knockout by CRISPR in DLBCL is lethal, highlighting the 

importance of XPO1 function to malignant B cell survival (435,436). Therefore, molecules to suppress 

XPO1 function were designed to restore tumour suppressor protein function and inhibit translation 

of oncogenic proteins. 

1.9.3 SINE compounds 

The hydrophobic pocket of XPO1 makes an ideal druggable target, hence small molecules were 

designed to block the interaction of XPO1 with the NES of cargo. Collectively these drugs are referred 

to as selective inhibitors of nuclear export (SINE). Naturally occurring compounds that block XPO1 

function assisted the design of XPO1 inhibitors and the incubation of B-cell lymphoma cell lines, 

multiple myeloma cells and primary CLL cells with SINEs induce apoptosis of cancer cells (437,438). 

Leptomycin B (LMB) is an anti-fungal antibiotic from Streptomyces that targets XPO1 to cause cell 
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cycle arrest and induce anti-tumour effects in murine tumour models (439). However, LMB is not 

advised for human use due to potent toxicity observed in phase I clinical trials (440). As a result, 

synthetic SINEs were designed to improve in vivo tolerance (441) (Figure 1-10B). SINEs covalently 

bind to the Cysteine 528 residue in the hydrophobic pocket of XPO1 (Figure 1-10A and C), however in 

a slower and reversible manner unlike LMB (442–444). Another dissimilarity between LMB and 

synthetic SINEs is that synthetic SINEs induce the degradation of XPO1 via the proteasome (445). One 

SINE, selinexor, produced favourable anti-tumour responses with fewer toxic side effects compared 

to LMB (446). Selinexor is a first-in-class SINE compound that is licenced for the treatment of 

relapsed and refractory DLBCL (FDA-approved) and relapsed and refractory multiple myeloma. 

Currently, selinexor is in clinical trials as a single agent and in combination with approved treatments 

in many solid and haematological malignancies (447). Of specific interest, XPO1 inhibition is 

undergoing clinical investigation for CLL in combination with ibrutinib (NCT02303392) which has 

shown improved tumour regression in patients (448). This combination was based on data illustrating 

that XPO1 inhibition successfully overcomes ibrutinib resistance in mouse models of CLL (449). 

As with many anti-cancer agents selinexor induces adverse side effects, most frequently 

gastrointestinal toxicities (409,450). As a result, next generation XPO1 inhibitors are in development 

to circumvent these adverse events. Eltanexor is a second generation SINE compound which has 

shown reduced toxicity in pre-clinical mouse models compared to selinexor (451). As a result, 

eltanexor is in phase I clinical trials for multiple relapsed and refractory cancers including multiple 

myeloma and AML (NCT02649790). Another strategy to reduce selinexor side effects is through 

combination with immunotherapies to enable a reduction in selinexor dosage and dosing schedule 

and currently selinexor is in clinical trials with immunotherapies in haematological (Table 1-2) and 

solid cancer indications (Table 1-3). Additionally, combination therapy may help to avoid the 

development of tumour resistance to selinexor.  
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Table 1-2: Clinical trials assessing the combination of selinexor with immunotherapy in 

haematological malignancies. 

Disease 
Immunotherapy 

combination  
NCT number Status Phase 

Double hit & triple hit 

Lymphoma 

Rituximab + CHOP NCT05974085 Recruiting II 

B cell lymphoma Rituximab NCT02741388 Completed I 

DLBCL Rituximab NCT02471911 Completed I 

EBV+ DLBCL Rituximab + CHOP NCT05577364 Recruiting I/II 

DLBCL & indolent NHL Rituximab NCT05265975 Recruiting I/II 

RR B-NHL Anti-CD19 CAR T NCT05322330 Unknown II 

RR-DLBCL Rituximab NCT04442022 Recruiting II/III 

GCB-DLBCL Rituximab NCT05422066 Recruiting II 

R/RCLL  

NHL 

Ibrutinib 

 

NCT02303392 Completed I 

Multiple myeloma 

(MM) 

 

Daratumumab NCT04661137 Recruiting II 

Lenalidomide NCT05422027 

NCT04941937 

Recruiting 

Recruiting 

I/II 

II 

Elotuzumab NCT05028348 Recruiting III 

 Lenalidomide 

Daratumumab 

Elotuzumab 

Belantamab Mafodotin 

NCT02343042 Active, not 

recruiting 

I/II 

Refractory MM Daratumumab NCT03589222 

NCT04756401 

Unknown 

Recruiting 

II 

II 

Lenalidomide NCT04519476 Recruiting I 

Relapsed MM Daratumumab 

 

NCT04925193 Recruiting II 

Newly diagnosed MM Lenalidomide NCT04717700 Recruiting II 

High risk, newly 

diagnosed MM 

Daratumumab 

 

NCT06169215 Recruiting II 

MM with 

extramedullary disease 

Lenalidomide 

 

NCT05900882 Recruiting II 

RR extramedullary MM Anti-BCMA CAR T NCT05201118 Recruiting I/II 

MM & myeloma-

associated amyloidosis 

Lenalidomide NCT05820763 Recruiting II 

Advanced malignancy  Ipilimumab  

Nivolumab 

Pembrolizumab 

NCT02419495 Active, not 

recruiting 

I 
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Table 1-3: Clinical trials assessing the combination of selinexor with immunotherapy in solid 

malignancies. 

Disease 
Immunotherapy 

combination  
NCT number Status Phase 

Solid tumours Pembrolizumab NCT04256707 Recruiting I/II 

HCC Bevacizumab & 

Atezolizumab 

NCT05093608 Terminated I 

Metastatic solid 

malignancy  

Nivolumab + ipilimumab NCT04850755 Recruiting I 

Urothelial carcinoma Pembrolizumab NCT04856189 Ongoing I/II 

Recurrent advanced 

melanoma 

Pembrolizumab NCT04768881 Ongoing II 

 

1.9.4 The effects of XPO1 inhibition on immune cell functions 

Alongside the role of XPO1 in driving oncogenesis and being negatively associated with cancer 

outcomes and drug resistance, XPO1 expression has been linked to an anti-inflammatory tumour 

microenvironment (TME). RNA-seq analysis of 4,665 DLBCL patient tumours revealed a negative 

correlation between XPO1 expression and IFNγ signalling which suggests either a disruption in the 

number of immune cells in the TME or impaired immune responses and indeed high XPO1 expression 

was associated with immune deficiency (431). A lympho-depleted TME was also observed for gain-of-

function mutations of XPO1 in GCB-DLBCL patients (452). An in-depth analysis of XPO1 expression 

across multiple tumours also revealed negative associations between XPO1 expression and immune 

responses. Decreased activated NK cells and decreased CD8+ T cell abundance was noted with 

increased expression of XPO1, alongside increased expression of inhibitory checkpoints suggesting 

that XPO1 permits an immunosuppressive TME (453). The E571K XPO1 driver mutation which is 

present in approximately 5% of CLL cases and 30% of CLL cases progressing to Richter’s syndrome, is 

associated with impaired IFNγ, granzyme B and CD28 expression and this may contribute to the 

impaired immune function in CLL patients (414,454). Together, these studies indicate that XPO1 

expression and function may contribute to generating an immunosuppressive TME and thus by 

impeding XPO1 function an anti-tumour immune response may be restored.  

As with many anti-cancer agents outlined in section 1.8, emerging evidence suggests that XPO1 

inhibition induces an anti-tumour immune response alongside producing intrinsic anti-tumour 

effects. Selinexor has been shown to polarise macrophages from pro-tumourigenic M2-like 

macrophages to anti-tumourigenic M1-like macrophages (455) in addition to selective depletion of 

lymphoma-associated macrophages (456). Neutrophil extracellular trap formation has been 
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illustrated to promote metastasis and XPO1 inhibition was shown to impede trap production (457). 

Modulation of the adaptive immune system by XPO1 inhibition has been shown for B-cell 

malignancies. Selinexor has been shown to sensitise breast cancer cells to T cell activation in 

combination with TRAIL-R2xCD3 bispecific antibodies (458). In terms of adoptive transfer therapies, 

pre-treatment of malignant B cell lines with selinexor enhance the activation of anti-CD19 CAR T cells 

in vitro (459) and sequential administration of selinexor and CAR T cells enhance tumour regression 

in mice (460). Because of these results, selinexor is gaining traction as a bridging therapy for CAR T 

infusion during the weeks-long process of apheresis and autologous CAR T cell generation. Indeed, 

sequential selinexor administration followed by anti-CD19 CAR T cell (461) or anti-BCMA CAR T cell 

(462) infusion led to responses in 4/6 NHL patients and deep-remission in two multiple myeloma 

patients, respectively. The mechanism behind sensitisation of malignant B cells and plasma cells to 

CAR T cells remains undefined.  

In contrast, the effect of XPO1 inhibition on the immunogenicity of cancer cells to NK cells remains 

largely unknown. In melanoma-bearing mice, selinexor increases the abundance of NK cells in the 

tumour microenvironment (406). NK cell infiltration in the bone marrow has been reported to be an 

indicator of myeloma patient response to selinexor treatment which through combination with NK 

cell immunotherapy approaches may bolster tumour regression (463). But whether XPO1 inhibition 

modulates NK cell function is unknown. This research project therefore sought to uncover the 

functional consequences of XPO1 inhibition on NK cell activation against multiple myeloma and 

malignant B cells, including DLBCL, for which selinexor is approved. Ultimately, this research project 

will provide evidence that through understanding of how small molecules such as XPO1 inhibitors 

promote immune responses, tailored anti-cancer combinations can be designed to promote the most 

potent anti-tumour responses. 
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1.10 Study hypothesis, aims and objectives 

It was hypothesised that XPO1 inhibition sensitises malignant B cells and multiple myeloma cells to 

NK cell activation via modulation of surface proteins that engage NK cell activating and inhibitory 

receptors. As such, it was further hypothesised that the first-in-class, FDA-approved XPO1 inhibitor 

selinexor would augment the effects of NK-stimulating immunotherapies including direct targeting 

monoclonal antibodies, allogeneic, expanded NK cells and CAR NK cells. This research project has the 

following aims and objectives: 

1. Determine whether XPO1 inhibition modifies NK cell anti-tumour functions against malignant B 

cells and multiple myeloma cells. 

• To evaluate the sensitivity of malignant B cells and multiple myeloma cells to NK cell 

activation and NK cell cytotoxicity with XPO1 inhibition, DLBCL, mantle cell lymphoma, 

Burkett’s lymphoma and multiple myeloma cell lines will be treated with XPO1 inhibitors 

and co-cultured with NK cells. The expression of NK cell activation markers CD107a/LAMP 

and IFNγ will be assessed as well as cancer cell death via propidium iodide staining. 

• Malignant B cells derived from patients with CLL will also be used in co-culture 

experiments as a primary human cancer model to determine whether XPO1 inhibition 

sensitises primary leukemic cells to NK cell anti-tumour functions. 

 

2. Underpin the mechanism for changes in NK cell function following co-culture with selinexor-

treated cancer cells.  

• An XPO1-derived peptide presented on HLA-C has been shown by the research group to 

selectively activate the KIR2DS2 receptor expressed by NK cells (171). Therefore, to 

explore whether XPO1 degradation by selinexor selectively activates KIR2DS2+ NK cells, NK 

cells from donors with the KIR2DS2 gene will be co-cultured with selinexor-treated cancer 

cells to compare activation between KIR2DS2+ and KIR2DS2- NK cells.  

• To identify other NK-stimulating/inhibitory mechanisms of XPO1 inhibition, cancer cells 

will be screened for changes in the surface expression of activating and inhibitory NK cell 

ligands by flow cytometry post XPO1 inhibition. Additionally, leptomycin B which inhibits 

XPO1 function but does not cause XPO1 degradation (442) will be used to investigate XPO1 

peptide-independent mechanisms for changes in NK cell function. 

 

3. Assess the combination of selinexor with immunotherapies that promote NK cell function. 

• ADCC against selinexor-treated cancer cells will be assessed by using the clinically 

approved direct targeting anti-CD20 mAbs rituximab and obinutuzumab and the anti-

CD38 mAb daratumumab. 
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• To mimic allogeneic NK cells that are used for adoptive transfer therapy, NK cells will be 

expanded for two weeks with IL-2 and the activation, cytotoxicity and IFNγ production of 

these cells in combination with selinexor will be assessed. 

• To assess the function of CAR NK cells against selinexor-treated cancer cells, anti-CD19 

CAR NK cells derived from the peripheral blood of healthy donors will be generated using 

the third-generation lentiviral transduction system. Anti-CD19 CAR NK cell activation and 

cytotoxicity against selinexor-treated CD19+ cancer cells will then be investigated. 

 

4. Examine the effect of microenvironmental support on the immunomodulatory function of XPO1 

inhibitors in 2D cancer models.  

• To mimic the lymph node microenvironment, B cell lymphoma cell lines and primary CLL 

cells will be incubated with IL-4 and CD40L in the presence of selinexor and assessed for 

the expression of NK cell ligands. Co-culture assays will be used to measure NK cell 

activation and cytotoxicity in this setting. 

• To mimic a pro-inflammatory tumour microenvironment, lymphoma and myeloma cell 

lines will be incubated with recombinant IFNγ in the presence of selinexor and assessed 

for changes in NK ligand expression and co-cultured with NK cells to measure NK cell 

activation and cytotoxicity. 
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Chapter 2 Materials and Methods 

2.1 Cell culture 

2.1.1 Peripheral blood mononuclear cell (PBMC) isolation 

Ethical approval for the use of healthy donor peripheral blood mononuclear cells (PBMC) was 

obtained from the National Research Ethics Committee (ERGO ID: 86319.A1, reference 

06/Q1701/120). To extract PBMC, fresh blood from healthy volunteers or blood cones (from 

University Hospital Southampton blood bank) was layered over 15 mL of ficoll (GE Healthcare) and 

centrifuged at 2000 rpm for 20 min with accelerator and brake off. The buffy coat layer containing 

PBMC was extracted and washed three times in phosphate buffer saline (PBS, Lonza) and centrifuged 

at 1500 rpm for 5 min with accelerator and brake on after each wash. PBMC were then 

cryopreserved in heat inactivated foetal bovine serum (FBS) with 10% DMSO (Sigma) for use in future 

experiments outlined below. 

2.1.2 Culture of cancer cell lines and NK cell lines 

All B cell lymphoma cell lines representing diffuse large B cell lymphoma (SUDHL4, SUDHL6), Burkitt’s 

lymphoma (JeKo-1) and mantle cell lymphoma (Raji, Ramos) and multiple myeloma cells L363, JJN3 

and AMO were cultured in R10 medium (RPMI 1640 [Gibco] plus 1% penicillin-streptomycin [Life 

Technologies] and 10% heat inactivated FBS) and split to 0.5x106 cells/mL every ~2/3 days when cells 

reached confluency ~2x106 cells/mL. Semi-adherent multiple myeloma cell lines MM.1S, RPMI-8226 

and U266 were also cultured in R10 and split every ~2/3 days, but these cells required light scraping 

to detach loosely adhered cells. Confluency was based on appearance under the microscope.  

The variants of the 721 B lymphoblastoid cell line 721.221 (HLA-A/B/C negative) and 721.174 (TAP 

deficient) were cultured in R10 medium and split to 0.3x106 cells/mL every ~2/3 days including 

complete replenishment of fresh medium once per week.  

NK cell lines NK92 and NKL were cultured in R10 supplemented with 1X sodium pyruvate (Invitrogen), 

1X non-essential amino acids (Invitrogen) and 100 IU/mL IL-2 and split every ~2/3 days. 

2.1.3 Purification of NK cells 

CD3-CD56+ NK cells were purified from fresh or cryopreserved PBMC using the Miltenyi human NK 

cell isolation kit following the manufacturer’s instructions. Briefly, PBMC were resuspended in MACS 

buffer (1X PBS, 2 mM EDTA [Invitrogen], 0.5% bovine serum albumin [BSA, Sigma]) and negatively 
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selected for using LS columns (Miltenyi) after antibody cocktail and magnetic bead incubation. NK 

cells were subsequently cultured in R10 medium at a density of 2x106 cells/mL and incubated with 1 

ng/mL IL-15 (R&D Systems) over night before use in the NK cell specific lysis assay the next day. 

2.1.4 Allogeneic NK cell expansion 

NK cells were isolated from healthy donor PBMC as described above using magnetic bead isolation 

on day 0 followed by resuspension in NK MACS medium supplemented with 1% MACS supplement, 

5% human serum and 500 IU/mL IL-2 at a cell concentration of 106/mL in 700 µL and plated in a 24 

well plate. On day 5, 300 µL medium was added to wells. On day 7, 10, 12 and 14 NK cells were 

counted and split to 0.5x106 cells/mL. From day 14-21, NK cells were split every 2/3 days to 0.5x106 

cells/mL and used in experiments outlined in this section. 

2.1.5 Isolation of chronic lymphocytic leukaemia (CLL) cells from patient PBMC 

PBMC from CLL donors were collected from patients attending the clinic at Southampton General 

Hospital. Patients were recruited to the “real-world” observational study at the University of 

Southampton (NIHR/UKCRN ID: 31076, CI F. Forconi) and the characteristics of the patients used in 

the study can be found in Table 2-2. Cancer Research UK staff processed the PBMC and performed 

phenotype analysis to obtain information on CD5+CD19+ CLL cell frequency, IGHV mutational status 

and expression level of surface markers including IgM, CD38 and CD49. Phenotype information was 

inputted into an online database for cross referencing. If the percentage of CLL cells (CD19+CD5+) < 

90% of total PBMC as detailed on the online database, CLL cells were isolated by magnetic bead 

extraction using the Miltenyi human B-CLL cell isolation kit (catalogue number 130-103-466) 

following the manufacturer’s instructions. CLL cells were cultured at 10x106 cells/mL in R10 medium 

for at least 1 hour before treatment with selinexor described below. 

 

2.2 Drug treatments 

2.2.1 SINE treatment and Q-VD-OPh (Q-VD) incubation 

Malignant B cell lines and multiple myeloma cells were plated at 106 cells/mL and incubated with 50, 

500 or 2000 nM selinexor (KPT-330, gift from Karyopharm® Therapeutics), eltanexor (KPT-8602) or 50 

nM Leptomycin B (Sigma) to inhibit exportin-1 (XPO1). Cell lines were treated with DMSO as a control 

and cells were incubated at 37°C for 24 hours. CLL cells were treated with selinexor as described, but 

CLL cells were seeded at 10x106 cells/mL. To inhibit SINE-induced apoptosis, cancer cells were co-
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incubated with Q-VD-OPh (QVD, Sigma), a pan-caspase inhibitor, at the concentrations stated in 

figure legends. 

2.2.2 Selinexor in combination with BTK inhibitors 

CLL cells were treated with selinexor as above in combination with 1 µM BTK inhibitors (BTKi) 

ibrutinib or acalabrutinib (Selleckchem) for 24 hours at 37°C. After, CLL cells were examined for 

expression of NK cell ligands and used in the NK specific lysis assay. To measure NK cell activation in 

the presence of BTKi, after 24-hour drug treatments CLL cells were co-cultured with healthy donor 

PBMC in the presence of selinexor and/or BTKi and used in the LAMP assay. 

 

2.3 Phenotyping experiments of NK cell lines and primary NK cells and 

cancer cells post XPO1 inhibition 

2.3.1 Surface expression of NK cell ligands on SINE-treated cancer cells 

Cancer cell lines and CLL cells were incubated with Q-VD plus selinexor or leptomycin B or DMSO 

control as above. The following day FcRs were blocked using 10% human serum (15 minutes, 4°C) 

after which cells were surface stained for 30 minutes in the dark at 4°C with antibodies against 

activating NK cell ligands: Vimentin-A488 (clone 280618, R&D Systems), ULBP-1-PE (170818, R&D 

Systems), ULBP-2/5/6-PerCP (165903, R&D Systems), CD54-PB (HCD54), B7H6-APC (875001, R&D 

Systems) and MICA/B-PE/Cy7 (6D4) or with antibodies against HLA proteins: HLA-E-PE/Cy7 (3D12) 

and HLA class I molecules (anti-HLA-A/B/C [W6/32], referred throughout at pan-HLA/total HLA/HLA-

A/B/C). Antibodies were purchased from Biolegend, unless stated otherwise and antibody 

concentrations can be found in supplementary table 1. Cell events were acquired on an Aria II (BD 

Biosciences) flow cytometry machine using FACSDiva software (BD Biosciences) and NK cell ligand 

expression was analysed on FlowJo™ v10 (Treestar). 

2.3.2 Surface expression of activating and inhibitory receptors on NK cells 

To phenotype primary NK cells and NK cell lines NK92 and NKL, cells were incubated with 10% human 

serum for 15 minutes at 4°C to block FcRs after which cells were stained with antibodies against 

CD56-PE/Cy7 (clone HCD56), NKG2A-FITC (REA110), NKG2C (REA205), NKG2D (1D11), CD16-APC 

(3G8) and CD96 (NK92.39) for 30 minutes in the dark at 4°C after which cells were resuspended in 

FACS wash before being run on a FACS Aria II. 
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2.3.3 Acid strip experiments to measure the recovery of HLA proteins at the plasma 

membrane  

Cancer cell lines were treated with selinexor and QVD as previously described for 24 hours. Cells 

were then washed in strip wash buffer (10% FBS in PBS), spun at 1500 rpm for 3 minutes before 

being resuspended in 0.1M citrate buffer (pH 3.0, distilled water with 0.131M citric acid, 0.066M 

sodium phosphate and 1% BSA) at 1 mL per 106 cells to strip HLA molecules from the surface of cells. 

After 1.5 minutes in citrate buffer, cells were washed with 5x volume of strip wash buffer and spun at 

1500 rpm for 3 minutes. Cells were washed once more in strip wash buffer (1 mL per 106 cells) before 

being resuspended in R10 medium at 106 cells/mL. Some cells were taken for BFA treatment (10 

µg/mL) as a positive control for no HLA recovery at the plasma membrane. HLA-stripped cells were 

incubated at 37°C and cells were taken for HLA FACS staining at the following timepoints: 0 hrs, 0.5, 

1, 2, 4 and 6. At these timepoints, FcRs were blocked with 10% human serum for 15 minutes at 4°C 

followed by surface staining with antibodies against HLA-E-PE/Cy7 (clone 3D12), HLA-A/B/C-A488 

(pan-HLA, W6/32) and CD19-PB (HIB19) for 30 minutes at 4°C.  

 

2.4 Co-culture experiments to examine NK cell activation and cytotoxicity 

2.4.1 NK cell specific lysis (cytotoxicity) assay 

Immediately before Q-VD and selinexor treatment, cancer cells were labelled with CellTrace™ 

Violet/FarRed Cell Proliferation Kit (Invitrogen™) following the manufacturer’s instructions. Briefly, 

CellTrace was resuspended in 20 uL of DMSO which was then diluted 1:5000 in 1X PBS. Cancer cells 

were then resuspended in this diluted solution as 1 mL per 1x106 cells and placed at 37°C for 15 

minutes. After, 2x volume of R10 medium was added to inhibit the labelling reaction for 5 minutes at 

RT before being resuspended in R10 medium at 1x106 cells/mL and treated with anti-cancer agents as 

above. The day after cancer cell treatment, NK cells (cell lines, IL-15 overnight or day 14-21 IL-2 

expanded NK cells) were co-cultured with tumour targets at an effector: target ratio (E:T) of 5:1, 1:1 

or 1:10 for 4 or 24 hours at 37°C as stated in figure legends. After co-culture, cells were washed in 1X 

PBS and stained with 1.6 µg/mL propidium iodide (Invitrogen™) to identify lysed, violet/FarRed-

labelled cancer cells by flow cytometry using the FACS Aria II or BD Accuri c6 machines.  

2.4.2 Degranulation (CD107a/LAMP) assay and measuring IFNγ production 

When using healthy donor PBMC, these cells were incubated overnight with 1 ng/mL IL-15 at a cell 

density of 2x106 cells/mL. When using IL-2 expanded NK cells, these were used at day 5 or from day 
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14-21 during expansion as stated in figure legends. PBMC were subsequently co-cultured for 4 hours 

at 37°C with selinexor- or leptomycin B-treated cancer cell lines at an E:T of 5:1, unless otherwise 

stated in figure legends, or at an E:T of 1:1 with CLL cells. Expanded NK cells were co-cultured with 

cancer cells at an E:T of 1:1 or 1:10 for 4 or 24 hours as stated in figure legends. Immediately before 

co-culture, 0.17 µg/mL anti-CD107a (LAMP)-eFluor660 (clone eBioH4A3, Invitrogen) was added to 

PBMC/expanded NK cells. After 1-hour of co-culture, GolgiStop™ (1:2000 final dilution, Fisher 

Scientific) was added to allow measurement of surface CD107a by flow cytometry. Following 4-hour 

incubation, FcRs were blocked with 10% human serum at 4°C for 15 mins before surface staining with 

combinations of anti-CD3-PerCP (clone UCHT1), anti-CD56-PE/Cy7 (HCD56), anti-NKG2A-FITC 

(REA110, Miltenyi), anti-CD158ba (KIR2DL3)-FITC (REA147, Miltenyi) and anti-CD158b-PE (CH-L, BD 

Pharmingen) in FACS buffer (1X PBS, 1% BSA, 0.5% sodium azide) at 4°C for 30 min.  

If continuing with analysis of IFNγ production, cells were permeabilised and fixed with BD 

Cytofix/Cytoperm (BD Biosciences) at 4°C for 20 min, washed with 1X Perm/Wash buffer (BD 

Biosciences) and stained with α-IFNγ-BV421/PE (RUO, BD Biosciences) at 4°C for 30 min. Cells were 

washed again with 1X Perm/Wash buffer and resuspended in FACS buffer or 1% paraformaldehyde 

(Alfa Aesar) in PBS for acquisition on an Aria II (BD Bioscience) machine. Antibodies were purchased 

from Biolegend unless otherwise stated and the concentrations of which are specified in Table 2-3.  

2.4.3 Assessing XPO1 inhibition on ADCC 

NK cell mediated ADCC was examined via the LAMP and cytotoxicity assays. For both experiments, 

immediately before co-culture of PBMC/NK cells with selinexor-treated cancer cells, cancer cells 

were incubated with 0.1 or 1 µg/mL anti-CD20 monoclonal antibodies (mAb) Rituximab or 

Obinutuzumab or 0.1 µg/mL Daratumumab (anti-CD38) or with an isotype control (anti-EGFR 

cetuximab) for 20 min at 37°C as stated in the figure legends. PBMCs/NK cells were added to cancer 

cells following the protocols outlined above. 

To remove unbound anti-CD20 and anti-CD38 antibodies, after 20 minutes incubation of cancer cells 

with mAbs, cells were centrifuged at 1500 rpm for 5 minutes followed by resuspension with 

PBMC/NK cells. 

2.4.4 Selinexor in expanded NK-cancer co-cultures 

B-cell lymphoma cell lines were labelled with CellTrace™ and treated with selinexor (50-2000 nM) 

for 24 hours in the presence of Q-VD (30 µM). The next day these were co-cultured with IL-2 (500 

IU/mL) expanded NK cells (14-21 days) at an E:T = 1:1 for 24 hours in the absence or presence of 

selinexor (50-2000 nM). B cell lines that were not pre-treated with selinexor for 24 hours were also 

co-cultured with IL-2 (500 IU/mL) expanded NK cells (14-21 days) at an E:T = 1:1 for 24 hours in the 
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presence of selinexor (50-2000 nM), resulting in three types of co-culture: 1) Selinexor pre-treated 

lymphoma cells + NK cells 2) selinexor pre-treated lymphoma cells + NK cells + selinexor and 3) 

lymphoma cells + NK cells + selinexor. After co-culture, cells were stained with propidium iodide to 

identify lysed CellTrace™ positive cancer cells in co-culture and NK specific lysis was then calculated. 

Dead expanded NK cells in co-cultures was also recorded via propidium iodide staining.   

2.4.5 TRAIL blockade experiments 

Prior to co-culture of healthy donor PBMC or purified NK cells with selinexor-treated CLL cells, NK 

cells were incubated with anti-TRAIL (RIK-2, Biolegend, 10 µg/mL) antibodies or isotype control for 

20 minutes at 37°C. NK specific lysis of CLL target cells was then assessed using the cytotoxicity 

assay and NK activation via the LAMP assay.  

2.4.6 NKG2A blockade experiments 

Before the co-culture of expanded NK cells with selinexor-treated cancer cells in cytotoxicity 

experiments, NK cells were incubated with anti-NKG2A (Z199, Biolegend, 10 µg/mL) antibodies or 

isotype control for 20 minutes at 37°C. NK specific lysis of cancer target cells was then assessed 

using the cytotoxicity assay. 

2.4.7 Autologous NK cell activation against CLL cells 

CLL patients with low CD5+CD19+ CLL cell burden (<60%) within the lymphocyte PBMC population 

were treated with selinexor as above for 24 hours. The cultures contained all cells within the PBMC 

of CLL patients, including NK cells, allowing the activation status of NK cells to be assessed using the 

LAMP assay. To optimise CLL cells within the PBMC to NK cells, rituximab (1 µg/mL) or isotype 

control (cetuximab, 10 µg/mL) was added to cultures for 20 minutes prior to addition of selinexor. 

 

2.5 Microenvironmental support experiments 

2.5.1 CD40L and IL-4 lymph node support mimic 

CD40L (300 ng/mL, R&D Systems) and IL-4 (10 ng/mL, R&D Systems) were added to CLL cells 1 hour 

prior to the addition of selinexor (0-2000nM) for a further 24 hours in the presence of 30 µM Q-VD. 

CLL cells were then either assessed for expression of surface ligands or co-cultured with PBMC and 

NK cell activation assessed by IFNγ production as described above. 
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Assessment of CLL cells that have recently egressed from the lymph nodes was performed by analysis 

of CXCR4 and CD5 expression. Patient CLL cells were thawed and rested for 1 hour at 37°C, then 

incubated with human serum for 15 minutes at 4°C and subsequently stained with antibodies for 

CD19-BV510 (clone HIB19), CD5-APC (UCHT2), HLA-E-PE/Cy7 (3D12), pan-HLA (W6/32) and CXCR4-PE 

(12G5) before acquisition on a BD FACS Aria II (BD Biosciences) flow cytometer. 

2.5.2 Treatment of tumour cells with recombinant human IFNγ or supernatant from NK-

cancer co-cultures 

If necessary, cancer cell lines were treated with selinexor and QVD as previously described. 30 

minutes after addition of selinexor, 10 ng/mL recombinant human IFNγ (R&D Systems, cat #285-IF-

100) was added to cells plated at 106 cells/mL. Cells were then incubated for 24 hrs at 37°C before 

use in NK cytotoxicity, activation, NK ligand expression experiments or western blot analysis. For 

treatment with supernatants from NK-cancer co-cultures, 200,000 IU/mL IL-2 expanded NK cells 

were co-cultured with 200,000 cancer cells (E:T = 1:1) for 24 hrs at 37°C. The next day, co-cultures 

were centrifuged at 1500 rpm for 5 minutes and the supernatants were taken and used to resuspend 

corresponding cancer cells which were pelleted by centrifugation. Selinexor was then added to 

cancer cells and cells were incubated for 24 hrs at 37°C after which HLA-E and HLA-A/B/C surface 

expression was assessed on cancer cells. Tumour cells were then screened for expression of HLA 

molecules and/or used in NK cytotoxicity/activation experiments as above in addition to being lysed 

for western blot analysis of XPO1, STAT, pSTAT and HLA-E. 

2.5.3 HLA expression on intact and permeabilised cancer cells 

Cancer cell lines were treated with QVD, selinexor and recombinant IFNγ as previously described. 

After treatment, some cancer cells were taken for permeabilization using the BD Cytofix/Cytoperm 

(BD Biosciences) kit. Briefly, cells were first incubated with 10% human serum to block FcRs, 

centrifuged at 1500 rpm at 4°C for 5 minutes followed by resuspension in Cytofix/Cytoperm buffer 

for 20 minutes at 4°C. Cells were then washed with 1X Perm/Wash buffer (BD Biosciences) and 

stained with antibodies against HLA-E-PE/Cy7 (clone 3D12), HLA-A/B/C-A488 (pan-HLA, W6/32) and 

CD19-PB (HIB19) for 30 minutes at 4°C in 1X Perm/Wash buffer. Cells being assessed for surface 

expression of HLA molecules were incubated with 10% human serum, pelleted and resuspended in 

HLA-E-PE/Cy7 (clone 3D12), HLA-A/B/C-A488 (pan-HLA, W6/32) and CD19-PB (HIB19) for 30 minutes 

at 4°C in FACS wash buffer. Finally, all cells were washed again with 1X Perm/Wash buffer or FACS 

wash and resuspended in 1% paraformaldehyde (Alfa Aesar) in PBS for acquisition on an Aria II (BD 

Bioscience) machine. 
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2.6 Chimeric antigen receptor (CAR) NK cell experiments 

2.6.1 CAR NK cell generation and measurement of transduction efficacy 

Generation of anti-CD19 CAR NK cells from healthy donors was approved by the national ethics 

review committee (24/PR/0245). 

Lentiviral vectors for CAR NK cell generation were produced using the third-generation lentiviral 

system. In brief, E. coli were transformed separately with the plasmid constructs containing lentiviral 

components VSV-G (envelope protein), RSV-rev (facilitates nuclear export of transcripts), 

pMDLg/pRRE (encodes gag and pol enzymes for structural capsid proteins and reverse transcriptase 

and integrase components) and the CAR construct consisting of the anti-CD19 short chain variable 

fragment (scFv) mouse antibody clone FMC63 joined to a CD8 transmembrane domain and CD3ζ and 

4-1BB intracellular signalling domains and these four transformed E. coli were a kind gift from 

Nurdan Askoy (University of Southampton). To grow E. coli, cells were half thawed and 10 µL of the 

frozen mix was added to 5 mL broth and put shaking at 37°C for 6 hours. This culture was then added 

to 200 mL LB broth in conical flasks overnight at 37°C. The next day, the culture was transferred into 

50 mL falcon tubes and centrifuged at 4500 rpm for 15 minutes. The supernatant was decanted into 

waste and the pellets were frozen down until required for plasmid isolation. To isolate plasmids, 

maxi preps were performed following the manufacturer’s instructions (Qiagen).  

293FT (human endothelial kidney cell lines) cells were used as the packaging cell line. These cells 

were cultured in DMEM supplemented with 10% FBS, sodium pyruvate and L-glutamine. For 

transfection 293FT cells were plated in 6 well plates as 0.25x106 cells in 2 mL. After two days, per 

well, 5 uL GeneJuice was added to 95 µL plain DMEM along with the DNA constructs below at the 

given concentrations: 

 

Table 2-1: Concentration of plasmids used to generate lentiviruses for CAR NK cell production. 

Plasmid construct Concentration  

(µg/well of a 6 well plate) 

VSV-G 0.352 

RSV-rev 0.5 

pMDLg/pRRE 0.65 

FMC63-CD3ζ-41BB 0.372 
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Once DNA was added, liposomes were left to form by incubation for 15 minutes at RT, inverting the 

tube every 5 minutes. After, 100 uL of DNA-GeneJuice mix was added to a well of a 6wp. 293FT wells 

were left without addition of DNA to use in untransduced NK cells. 293FT cells were placed at 37°C 

for 48 hours until transduction of NK cells. 

NK cells were isolated from healthy donor PBMC as described previously and resuspended in NK 

MACS medium supplemented with 1% MACS supplement, 5% human serum, 500 IU/mL IL-2 and 140 

U/mL IL-15 at a cell concentration of 106/mL. After 3-5 days of expansion, NK cells were transduced 

with fresh viral supernatant from 293FT supernatants. NK cells were plated in a 24 well plate as 106 

cells in 1mL in NK MACS medium containing 1% MACS supernatant (no human serum). The 

supernatant from transfected 293FT was carefully collected into a 50 mL falcon tube and centrifuged 

at 4°C, 1250 rpm for 5 minutes. The supernatant containing the lentivirus vector was filtered with a 

0.22 µm filter. Per well of a 24 wp, 200 µL of lentivirus supernatant was mixed with 300 µL plain NK 

MACS medium. This mix was then added to 500 µL vectofusin-1-plain NK MACS medium mix at a 

vectofusin-1 concentration of 20 µg/mL. For untransduced NK cells, the same process was performed 

using supernatant from 293FT cells transfected with no DNA. Finally, 1 mL of lentivirus-vectofusin-1 

mix was added to 1 mL NK cells with vectofusin-1 final concentration of 10 µg/mL. The plate was 

spintransfected for 2 hours at 400g. 24 hours later, 80% of the medium was removed and 80% fresh 

NK MACS medium supplemented with 1% MACS supplement, 5% human serum, 500 IU/mL IL-2 and 

140 U/mL IL-15 was added back to cells. 48 hours later, NK cells were tested for CAR expression using 

antibodies against the idiotype of the FMC63 scFv clone made in-house at the University of 

Southampton, Cancer Sciences. 

2.6.2 Assessment of CAR NK cell cytotoxicity 

The cytotoxicity assay described in 2.4 was followed but with untransduced NK cells and anti-CD19 

CAR NK cell co-cultures with selinexor-treated cancer cells at E:T ratios of 1:1 and 1:2. This was to 

ensure that the number of CAR NK cells in co-cultures did not exceed the total number of NK cells in 

untransduced NK-cancer co-cultures. 

 

2.7 IFNγ ELISA 

Co-cultures from expanded NK cell cytotoxicity experiments using at least 100,000 NK cells per well 

at an E:T = 1:1, were pelleted and the supernatant collected and frozen at -80°C. For ELISA 

experiments the IFNγ ELISA kit from Invitrogen was used (catalogue #88-7316) following the 

manufacturer’s instructions. Briefly, ELISA plates were coated with a 1:10 dilution of the capture 
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antibody overnight at 4°C. The next day, supernatants were thawed, the plate was washed with 1X 

PBS (x3 by flicking plate and tapping on a paper towel) and wells were blocked with ELISA diluent for 

1 hour at RT. After wells were washed again (x3) and supernatant samples were loaded into wells 

along with the standard curve and incubated at 4°C overnight. On the last day, wells were washed 

(x3) and the detection antibody was added for 1 hour at RT. After washing (x3), streptavidin-HRP 

(horseradish peroxidase) was added to wells for 30 minutes at RT. After washing (x3), TMB substrate 

was added to wells for 15 minutes at RT after which STOP solution (Fisher Scientific) was added. The 

plate was then immediately read at a wavelength of 450 nm on an ELISA plate reader and values read 

at 570 nm were subtracted. 

 

2.8 Western blotting 

B-cell lymphoma and multiple cell lines and CLL patient cells that were treated with Q-VD plus 

selinexor or leptomycin and IFNγ as described were lysed in whole cell lysis buffer (Cell Signalling 

Technology) supplemented with PMSF (Sigma, 174 µg/mL), protease inhibitor (Sigma, 1:100 final 

dilution) and phosphatase inhibitor (1:100 final dilution) for 30 min on ice. Cells were then 

centrifuged at 13,000 rpm for 10 min at 4°C and proteins in supernatants were denatured with 80 

mM DTT  (Sigma) at 95°C for 5 min. Proteins were then separated on 10% polyacrylamide gels 

(Thermo Fisher Scientific), transferred to nitrocellulose membranes (Amersham) and blocked in 5% 

BSA before being probed with antibodies against those in and antibody dilutions are stated in Table 

2-4.Protein bands were detected following incubation with HRP-linked secondary antibodies (Dako) 

and chemiluminescence reagents (Thermo Scientific) and visualized using the ChemiDoc-It imaging 

system (UVP). Secondary antibodies were used at concentrations recommended by the 

manufacturer.  

 

2.9 In vivo experiments 

2.9.1 Selinexor treatment of NSG mice  

Animal experiments were conducted under the project license number (PPL) PP2322487 and PIL 

number I91978372 and experiments were approved by the pre-clinical unit at University of 

Southampton. Nod-SCID-gamma chain deficient (NSG) male mice (3 months old) were administered 

10 mg/kg selinexor or vehicle control (0.6% Plasdone PVP K-29/32 and 0.6% Poloxamer Pluronic F-68 

in water) in 250 µL by oral gavage twice per week (Monday and Thursday) for two weeks. Prior to the 
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first dose, mice were weighed to record a pre-treatment weight. After the first dose, mice were 

subsequently weighed every 2-3 days or every day once a mouse lost 10% of its original weight. At a 

weight loss of 15% of the original weight, mice were humanely sacrificed. After the last dose, the 

experiment continued for one more week to assess any side effects of twice weekly selinexor 

administered over two weeks. Every day fresh food pellets were soaked in water and provided in 

cages to aid food intake.  

2.9.2 Raji in vivo growth kinetics  

Raji cells were resuspended in sterile, endotoxin-free PBS at 50x106 cells/mL and NSG mice were 

injected subcutaneously with 5x106 cells in 100 µL by members of the Pre-clinical Unit at the 

University of Southampton. Tumours were measured by animal technicians and tumour volume was 

calculated as 0.5*width*length*length. The end point was set at a tumour diameter of 12 mm or 

volume of 1500 mm3 whichever came first.  

 

2.10 Anti-CD19 CAR T cell experiments 

2.10.1 Anti-CD19 CAR T cell lysis of B-cell lymphoma cell lines 

Anti-CD19 CAR T cells were generated using the third-generation lentiviral packaging system with the 

FMC63-CD3ζ-41BB construct and these cells were a kind gift from Nurdan Askoy and Michael 

Spurway (University of Southampton). The Raji cells used as target cells were labelled with 

CellTrace™ and treated with selinexor as in the cytotoxicity assays described in 2.4. The day after Raji 

cell treatment, anti-CD19 CAR T cells or untransduced T cells were co-cultured with tumour targets at 

an effector: target ratio (E:T) of 5:1 and 1:1 for 4 at 37°C. After co-culture, cells were washed in 1X 

PBS and stained with 1.6 µg/mL propidium iodide (Invitrogen™) to identify lysed, CellTrace™-labelled 

cancer cells by flow cytometry using the FACS Aria II or BD Accuri c6 machines.  

2.10.2 T cell stimulation experiments to assess NKG2A expression on activated T cells 

Anti-CD19 CAR T and untransduced T cells gifted by Nurdan Askoy and Michael Spurway (University 

of Southampton), were stimulated for three days at a concentration of 1x106 cells/mL with T cell 

TransAct™ (polymer matrix containing recombinant CD3 and CD28 agonists) used at a 1:100 final 

dilution in the T cell culture in TexMACS medium. After three days, T cells were washed by addition 

of TexMACS medium and centrifuged at 1500 rpm for 5 minutes. T cells were replated at 1x106 

cells/mL in fresh TexMACS medium supplemented with IL-7 (500 U/mL) and IL-15 (290 U/mL) and left 

at 37°C for four days. This was referred to as a ‘rest/recovery’ period. After the rest period, T cells 
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were counted and diluted to 1x106 cells/mL accordingly and re-stimulated for three days with 

TransAct™ followed by another rest period. A third stimulation and rest period. After each 3-day 

stimulation and 4-day rest period, T cells were stained with antibodies against CD3-PerCP (clone 

UCHT1), NKG2A-BV421 (REA147), PD-1-APC (EH12.2H7), CD137-PE (4-1BB, 4B4-1), CD25-PE/Cy7 

(BC96), CD69-APC (FN50) and FMC63 idiotype to identify CAR+ T cells.  

 

2.11 Macrophage phagocytosis experiments 

2.11.1 Generation of monocyte-derived macrophages  

Monocytes were isolated from healthy donor PBMC by plating 20x106 PBMC in 2 mL in 6-well plates 

in RPMI medium supplemented with 1% human serum overnight at 37°C. Lymphocytes in suspension 

were removed from wells and adhered monocytes were washed by gentle swirling with 1X PBS to 

obtain a monolayer ~80% confluent. 2mL R10 medium supplemented with 100 ng/mL macrophage-

colony-stimulating factor (M-CSF) was added to monocytes and left for 48 hours at 37°C to allow for 

macrophage differentiation. After, 800 µL of medium was removed from cultures and 1 mL medium 

containing 100 ng/mL M-CSF was added back to cultures. Cells were put at 37°C for 72 hours after 

which macrophages were harvested by removal of medium and incubation with 5 mM EDTA in 1X 

PBS at 37°C for 15 minutes followed by scraping the bottom of wells with a syringe plunger. 

Macrophages in suspension were then centrifuged at 300g for 5 minutes and resuspended at 1x106 

cells/mL in R10 supplemented with 100 ng/mL M-CSF for used in experiments. 

2.11.2 Assessing the effect of XPO1 inhibition on macrophage phagocytosis 

Macrophages generated above were plated in a flat 96-well plate as 1x105 cells in 100 uL and 

macrophages were allowed to adhere to the bottom of the plate overnight at 37°C. Meanwhile Raji 

target cells were labelled with CellTrace™ and treated with selinexor as previously described in 2.4.  

The next day, Raji cells were washed in R10 medium by centrifugation (1500 rpm, 5 minutes) and 

resuspended in R10 and added into macrophage-containing wells as 1x105 (E:T = 1:1) in 100 uL. Co-

cultures were placed at 37°C for 2 hours after which co-cultures were stained with anti-CD14-PE 

(clone M5E2) for 15 minutes in the dark at room temperature. The supernatant containing cells in 

suspension and unbound anti-CD14-PE was removed and adhered cells were washed in 1X PBS for 30 

seconds. PBS was removed and FACS wash was added to wells and the plate was put on ice. Wells 

were scraped with a P200 pipette tip to detach adhered cells which were then ran through a flow 

cytometer (FACS Aria II or Accuri c6) and phagocytosis was measured as the proportion of double 

positive CD14+CellTrace+ cells.  
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2.12 Statistical analysis 

Statistical analyses were performed, and graphs produced, using GraphPad Prism V.10.0 (GraphPad). 

The Shapiro-Wilk test was performed to test normality of the data and statistical significance of 

differences between the means of two groups was calculated with t-test and the differences 

between the mean of multiple groups with one- or two-way ANOVA followed by the recommended 

post-hoc test for multiple group comparison. Paired-sample statistical tests were carried out where 

necessary and this is stated within figure legends. Significance scores are defined as: *P<0.05, 

**P<0.01, ***P<0.005 and ****P<0.001. 
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Table 2-2: CLL patient characteristics 
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Table 2-3: Antibodies and recombinant proteins used in flow cytometry experiments 

Specificity Fluorochrome Clone Manufacturer Concentration (µg/mL) 

CD3 PerCP UCHT1 Biolegend 1 

CD56 PE/Cy7 HCD56 Biolegend 4 

NKG2A FITC/APC REA110 Miltenyi 1 

CD158b PE CH-L BD Pharmingen 20 

CD158b2 

(KIR2DL3) 

FITC REA147 Miltenyi 1:25 dilution 

CD107a (LAMP) eFluor660 eBioH4A3 Invitrogen 0.17 

IFNγ PE B27 biolegend 2 

HLA-E PE/Cy7 3D12 Biolegend 9 

HLA-A/B/C A488 W6/32 Biolegend 1.2 

PD-L1 APC 29E.2A3 Biolegend 16 

Vimentin A488 280618 R&D Systems 1:25 dilution 

ULBP-1 PE 170818 R&D Systems 1:25 dilution 

ULBP-2/5/6 PerCP 165903 R&D Systems 1:25 dilution 

CD54 PB HCD54 Biolegend 20 

CD19 PE UCHT2 Biolegend 1 

CD5 PerCP UCHT2 Biolegend 1 

CD20 APC 2H7 Biolegend 2 

CD38 FITC HIT2 Biolegend 1 

B7H6 APC 875001 R&D Systems 1:25 dilution 

MIC-A/B PE/Cy7 6D4 Biolegend 2 

CXCR4 PE QA18A64 Biolegend 10 

FAS FITC DX2 Biolegend 10 

DR4 PE L243 Biolegend 10 

DR5 APC DJR2-4 Biolegend 10 
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Table 2-4: Western blot antibody information  

Ecto-calreticulin A488 ERP3924 Abcam 10 

Recombinant 

CD19 

FITC N/A AcroBIO 2.5 

Anti-FMC63 

idiotype 

Unconjugated N/A In-house 1 

Anti-mouse 

secondary 

PE  Biolegend 0.5 

CD14 PE M5E2 Biolegend 1 

BCMA APC 19F2 Biolegend 1 

Specificity Clone Manufacturer Dilution factor  

XPO1 D6V7N Cell Signalling Technology 1000 

PARP 4C10-5 (RUO) BD Pharmingen 1000 

β-ACTIN 8H10D10 Cell Signalling Technology 1750 

p53 1C12 Cell Signalling Technology 1400 

HLA-E SAB1401182 Sigma 500 

CHOP L63F7 Cell Signalling Technology 1000 

p-eIF2 Polyclonal Cell Signalling Technology 500 

BIP C50B12 Cell Signalling Technology 1000 

PERK D11A8 Cell Signalling Technology 1000 

IRE-1a 14C10 Cell Signalling Technology 1000 

LC3A/B D3U4C Cell Signalling Technology 1000 

STAT1 Polyclonal Cell Signalling Technology 1000 

pSTAT1 D3A4 Cell Signalling Technology 1000 
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Chapter 3 NK cell immunomodulatory properties of XPO1 

inhibitors in malignant B cell lines 

3.1 NK cell cytotoxicity against malignant B cell lines treated with XPO1 

inhibitors 

Selinexor is an approved anti-cancer therapy for the treatment of relapsed and refractory multiple 

myeloma and DLBCL. Selinexor acts by inhibiting and degrading exportin-1 (XPO1) which leads to the 

suppression of cell growth and induction of cancer cell apoptosis via the accumulation of tumour 

suppressor proteins in the nucleus and reduced translation of oncogenic mRNA (409). To confirm the 

pharmacological activity of selinexor in B cell lymphoma cell lines, XPO1 protein abundance post 

selinexor treatment was measured by western blot. Three B-cell lymphoma cell lines representing 

three B-cell lymphoma subtypes were examined: RAMOS (Burkitt’s lymphoma), JeKo-1 (MCL) and 

SUDHL4 (DLBCL). All cell lines were sensitive to selinexor treatment as demonstrated by XPO1 

degradation (Figure 3-1) and indeed increased apoptosis was observed with increasing selinexor 

concentration as shown by the increased abundance of cleaved PARP (cPARP) (Figure 3-1A). In order 

to differentiate between NK cell specific lysis and selinexor-induced apoptosis of cancer cells and to 

mimic selinexor drug resistance in future experiments, cancer cells were treated with selinexor in the 

presence of the apoptotic inhibitor Q-VD-OPh (referred to as Q-VD) which inhibits the function of 

apoptotic effector caspases (464). Co-incubation of selinexor and Q-VD resulted in successful 

inhibition of selinexor-induced apoptosis across all cell lines as shown by the absence of cPARP 

(Figure 3-1B).  
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Figure 3-1: Sensitivity of B cell lymphoma cell lines to selinexor treatment. 

XPO1 protein abundance in B-cell lymphoma cell lines RAMOS, SUDHL4 and JeKo-1 after 24-hour 

treatment with selinexor at the indicated concentrations without (A) and in the presence of the 

apoptotic inhibitor Q-VD (B). Number represents the XPO1 band intensity relative to the actin loading 

control. SINE-induced apoptosis is depicted by the abundance of cleaved PARP (cPARP). Shown is one 

representative experiment of three separate experiments. MCL = Mantle cell lymphoma; DLBCL = 

Diffuse large B cell lymphoma. (C) Quantified XPO1 band intensity with increasing selinexor 

concentration (n=3). One-way ANOVA: *P<0.05. 
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Co-incubation of selinexor and Q-VD was used in subsequent experiments to determine whether 

XPO1 inhibition sensitises cancer cell lines to NK-mediated lysis. CellTrace™-labelled, selinexor-

treated cancer cell lines were co-cultured with purified NK cells and lysis of cancer targets was 

measured with propidium iodide (Figure 3-2). In accordance with absent cPARP using Q-VD, in the 

absence of NK cells, cell lines remained viable across all selinexor concentrations as shown in Figure 

3-3A using RAMOS as an example. After co-culture with NK cells, the proportion of lysed lymphoma 

cells increased with increasing selinexor concentration across all cell lines tested (Figure 3-3B). This 

implies that XPO1 inhibition sensitises malignant B cell lines to NK-mediated lysis. 

 

 

Figure 3-2: NK cell specific lysis assay workflow. 

Cancer cells were stained with Cell Trace™ Cell Proliferation Kit (Invitrogen™) and pre-treated with 

selinexor at concentrations of 50, 500 and 2000 nM or DMSO control for 24 hours in the presence of 

the apoptotic inhibitor Q-VD (20 uM for SUDHL4 and JeKo-1, 40 uM for RAMOS). After, selinexor was 

washed out and cancer cells were co-cultured with purified NK cells at an effector:target (E:T) ratio of 

5:1 for 4 hours after which cells were stained with propidium iodide to enable quantification of dead, 

CellTrace™ positive cancer cells by flow cytometry. NK cell specific lysis was calculated as (% target 

lysis - % spontaneous lysis) * 100 / (100 - % spontaneous lysis). Spontaneous lysis of cancer cells was 

measured for each selinexor concentration in the absence of NK cells in the culture. 
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Figure 3-3: Selinexor sensitises B-cell lymphoma cell lines to NK cell specific lysis. 

(A) Representative example of RAMOS cell lysis in the absence and presence of purified NK cells after 

24-hour treatment with selinexor plus Q-VD. Number on graphs indicate the percentage of lysed 

RAMOS cells positive for propidium iodide. (B) NK cell specific lysis of selinexor-treated B-cell 

lymphoma cell lines RAMOS (n=4), JeKo-1 (n=4) and SUDHL4 (n=6). Cancer cells were pre-treated with 

selinexor at the indicated concentrations in the presence of Q-VD for 24 hours. Each line represents 

NK cells from a single donor and NK cell specific lysis at each selinexor concentration was normalised 

to ‘no NK’ controls using the formula in Figure 3-2. Significant differences in NK specific lysis between 

the 0 nM control and selinexor concentrations were calculated by repeated measure one-way ANOVA 

followed by Tukey’s post-hoc test: ***P<0.005, **P<0.01, *P<0.05. 

 

 

 

 

A 
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3.2 Effect of XPO1 inhibition in cancer cell lines on NK cell activation 

In addition to measuring NK specific lysis of cancer cells treated with XPO1 inhibitors, the activation 

status of NK cells was assessed as measured by expression of CD107a (also referred to as LAMP - 

lysosomal-associated membrane protein) and IFNγ when PBMC were co-cultured with selinexor-

treated cancer cell lines (Figure 3-4). First, how selinexor pre-treatment of cancer cells affected the 

degranulation ability of the highly cytotoxic CD3-CD56dim NK cell population and of the more 

immunoregulatory CD3-CD56bright NK cell population was examined (Figure 3-5). The level of 

degranulation can be assessed using the LAMP assay which measures surface expression of 

LAMP/CD107a as an indicator of cytotoxic granule release (Figure 3-4) (465). CD107a marks cytotoxic 

granules inside NK cells, therefore as NK cells degranulate upon activation, CD107a appears at the 

plasma membrane. By using Golgi-ER trafficking inhibitors, CD107a expression at the plasma 

membrane can be retained which can then be detected in flow cytometry to approximate the 

proportion of activated NK cells. Through performing the LAMP assay, NK cell degranulation 

increased after co-culture with selinexor-treated cancer cell lines in both the CD56dim and CD56bright 

NK cell populations compared to the untreated controls (Figure 3-5A and B). With the apoptotic 

inhibitor Q-VD, a clearer dose-dependent response was observed for SUDHL4 cells (Figure 3-5C). 

Because selinexor-treated SUDHL4 induced the greatest degranulation response by NK cells, IFNγ 

production by NK cells was examined when PBMC were co-cultured with SUDHL4. Enhanced 

production of IFNγ was observed in the CD56dim NK cell population (Figure 3-6). For CD56bright NK 

cells, two of the five donors had to be removed due to a very small percentage of CD56bright NK cells 

within the PBMC. This then affected the analysis such that one event within the positive gate 

resulted in a large change in percentage. Overall, these experiments demonstrate that selinexor 

sensitises lymphoma cell lines to NK cell activation which results in increased NK cell-mediated lysis 

of cancer targets as demonstrated in Figure 3-3.   
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Figure 3-4: LAMP and IFNγ assay workflow to assess NK cell activation against selinexor-treated 

cancer cells. 

(A) Cancer cells were pre-treated with selinexor at concentrations of 50, 500 and 2000 nM or DMSO 

control for 24 hours in the presence of the apoptotic inhibitor Q-VD (20 µM for SUDHL4 and JeKo-1, 

40 µM for RAMOS). After, selinexor was washed out and cancer cells were co-cultured with healthy 

donor PBMC at an effector:target (E:T) ratio of 5:1 for 4 hours after which NK cell activation in co-

cultures was assessed by measuring CD107a and IFNγ expression on CD56+CD3- NK cells. (B) Flow 

cytometry gating strategy to examine NK cell activation against selinexor-treated cancer cells. 

Activation was measured as percent CD107a+ and IFNγ+ cells in CD3-CD56dim and CD3-CD56bright NK 

cells. Shown is a representative example of a healthy donor PBMC co-cultured with SUDHL4 cells. 

Number on plots represent the percentage of cells inside gates. 
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Figure 3-5: Selinexor pre-treatment of malignant B cell lines enhances NK cell degranulation. 

(A) Representative example of CD107a staining in CD3-CD56bright and CD3-CD56dim NK cells when PBMC 

were co-cultured with selinexor-treated SUDHL4 cells at the indicated selinexor concentrations. 

Number on plots represent the percentage of CD107a+ NK cells within gates. Percent CD107a+ NK cells 

across multiple donor PBMC when PBMC were co-cultured with selinexor-treated cancer cells (E:T = 

5:1) at the indicated selinexor concentrations without (B) and in the presence (C) of the apoptotic 

inhibitor Q-VD. Percentage of CD107a+ NK cells was normalised to the no target control for each donor. 

Each line represents a single donor (n=4-7). Significant differences in NK cell activation between the 0 

nM control and selinexor concentrations were calculated with repeated measure two-way ANOVA 

followed by Tukey’s post-hoc test: *P<0.05, **P<0.01, ****P<0.001. 

A 

B 

C 
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Figure 3-6: Selinexor pre-treatment of SUDHL4 cells enhances IFNγ production by NK cells. 

(A) Representative example of IFNγ staining in CD3-CD56bright and CD3-CD56dim NK cells when PBMC 

were co-cultured with selinexor-treated SUDHL4 cells at the indicated selinexor concentrations. 

Number on plots represent the percentage of IFNγ+ NK cells within gates. (B) Percentage of IFNγ+ NK 

cells across multiple donor PBMC when PBMC were co-cultured with selinexor-treated SUDHL4 cells 

at the indicated selinexor concentrations in the presence of 20 µM Q-VD. Percentage of IFNγ+ NK cells 

was normalised to the no target control for each donor. Each line represents a single donor (n=5 for 

CD56dim and n=3 for CD56bright NK cells). Significant differences in NK cell activation between the 0 nM 

control and selinexor concentrations were calculated with repeated measure two-way ANOVA 

followed by Tukey’s post-hoc test: *P<0.05. 

 

 

3.3 Mechanism for increased sensitivity of malignant B cell lines to NK cell 

cytotoxicity after XPO1 inhibition 

3.3.1 Effect of XPO1 inhibition on the activation of KIR2DS2+ NK cells. 

NK cells are a heterogenous immune cell population largely due to the differential expression of 

activating and inhibitory receptors. One important family of receptors governing NK cell activation 

are the killer cell immunoglobulin-like receptors (KIR). KIRs are stimulated by peptides presented by 

HLA class I molecules which subsequently transduce inhibitory or activating signals into NK cells 

(113). It was shown by the research group that a peptide derived from XPO1 (NAPLVHATL) stimulates 

the activating KIR2DS2 receptor (171). As a result, it was hypothesised that the selinexor-induced 

degradation of XPO1 in B-cell lymphoma cells would specifically enhance the activation of KIR2DS2+ 

NK cells due to increased abundance of XPO1-derived peptides. 

A B 
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The KIR2DS2 gene is not present in all individuals therefore to assess KIR2DS2+ NK cell activation, 

PBMC from KIR2DS2+ donors were used in the LAMP assay and KIR2DS2+ NK cells were identified 

using the antibody clones REA147 and CH-L as previously described (176) (Figure 3-7). By using these 

antibody clones, two KIR2DS2+ NK cell populations can be identified. One that expresses high levels 

of KIR2DS2 (labelled KIR2DS2high) and one that expresses high levels of the inhibitory KIRs KIR2DL3 

and KIR2DL2 as well as KIR2DS2 (labelled KIR2DL3/L2high) (Figure 3-7). An NK cell population that does 

not express KIR2DS2, KIR2DL3 or KIR2DL2 (labelled KIR2DL3/L3/S2-) is also present. Each of these NK 

cell populations was gated on in the LAMP assay to assess degranulation against selinexor-treated 

SUDHL4 cells. SUDHL4 was chosen not only because it stimulated NK cells the most post XPO1 

inhibition, but because SUDHL4 expresses the group 1 allotype HLA-C molecule HLA-C*03:04 and 

KIR2DS2 is known to engage group 1 HLA-C allotypes and not group 2 allotypes (175). After co-

culture, the degranulation of all NK cell populations was enhanced with selinexor, but significance 

between selinexor concentrations was only achieved in KIR2DS2+ NK cell populations (KIR2DS2high 

and KIR2DL3/L2high) (Figure 3-8). To understand the magnitude of enhanced NK cell activation 

between KIR2DS2 NK cell populations relative to untreated samples, relative change of CD107a 

expression was calculated. Across all selinexor concentrations, an increased fold change in CD107a 

expression was observed in KIR2DS2-expressing NK cells compared to KIR2DS2 negative NK cells (1.6x 

compared to 1.3x at 500 nM) (Figure 3-8). However, two-way ANOVA interaction analysis revealed 

no significant difference between the activation status of NK cell populations with increasing 

selinexor concentration. This suggests that selinexor is not selectively activating KIR2DS2+ NK cells 

(KIR2DS2high and KIR2DL3/L2high). This was further evidenced by increased NK cell activation against 

selinexor-treated SUDHL4 cells using KIR2DS2- donors (KIR2DL3 homozygotes) (Figure 3-8). 

Therefore, an XPO1 peptide-independent mechanism must be occurring to activate NK cells with 

selinexor. However, these data do not disprove the contribution of XPO1-derived peptides induced 

by selinexor in activating the KIR2DS2 receptor.  
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Figure 3-7: Gating strategy used to identify KIR2DS2+ NK cells. 

By gating on CD3-CD56+ NK cells, three donor genotypes can be distinguished using REA147 and CH-L 

antibody clones as described in Blunt et al. (2019). The REA147 antibody clone binds to KIR2DL3 and 

KIR2DL2 and the antibody clone CH-L binds to KIR2DL3, KIR2DL2 and KIR2DS2. Used together, NK cells 

with higher levels of KIR2DS2 expression (KIR2DS2high = CH-L positive, REA147 negative) can be 

identified. To study the effect of selinexor on KIR2DS2high NK cell populations, we used PBMC derived 

from KIR2DL3/L2/S2 heterozygous and KIR2DL2/S2 homozygous donors. The ‘KIR2DL3/L2/S2-’ and 

‘KIR2DL2/S2-’ NK cell populations from KIR2DL3/L2/S2 heterozygous and KIR2DL2/S2 homozygous 

donors, respectively, were grouped together in the LAMP assay analysis and labelled ‘KIR2DL3/L2/S2-’. 

The ‘KIR2DL3/L2high’ and ‘KIR2DL2high’ NK cell populations from KIR2DL3/L2/S2 heterozygous and 

KIR2DL2/S2 homozygous donors, respectively, were also grouped and analysed together and labelled   
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‘KIR2DL3/L2high’.  

 

Figure 3-8: Selinexor pre-treatment of SUDHL4 cells enhances KIR2DS2+ and KIR2DS2- NK cell 

degranulation. 

(A) Representative example of CD107a staining in KIR2DS2high, KIR2DL3/L2high and KIR2DL3/L2/S2- NK 

cells when PBMC derived from KIR2DS2 donors were co-cultured with selinexor-treated SUDHL4 cells 

at the indicated selinexor concentrations. Number on plots represent the percentage of CD107a+ NK 

cells within gates. (B) Percentage of CD107a+ and (C) CD107a+ fold change relative to the untreated 

control in KIR2DS2high, KIR2DL3/L2high and KIR2DL3/L2/S2- NK cells when PBMC derived from KIR2DS2 

donors were co-cultured for 4 hours with selinexor-treated SUDHL4 cells (E:T = 5:1). SUDHL4 cells were 

treated with 50-2000 nM selinexor for 16 hours in the presence of the apoptotic inhibitor Q-VD. 

Percentage of CD107a+ KIR NK cells was normalised to the no target control for each donor. Shown is 

mean ± SEM (n=5). Repeated measure two-way ANOVA: *P<0.05, **P<0.01, ***P<0.005. (D) 

Percentage of CD107a+ KIR2DL3high and KIR2DL3- NK cells when PBMC derived from KIR2DL3 

homozygous donors were co-cultured for 4 hours with selinexor-treated SUDHL4 cells (E:T = 5:1). 

Percentage of CD107a+ KIR NK cells was normalised to the no target control for each donor. Shown is 

mean ± SEM (n=8) and significant differences in NK cell activation between the 0 nM control and 

selinexor concentrations were calculated with repeated measure two-way ANOVA followed by Tukey’s 

post-hoc test: *P<0.05, **P<0.01, ***P<0.005. 
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3.3.2 Expression of NK cell activating ligands and HLA proteins on malignant B cell lines post 

XPO1 inhibition 

To uncover an alternative explanation for enhanced activation of NK cells against selinexor-treated 

tumour targets, changes in the cell surface expression of ligands for a range of important NK cell 

receptors involved in tumour immunosurveillance (110) was assessed on B-cell lymphoma cell lines 

post selinexor treatment. Expression of the activating ligands (with their corresponding NK cell 

receptor, Figure 1-6) vimentin (NKp46), ULBP-1 (NKG2D), ULBP-2/5/6 (NKG2D), MIC-A/B (NKG2D), 

CD54/ICAM-1 (LFA-1) and B7H6 (NKp30) on SUDHL4 and JeKo-1 cells was assessed after 24-hour 

selinexor treatment. Vimentin was not expressed on either cell line and ULBP-1, ULBP-2/5/6 and 

MIC-A/B were lowly expressed across all selinexor concentrations (Figure 3-9). CD54 and B7H6 were 

moderately expressed by both cell lines (Figure 3-9). For these activating ligands to explain increased 

NK cell activation with increasing selinexor concentration, their surface expression level would be 

hypothesised to increase. However, no clear increase in all activating ligands examined was observed 

(Figure 3-9). For CD54 which was moderately expressed on SUDHL4 and JeKo-1 cells, a slight increase 

on JeKo-1 cells was observed with selinexor. For B7H6, a slight increase was also seen at 50 nM 

selinexor, but B7H6 expression decreased at high selinexor concentrations. Similarly, ULBPs also 

increased at the plasma membrane at 50 nM selinexor, however the contribution of ULBPs to 

activate NK cells at such low expression levels is unlikely. MIC-A/B decreased on both cell lines with 

increasing selinexor concentration. In summary, the direction and magnitude of expression changes 

of activating ligands post selinexor treatment cannot explain increased NK cell activation against 

selinexor-treated tumour targets.  
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Figure 3-9: Impact of selinexor treatment on the expression of NK cell activating ligands on B-cell 

lymphoma cell lines. 

(A) Representative example of the cell surface expression of vimentin, ULBP-1, ULBP-2/5/6, MICA/B, 

CD54 (ICAM1) and B7H6 on SUDHL4 and JEKO-1 cells treated with selinexor for 24 hours at the 

concentrations shown. (B) Cell surface expression relative to the untreated control of ULBP-1, ULBP-

2/5/6, MICA/B, CD54 ICAM1) and B7H6 on SUDHL4 (n=5) and JEKO-1 (n=5) cell lines after treatment 

with selinexor for 16 hours at the concentrations shown. Shown is mean ± SEM and significant 

differences in protein expression between the 0 nM control and selinexor concentrations were 

calculated with repeated measure one-way ANOVA followed by Tukey’s post-hoc test: *P<0.05, 

**P<0.01, ***P<0.005, **** P<0.0001. 
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Another potential mechanism for enhanced NK cell activation against selinexor-treated cancer cells is 

decreased expression of HLA proteins that bind NK cell inhibitory receptors as described by the 

‘missing-self hypothesis’ (Figure 1-3). Expression of total HLA class I proteins (HLA-A/B/C) with the 

antibody clone W6/32 and HLA-E using the antibody clone 3D12 was assessed post XPO1 inhibition 

(Figure 3-10). For all B-cell lymphoma cell lines (RAMOS, JeKo-1 and SUDHL4) selinexor decreased 

surface levels of HLA-E, with a greater decrease observed on RAMOS and SUDHL4 cells compared to 

JeKo-1 (Figure 3-10). A slight, but significant increase in the expression of total HLA molecules was 

noted at 50 nM selinexor and a significant but slight decrease was observed at high selinexor 

concentrations (Figure 3-10). To ensure selinexor was affecting surface protein expression and not 

impacting cell morphology, cell size was measured using the FSC-A flow cytometry parameter (Figure 

3-10). SUDHL4 and JeKo-1 cell size remained consistent at all selinexor concentrations and a slight 

decrease was observed for RAMOS.  
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Figure 3-10: XPO1 inhibition decreases HLA-E surface expression on malignant B cell lines. 

(A) Representative example of the cell surface expression of HLA class I (total HLA) and HLA-E on 

SUDHL4 cells treated with selinexor for 24 hours at the concentrations shown. FSC-A represents the 

size of SUDHL4 cells post selinexor treatment. (B) Cell surface expression relative to the untreated 

control of HLA class I (total HLA) and HLA-E on RAMOS (n=3), JeKo-1 (n=5) and SUDHL4 (n=5) cell lines 

after treatment with selinexor for 24 hours at the concentrations shown. Cell size after treatment with 

selinexor is described by the FSC-A parameter. One-way ANOVA analysis followed by Dunnett’s post-

hoc test was used to compare expression between the 0 nM control and selinexor concentrations: 

*P<0.05, **P<0.01, ***P<0.005, ****P<0.0001. 
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3.4 Mechanism for HLA-E downregulation with XPO1 inhibitors 

3.4.1 Examining total proteins levels of HLA-E 

Downregulation of surface HLA-E with selinexor could be explained by decreased levels of total HLA-E 

protein, either by increased HLA-E degradation or reduced transcription/translation. To assess total 

levels of HLA-E protein with selinexor, western blot experiments were performed with SUDHL4 

(Figure 3-11). With increasing selinexor concentration, the abundance of total HLA-E remained 

constant suggesting that XPO1 inhibition impairs HLA-E plasma membrane stability rather than 

regulating HLA-E transcription or translation. 

 

 

Figure 3-11: Total HLA-E protein abundance is unaffected by selinexor. 

(A) Total HLA-E protein abundance assessed by western blot on SUDHL4 cells treated with selinexor 

(50-2000 nM) for 24 hours. (B) HLA-E protein band intensity calculated on ImageJ was normalised to 

the β-ACTIN loading control for each selinexor concentration and HLA-E expression relative to the 0 

nM control was examined. Shown is mean ± SD across three separate experiments. 

 

 

3.4.2 Investigating the induction of ER stress upon XPO1 inhibition 

HLA-E surface expression has been shown to be sensitive to endoplasmic reticulum (ER) stress due to 

dysregulated production of peptides able to stabilise HLA-E at the plasma membrane (403). 

Treatment of multiple myeloma cell lines with bortezomib induced the expression of ER stress 

markers BiP and CHOP which correlated with HLA-E downregulation (403). Therefore, to determine 

whether XPO1 inhibition induces ER stress, selinexor-treated and leptomycin B (LMB)-treated B-cell 

lymphoma cells were assessed for the expression of multiple ER stress markers by western blot (466) 

(Figure 3-12). Brefeldin A (BFA) was used as a positive control to inhibit Golgi-ER membrane traffic 

and induce ER stress (403). With BFA, ER stress was successfully induced, with all markers increasing 

in abundance besides p-PERK which instead showed decreased mobility on the gel and reduced 
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levels of total PERK, perhaps reflecting complete phosphorylation with BFA (Figure 3-12). After 

treatment with selinexor or LMB, induction of ER stress proteins varied between cell lines, between 

ER stress proteins and between different concentrations of selinexor (Figure 3-12). For example, 

CALNEXIN was clearly induced with 50 nM selinexor, but then the band intensity reduced at higher 

selinexor concentrations, which was also seen for IRE-1α in SUDHL4 cells. In contrast, JeKo-1 

displayed a dose-dependent response in IRE-1α expression, which was also strongly induced in both 

cell lines with LMB and BFA treatment. ERO-Lα was also induced with selinexor and LMB. Besides 

these increases in ER stress marker expression similar to the BFA positive control, the majority of 

markers (PDI, p-eIF2α, PERK, CHOP and BIP) showed either no change or decreased expression with 

increasing selinexor or LMB treatment. Across all cell lines increasing selinexor concentration had no 

effect on total HLA-E protein levels (Figure 3-12). Overall, these western blots demonstrate that 

XPO1 inhibition results in specific induction of ER stress markers in B-cell lymphoma cell lines, which 

may have consequences on HLA expression at plasma membrane and subsequent modulation of the 

on NK cell immune response.  

 

 

Figure 3-12: Western blot of ER stress markers in B-cell lymphoma cell lines treated with XPO1 

inhibitors. 

Abundance of ER stress markers in SUDHL4, JeKo-1 and Ramos cells after 24-hour treatment with XPO1 

inhibitors selinexor (50-2000 nM) or leptomycin B (LMB, 50 nM). Cells were treated with 2 µg/mL 

brefeldin A (BFA) as a positive control for ER stress induction. Top band with anti-PERK represents 

phosphorylated PERK which signifies ER stress induction. Shown is one experiment of two and numbers 

on blot represent the relative band intensity relative to the β-ACTIN loading control calculated using 

ImageJ. 
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3.4.3 HLA-E trafficking to the plasma membrane in the presence of XPO1 inhibitors 

Compared to classical HLA class I molecules, HLA-E is known to have a short half-life (T1/2) at the 

plasma membrane with a T1/2 of 4 hours (T1/2 24 hours for HLA-A/B/C) (9). This is due to a higher 

turnover of HLA-E molecules at the plasma membrane and because of the limited availability of 

peptides able to stabilise HLA-E and initiate translocation of HLA-E to the plasma membrane from the 

ER (9). Considering this, it was hypothesised that XPO1 inhibition further limits HLA-E-binding peptide 

availability resulting in reduced trafficking of HLA-E to the plasma membrane. To test this, B-cell 

lymphoma cell lines were stripped of HLA molecules at the plasma membrane with citric acid and 

recovery of HLA-E and total HLA molecules at the plasma membrane was measured over time in the 

presence of selinexor (Figure 3-13).  

               

          

 

Figure 3-13: Acid strip experiment workflow. 

Cancer cell lines were initially treated with selinexor (500 nM) or DMSO control for 24 hrs after which 

cells were resuspended in 0.1M citrate buffer (pH 3.0) to strip HLA molecules off the plasma 

membrane. Cells were placed back into medium and surface recovery of HLA molecules was assessed 

over a 6-hour period.  
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First, the duration of citrate buffer incubation required optimisation for cancer cell lines. With excess 

time cells would die due to the low pH of the citrate buffer and too little time would result in 

insufficient stripping of HLA molecules at the surface. Raji and Ramos cells were therefore incubated 

in citrate buffer for 0.5, 1, 2, 3 and 5 minutes and assessed for expression of surface HLA-E and HLA-

A/B/C using the antibody clones 3D12 and W6/32, respectively, by flow cytometry (Figure 3-14).  

Compared to the 0-minute control in which cells were not incubated with citrate buffer, HLA-E and 

HLA-A/B/C molecules were stripped from the plasma membrane across all timepoints. After 1 

minute, Ramos cells were mostly stripped of all HLA molecules and further timepoints did not further 

increase HLA stripping, but it did reduce the viability of cells. For Raji cells, HLA-A/B/C molecules 

were progressively stripped with increasing duration in acid up to 3 minutes. HLA-E on the other 

hand was fully stripped at 1 minute and Raji cell viability suffered greatly from 2 minutes. After 2 

minutes for both cell lines, HLA-E expression increased slightly, most likely due to non-specific 

binding to dead cells. As such, the optimal time in acid was determined to be 1.5 minutes for both 

cells lines as cells were mostly viable at this time point and HLA-E was fully stripped in addition to 

HLA-A/B/C full stripping for Ramos. 1.5 minutes was decided as opposed to 1 minute to ensure 

optimal stripping of HLA molecules as this step is crucial to obtaining robust results from the 

experiment. 
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Figure 3-14: HLA acid strip optimisation of Raji and Ramos cell lines. 

Raji cells (A) and Ramos cells (B) were incubated in citrate buffer (0.1 M, pH 3.0) for 0.5, 1, 2, 3 and 5 

minutes and assessed for surface expression of HLA-E (antibody clone 3D12) and HLA-A/B/C (W6/32). 

Percentage of live cells within the SSC-A vs FSC-A gate for each timepoint is shown. Red numbers on 

histograms represent the proportion of cells within arbitrary gates that help illustrate shifts in 

histograms and the black numbers represent the MFI at each timepoint. 
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Following optimisation, Raji and Ramos cells were examined for HLA surface recovery in the presence 

of selinexor to determine HLA trafficking dynamics with XPO1 inhibition. Initially, cells were treated 

with selinexor during the HLA recover period only. During this period, cells were also treated with 

brefeldin A, an ER-Golgi transport inhibitor which impedes the recovery of HLA molecules at the 

plasma membrane (9). The rate of HLA recovery at the surface was similar in selinexor-treated and 

DMSO-treated Raji and Ramos cells (Figure 3-15). Brefeldin A successfully inhibited HLA surface 

recovery across the whole time period.  

 

 

Figure 3-15: HLA recovery at the plasma membrane in the presence of selinexor. 

Raji and Ramos cells were stripped of HLA molecules at the plasma membrane with citrate buffer (0.1 

M, pH 3.0) for 1.5 minutes. Cells were then replated in fresh medium in the presence of selinexor (500 

nM), brefeldin A (GolgiPlug, 2 µg/mL) or DMSO. Cells were then harvested at the given timepoints and 

assessed for surface expression of HLA-E and HLA-A/B/C with the antibody clones 3D12 and W6/32, 

respectively. Shown is the MFI from one experiment.  
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In previous cytotoxicity and NK cell activation assays, cell lines were treated with selinexor for 24 

hours prior to co-culture with immune cells. As such, to allow for sufficient time for XPO1 inhibition 

and degradation by selinexor, Ramos cells were treated with selinexor for 24 hours prior to the start 

of the acid strip experiment. Ramos was selected because it expresses HLA-E at a higher level 

compared to Raji. In this scenario, Ramos cells treated with selinexor had a slower rate of HLA-E and 

HLA-A/B/C surface recovery compared to DMSO control cells (Figure 3-16). Selinexor did not impair 

HLA surface recovery at the same magnitude as the brefeldin A control. As shown in previous 

experiments (Figure 3-10), 24-hour selinexor treatment decreased HLA-E surface expression, hence 

selinexor pre-strip samples had an initial lower HLA-E surface expression level compared to the 

DMSO control. In Figure 3-16A, it took ~6 hours for HLA-E to recover at the plasma membrane in the 

presence of selinexor compared to ~3 hours for the DMSO control. This held true for t1/2 (time taken 

to recover 50% of stripped molecules) shown in Figure 3-16B, as it took selinexor-treated Ramos ~3 

hours and DMSO controls ~1 hour. For HLA-A/B/C plasma membrane recovery, t1/2 for selinexor was 

~4 hours and DMSO control 1.5 hours. Therefore, these experiments suggest that XPO1 inhibition 

impairs HLA plasma membrane trafficking but does not completely abolish this process like Brefeldin 

A (positive control). Further replicates are required to inform on statistical differences between 

selinexor and DMSO control, however one-way ANOVA analysis revealed no statistical difference 

between selinexor and BFA positive control at each timepoint reflecting that selinexor impairs HLA 

plasma membrane trafficking. Although HLA-A/B/C trafficking is also affected by XPO1 inhibition, the 

plasma membrane stability of HLA-A/B/C compared to HLA-E is much greater (9), as such the 

inefficient plasma membrane trafficking with selinexor only reduces HLA-E surface expression in non-

strip conditions. 
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Figure 3-16: Selinexor impairs HLA-E and HLA-A/B/C trafficking to the plasma membrane. 

Ramos cells were treated with selinexor (500 nM) or DMSO control for 24 hrs before being stripped of 

HLA molecules at the plasma membrane with citrate buffer (0.1 M, pH 3.0) for 1.5 minutes. Cells were 

then replated in fresh medium to allow for HLA recovery at the plasma membrane. A proportion of 

DMSO control cells were treated with brefeldin A (GolgiPlug, 2 µg/mL) during the 6-hour recovery 

period as a positive control for impaired HLA recovery. Cells were then harvested at the given 

timepoints and assessed for surface expression of HLA-E and HLA-A/B/C with the antibody clones 3D12 

and W6/32 respectively. (A) Shown is the mean MFI ± SEM (n=4) with the black and grey horizontal 

bars representing the MFI of the pre-stripped DMSO control and selinexor samples, respectively. (B) 

Mean relative expression ± SEM (n=4) of HLA molecules at the given timepoints. Pre-strip values was 

set to 100% and 0 timepoint was set to 0%. One-way ANOVA was performed between all three 

treatments at each time point: ns = not significant, P<0.05 between DMSO negative control and BFA 

positive control for 1hr+ timepoints. 
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3.5 XPO1 inhibition with selinexor or leptomycin B preferentially activates 

NKG2A+ NK cells against malignant B cell lines 

HLA-E is the ligand for the activating, heterodimeric NK cell receptor NKG2C-CD94 and the ligand for 

the inhibitory receptor NKG2A-CD94 (7). Because surface HLA-E expression decreased on selinexor-

treated cancer cells, the lead hypothesis is that selinexor increases the activation of NKG2A+ NK cells. 

To test this in the LAMP assay, the degranulation and IFNγ production of NKG2A+ and NKG2A- NK 

cells were assessed and compared after PBMC co-culture with selinexor-treated SUDHL4 cells (Figure 

3-17). As hypothesised, selinexor specifically enhanced the activation of NKG2A+ NK cells (Figure 

3-17). Two-way ANOVA analysis revealed a significant effect of NKG2A expression on the 

degranulation of NK cells with increasing selinexor concentration (F = 5.0, DF = 3, 27, P<0.01).  
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Figure 3-17: XPO1 inhibition in SUDHL4 cells with selinexor preferentially activates NKG2A+ NK cells. 

(A) The degranulation of NKG2A+ and NKG2A- NK cells, measured by CD107a expression, was 

compared when healthy donor PBMC were co-cultured for 4 hours with selinexor pre-treated SUDHL4 

cells at the concentrations shown. Numbers on flow cytometry plots represent the percentage of cells 

within gates. (B) Activation of NKG2A+ and NKG2A- NK cells measured by CD107a (left) and IFNγ (right) 

when healthy donor PBMC (n=6) were co-cultured with selinexor-treated SUDHL4 cells at an E:T of 5:1. 

The percentage of CD107a+ and IFNγ+ cells was normalised to no target controls for each donor. 

Significant differences in NK cell activation between 0 nM control and selinexor concentrations were 

calculated with repeated-measure two-way ANOVA followed by Tukey’s post-hoc test: **P<0.01, 

*P<0.05. 
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Finally, to confirm that XPO1 inhibition results in downregulation of HLA-E and subsequent NKG2A+ 

NK cell activation, SUDHL4 cells were treated with an alternative XPO1 inhibitor leptomycin B (LMB). 

In contrast to selinexor, LMB does not induce the degradation of XPO1 (418), but like selinexor, LMB 

activates an intrinsic anti-cancer response as highlighted by increased abundance of p53 measured 

by western blot (Figure 3-18A). 24-hour LMB incubation at 50 nM led to surface HLA-E 

downregulation with no impact on cell morphology similar to 2000 nM selinexor treatment (Figure 

3-18B and C). By co-incubating PBMC with LMB-treated SUDHL4 cells increased degranulation in the 

NKG2A+ NK cell population compared to the untreated control was observed (Figure 3-18C and D). 

As with selinexor, two-way ANOVA analysis revealed a significant effect of NKG2A expression on the 

degranulation of NK cells with LMB treatment (F = 13.2, DF = 1, 8, P<0.05). Through utilising another 

inhibitor of XPO1 function, SINEs sensitise B cell malignancies to NK cell lysis by activating NKG2A+ 

NK cells via downregulation of HLA-E. LMB also confirms an XPO1 peptide-independent mechanism 

for increased NK cell activation against SINE-treated cancer cells as LMB does not induce the 

degradation of XPO1. However, it does not discount an XPO1 peptide-dependent mechanism with 

selinexor by presentation of XPO1 peptides to KIR2DS2+ NK cells.  
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Figure 3-18: XPO1 inhibition with leptomycin B in SUDHL4 cells reduces surface HLA-E expression 

and enhances the activation of NKG2A+ NK cells. 

(A) Abundance of XPO1 and p53 in SUDHL4 cells after 24-hour treatment with selinexor or leptomycin 

B (LMB) at the indicated concentrations in the presence of the apoptotic inhibitor Q-VD. SINE-induced 

apoptosis is depicted by the abundance of cleaved PARP (cPARP). (B) Cell surface expression relative 

to the untreated control of HLA-E on SUDHL4 cells (n=3) after treatment with 2000 nM selinexor or 50 

nM LMB for 24 hours. Cell size after SINE treatment is described by the FSC-A parameter. One-way 

ANOVA: ****P<0.0001. (C and D) The degranulation of NKG2A+ and NKG2A- NK cells, measured by 

CD107a expression, was assessed when healthy donor PBMC were co-cultured with SUDHL4 cells pre-

treated with 50 nM leptomycin B. Numbers on flow cytometry plots represent the percentage of cells 

within gates (C). Each line represents an individual donor (n=5) and the percentage of CD107a+ cells 

was normalised to no target control. Paired-sample t-test: *P<0.05 (D). 
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3.6 The effect of selinexor on ADCC 

3.6.1 Combining selinexor with anti-CD20 monoclonal antibodies 

NK cells express the activating Fc-binding receptor CD16a (FcγRIIIa) which enables them to perform 

ADCC. ADCC contributes to anti-CD20 mAb therapy as shown by the association of low NK cell 

number with shorter progression free survival in patients receiving anti-CD20 chemoimmunotherapy 

(260) and illustrated by NHL patients with the low affinity CD16a receptor (F158) having worse 

response to and overall survival of rituximab therapy (261,262). Currently, selinexor is in multiple 

clinical trials in combination with anti-CD20 mAbs for the treatment of advanced non-Hodgkin 

lymphoma (Table 1-2), however it is not known whether selinexor impacts ADCC. Therefore, it was 

assessed whether selinexor could synergise with the clinically relevant anti-CD20 mAbs rituximab and 

obinutuzumab in vitro. SUDHL4 cells were pre-treated with 500 nM selinexor for 24 hours followed 

by incubation with anti-CD20 mAbs for 20 minutes. PBMC or NK cells were subsequently added to 

opsonised cancer targets and NKG2A+ NK cell activation or NK cell specific lysis, respectively, was 

measured (Figure 3-19).  

 

 

Figure 3-19: LAMP and NK cell specific lysis assay workflows to assess the effect of XPO1 inhibition 

on ADCC in vitro. 

Cancer cells were pre-treated with 500 nM selinexor or DMSO control for 24 hours in the presence of 

the apoptotic inhibitor Q-VD. After, selinexor was washed out and cancer cells were incubated for 20 

minutes with direct targeting mAbs. Opsonised targets were then co-cultured with healthy donor 

PBMC to compare NKG2A+ and NKG2A- NK cell activation in the LAMP assay or co-cultured with 

purified NK cells to measure NK cell specific lysis at an effector:target (E:T) ratio of 5:1 for 4 hours. 
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In the LAMP assay, after addition of anti-CD20 mAbs to untreated controls, enhanced degranulation 

was observed in both NKG2A+ and NKG2A- NK cells with greater stimulation using obinutuzumab 

(Figure 3-20, black circles in B). As previously observed, in media and isotype controls, pre-treatment 

of SUDHL4 cells with selinexor increased the activation of NKG2A+ NK cells but not NKG2A- NK cells 

(Figure 3-20). When anti-CD20 mAbs were incubated with selinexor-treated SUDHL4 cells, NKG2A+ 

NK cells were further activated compared to anti-CD20 treatment alone, however only very slightly 

with a mean increase of 3.4% (Figure 3-20). In contrast, although NKG2A- NK cells were activated by 

opsonised SUDHL4 cells, pre-treatment with selinexor did not further enhance their activation. These 

data indicate that selinexor-treated cancer cells with downregulated HLA-E can be opsonised with 

anti-CD20 mAbs to further augment NKG2A+ NK cell activation compared to single agent treatments.  
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Figure 3-20: Selinexor combined with anti-CD20 mAbs further enhance the activation of NKG2A+ NK 

cells. 

(A) Representative example of NKG2A- and NKG2A+ NK cell degranulation when PBMC were co-

cultured with selinexor-treated SUDHL4 cells that were opsonised with 1 µg/mL anti-CD20 mAbs 

rituximab or obinutuzumab. Cetuximab (anti-EGFR) was used as the isotype control. Number on plots 

represent the percentage of CD107a+ NK cells within gates. (B) Percentage of CD107a+ NKG2A- and 

NKG2A+ NK cells when PBMC were co-cultured with SUDHL4 cells that were pre-treated with 500 nM 

selinexor for 24 hours and opsonised with 1 µg/mL anti-CD20 mAbs rituximab or Obinutuzumab. Each 

line represents one healthy donor PBMC (n=6). Paired sample t-test: ***P<0.005, **P<0.01, *P<0.05, 

ns = not significant. 
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Next, NK cell specific lysis of selinexor-treated SUDHL4 cells opsonised with anti-CD20 mAbs was 

assessed. In the ‘no NK’ control samples that were not treated with selinexor, addition of anti-CD20 

mAbs induced cancer cell apoptosis (Figure 3-21A). When these cells were pre-treated with 

selinexor, there was no change in cancer cell viability in isotype and Rituximab sample (Figure 3-21). 

As expected, considering the results from the LAMP assay, NK cell specific lysis of SUDHL4 targets 

was enhanced by the combination of selinexor and anti-CD20 mAbs compared to single agent 

treatments (Figure 3-21B).  

 

 

 

Figure 3-21: Selinexor enhances NK cell specific lysis of anti-CD20 coated SUDHL4 cells. 

(A) Representative example of the percentage of lysed (propidium iodide positive), CellTrace™-labelled 

SUDHL4 cells. SUDHL4 cells were treated with 500 nM selinexor for 24 hours and coated with 1 µg/mL 

anti-CD20 mAbs rituximab and obinutuzumab or isotype control (cetuximab) for 20 minutes before co-

culture with purified NK cells (right). Corresponding ‘no NK’ controls (left) were used to calculate % NK 

cell specific lysis as follows: (% ‘+ NK cell’ lysis - % ‘no NK’ lysis) * 100 / (100 - % ‘no NK’ lysis). (B) % NK 

cell specific lysis of selinexor-treated SUDHL4 cells that were opsonised by anti-CD20 mAbs rituximab 

or obinutuzumab or isotype control (cetuximab). Each line represents one healthy donor PBMC (n=4). 

Paired sample t-test: **P<0.01, *P<0.05. 
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3.7 Discussion 

3.7.1 XPO1 inhibition sensitises B-cell lymphoma cells to NKG2A+ NK cell activation 

In this chapter, cell lines representing B-cell lymphomas (Burkitt’s Lymphoma, MCL and DLBCL) were 

sensitised to NK cell activation and cytotoxicity following XPO1 inhibition. Since an XPO1-derived 

peptide (NAPLVHATL) described by the research group has been reported to stimulate KIR2DS2 

(171), it was initially hypothesised that the selinexor-induced degradation of XPO1 would 

preferentially activate KIR2DS2+ NK cells via the increased abundance of the NAPLVHATL peptide. 

This hypothesis was then discarded by the data illustrating that KIR2DS2 negative NK cells and 

KIR2DS2 deficient donor NK cells were stimulated by XPO1 inhibition (Figure 3-8). Additionally, 

leptomycin B which does not induce the degradation of XPO1 was able to enhance NK cell activation 

and cytotoxicity, further indicating a peptide-independent mechanism for SINE-induced activation of 

NK cells (Figure 3-18). Although, an XPO1 NAPLVHATL peptide-dependent mechanism cannot be 

discounted. It must be considered that SUDHL4 cells used in KIR2DS2 experiments express the HLA-

C*03:04 allele and NAPLVHATL peptide presentation to KIR2DS2 was shown in the context of HLA-

C*01:02 expression (171). Therefore, although KIR2DS2 binds to HLA-C group 1 alleles such as HLA-

C*03:04 (175) analysing the peptides presented on HLA class I molecules after XPO1 inhibition with 

selinexor will determine whether NAPLVHATL is being presented on SUDHL4 cells which may 

potentially contribute to enhanced KIR2DS2+ NK cell activation.  

Interestingly, the SUDHL4 cell line which is derived from a patient with DLBCL activated NK cells the 

most after selinexor treatment. Importantly, DLBCL tumours have a high infiltration of NK cells (467) 

and NKG2A is highly expressed on patient NK compared to healthy controls (376). Selinexor is 

approved for the treatment of relapsed/refractory DLBCL, thus it could be speculated that enhanced 

NKG2A+ NK cell activation by selinexor may contribute to the positive anti-tumour effects in DLBCL, 

although this remains to be tested in patients. 

HLA-E downregulation by selinexor and LMB enhanced NKG2A+ NK cell degranulation and IFNγ 

production. The NKG2A receptor is highly sensitive to changes in HLA-E surface levels on target cells 

and this is because of the low expression level of HLA-E, thus NKG2A has evolved to be sensitive to 

slight changes in HLA-E surface expression (17,208). NKG2A:HLA-E interactions exhibit saturation 

kinetics compared to HLA class I and KIR which follow linear kinetics (17,208). As such slight changes 

in HLA-E expression result in potent NKG2A+ NK cell immune responses. On the other hand, KIRs 

have evolved in cooperation with high HLA class I expression resulting in linear activation/inhibitory 

kinetics such that large changes in HLA class I expression are required to induce a response by KIR+ 

NK cells. Therefore, although HLA-A/B/C was slightly downregulated on Ramos after XPO1 inhibition 

(Figure 3-10), it is likely that the changes in HLA-E expression are responsible for enhancing NK cell 
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cytotoxicity with selinexor. Building on this, it will be important to dissect the activating receptors 

that are signalling in competition with NKG2A. Adding antibodies against activating NK cell receptors 

such as NKG2D and DNAM-1 to the flow panel in co-culture experiments will address this and the 

level of expression of these receptors between donors may explain donor variability in enhanced NK 

cell activity with XPO1 inhibition. Additionally, it has to be taken into consideration the effect of 

other immune cells in NK cell PBMC activation assays including T cells which will be activated against 

cancer cell lines and release inflammatory modulators to control NK cell functions and phenotypes. 

Interestingly, induction of HLA-E expression on activated T cells protects them from NK cell lysis, as 

such, in PBMC assays XPO1-induced NK cell activation may be impeded by T cell activation (29,468).  

Ligands for NK cell activating receptors have been reported to increase with small molecules that 

induce p53 activation including nutlin-3a and doxorubicin (326,469,470). Although XPO1 inhibition 

was shown to induce a p53 response (Figure 3-18), no change in the expression of NK cell activating 

ligands were observed (Figure 3-9). This might reflect cell-specific responses to p53 activation. It was 

recently shown that induction of oxidative phosphorylation in B-cell lymphoma cells and multiple 

myeloma cells increase the expression of stress ligands MIC-A/B, ULBPs and ICAM-1 in a p53-

dependent manner (471). This perhaps suggests that the p53-induced increase in NK cell activating 

ligand expression may require disruption to metabolic pathways and p53 activation alone does not 

increase NK cell activating ligand expression. XPO1 inhibition has been shown to disrupt metabolic-

associated genes and reduce oxygen consumption rate in AML cells as measured by Seahorse and 

these experiments could be performed with B-cell lymphoma cells to affirm the link between p53, 

metabolism and activating ligand expression (472–474). NKG2D ligand shedding is a critical 

mechanism employed by leukaemia cells to evade NK cell immunity (475). The lack of NKG2D ligand 

expression after XPO1 treatment may be due to ligand shedding with selinexor. Conducting ELISA 

experiments with cell supernatants to measure soluble NKG2D ligands would address this. 

Calreticulin, a marker of ER stress and also a ligand for NKp46 (476), also did not change with XPO1 

inhibition. Interestingly, calreticulin can be used as a marker to distinguish between immunogenic 

cell death and apoptosis (477). Therefore, conducting co-culture experiments and measuring 

calreticulin surface expression on dying cancer cells will inform on the proportion of selinexor-

induced death versus NK-mediated cell death (Figure 3-9). If calreticulin increases on tumour cells 

after co-culture with NK cells, this could provide a feedback loop via NKp46 to further promote NK-

mediated lysis of tumour targets and thus, this warrants investigation as this may contribute to 

enhanced NK cell activation in co-cultures. 

HLA-E overexpression is a well described mechanism employed by tumours to evade NK cell-

mediated immunity (372). For HLA-E to become stably expressed at the plasma membrane, peptides 

are loaded on to HLA-E in the endoplasmic reticulum (ER) followed by transport to the plasma 
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membrane (9). As such, peptide availability and the loading on to HLA-E is a crucial step in 

determining HLA-E surface expression levels (9,34). Interestingly, the variant HLA-E*0103, which has 

a higher affinity for peptides resulting in increased surface expression compared to HLA-E*0101 

(14,194), is associated with less favourable treatment outcome in non-Hodgkin lymphoma (60). 

Furthermore, RNA-seq analysis of tumours from 33 tumour types identified heterogeneity in the 

level of HLA-E expression, with particularly high expression in DLBCL samples (243). HLA-E expression 

was found to correlate with KLRC1 (NKG2A) expression suggesting that the HLA-E:NKG2A 

immunosuppressive mechanism exists in patients and that interfering with this interaction may 

unleash an anti-tumour immune response by NK cells. Additionally, NKG2A+ NK cells have been 

reported in the lymph nodes of follicular lymphoma patients, therefore NKG2A may be a promising 

target to promote NK cell immune responses in patient lymph nodes (478). Through the use of 

selinexor, patient NKG2A+ NK cells may become greatly activated and stratification of patients based 

on HLA-E variants may provide some interesting insights on selinexor efficacy and NK cell 

contribution to tumour regression. 

Because of the importance of HLA-E in protecting cancer cells from NKG2A+ NK cells, multiple 

strategies are undergoing intense research to disrupt NKG2A:HLA-E interactions. These include 

antibody blockade of which monalizumab, an anti-NKG2A mAb, is in phase 3 clinical trials for non-

small cell lung cancer in combination with durvalumab (anti-PD-L1) (NCT05221840) and for head and 

neck squamous cell carcinoma in combination with cetuximab (NCT04590963) (276,277). Antibodies 

have also been raised against HLA-E and the mouse homolog Qa-1b which in addition to blocking 

inhibitory NKG2A:HLA-E interactions also promote ADCC because these antibodies can be IgG1 

isotype (280,281). An interesting approach using a bispecific antibody exploiting HLA-E-restricted 

TCRs to improve specificity has also shown improved immune responses by NK cells and T cells (479). 

Adoptive transfer approaches using NK cells deficient in NKG2A expression by means of CRISPR-Cas9 

(480), siRNA (315,316) and the use of protein expression blockers (243) to retain NKG2A in the Golgi 

have also shown enhanced NK cell responses in vitro and in vivo. Targeting signals downstream of 

NKG2A may also prove a viable option including the use of nanoparticles to direct siRNA against SHP-

1, the inhibitory phosphatase downstream of NKG2A (481). The tyrosine kinase inhibitor dasatinib, 

used for the treatment of AML, also pertains immunomodulatory properties via the downregulation 

of NKG2A in patient NK cells (405). Interestingly, a recent study demonstrated that selinexor and 

dasatinib combine to enhance apoptosis of chronic myeloid leukaemia cells (473). Building on this, it 

would be interesting to investigate whether these two compounds combine to further enhance NK 

cell function against myeloid leukaemia. Overall, these studies demonstrate the importance of the 

NKG2A:HLA-E axis in oncology research and the data presented here illustrate that XPO1 inhibitors 

modulate this critical NK cell immune checkpoint. 
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The variation between donor NK cell activation (Figure 3-5 and Figure 3-6) and cytotoxicity (Figure 

3-3) may be due to different levels of education within individuals (101,104). Indeed, the varying 

levels of SHP-1 expression between NK cell donors, the adapter phosphatase recruited by NKG2A to 

inhibit NK cell activation signals, determines the level of response by NK cells (105). Even in scenarios 

of MHC downregulation, as with XPO1 inhibition, the magnitude of the NK cell response is 

determined by the basal levels of SHP-1 such that low levels of SHP-1 expression correlate with high 

NK cell cytotoxicity (105). Thus SHP-1 acts as a rheostat to fine tune the NK cell immune response 

and could be targeted with immunotherapy in addition to the targeting of surface receptors. This 

approach may be more effective at inducing potent anti-tumour immune responses given that many 

inhibitory receptors signal via SHP-1. In fact, intracellular immune checkpoints are the target of 

immunotherapy approaches including knockout of SHP-1 (482) and CISH (483), an inhibitory 

signalling protein in NK cells, in adoptively transferred NK cells and these have shown promising pre-

clinical tumour regression data. CISH also negatively regulates TCR signalling and its deletion by 

CRIPSR in autologous T cells is being clinically tested in metastatic gastrointestinal indications 

(NCT04426669). 

3.7.2 Mechanism for HLA-E downregulation by XPO1 inhibitors 

The mechanism for downregulation of HLA-E with XPO1 inhibition was not due to reduced nuclear 

export of HLA-E because it is not present within the nucleus and has not been described as an 

interacting partner with XPO1. Equally, neither decreased transcription nor translation explained 

decreased surface expression of HLA-E as total protein analysis by western blot did not change with 

selinexor treatment (Figure 3-11). HLA-E is known to have low plasma membrane stability as 

inhibiting Golgi-ER traffic with brefeldin A quickly reduces HLA-E surface expression compared to 

classical HLA class I proteins (9,403). The cytoplasmic tail contributes to low surface stability of HLA-E 

because it induces rapid internalisation and when HLA class I cytoplasmic tails are expressed on HLA-

E, surface stability is enhanced (9). The major contributing factor for HLA-E surface instability and low 

surface expression is the low availability of HLA-E-binding peptides. Peptide loading enables exit of 

HLA-E from the ER and the low availability of peptides at homeostasis results in HLA-E accumulation 

in the ER (9). This coupled with high internalisation rates result in low HLA-E surface expression 

compared to HLA-A/B/C proteins.  

Modulating the abundance of HLA-E-binding peptides leads to significant changes in HLA-E surface 

expression, for example increasing peptide abundance results in increased HLA-E surface expression 

(9). XPO1 is known to transport ribosomal proteins and ribosomal RNA into the cytoplasm, hence 

XPO1 indirectly affects global protein translation rate (484,485). Additionally, XPO1 exports the 

translation initiation factor eIF4 and selinexor treatment therefore reduces protein translation rates 

(486). As such, XPO1 inhibition may reduce the abundance of peptides able to induce exit of HLA-E 
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from the ER and stabilise HLA-E at the plasma membrane. Experiments using puromycin to measure 

global protein translation rate would confirm whether XPO1 inhibition inhibits translation. In acid 

strip experiments, XPO1 inhibition impaired HLA-E and classical HLA class I protein recovery at the 

plasma membrane, indicating disruption to trafficking processes (Figure 3-16). One mechanism may 

be reduced abundance of peptides able to initiate exit from the ER. Although trafficking of classical 

HLA proteins was affected by XPO1 inhibition, under non-strip conditions these proteins were not 

massively downregulated after 24-hour selinexor treatment (Figure 3-10 and Figure 3-16). This can 

be explained by their increased plasma membrane stability compared to HLA-E such that the slow 

rate of HLA-A/B/C replenishment at the surface is not apparent with XPO1 inhibition. The half-life 

(T1/2) of HLA-A/B/C is 24 hours compared to HLA-E T1/2 of 4 hours (9), therefore 24-hour selinexor 

treatment resulting in impaired HLA trafficking to the plasma membrane will mainly impact HLA-E 

surface expression. This is in accordance with a recent article showing that HLA-E is a real-time 

sensor of functional antigen processing and presentation machinery, such that any disruption to 

antigen processing because of infection or oncogenesis will lead to an NK cell activating response 

(34).  

Carlsten et al., (2019) deduced by western blot of CHOP and BIP that ER stress was associated with 

HLA-E downregulation after bortezomib treatment in multiple myeloma cells. However, ER stress has 

also been linked to NK cell activation via stimulation of NKp46 binding to calreticulin (476) which may 

also contribute to the sensitisation of multiple myeloma cells to NK cells with bortezomib treatment. 

With XPO1 inhibition levels of CHOP and BIP did not change, neither did stress markers PERK, p-

eIF2α, CALNEXIN nor PDI however, ERO-Lα and IRE-1α levels did increase with XPO1 inhibition 

(Figure 3-12). BIP binding to IRE-1α inhibits IRE-1α dimerization, therefore the decrease in BIP 

expression with XPO1 inhibition may have activated IRE-1α, which could be tested by western blot 

against phosphorylated IRE-1α, and downstream IRE-1α gene expression (487). In a recent 

publication, IRE-1α was shown to fine tune the magnitude of the ER stress response, enhancing PERK 

expression under chronic ER stress conditions after 24-36 hours (487). This suggests that XPO1 

inhibition may induce low levels of ER stress which results in IRE-1α activation but not PERK. 

Furthermore, downregulation of surface HLA-E has also been described by increased oxidative stress 

in various cancer cell lines including multiple myeloma (488). Intracellular free thiol levels are 

indicative of oxidative stress which could be measured in cancer cells post selinexor treatment, to 

determine whether oxidative stress contributes to HLA-E downregulation. 

3.7.3 Combining XPO1 inhibitors with monoclonal antibody therapy 

CD16a (FcγRIIIa) on NK cells acts as a strong activating receptor due to its association with the CD3ζ 

adapter protein which contain multiples ITAM domains (149,183). There is evidence to suggest that 

NK cells play important roles in contributing to the efficacy of direct targeting monoclonal antibody 
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therapy. DLBCL patients with low numbers of circulating NK cells have worse prognosis when treated 

with anti-CD20 immunochemotherapy (260) and the expression of the high affinity CD16a receptor in 

CLL patients induces stronger ADCC responses by rituximab (489). High expression of HLA class I can 

impede ADCC induced by anti-CD20 mAbs via engagement with inhibitory KIR on NK cells (267).  As 

such approaches to promote ADCC such as through combination treatments with small molecules 

that modulate inhibitory ligands on tumour cells, such as selinexor, may improve monoclonal 

antibody efficacy in patients and indeed anti-CD20 mAbs are in clinical trials with selinexor for non-

Hodgkin lymphoma (Table 1-2). The results of these trials are eagerly anticipated to determine 

whether XPO1 inhibition can promote direct targeting mAb therapy in NHL.  

As illustrated in section 3.6, selinexor potentiated ADCC of NK cells in vitro by the clinically relevant 

anti-CD20 mAbs rituximab and obinutuzumab. This enhanced ADCC with selinexor was due to 

modulation of the NKG2A:HLA-E inhibitory axis because only the NKG2A+ NK cell population was 

further activated by combination treatment (Figure 3-20). Past research has demonstrated in vitro 

that NKG2A signalling is important in dampening ADCC by NK cells with anti-CD20 mAbs 

(43,265,267,490). Anti-CD20 mAbs were combined with anti-NKG2A mAbs and enhanced NK cell 

activation and cytotoxicity was observed similar to the results collected here combining anti-CD20 

mAbs with selinexor. NKG2A+ and NKG2A- NK cells express CD16a (CD16a is expressed on ~90% of 

circulating NK cells) and this can be seen by enhanced activation of NKG2A+ and NKG2A- NK cells 

with anti-CD20 mAbs (Figure 3-20). But when lymphoma cells were pre-treated with selinexor, only 

NKG2A+ NK cell activation was further enhanced because the imbalance of inhibitory and activating 

signals in these cells was further skewed towards activation compared to NKG2A- NK cells which are 

regulated by other inhibitory receptors for example KIRs. Whether NK cell ADCC in vivo can be 

enhanced by modulation of the NKG2A:HLA-E axis remains to be determined. Similar in vivo 

experiments using SCID mice inoculated with lymphoma cells as performed with BTK inhibitors in 

combination with rituximab could be used to assess the in vivo applicability of combined selinexor-

anti-CD20 treatment (329). 
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Chapter 4 The effect of XPO1 inhibition in primary human 

Chronic Lymphocytic Leukaemia cells on NK cell 

activation 

4.1 XPO1 inhibition sensitises patient derived Chronic Lymphocytic 

Leukaemia (CLL) cells to NK cell cytotoxicity 

CLL is a good primary patient model for studying B-cell malignancies primarily for the abundance of 

malignant cells in the circulation which is easily accessible for collection. Although variable, the 

lymphocyte population within the PBMC of CLL patients consist primarily of CD5+CD19+ CLL cells (90-

99%) (491). Additionally, CLL was used a primary cancer model here because selinexor is in clinical 

trials for the treatment of CLL in combination with ibrutinib (NCT02303392) (448), as too are 

allogeneic and CAR NK cell therapies (NCT03056339) (305,492). Therefore, determining in vitro 

whether XPO1 inhibition can promote NK cell immune responses against CLL may warrant pre-clinical 

and clinical studies exploring selinexor-NK cell immunotherapy for CLL. 

In the first instance, PBMC from patients with CLL were assessed for sensitivity to the XPO1 inhibitors 

selinexor and leptomycin B (LMB). The CLL patient characteristics used in this study can be found in 

Table 2-2. XPO1 inhibition was confirmed by western blot analysis showing that increasing selinexor 

concentration induced XPO1 degradation (Figure 4-1). LMB was used as a different mechanism by 

which to inhibit XPO1 and as with cell lines, XPO1 degradation was not seen in CLL samples after 

treatment with LMB (Figure 4-1).  

 

 

Figure 4-1: Ex vivo selinexor treatment induces XPO1 degradation in patient CLL cells. 

XPO1 protein abundance measured by western blot in five representative CLL patient samples after 

treatment with selinexor (50-2000 nM, A and B) or leptomycin B (LMB, 50 nM, B) for 24 hrs. 

 

 

A B 
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To assess the sensitisation of CLL cells to NK cell cytotoxicity after treatment with XPO1 inhibitors, 

CLL cells were pre-treated with selinexor or LMB and co-cultured for 4 hours with purified, healthy 

donor NK cells. For CLL donors which harbour <90% CLL cells of total lymphocytes, CD19+CD5+ CLL 

cells were first purified by magnetic bead purification before use in assays. To inhibit drug-induced 

apoptosis, CLL cells were co-incubated with 30 µM Q-VD. Propidium iodide was used to measure CLL 

cell lysis and NK cell specific lysis was calculated taking into account background, drug-induced 

apoptosis of CLL cells (Figure 4-2).   

 

 

Figure 4-2: Flow cytometry gating strategy used to measure lysis of patient derived CLL cells. 

CLL cells were stained with CellTrace™ Violet Cell Proliferation Kit to allow identification of CLL cells 

(violet positive) in co-culture with purified NK cells (violet negative). Lysed CLL cells were then 

identified by uptake of propidium iodide. 

 

 

Treatment of CLL cells with selinexor in the presence of Q-VD inhibited apoptosis successfully (Figure 

4-3A, ‘no NK’ column). Addition of NK cells induced CLL cell lysis (Figure 4-3A, ‘0 nM’ row) and NK cell 

specific lysis of CLL cells was enhanced by pre-treatment of CLL cells with selinexor (Figure 4-3B). 

Furthermore, NK specific lysis was enhanced when CLL cells were pre-treated with LMB (Figure 4-3C). 

In accordance with enhanced NK specific lysis of CLL cells, increased NK cell activation was observed 

as measured by CD107a and IFNγ expression against selinexor pre-treated CLL cells (Figure 4-4). 
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Figure 4-3: XPO1 inhibitors sensitise CLL cells to NK specific lysis. 

Purified healthy donor NK cells were co-cultured for 4 hrs with CLL cells pre-treated with XPO1 

inhibitors (in the presence of 30 µM Q-VD) at effector:target ratios of 5:1 and 1:1. (A) Representative 

flow cytometry plots of the proportion of lysed CLL cells (propidium iodide positive, PI) after CLL cells 

from one CLL donor were co-cultured with NK from two different healthy donors (E:T = 5:1). 

Spontaneous lysis of CLL cells was measured at each selinexor concentration (no NK column) and NK 

cell specific lysis in (B) and (C) was calculated as 
% 𝐶𝐿𝐿 𝑙𝑦𝑠𝑒𝑑 𝑤𝑖𝑡ℎ 𝑁𝐾 −% 𝐶𝐿𝐿 𝑙𝑦𝑠𝑒𝑑 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑁𝐾

100 −% 𝐶𝐿𝐿 𝑙𝑦𝑠𝑒𝑑 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑁𝐾
 * 100 to 

account for spontaneous and drug-induced cell death. Shown in (B) is mean ± SEM (n=10 of 5 CLL 

donors and 3 healthy donor NK) and differences in NK specific lysis between the 0 nM control and 

selinexor concentrations were calculated with repeated-measure one-way ANOVA followed by 

Dunnett’s multiple comparison test: **P<0.01, ****P<0.001. In (C), NK specific lysis of 4 CLL donors 

was assessed using NK cells from 2 healthy donors (E:T = 5:1) and significance in NK specific lysis 

between control and leptomycin B (LMB, 50 nM) treatment was calculated with paired t test: **P<0.01. 

  

A B 
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Figure 4-4: Selinexor pre-treatment of CLL cells enhances NK cell activation. 

CLL cells were pre-treated with selinexor (50-2000 nM) for 24 hours and then co-cultured with healthy 

donor PBMC for 4 hours. (A) CD56+CD3- NK cell activation was measured by expression of CD107a and 

IFNγ as shown in the flow plots. Numbers represent the percentage of NK cells within gates. (B-C) NK 

activation across multiple CLL donor and healthy donor NK cell co-cultures (n=23 for B and n=21 for C 

using 8 CLL donors and 7 healthy donors). Each point represents individual CLL-NK co-cultures with 

background NK activation accounted for (no CLL target well in A). Lines represent means at each 

selinexor concentration and statistical significance in NK cell activation between the 0 nM control and 

selinexor concentrations were calculated by repeated-measured one-way ANOVA followed by Tukey’s 

post-hoc test: *P<0.05, ***P<0.005. 
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4.2 Mechanism for increased sensitivity of selinexor-treated CLL cells to 

NK cell cytotoxicity 

In chapter 3, XPO1 inhibition in malignant B cell lines induced downregulation of surface HLA-E, as 

such CLL cells treated with XPO1 inhibitors were assessed for surface expression of HLA-E by flow 

cytometry. CLL cells were identified in the PBMC of patients through co-expression of CD19 and CD5 

(Figure 4-5). 

 

 

Figure 4-5: Flow cytometry gating strategy to identify CD5+CD19+ CLL cells. 

Representative example of one CLL patient PBMC stained with antibodies against CD19 and CD5 to 

identify CD19+CD5+ CLL cells after gating on lymphocytes. CD19+CD5+ cells were gated on to measure 

NK ligand expression after treatment with XPO1 inhibitors.  

 

 

On CD19+CD5+ CLL cells, treatment with selinexor downregulated HLA-E surface expression in all 

samples tested with a mean reduction of 40% at 2000 nM selinexor compared to the untreated 

control (Figure 4-6A and B). CD19 expression and cell morphology, as measured by FSC-A, did not 

change with increasing concentration of selinexor indicating that XPO1 inhibition specifically 

modulates HLA-E surface expression. Total HLA expression decreased slightly at high selinexor 

concentrations (500 nM and 2000 nM), however because the antibody clone W6/32 potentially 

recognises HLA-E in addition to classical HLA class I molecules (HLA-A/B/C) this may be due to specific 

HLA-E downregulation (7,493). XPO1 inhibition with LMB also downregulated surface HLA-E 

expression by 40% and total HLA expression remained unchanged (Figure 4-6C). 
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Figure 4-6: XPO1 inhibitors downregulate HLA-E surface expression on CLL cells. 

(A) Histograms of the surface expression of HLA-E, total HLA class I and CD19 on CD19+CD5+ CLL cells 

after treatment with selinexor for 24 hours (50-2000 nM). Shown is a representative example of one 

CLL donor. Cell size was measured using the FSC-A parameter. NS = no stain. Black vertical line on each 

histogram is placed on the peak of the 0 nM control. (B-C) Surface expression of HLA-E and total HLA 

class I on CD19+CD5+ CLL cells after treatment with selinexor (50-2000 nM, B) or leptomycin B (50 nM, 

LMB, C) for 24 hrs. Shown is mean expression ± SEM relative to the 0 nM control of 17 CLL patients in 

B and 5 CLL patients in C. Asterisks represent significant differences in surface expression to the 0 nM 

control. This was calculated with repeated-measure one-way ANOVA followed by Dunnett’s multiple 

comparison test for each protein group: **P<0.01, ***P<0.005, **** P<0.001. For (C) differences in 

HLA expression between control and LMB was calculated by paired t-test: *P<0.05. 

 

 

To determine whether subgroups of CLL patients were differentially sensitised to selinexor-induced 

HLA-E downregulation, CLL patients were stratified based on IGHV mutational status and IgM surface 

expression, two major prognostic factors (344,494). Patients with unmutated IGHV (U-IGHV) 

compared to mutated IGHV (M-IGHV) have worse prognosis because of the higher proliferative 

potential of naïve B cells compared to differentiated B cells (344). High surface expression of IgM, 

also referred to at the B-cell receptor (BCR), induce more potent survival and proliferative signals 

(494). IgM surface expression was considered high if the IgM MFI was >50 as in the Chiodin et al., 

(2022) study. HLA-E downregulation with selinexor was evident in all subgroups of patients and two-

way ANOVA interaction analysis did not reveal a difference in CLL subtype response to selinexor, 

therefore the selinexor-induced HLA-E downregulation is independent of IGHV mutational status and 

surface level of IgM (Figure 4-7).  

A B C 
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Figure 4-7: HLA expression on CLL patient cells after ex vivo selinexor treatment stratified on IGHV 

mutational status and IgM surface expression level. 

CLL patient PBMC were treated with selinexor (50-2000 nM) for 24 hrs and HLA-E and total HLA surface 

expression was assessed on CD5+CD19+ CLL cells. Expression levels were compared between CLL 

patients with U-IGHV (n=9) and M-IGHV (n=8) (A) and between patients with high surface expression 

of IgM (>50 MFI, n=11) and low surface expression (<50 MFI, n=6) (B). Shown is relative mean 

expression ± SEM of the untreated control and differences in HLA expression between CLL subtypes 

were calculated by repeated-measure two-way ANOVA with interaction analysis. 

 

 

To decipher the duration of selinexor treatment required to decrease the surface expression of HLA-

E on CLL cells, HLA-E expression was measured at intervals over a 24-hour period. After 16 hours of 

treatment with 500 nM selinexor, HLA-E started to become downregulated (13% decrease compared 

to the 0 hr timepoint) (Figure 4-8A). This downregulation continued until the 24-hour timepoint 

when HLA-E surface expression was decreased by 34% of the 0 hr timepoint. Brefeldin A (BFA) was 

used as a positive control for downregulating HLA surface expression (9,403). HLA molecules are not 

completely stable at the plasma membrane and become internalised over time (9). Because BFA 

inhibits ER-Golgi traffic, this impairs replenishment of HLA molecules at the plasma membrane. 

Indeed, after 1 hour of BFA treatment, HLA-E surface expression was decreased by 30% and after 24 

hours HLA-E expression was decreased by 80% (Figure 4-8A). Additionally, total HLA was 

downregulated by BFA, particularly after 24 hours, but total HLA expression remained stable over the 

course of the experiment with selinexor as too did CD19 (Figure 4-8A). To determine whether HLA-E 
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downregulation was maintained after selinexor removal from the culture, CLL cells were washed with 

medium to remove selinexor and replated for 24 and 48 hours and assessed for surface expression of 

HLA molecules. After 24 and 48 hours without selinexor in the culture, HLA-E expression remained 

downregulated with no change in expression of total HLA and CD19 (Figure 4-8). These data 

demonstrate that HLA-E takes approximately 16 hours to become downregulated by XPO1 inhibition 

and remains downregulated after selinexor removal from the culture for at least 48 hours, 

potentially due to continued disruption to nuclear export. 

 

 

Figure 4-8: HLA-E is downregulated after 16 hour-selinexor treatment and remains lowly expressed 

after selinexor removal. 

(A) CLL cells were treated with selinexor (500 nM, left) or brefeldin A (BFA, 2 µg/mL, right) for 24 hours 

and surface expression of HLA-E, total HLA and CD19 was assessed at the timepoints shown during the 

24-hour period (n=6). (B) CLL cells were treated with selinexor (500 nM) for 24 hours after which 

selinexor was washed out (WO) from cultures with addition of medium and centrifugation and cells 

were replated for 24 and 48 hours and assessed for HLA-E, total HLA and CD19 expression (n=4). Shown 

is mean ± SEM and differences in HLA-E expression between washout timepoints were calculated by 

repeated-measure two-way ANOVA. 

 

 

To confirm the specificity of HLA-E downregulation in patient CLL cells after ex vivo selinexor 

treatment, degranulation (CD107a positivity) and IFNγ expression of NKG2A+ NK cells from healthy 

donor PBMC against selinexor-treated CLL cells was examined. For NK cell degranulation, both 

NKG2A+ and NKG2A- NK cells were significantly activated by selinexor (Figure 4-9A and B). However, 

the NKG2A+ NK cell population was more sensitive to activation as highlighted by CD107a fold 

change calculations (Figure 4-9C). In terms of IFNγ expression, a similar pattern was observed in that 

both NKG2A+ and NKG2A- NK cell populations had significantly increased expression of IFNγ with 

increasing selinexor concentration, however the increase observed in NKG2A+ NK cells was greater 

than that of NKG2A- NK cells (Figure 4-10). The fold change in IFNγ production could not be 
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calculated due to the low production of IFNγ in the no CLL target controls. When leptomycin B was 

used an alternative XPO1 inhibitor, it preferentially activated NKG2A+ NK cells compared to NKG2A- 

NK cells (Figure 4-11). Finally, to understand whether degranulating NK cells were also producing 

IFNγ, NK cells were assessed for expression of both CD107a and IFNγ (Figure 4-12). With increasing 

selinexor concentration and with LMB treatment, IFNγ was only expressed, although only slightly 

(increase of 1%), by degranulating CD107a+ NK cells as show by a significant difference within the 

CD107a+IFNγ+ NK cell population and not the IFN single positive population at 500 nM selinexor 

(blue line compared to purple line, P<0.05, Figure 4-12).  

 

 

Figure 4-9: NKG2A+ and NKG2A- NK cell degranulation against patient CLL cells pre-treated with 

selinexor ex vivo. 

Healthy donor NK cells were co-cultured for 4 hrs with selinexor-treated CLL cells and NK cell 

degranulation in NKG2A+ and NKG2A- NK cells were measured by expression of CD107a as in (A). 

Shown in (B) is the summary of NK degranulation in 23 individual co-cultures using 8 CLL donors and 7 

healthy donor PBMC. The proportion of CD107a+ NK cells was normalised to the ‘no CLL target’ control. 

(C) Fold change in expression of CD107a in NKG2A NK cell populations relative to the untreated control. 

Differences in CD107a expression between the 0 nM control and selinexor concentrations in both NK 

cell populations were calculated by repeated-measure two-way ANOVA followed by Dunnett’s 

multiple comparison test: **P<0.01, ****P<0.001. 
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Figure 4-10: IFNγ production in NKG2A+ and NKG2A- NK cells after co-culture with patient derived 

CLL cells pre-treated with selinexor ex vivo. 

Healthy donor NK cells were co-cultured for 4 hrs with selinexor-treated CLL cells and production of 

IFNγ in NKG2A+ and NKG2A- NK cells were assessed as in (A). (B) IFNγ production in 21 individual co-

cultures using 8 CLL donors and 7 healthy donor PBMC. The proportion of IFNγ+ NK cells was 

normalised to the ‘no CLL target’ control. Differences in IFNγ expression between the 0 nM control and 

selinexor concentrations in both NK cell populations were as calculated by repeated-measure two-way 

ANOVA followed by Dunnett’s multiple comparison test: **P<0.01, ****P<0.001. 

 

 

 

Figure 4-11: NKG2A+ and NKG2A- NK cell activation against LMB-treated CLL cells. 

Healthy donor NK cells were co-cultured for 4 hrs with LMB-treated CLL cells and NK activation in 

NKG2A+ and NKG2A- NK cells were assessed by expression of the degranulation surface marker 

CD107a (A) and by production of IFNγ (B). Shown is mean ± SEM of 17 individual co-cultures using 7 

CLL donors and 5 healthy donor PBMC. Differences in CD107a and IFNγ expression between LMB-

treated and untreated controls in NK cell populations were calculated by repeated-measure two-way 

ANOVA followed by Dunnett’s multiple comparison test: *P<0.05, ****P<0.001. 
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Figure 4-12: IFNγ is expressed in degranulating CD107a+ NK cells after co-culture with CLL cells pre-

treated with XPO1 inhibitors. 

Healthy donor PBMC were co-cultured for 4 hrs with selinexor (50-2000 nM) or leptomycin B (LMB, 50 

nM) pre-treated CLL cells (16 to 24-hour treatment) and expression of CD107a and IFNγ was assessed 

by flow cytometry. (A) Gating used to identify CD107a-IFNγ single and double positive cells after gating 

on CD56+CD3- NK cells. Shown is one representative example when NK cells were co-cultured with no 

target cells (No CLL target), with untreated CLL cells (0 nM) and with selinexor (50-2000 nM) or LMB 

(50 nM)-treated cells. (B-C) Percent single and double positive NK cells after healthy donor PBMC co-

culture with selinexor (B, n=21) or LMB (C, n=15) pre-treated CLL cells. Shown is mean ± SD and 

significant differences between SINE-treated samples for each NK cell population were calculated using 

repeated-measure two-way ANOVA: *P<0.05, **P<0.01, ***P<0.005. 

 

 

To understand the mechanism for increased activation in the NKG2A- NK cell population against 

patient CLL cells pre-treated with XPO1 inhibitors, expression of activating NK cell ligands were 

examined on CLL cells after of selinexor treatment. It is known that CLL cells evade NK cell-mediated 

immunity through loss of NKG2D ligand expression (49,495) and higher levels of soluble ULBP2 and 

soluble MIC-A/B are associated with poor treatment-free survival (496). Therefore, it was assessed 

whether NKG2D ligand expression increased with selinexor treatment which would enhance NKG2D+ 

NK cell activation. No change in expression of NKG2D ligands ULBP-1, ULBP-2/5/6 and MIC-A/B was 

observed (Figure 4-13). As a result, further major activating ligands were assessed, but similarly, no 

change in expression was observed for CD54/ICAM-1 and B7-H6 with increasing selinexor 
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concentration (Figure 4-14). Finally, as NK cells also destroy cancer target cells through engaging 

death receptors, expression of FAS, DR4 and DR5 were assessed on CLL patient cells post selinexor 

treatment (Figure 4-15). No change in FAS expression was observed with increasing selinexor 

concentration. For DR4, a small but significant increase in expression was recorded at 2000 nM 

selinexor. However, at all concentrations of selinexor DR5 expression increased, but not in a 

concentration-dependent manner (Figure 4-15).  

 

 

Figure 4-13: NKG2D ligand expression on CLL cells treated with selinexor. 

CD19+CD5+ CLL cells were assessed for NKG2D ligands expression post selinexor treatment. Shown is 

a representative example of one CLL donor and below graphs display mean ± SEM of at least 4 CLL 

patients. 
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Figure 4-14: Expression of NK cell activating ligands on CLL cells treated with selinexor. 

CD19+CD5+ CLL cells were assessed for expression of NK cell activating ligands CD54 and B7-H6 after 

24-hour treatment with selinexor (50-2000 nM). Shown is a representative example of one CLL donor 

and below graphs displaying mean ± SEM of at least 4 CLL patients. 

 

 

 

Figure 4-15: Selinexor increases the expression of death receptor 5 on CLL cells. 

Expression of FAS, DR4 and DR5 on CD19+CD5+ CLL cells treated with selinexor for 24 hours. Expression 

histograms of a representative CLL donor treated with DMSO (0 nM) or 2000 nM selinexor (top row). 

US = unstained. Bottom row is the mean expression relative to the 0 nM control of at least 4 CLL donor 

PBMC. Each point represents one CLL donor. Significant differences in expression between selinexor 

concentrations were calculated with repeated-measure one-way ANOVA followed by Tukey’s post-hoc 

test: *P<0.05, ***P<0.005. 
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As a result of increased DR5 expression on CLL cells post selinexor treatment, it was hypothesised 

that TRAIL blockade would reverse the enhanced NK specific lysis seen with selinexor. Anti-TRAIL 

antibodies were added to CLL-NK co-cultures and NK specific lysis of CLL targets was assessed. 

Through inhibiting TRAIL engagement with death receptors, NK specific lysis of CLL targets in DMSO-

treated samples (0 nM) was approximately halved compared to controls (Figure 4-16, black bars). In 

selinexor samples, TRAIL blockade completely reversed NK specific lysis to levels comparable to the 

anti-TRAIL, 0 nM sample (Figure 4-16). This highlights the importance of death receptor-mediated 

killing of CLL cells and indicates that TRAIL blockade counteracts the selinexor-induced decrease in 

HLA-E expression. Overall this suggests that in the absence of an important NK receptor:ligand 

interaction (TRAIL:DR4/5), NKG2A modulation of NK cell function is impaired. 

To assess the contribution of TRAIL to impair NKG2A+ NK cell activation with selinexor, a LAMP assay 

was performed. In the presence of anti-TRAIL blocking antibodies, NKG2A+ NK cell activation was 

diminished slightly (2.5%), but significantly, demonstrating that TRAIL engagement with DR5 

facilitates an NK cell activating response, perhaps through prolonged, more productive NK-cancer cell 

interactions. The downregulation of HLA-E by selinexor was still capable of activating NKG2A+ NK 

cells, albeit to a lesser extent with anti-TRAIL antibodies (Figure 4-17). Overall, the anti-TRAIL 

antibody experiments demonstrate that XPO1 inhibition with selinexor in primary CLL cells promotes 

NK cytotoxicity via two mechanisms, enhanced death receptor signalling and enhanced 

degranulation. 

 

Figure 4-16: TRAIL blockade protects CLL cells from NK cell specific lysis with selinexor. 

CLL cells were treated with 500 nM selinexor for 24 hours. Isolated NK cells were incubated with 10 

µg/mL anti-TRAIL antibody or IgG2a isotype control for 20 minutes before being co-cultured with CLL 

cells for 4 hours at an E:T = 1:1. Shown is mean ± SEM (n=6) and significant differences in NK specific 

lysis between treatments were calculated with repeated-measure two-way ANOVA followed by 

Tukey’s post-hoc test: *P<0.05, **P<0.01, *** P<0.005. 
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Figure 4-17: TRAIL blockade slightly impairs NKG2A+ NK cell degranulation with selinexor. 

CLL cells were treated with 500 nM selinexor or DMSO control for 24 hours. Healthy donor PBMC were 

incubated with 10 µg/mL anti-TRAIL antibody or IgG2a isotype control for 20 minutes before being co-

cultured with CLL cells for 4 hours at an E:T = 1:1. Shown is mean ± SEM (n=8) expression of the 

activation marker CD107a expressed on NKG2A+ and NKG2A- NK cells and significant differences in NK 

cell activation between treatment groups were calculated with repeated-measure two-way ANOVA 

followed by Tukey’s post-hoc test: **P<0.01, **** P<0.001. 
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4.3 Combining XPO1 inhibition with approved treatments for CLL 

Through the expression of CD16a, NK cells contribute to the efficacy of anti-CD20 (mAb) therapy via 

ADCC (489). It was shown in follicular lymphoma and non-Hodgkin lymphoma that the valine-allele of 

CD16a (V158), which provides higher affinity for the Fc region of antibodies (150), correlates with 

better response to and overall survival of rituximab therapy (261,262). This indicates that NK cells 

play an important role in anti-CD20 mAb therapy. Therefore, it was assessed whether selinexor could 

potentiate NK cell activation in combination with anti-CD20 mAbs against primary CLL cells in a 

similar manner to B-cell lymphoma cell lines in section 3.6.  

First, it was determined whether selinexor modulates CD20 expression on the surface of CLL cells. 

After 24-hour treatment with selinexor (50-2000 nM), CD20 expression remained stably expressed at 

the plasma membrane (Figure 4-18). Next NK cell activation assays were performed to assess the 

effect of selinexor plus anti-CD20 mAbs rituximab and obinutuzumab on ADCC. To avoid unwanted 

NK cell activation against healthy B cells among healthy donor PBMC, unbound anti-CD20 mAbs were 

removed from CLL cells before addition of healthy donor PBMC. NK cell activation was then 

compared between NKG2A+ and NKG2A- NK cells to determine whether selinexor-induced HLA-E 

downregulation impacted ADCC. XPO1 inhibition combined with anti-CD20 mAbs further activated 

NKG2A+ NK cells compared to single agent treatments in contrast to NKG2A- NK activation (Figure 

4-19). These data confirm previous findings with cell lines that XPO1 inhibition downregulates HLA-E 

surface expression which enhances the activation of NKG2A+ NK cells in the presence of direct 

targeting mAbs. 
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Figure 4-18: CD20 is stably expressed on CLL cells after selinexor treatment. 

Percent expression of CD20 relative to the DMSO (0 nM) control on CD19+CD5+ CLL cells after 24-hour 

treatment with selinexor (50-2000 nM). Shown is mean ± SEM of 5 CLL donors and differences in CD20 

expression between selinexor concentrations were calculated by repeated-measure one-way ANOVA. 
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Figure 4-19: Selinexor enhances NK cell activation in the presence anti-CD20 mAbs. 

CLL cells were treated with 500 nM selinexor for 24 hours after which they were incubated with 0.1 

µg/mL anti-CD20 mAbs rituximab or obinutuzumab. Cetuximab was used as the isotype control. mAbs 

were washed off CLL cells after 20 minutes and healthy donor PBMC were added to CLL cells at an E:T 

= 5:1 for 4 hours. NK cell activation in the NKG2A+ and NKG2A- NK cell populations was assessed via 

expression of CD107a. Shown above is a representative example of NK cell activation in different 

treatment groups. Below is the percentage of NK cells positive for CD107a with background activation 

in no target controls taken into account (n=13). Significant differences in NK cell activation between 

treatments were assessed by repeated-measure two-way ANOVA followed by Sidak’s post-hoc test: 

*P<0.05, ****P<0.01. 
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To assess whether enhanced ADCC of NKG2A+ NK cells with XPO1 inhibitors was specific to targeting 

CD20 or a general effect, selinexor was combined with daratumumab, an anti-CD38 mAb approved for 

the treatment of patients with multiple myeloma. Again, CD38 expression was assessed on CLL cells 

post selinexor treatment and no difference in expression was observed (Figure 4-20). NK cells express 

CD38, therefore to avoid NK cell fratricide (263) unbound daratumumab was removed from CLL 

cultures before addition of healthy donor PBMC. Because not all CLL donor cells express CD38, patients 

positive and negative for CD38 were separated. For CD38+ CLL donors, XPO1 inhibition combined with 

daratumumab almost doubled the activation of NKG2A+ NK cells compared to single agent treatments 

(Figure 4-21). As for the NKG2A- NK cell population, no additive effect was seen for the combined 

treatment. When CD38- CLL cells were used as targets, the effect of daratumumab was lost, but the 

enhanced NK cell activation with selinexor remained, with significance observed for NKG2A+ NK cells 

only. These experiments demonstrate that through downregulating HLA-E with XPO1 inhibitors, ADCC 

can be potentiated independent of the target antigen. 
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Figure 4-20: CD38 is stably expressed on CLL cells treated with selinexor. 

Percent expression of CD38 relative to the DMSO (0 nM) control on CD19+CD5+ CLL cells after 24-hour 

treatment with selinexor (50-2000 nM). Shown is mean ± SEM of 4 CLL donors and differences in CD38 

expression between selinexor concentrations were calculated by repeated-measure one-way ANOVA. 
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Figure 4-21: Selinexor enhances NK cell activation in the presence of the anti-CD38 mAb 

daratumumab. 

CLL cells were treated with 500 nM selinexor for 24 hours after which they were incubated with 0.1 

µg/mL anti-CD38 mAb daratumumab. Cetuximab was used as the isotype control. Unbound 

daratumumab was removed from CLL cultures after 20 minutes and healthy donor PBMC were added 

to CLL cells at an E:T = 5:1 for 4 hours. Shown above is a representative example of NK cell activation 

in different treatment groups. Below is the mean percentage of NKG2A+ and NKG2A- NK cells positive 

for CD107a with background activation in no target controls taken into account against CLL target cells 

positive for CD38 (n=7) and negative for CD38 (n=11). Each point represents an individual co-culture. 

Significant differences in NK cell activation between treatments were assessed by repeated-measure 

two-way ANOVA followed by Sidak’s post-hoc test: ***P<0.005, ****P<0.01. 
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Selinexor is being clinically evaluated in CLL in combination with the bruton’s tyrosine kinase inhibitor 

(BTKi) ibrutinib (NCT02303392). As previous experiments used selinexor as a single agent, it was 

assessed whether selinexor retained its NK sensitising effect on CLL cells in the presence of ibrutinib 

and the next-generation BTKi acalabrutinib. As single agents, BTKi did not downregulate or increase 

the surface expression of HLA-E or total HLA proteins (Figure 4-22). However, in combination with 

selinexor, HLA-E expression decreased to a similar level to single agent selinexor treatment (Figure 

4-22). Total HLA expression did not change across all treatments. 

 

 

Figure 4-22: XPO1 inhibition induces HLA-E downregulation in the presence of BTK inhibitors. 

Expression of HLA-E (clone 3D12) and total HLA (clone W6/32) on CD19+CD5+ CLL cells after treatment 

with 500 nM selinexor (sel) and 1 µM BTKi ibrutinib (Ibr) or acalabrutinib (ACP). CLL cells were 

incubated with drug combinations as indicated for 24 hours. Graphs represent mean ± SEM of 5 CLL 

donors. Significant differences in expression between treatments were calculated by repeated 

measure one-way ANOVA followed by Tukey’s post-hoc test: *P<0.05. 

 

 

To dissect whether selinexor plus BTKi sensitised CLL cells to NK cell lysis, purified NK cells were co-

cultured with pre-treated CLL cells and used in the NK specific lysis assay as previously described. 

BTKi treatment alone did not sensitise CLL cells to NK specific lysis (Figure 4-23). When BTKi were 

used in combination with selinexor, CLL cells were sensitised to NK-mediated killing at equivalent 

magnitude to selinexor single agent treatment, in line with retained HLA-E downregulation by 

selinexor in the presence of BTKi (Figure 4-23). 
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Figure 4-23: Selinexor sensitises CLL cells to NK specific lysis in the presence of BTK inhibitors. 

CLL cells were treated with 500 nM selinexor and 1 µM BTKi ibrutinib (Ibr) or acalabrutinib (ACP) in the 

presence of the apoptotic inhibitor Q-VD. CLL cells were incubated with drug combinations as indicated 

for 24 hours. After treatment, purified NK cells were co-cultured with CLL cells (E:T=1:1) for 4 hours 

and CLL cell death was measured by uptake of propidium iodide. Drug-induced cell death was 

accounted for in each treatment. Graphs represent mean ± SEM (n=4). Differences in expression 

between treatments were calculated by repeated measure one-way ANOVA: P<0.05. 

 

 

Ex vivo treatment of CLL cells with selinexor and BTKi preceded co-culture with healthy donor 

PBMC/NK in the experiments described previously. It is well recognised that BTKi have off-target 

effects by inhibiting interleukin-2 inducible tyrosine kinase (ITK) (497), an enzyme important for NK 

cell function (498). As a result, ibrutinib treatment of NK cells reduces their ADCC capacity and 

impairs their proliferation (499). Therefore, NK cell activation against CLL pre-treated targets was 

assessed when drug combinations were added to the CLL-NK 4-hour co-culture. In accordance with 

the literature, ibrutinib monotherapy impaired NK cell activation, whilst acalabrutinib impaired NK 

cell activation to a lesser extent (Figure 4-24). When selinexor was used alongside BTKi, selinexor had 

no effect on NK cell activation in combination with ibrutinib, however selinexor partially rescued NK 

cell function in combination with acalabrutinib (Figure 4-24). This highlights the potent inhibitory off-

target effect of ibrutinib on NK cell function that HLA-E downregulation with selinexor cannot 

recover. It also suggests that next generation BTKi would be more efficacious in combination with 

selinexor in CLL. This experiment also illustrates that 4-hour selinexor treatment of NK cells during 

co-culture does not impair their enhanced activation. 
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Figure 4-24: The second generation BTK inhibitor acalabrutinib does not impair increased NK cell 

activation with selinexor. 

NK cell activation as measured by fold change in CD107a expression when healthy donor PBMC were 

co-cultured with CLL cells pre-treated for 24 hrs with selinexor (500 nM) and BTK inhibitors Ibrutinib 

(Ibr, 1 µM) and Acalabrutinib (ACP, 1 µM). During 4-hour co-culture, selinexor and BTK inhibitors were 

re-added to assess NK cell function by the anti-cancer agents. Shown is the mean ± SEM (n=12 of 4 CLL 

donors and 5 healthy donor PBMC) and significant differences in NK cell activation between treatments 

were assessed by repeated-measure one-ANOVA followed by Tukey’s post-hoc test: *P<0.05, 

****P<0.001. 

 

 

4.4 Lymph node microenvironmental support 

Within patients, CLL cells transit through secondary lymphoid organs where they encounter 

microenvironments that promote cell survival, proliferation and facilitate drug resistance (500). 

Within these environments, little is known on CLL cell sensitivity to NK cell activation and to selinexor 

treatment. As such, to model microenvironmental support and investigate selinexor sensitivity and 

NK cell function, CLL cells were incubated with IL-4 and CD40L, well recognised supportive molecules 

found in lymph nodes (501).  

Initially, it was checked whether IL-4 and CD40L alone or in combination impact HLA-E and total HLA 

expression on CLL cells. CD40L and the combination of IL-4 and CD40L, but not IL-4 alone, 

significantly increased the expression of HLA-E on the surface of CLL cells (Figure 4-25). Total HLA 

expression followed a similar pattern to HLA-E, but to a lesser extent, most likely because of the 

binding of the W6/32 clone (anti-HLA-A/B/C) to HLA-E (502,503). As a result of increased HLA-E with 

IL-4 and CD40L, it was assessed whether selinexor retained its ability to downregulate HLA-E in the 

presence of lymph node-associated signals. Selinexor was able to downregulate HLA-E on CLL cells 
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incubated with IL-4 and CD40L in a dose-dependent manner (Figure 4-26). Baseline levels of HLA-E on 

CLL cells were achieved at 500-2000 nM selinexor in the presence of IL-4 + CD40L because no 

significant differences compared to the untreated control were observed. In addition to measuring 

HLA expression on CLL cells immersed in a lymph node-associated microenvironment, expression of 

death receptors DR4 and DR5 were also measured. Unlike HLA-E, DR4 and DR5 expression did not 

significantly increase (or decrease) in the presence of IL-4 and CD40L (Figure 4-26). However, as 

shown previously without environmental support signals, selinexor enhanced the expression of DR5 

on CLL cells even in the presence of IL-4 and CD40L (Figure 4-26). Overall, the lymph node-associated 

signals IL-4 + CD40L enhance the expression of HLA-E on CLL cells and XPO1 inhibition with selinexor 

is able to overcome this increase while also enhancing DR5 expression. 

 

 

Figure 4-25: Lymph node-associated signals IL-4 and CD40L increase HLA-E expression on CLL cells. 

Expression of HLA-E and total HLA proteins on CLL cells incubated with lymph node support molecules 

IL-4 (10 ng/mL) and CD40L (300 ng/mL) alone and in combination for 24 hours. Shown above, HLA 

expression on a representative CLL donor post microenvironmental support incubation. FSC-A shown 

as an approximate of cell morphology. Red lines positioned at the peak of the untreated control 

histograms. Below is the percent expression and percent FSC-A relative to the untreated control using 

CLL cells from 15 individual donors. Significant differences in expression between conditions were 

calculated using repeated-measure two-way ANOVA followed by Tukey’s post-hoc test: *P<0.05, 

**P<0.01, ***P<0.005.  
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Figure 4-26: Selinexor reduces HLA-E expression on CLL cells incubated with IL-4 + CD40L. 

CLL cells from 12 donors were treated with selinexor (50-2000 nM) for 24 hours in the presence of IL-

4 (10 ng/mL) and CD40L (300 ng/mL). IL-4 and CD40L were added 1 hour before addition of selinexor. 

HLA (A) and death receptor expression (B) was then assessed by flow cytometry and expression relative 

to the untreated control was calculated. FSC-A was measured to compare cell morphology across 

treatments. Differences in expression between treatments compared to the 0 nM (IL-4+CD40L) control 

were calculated by repeated-measure two-way ANOVA followed by Tukey’s post-hoc test: *P<0.05, 

**P<0.01. 

 

 

As a result of enhanced HLA-E expression on CLL cells incubated with IL-4 + CD40L, it was assessed 

whether this had a functional consequence on NK cells and whether XPO1 inhibition could abrogate 

this. The leading hypothesis was that increased HLA-E expression inhibits NKG2A+ NK cell activation 

and selinexor treatment rescues NKG2A+ NK cell function. CLL cells were treated as before with 

selinexor (500 nM) in the presence of IL-4 and CD40L for 24 hours and the next day NKG2A+ and 

NKG2A- NK cell activation was assessed in terms of degranulation (CD107a expression) (Figure 4-27) 

and IFNγ production (Figure 4-28). IL-4 and CD40L led to decreased degranulation and decreased 

IFNγ production in NKG2A+ NK cells, but not NKG2A- NK cells. When selinexor was added to CLL cells 

with microenvironmental support, NKG2A+ NK cell activation was rescued (Figure 4-27 and Figure 

4-28). For NKG2A- NK cells, the level of activation was unaffected by IL-4 + CD40L, but when selinexor 

was added to IL-4 + CD40L cultures, this increased NKG2A- NK cell activation rescued (Figure 4-27 

and Figure 4-28), most likely due to increased DR5 expression (Figure 4-26). Additionally, NK cell 

activation against CLL cells treated with selinexor in the presence of IL4 and CD40L surpassed the 

activation in the untreated control group (Figure 4-27 and Figure 4-28). This highlights the 

importance of enhanced DR5 expression on CLL cells with selinexor because although HLA-E 

A B 
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expression recovered to baseline levels with 500 nM selinexor in the presence of IL-4 + CD40L (Figure 

4-26), NKG2A+ NK cells not only recovered their activation capacity but surpassed baseline levels. 

 

 

Figure 4-27: IL-4 + CD40L protect CLL cells from on NK cell degranulation, which is reversed by 

selinexor treatment. 

CLL cells were treated with 500 nM selinexor in the presence of IL-4 (10 ng/mL) and CD40L (300 ng/mL) 

for 24 hours. Microenvironmental support molecules were added 1 hour before selinexor. CLL cells 

were then co-cultured with healthy donor PBMC for 4 hours and NKG2A+ and NKG2A- NK cell 

degranulation was assessed by CD107a expression. (A) Example of one healthy donor NK degranulation 

in the NKG2A+ and NKG2A- NK cell populations against one CLL donor. Background NK activation (No 

target samples) was taken away from co-culture samples. (B) Percentage of CD107a+ NK cells in the 

NKG2A+ and NKG2A- NK cell populations. Each point represents an individual co-culture (N = 32) using 

10 CLL donors and 8 healthy donor PBMC. Significant differences in NK cell activation between 

treatment groups were calculated with repeated-measure two-way ANOVA followed by Tukey’s post-

hoc test: *P<0.05, ****P<0.001. 

 

 

 

 

B 
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Figure 4-28: IL-4 + CD40L dampens IFNγ production by NK cells, which is reversed by selinexor 

treatment. 

CLL cells were treated with 500 nM selinexor in the presence of IL-4 (10 ng/mL) and CD40L (300 ng/mL) 

for 24 hours. Microenvironmental support molecules were added 1 hour before selinexor. CLL cells 

were then co-cultured with healthy donor PBMC for 4 hours and production of IFNγ in NKG2A+ and 

NKG2A- NK cells was assessed by flow cytometry. (A) Example of IFNγ production by NKG2A+ and 

NKG2A- NK cells after co-culture with CLL cells. Background IFNγ production (No target samples) in 

each NK population was taken away from co-culture samples. (B) Percentage of IFNγ+ NK cells in the 

NKG2A+ and NKG2A- NK cell populations (N = 9) using 4 CLL donors and 4 healthy donor PBMC. 

Significant differences in IFNγ production between treatments were calculated with repeated-measure 

two-way ANOVA followed by Tukey’s post-hoc test: *P<0.05, **P<0.01. 

 

 

To determine whether the increase in HLA-E expression seen on CLL cells incubated ex vivo with 

lymph node-associated signals also occurs in vivo, CD5+CD19+ cells within CLL patient PBMC were 

subdivided into populations based on CXCR4 and CD5 expression to identify CLL cells that have 

recently egressed from the lymph nodes. This was based on previous reports that found that 

activated, CLL cells from lymph nodes increase expression of CD5 and downregulate CXCR4 to allow 

entry into the circulation (504,505). CXCR4 is a chemokine receptor that recognises CXCL12 which is 

found at high levels in the lymph nodes which is required for B cell entry (506). Therefore, CLL cells 

that have recently egressed from the lymph nodes can be identified as having low expression of 

CXCR4 and high expression of CD5 (CXCR4lo CD5hi) in the circulation. In this setting, it can be asked, 

in vivo, does the lymph node microenvironment enhance HLA-E expression? In this experiment, to 

maintain consistency in cell numbers between CLL cell populations, and in accordance with previous 

publications, approximately 5% of CXCR4lo CD5hi cells, 5% of CXCR4hi CD5lo cells and 5% of CLL cells 

with intermediate expression of CXCR4 and CD5 were gated on and assessed for expression of HLA 

proteins (Figure 4-29). In the CXCR4lo CD5hi CLL cell population, HLA-E expression was significantly 

higher compared to CXCR4hi CD5lo cells and intermediate cells (Figure 4-29 and Figure 4-30). In 

accordance with the ex vivo data simulating the lymph node microenvironment, CLL cells in patient 

A 
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PBMC that have recently left the lymph node express higher levels of HLA-E compared to CLL cells 

that have been in the circulation for longer. This indicates that the lymph node provides a 

microenvironment in which malignant B cells may evade NK-mediated immunity and suggests that 

selinexor treatment could sensitise these cells to NK cell anti-tumour functions.  

 

 

Figure 4-29: Gating strategy to measure HLA expression on CLL cell populations based on CXCR4 and 

CD5 expression. 

To identify CLL cells that have recently left the lymph nodes in patient PBMC, CD19+CD5+ cells were 

examined for expression of CXCR4 and CD5. CLL cells that have recently entered the circulation from 

lymph nodes are identified as CXCR4lo CD5hi. Expression of HLA-E and total HLA proteins was 

measured on these cells alongside controls of CXCR4hi CD5lo cells and CLL cells with intermediate 

expression of CXCR4 and CD5. Number on left flow plot shows the percentage of cells within gates. US 

= unstained. 

 

Figure 4-30: CXCR4lowCD5hi CLL cells have increased HLA-E expression. 

HLA-E and total HLA protein expression as measured by geometric mean fluorescence intensity (MFI) 

on CLL cell populations subdivided into groups based on expression level of CXCR4 and CD5. Expression 

of HLA-E and HLA proteins was compared between CLL cells that have recently entered the circulation 

from lymph nodes (CXCR4lo CD5hi) to control of CXCR4hi CD5lo CLL cells and CLL cells with 

intermediate expression of CXCR4 and CD5. Shown is mean ± SEM (n=11 CLL donors) and significant 

differences in HLA expression between CLL cell populations were calculated with repeated-measure 

one-way ANOVA followed by Tukey’s post-hoc test: *P<0.05, **P<0.01. 
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4.5 HLA-E expression on healthy immune cell populations treated with 

selinexor 

In addition to measuring HLA-E expression on primary CLL cells, it was assessed whether selinexor 

affects HLA-E expression on B cells, T cells, NK cells and monocytes derived from healthy donors to 

determine whether selinexor specifically impacts cancerous cells. PBMC were treated with selinexor 

for 24 hours and B cells, T cells, NK cells and monocytes were identified with antibodies against 

CD19, CD3, CD56 and CD14, respectively. Consistent with decreased HLA-E surface expression on 

malignant B cells, HLA-E expression decreased on healthy donor B lymphocytes, perhaps reflecting 

the higher expression of HLA-E on B cells compared to other lymphocyte populations (23) (Figure 

4-31). T cells and NK cells only slightly downregulated HLA-E at the plasma membrane with increasing 

selinexor concentration. However, like healthy B cells, HLA-E expression on monocytes was reduced 

by selinexor treatment. As for total HLA expression, a slight reduction in surface expression with 

selinexor was recorded on B cells and monocytes compared to NK cells and T cells (Figure 4-31).  

 

 

Figure 4-31: Selinexor decreases HLA-E surface expression on healthy donor B cells and monocytes. 

CLL patient PBMC were treated with 50, 500 or 2000 nM selinexor in the presence of Q-VD for 24 

hours. Percent expression of pan-HLA (left) and HLA-E (right) relative to the 0 nM control in healthy 

donor CD19+ B cells (n=9), CD3+ T cells (n=9), CD3-CD56+ NK cells (n=6) and CD14+ monocytes (n=3) 

after treatment with selinexor (50-2000 nM). Two-way ANOVA followed by post-hoc analysis 

comparing protein expression level changes with selinexor concentration between immune cell 

populations. **P<0.01, ****P<0.001. 
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4.6 Autologous NK cell activation with selinexor 

Until now, activation of healthy donor NK cells has been examined against patient CLL cells treated ex 

vivo with selinexor which mimics adoptive transfer conditions. To assess whether patient NK cells will 

be affected by XPO1 inhibition, CLL donors with low a percentage of circulating CD19+CD5+ CLL cells 

were used for assessing autologous NK cell activation in the presence of selinexor. Because it is well 

established that CLL cells are highly suppressive towards NK cells and that NK cells from patients are 

highly dysfunctional (48,374,507), rituximab was also added to cultures in order to stimulate an NK 

cell immune response (49). Against self-CLL cells, patient NK cells were activated by the addition of 

rituximab, but in the presence of selinexor, patient NK cells did not become further activated, nor did 

their activation without rituximab (Figure 4-32). In fact, NK cell activation decreased with increasing 

concentration of selinexor, indicating that 24-hour XPO1 inhibition impairs intrinsic NK cell functions. 

Interestingly, at 50 nM selinexor, only NKG2A- NK cell activation was impaired which suggests that 

the downregulation of HLA-E on CLL cells by selinexor may induce a response by patient NKG2A+ NK 

cells at low selinexor concentrations (Figure 4-32). Overall, these data demonstrate that to capitalise 

on the NK-sensitising effect of SINE compounds, selinexor may best combine with an adoptive 

transfer approach. 

 

 

Figure 4-32: Selinexor does not enhance autologous NK cell activation against CLL cells. 

CLL patient donors with low percentage of circulating CD19+CD5+ CLL cells (<60%) were treated with 

selinexor (50-500 nM) for 24 hours in the presence of 30 µM Q-VD and 1 ng/mL IL-15. The next day 

rituximab (anti-CD20) was added to CLL patient PBMC at the given concentrations for 4 hours after 

which NK cell activation as measured by CD107a expression was assessed in NKG2A+ and NKG2A- NK 

cells. Cetuximab (anti-EGFR) was used as an isotype control. Each point represents the mean of each 

treatment group ± SEM of 3 CLL donors. Significant differences in NK cell activation between 

treatments were calculated with repeated-measure two-way ANOVA: *P<0.05.  

  



Chapter 4 

170 

4.7 Discussion 

4.7.1 XPO1 inhibition downregulates HLA-E and increases the surface expression of DR5 on 

CLL cells 

Using CLL patient PBMC as a patient-derived malignant B cell model, selinexor activated an NK cell 

immune response by downregulating the inhibitory NK cell ligand HLA-E, mirroring the results 

obtained with B-cell lymphoma cell lines (Figure 4-3 and Figure 4-6). This then reflected in increased 

activation of NKG2A+ NK cells although, NKG2A- NK cells were also activated slightly with SINE 

compounds (Figure 4-9). Subsequent death receptor expression analysis demonstrated that XPO1 

inhibition enhanced DR5 expression (Figure 4-15) and following TRAIL blockade in co-culture 

experiments, NK specific lysis of CLL targets was inhibited (Figure 4-16). In mouse models of B-cell 

lymphoma, TRAIL-death receptor interactions have been shown to be important in inhibiting 

spontaneous lymphoid tumour generation (228) and death receptor deficiency promotes lymphoma 

aggression (508), therefore SINE modulation of DR5 may be important for improving NK cell function 

against malignant B cells in vivo. The mechanism for DR5 upregulation on CLL cells with XPO1 

inhibitors remains to be determined, but reports have shown that DR5 expression is regulated by p53 

activation (509,510), by epigenetic mechanisms (511) and by ER stress (402,403), any of which XPO1 

inhibitors could be modulating in CLL cells. 

Interestingly, TRAIL blockade completely abolished NK-mediated lysis of CLL cells and selinexor 

treatment did not sensitise CLL cells to NK cells in the presence of anti-TRAIL antibodies (Figure 4-16). 

This implies that for HLA-E downregulation to influence NK cell activation against CLL cells, there is a 

requirement for sufficient activating signals. It was recently shown that TRAIL engagement to DR4/5 

facilitates IL-15 signalling-induced granzyme B production, degranulation and IFNγ production 

alongside inducing apoptotic signals in target cells (137,138). Although TRAIL has limited capacity to 

signal with its small intracellular domain (twenty amino acids long, UniProt: TNFRSF10A), TRAIL-

DR4/5 interactions may enable prolonged NK-cancer cell interactions allowing NKG2A to fine tune 

the NK cell immune response. Importantly, the effects of TRAIL are usually measured post 18 hours 

(133), and in these experiments a 4-hour co-culture timepoint was assessed, therefore the protection 

induced by anti-TRAIL mAbs must be related to early degranulation events modulated by NKG2A. The 

downregulation of HLA-E will allow for more potent activating signals derived from TRAIL to enhance 

the degranulation of NKG2A+ NK cells. Thus, in the presence of TRAIL blocking antibodies, selinexor-

induced downregulation of HLA-E is unable to modulate NKG2A+ NK cell function, resulting in weak 

NK cell degranulation and poor killing capacity. activating signals are removed as with TRAIL 

blockade, dampening of inhibitory NKG2A signalling with selinexor will weakly activate NK cells 

resulting in poor cytotoxic capabilities.  
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In the presence of anti-TRAIL antibodies, NKG2A+ NK cells were still more activated against CLL cells 

with selinexor (Figure 4-17), but counterintuitively their ability to lyse CLL cells was completely 

diminished (Figure 4-16). In a study by Wurzer et al., (2021), CLL cells were shown to be resistant to 

granzyme B-mediated NK cell death by fast reorganisation of the cytoskeleton to impede 

immunological synapse formation. In another study investigating mechanisms of NK serial killing, NK 

cells quickly switched from granzyme-mediated killing to death receptor-mediated killing (133). 

Considering both these research studies, the abolishment of NK cytotoxicity in parallel to enhanced 

NK cell activation with selinexor and anti-TRAIL antibodies perhaps reflects CLL cell resistance to 

granzyme B-mediated cell death and the inability of NK cells to switch to death-receptor mediated 

killing resulting in incomplete caspase activation and CLL cell death.  

The primary response by NK cells to SINE-treated CLL cells was shown to be degranulation (Figure 

4-12), although this may reflect a short co-culture timepoint of 4 hours or the strength of stimulus 

(513), and CLL cells are known to be suppressive to NK cells (374). Another reason may reflect the 

maturation status of healthy donor NK cells between donors. It was shown in mice that immature NK 

cells preferentially degranulate and mature human CD57+ NK cells produce more IFNγ compared to 

CD57- NK cells (84). Therefore, in the experiments performed here, donor NK cell maturation status 

may have limited the amount of IFNγ detected in assays (514). Measuring CD57 expression in LAMP 

assays may address the differences in low IFNγ production and high degranulation after co-culture 

with SINE-treated CLL cells. 

In the LAMP experiment, it would be interesting to compare NKG2A+TRAIL+ NK cell activation against 

single positive populations like in the Carlsten et al., (2019) study with bortezomib to determine the 

individual contribution of DR5 upregulation and HLA-E downregulation with selinexor. It would be 

hypothesised that double positive (TRAIL+NKG2A+) NK cells would be more activated against 

selinexor-treated CLL cells compared to single positive populations, and double negative populations 

would not be activated by XPO1 inhibition. This knowledge could then be applied to strategies 

combining CAR NK cells with small molecules, such that CARs are designed against receptors which 

become upregulated after small molecule treatment. This has been shown for nutlin-3a which 

enhanced PVR expression on neuroblastoma cells leading to enhanced in vitro and in vivo cytotoxic 

capacities of DNAM-1 CAR NK cells (325,326). From this work designing an anti-CD19 CAR NK cell 

positive for both TRAIL and NKG2A may enhance CAR function against selinexor-treated CLL cells. 

4.7.2 XPO1 inhibitors potentiate ADCC by anti-CD20 and anti-CD38 mAbs 

In selinexor co-cultures with mAbs, the enhanced activating signals derived from CD16a and the 

reduced inhibitory signals derived from NKG2A resulted in further activation of NKG2A+ NK cells 

compared to single agent treatments (Figure 4-19 and Figure 4-21). The fine-tuning of the NK cell 
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immune response by selinexor described above with NKG2A and TRAIL seems to be true for 

activating signals derived from CD16a also. The expression of CD38 and CD20 did not change with 

selinexor treatment (Figure 4-18 and Figure 4-20) and enhanced ADCC was only observed in the 

NKG2A+ NK cell population (Figure 4-19 and Figure 4-21). This shows that increased DR5 expression 

by selinexor does not contribute towards enhancing ADCC as no increase in NKG2A- NK cell 

activation was observed with anti-CD20 or anti-CD38 mAbs. The activating signals derived from TRAIL 

may therefore be masked by the strong activating signals derived from CD16a and hence there is no 

additive effect. Indeed, CD16a activation alone is sufficient to activate NK cells without addition of 

further co-stimulation (184). Alternatively, CD16a perhaps induced strong activation and facilitated a 

high affinity immunological synapse to allow for sufficient release of granzyme B to enter and lyse 

CLL cells without the need for death-receptor mediated cell death. 

In addition to promoting NKG2A+ NK cell ADCC against CLL cells using anti-CD20 mAbs, XPO1 

inhibition promoted ADCC using daratumumab, an anti-CD38 mAb approved for multiple myeloma. 

This shows that XPO1 inhibition is not specific for improving ADCC of anti-CD20 mAbs as neither 

CD20 nor CD38 expression increased with XPO1 inhibition and only the NKG2A+ NK cell population 

was further activated by combined selinexor-mAb treatment. This further illustrates the mechanism 

of HLA-E downregulation by XPO1 inhibition in promoting mAb ADCC and indeed NKG2A on NK cells 

can impede ADCC (265,266), therefore by modulating NKG2A:HLA-E interactions with selinexor ADCC 

by NKG2A+ NK cells can be increased. 

4.7.3 Lymph node-derived signals IL-4 and CD40L protect CLL cells from NK cell activation 

CLL cells transit through the body via secondary lymphoid organs where they are immersed in a 

microenvironment rich in molecules capable of supporting cancer cell survival, proliferation, and 

drug resistance (501). Data presented here demonstrate for the first time that the lymph node 

additionally confers CLL cells protection from NK cells via upregulation of HLA-E (Figure 4-25, Figure 

4-27 and Figure 4-28). The mechanism behind enhanced HLA-E expression was not explored, but 

upregulation depends mainly on CD40L and is further upregulated in combination with IL-4. This is in 

accordance with anti-CD40 antibodies upregulating the mouse HLA-E homologue Qa-1b on mouse 

splenocytes (34). It could be speculated that the promotion of cell division in the lymph node by IL-4 

and CD40L increases the abundance of HLA-E stabilising peptides and indeed NF-κB, which is 

downstream of CD40, can bind HLA-G (515) and HLA-B (516) genes which serve as HLA-E stabilising 

peptides (26,199). Additionally, the interplay of transcription factors downstream of CD40 and IL-4 

receptors may induce HLA-E gene expression which could be mediated via STAT-1. IL-4 signalling has 

been recorded to induce low levels of STAT1 activation (517) and NF-κB induction (383) by CD40 

signalling may induce STAT1 expression via the secretion of interferons including IFNγ and TNFα as 

observed in transformed 721 B cell lines (518) and breast cancer cells (519), respectively.  
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In the context of B cell activation and maturation, HLA-E upregulation could be similar to that 

observed with activated T cells in which HLA-E upregulation confers protection from NK-mediated 

destruction (28,520). Moreover, viral infection induces Qa-1b expression on B lymphocytes which 

inhibits NK cell control of cytotoxic T lymphocytes resulting in reduced viral burden (27). Therefore, 

HLA-E:NKG2A interactions have been reported between B cells and NK cells during inflammation and 

these interactions may play important roles in B cell malignancies, particularly in secondary lymphoid 

organs. 

4.7.4 Second generation BTK inhibitors do not impair enhanced NK cell function with XPO1 

inhibition 

Enhanced HLA-E expression on CLL cells by ex vivo incubation with IL-4 and CD40L was confirmed in 

vivo by measuring HLA-E expression on CXCR4lo CD5hi CLL cells which identifies those cells that have 

recently left the lymph nodes. It will be interesting to further validate these findings by examining 

HLA-E expression on CLL cells from ibrutinib-treated patients. This is because BTKi treatment 

promotes CLL cell egress from the lymph nodes due to downregulation of CXCR4 expression (521). 

Therefore, it could be hypothesised that CLL cells from ibrutinib-treated patient PBMC will have 

higher levels of surface HLA-E than ibrutinib-naïve patients. As selinexor is in clinical trials for CLL in 

combination with ibrutinib, by promoting CLL cell egress from an NK-suppressive environment 

selinexor treatment may further potentiate the NK cell immune response against CLL cells by 

downregulating HLA-E. However, as shown in this study and in previous reports (499,522), BTKi 

impede NK cell function through off-target inhibition of ITK, and hence the selinexor-sensitising 

effect was lost in Figure 4-24. Using a next-generation BTKi such as acalabrutinib, zanubrutinib or 

orelabrutinib in combination with selinexor may promote improved responses in CLL patients as 

acalabrutinib only showed partial NK inhibition in line with previous reports (328,522). Use of 

orelabrutinib combined with rituximab improved B-cell lymphoma regression in mouse models and 

mice treated with the combination had greater NK activation compared to single agent treatments 

(329). Whether the same in vivo effect is seen with selinexor remains to be determined. 

4.7.5 XPO1 inhibition did not enhance autologous NK cell function against CLL cells 

In an autologous setting, selinexor did not sensitise CLL cells to patient NK cells. At low selinexor 

concentrations only NKG2A+ NK cells retained their ADCC capacity highlighting that XPO1 inhibition 

may provide some benefit towards ADCC via modulation to the NKG2A:HLA-E inhibitory axis. On 

encountering selinexor for 24 hours (Figure 4-32), NK cells show slight impairment in activation 

compared to incubation at 4 hours as observed in the BTKi LAMP experiment (Figure 4-24). This 

reflects the fact that nuclear export is a physiologically important process that all cell types rely on. 

XPO1 is known to potentiate STAT signalling (38) which are important signal transducers downstream 
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of cytokines and crucial for NK cell function (523). Therefore, XPO1 blockade may impede NK cell 

signalling resulting in impaired NK cell activation. Crucially XPO1 blockade may impair signalling 

downstream of activating receptors such as NKG2D which warrant investigations that may shed light 

on which cancers, through their differential expression of activating receptor ligands, will be most 

sensitised to NK cell cytotoxicity via XPO1 inhibition. But it is questionable as to whether a simple, 2D 

culture system best represents how selinexor directly effects NK cell function. IL-2 is able to enhance 

the survival of NK via upregulation of BCL-2 (524). Therefore, using IL-2 as an alternative to IL-15 in 

the autologous experiment may improve NK cell function with selinexor. XPO1 inhibition was also 

shown to inhibit T cell function in vitro through impairment of TCR signalling (459), but in vivo T cell 

activation was enhanced with XPO1 inhibitors (406,525).  

Furthermore, other forms of microenvironmental support exist that may confer CLL cell resistance to 

NK cell activation which XPO1 inhibition may interfere with including CLL cell interactions with T 

follicular helper cells and the stimulation of the BCR (501). A murine model will enable investigations 

into how XPO1 inhibition modulates the NK cell immune response in secondary lymphoid organs and 

in the tumour microenvironment. Additionally, investigating NK cell function with XPO1 inhibitors in 

human lymph node models may be possible using 3D models of CLL patient PBMC (491).  

In vivo models will also enable investigation into immune cell crosstalk in the presence of XPO1 

inhibition. Selinexor was shown to downregulate HLA-E on healthy CD14+ cells and healthy B cells. 

NKG2A blockade showed transient depletion of healthy monocytes and B cells in mice and HLA-E 

downregulation on these populations by selinexor may induce the same depleting effect (526). But 

the lack of ligands for activating NK cell receptors on healthy cell populations may mitigate the 

potential consequence of HLA-E downregulation by selinexor as expanded NK cells spared healthy B 

cells within the PBMC of CLL patients, but lysed malignant B cells (527). 

The duration of selinexor incubation required to induce HLA-E downregulation was calculated to be 

at least 16 hours for CLL cells, but HLA-E was further downregulated after 24 hours (Figure 4-8). 

When selinexor was washed out of cultures, HLA-E remained downregulated after 48 hours (Figure 

4-8) in accordance with XPO1 still being occupied by selinexor after 96 hours in cancer cell lines 

(528). As such, the lack of autologous NK cell activation by selinexor may be due to insufficient HLA-E 

downregulation on CLL cells in parallel to intrinsic impairment of NK cell function. It could be 

speculated that in vivo, selinexor occupancy in malignant B cells for at least 96 hours will continue to 

drive HLA-E downregulation so that new, infiltrating NK cells into tumours will drive an immune 

response against these cells.  

Regardless, the autologous experiment also indicates that to capitalise on the immunomodulatory 

effect of selinexor an allogeneic approach may be required, such as the adoptive transfer of NK/CAR 

NK cells. Patients with CLL may particularly benefit from allogeneic NK cell therapy given that 
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autologous NK cell numbers in patient lymph nodes are low (529). The autologous experiment also 

indicates that selinexor treatment should precede adoptive transfer of NK cells rather than 

concurrent treatment. This was shown for selinexor-CAR T cell combination therapy in vitro (459) and 

in human lymphoma mouse models (460) in which concurrent treatment had no effect on tumour 

regression, but sequential treatment (selinexor followed by CAR T cells) promoted efficient tumour 

clearance. Therefore, chapter 5 sought to investigate the potential of selinexor to potentiate the 

function of expanded, allogeneic NK cells and anti-CD19 CAR NK cells against B-cell lymphomas. 
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Chapter 5 In vitro analysis of expanded NK cell and CAR 

NK cell therapies combined with XPO1 

inhibition 

5.1 Receptor expression on NK cell lines and primary IL-2 expanded NK 

cells 

An advantage of using NK cells in adoptive transfer therapy settings is their improved safety profile 

compared to T cells, with a lack of graft versus host disease and no evidence of cytokine release 

syndrome in B cell malignancies (305). Another advantage is that allogeneic NK cells from a single 

source can be used in multiple patients. This reduces the time from intention to treat to 

administration of the cellular therapy as an off-the-shelf product can be used. Allogeneic NK cells are 

derived from multiple sources including cell lines (NK-92 and NKL cells) and primary tissues 

(peripheral blood, umbilical cord blood and induce pluripotent stem cells) and the effect of selinexor 

on allogeneic NK cell therapy is unknown. Therefore, the function of NK cell lines and activated and 

expanded peripheral blood NK cells were assessed when co-cultured with cancer cells pre-treated 

with selinexor.  

First, because XPO1 inhibition sensitises malignant B cells to NK cells via the HLA-E:NKG2A axis, NK 

cell lines NK-92 and NKL and primary expanded NK cells were assessed for expression of NKG2A. To 

expand NK cells from healthy donors, NK cells were isolated with magnetic bead separation and 

cultured for up to 4 weeks in NK MACS medium (Miltenyi) with the addition of human serum and 500 

IU/mL IL-2. During the course of the expansion, primary NK cells were assessed on their expansion 

capacity (Figure 5-1) and for expression of NKG2A among other activating and inhibitory receptors as 

well as on NK-92 and NKL cell lines.  
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Figure 5-1: Expansion of primary NK cells expanded with 500 IU/mL IL-2. 

NK cells were isolated from healthy donor PBMC and expanded for two weeks in NK MACS medium 

supplemented with human serum and 500 IU/mL IL-2. Fresh medium and IL-2 was added every 2-3 

days. Each point represents the number of NK cells on that day and each line represents an individual 

donor (n=8). 

 

 

The panel of activating receptors assessed in this thesis showed differences in expression between 

cell lines and primary NK cells and between resting NK cells and expanded NK cells (Figure 5-2). 

CD16a is lowly expressed on NK-92 and NKL cells and is highly expressed on primary NK, however 

during NK expansion CD16a expression decreased slightly. NKp30, NKp44 and NKp46 increased 

greatly on expanded NK cells compared to resting NK. NKp30 and NKp44 were expressed more highly 

on NK-92 compared to NKL and NKp46 was expressed at comparable levels between NK cell lines. 

The inhibitory receptor CD96 was expressed lowly at comparable levels between cell lines and 

primary NK cells. 

 

0 7 10 12 14
0

10

20

30

40

50
100

150

200

Days

# 
of

 N
K

 c
el

ls
 (m

ill
io

n)



Chapter 5 

179 

 

Figure 5-2: Expression of activating receptors and the inhibitory receptor CD96 on NK cell lines and 

primary NK cells. 

NK cell lines NKL and NK-92 and resting primary NK cells within PBMC (PBMC CD56+CD3-) and 14-day 

IL-2 expanded NK cells were assessed for surface expression of the activating NK cell receptors CD16, 

NKp30, NKp44 and NKp46 and the inhibitory receptor CD96. Shown are the histograms of stained and 

unstained samples followed by the MFI relative to the unstained controls for each receptor and each 

cell population from a single experiment.  

 

 

Next, the expression of NKG2x receptors (NKG2A, NKG2C and NKG2D) on NK cell lines and primary 

NK cells was assessed. NKG2D was not expressed by NK-92 cells and was lowly expressed on all other 

cell types (Figure 5-3). In accordance with data on cytomegalovirus negative donors, NKG2C is lowly 

expressed on circulating NK cells (193) and expression can vary considerably between donors (530). 

Additionally, NKG2C is lowly expressed on IL-2 and IL-15 expanded NK cells (531), however NKG2C 

expression has been reported on NKL cells (532), therefore a repeat is required to confirm whether 

the NKG2C antibody stain worked. For NKG2A, NK-92 showed the lowest level of expression and 

resting NK cells showed two clear populations, one negative for NKG2A (60%) and one positive (30%). 
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During expansion, NKG2A became upregulated on almost all NK cells. NKL cells expressed high levels 

of NKG2A, but not as high as compared to expanded NK cells.  

 

 

Figure 5-3: Expression of NKG2x receptors on NK cell lines and primary NK cells. 

NK cell lines NKL and NK-92 and resting primary NK cells within PBMC (PBMC CD56+CD3-) and 14-day 

IL-2 expanded NK cells were assessed for surface expression of NKG2A, NKG2C and NKG2D. Shown are 

the histograms of stained and unstained samples followed by the MFI relative to the unstained controls 

for each receptor and each cell population from a single experiment.  

 

 

5.2 Cytotoxicity of NK cell lines and primary IL-2 expanded NK cells against 

B cell lymphoma cells treated with XPO1 inhibitors 

Given that NKG2A is expressed by NKL and NK-92 cell lines, these cells were assessed for cytotoxicity 

towards selinexor-treated lymphoma cells, with the hypothesis that selinexor-induced HLA-E 

downregulation would lead to increased NK cytotoxicity by NKL and NK-92 cells. With increasing 

selinexor concentration, no increase in NK specific lysis was observed for NK-92 or NKL cell lines 

(Figure 5-4). NKL cells were completely unable to lyse Raji and Ramos cells at the 24-hour timepoint, 

whereas NK-92 cells possessed cytotoxic capabilities, however this killing ability was not enhanced by 

XPO1 inhibition.  
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Figure 5-4: XPO1 inhibition does not enhance NK-92 and NKL cytotoxicity of B cell lymphoma cells. 

NK-92 and NKL cells were co-cultured for 24 hours (E:T = 1:1 and 5:1) with Raji and Ramos cells that 

were pre-treated with selinexor (50, 500, 2000 nM) for 24 hours. After lysed CFSE+ Raji and Ramos 

cells were measured using propidium iodide staining and NK specific lysis was calculated as (% target 

lysis - % spontaneous lysis) * 100 / (100 - % spontaneous lysis). Shown is the mean ± SEM for NK-92 

cells (n=2) and the mean for NKL cells.  

 

 

Selinexor treatment did not sensitise Raji and Ramos cells to lysis by NK-92 or NKL cells, therefore it 

was investigated whether NKG2A was functional on NK-92 and NKL cells. To do this NK cell lines were 

co-cultured with Raji and Ramos cells in the absence and presence of anti-NKG2A blocking 

antibodies. For both NK cell lines, the presence of anti-NKG2A antibodies did not enhance NK 

cytotoxicity against either Raji or Ramos cells (Figure 5-5). NKL cells were poorly cytotoxic towards 

lymphoma cells, NKL cells were modestly cytotoxic towards Raji, but more cytotoxic towards Ramos. 

As for expanded, primary NK cells, these were highly cytotoxic towards Ramos and moderately 

cytotoxic towards Raji. However, in contrast to NK cell lines, increasing selinexor concentration 

enhanced expanded NK cell lysis, likewise with anti-NKG2A antibodies in the co-culture (Figure 5-5). 

Therefore, these data suggest that NKG2A is dysfunctional on NK-92 and NKL cell lines and this may 

explain the lack of enhanced cytotoxicity when co-cultured with selinexor-treated lymphoma cells 

which have decreased HLA-E surface expression. 
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Figure 5-5: Anti-NKG2A blocking antibodies do not promote NK-92 and NKL cytotoxicity. 

Cytotoxicity of NK cell lines NK-92 and NKL and primary IL-2 expanded NK cells when co-cultured with 

Raji (A) and Ramos (B) cells in the presence of anti-NKG2A antibodies (10 µg/mL). NK specific lysis of 

selinexor-treated (50, 500, 2000 nM) lymphoma cells is also shown. NK cells and cancer cells were co-

cultured at an E:T of 5:1 for 24 hours after which lysed cancer cells were measured using propidium 

iodide staining by flow cytometry. Shown is one experiment with one donor and numbers on 

histograms represent the proportion of lysed cells gated on CFSE-stained cancer cells.  
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To combine XPO1 inhibition with adoptive NK cell therapies, primary NK cells may therefore be 

beneficial compared with NK cell lines. As such, to confirm that selinexor sensitises lymphoma cells 

to expanded NK cell lysis, further NK donors were tested for expression of NKG2A during expansion 

and for their ability to lyse selinexor-treated lymphoma targets. As shown in Figure 5-6, 

approximately 50% of day 0 NK cells isolated from PBMC expressed NKG2A. At day 7 most NK cells 

expressed NKG2A and at day 14, almost 100% of NK cells expressed NKG2A in all donors tested. To 

establish the reason for high NKG2A expression on all expanded NK cells in the population, day 0 NK 

cells were labelled with CFSE and the rate of CFSE dilution was assessed on NKG2A+ and NKG2A- NK 

cells over time. At day 7, proliferation was observed only in the NKG2A+ NK cell population and this 

was reflected in an increase in the proportion of NKG2A+ cells, suggesting that during NK 

proliferation NKG2A becomes upregulated (Figure 5-7). After two weeks, few NKG2A- NK cells 

remained and these mostly showed signs of proliferation with no upregulation of NKG2A. During co-

culture experiments with selinexor-treated lymphoma cells, in accordance with high NKG2A 

expression after 14-day expansion, expanded NK cells were highly cytotoxic towards selinexor-

treated lymphoma cell lines, even at a low effector:target ratio of 1:10 (Figure 5-8). This held true for 

the next generation XPO1 inhibitor eltanexor which also induced XPO1 degradation (Figure 5-9A), 

specific downregulation of HLA-E (Figure 5-9B) and sensitised Raji and Ramos cells to lysis by 14-day, 

IL-2 expanded NK cells (Figure 5-9C), illustrating a class effect of XPO1 inhibitors in sensitising B-cell 

lymphoma cells to expanded NK cell cytotoxicity. 

 

 

Figure 5-6: NKG2A expression on IL-2 expanded NK cells. 

NKG2A expression on primary NK cells after isolation on day 0 (D0) and after 7-day (D7) and 14-day 

(D14) expansion with 500 IU/mL IL-2. (A) Representative histogram of NKG2A expression on D0 and 

D14 pure NK cells. Numbers on histograms represent the percentage within horizontal gates. (B) 

Percentage (left) of NK cells expressing NKG2A within the D0, D7 and D14 NK cell population. NKG2A 

MFI (right) when gated on NKG2A+ NK cells within the D0, D7 and D14 population. Each line represents 

individual matched donors. Paired sample t-test: ****P<0.001, ***P<0.005, **P<0.01. 
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Figure 5-7: Proliferation of NKG2A+ and NKG2A- NK cells during 14-day expansion. 

NK cells were isolated from healthy donor PBMC on day 0 (D0) and labelled with CFSE. During 14-day 

expansion, CFSE dilution was measured in NKG2A+ and NKG2A- NK cell populations on day 7 (D7) and 

day 14 (D14). Shown is one experiment using NK cells from two different donors and the proportion 

of NKG2A- and NKG2A+ NK cells within the CD56+CD3- NK cell population is displayed. For D0 and D7, 

cell count is displayed on the y-axis for CFSE dilution histograms, and for D14 the modal is shown 

because of low NKG2A- NK cell numbers. 

 

Figure 5-8: XPO1 inhibition enhances expanded NK cell cytotoxicity of B cell lymphoma cells. 

Raji (A) and Ramos (B) cells were pre-treated with selinexor (50-2000 nM) for 24 hours in the presence 

of QVD followed by co-culture with IL-2 expanded NK cells (14-21 days) for 24 hours at E:T ratios of 1:1 

and 1:10. Each line represents an individual donor NK cells and differences in NK specific lysis between 

control and treatment groups were calculated with repeated-measure one-way ANOVA followed by 

Dunnett’s post-hoc test: ***P<0.005, **P<0.01, *P<0.05.  
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Figure 5-9: The next generation XPO1 inhibitor eltanexor downregulates HLA-E expression which 

sensitises B cell lymphoma cells to expanded NK cell cytotoxicity. 

Raji (above) and Ramos (below) were treated with the next generation XPO1 inhibitor eltanexor (50-

2000 nM) or DMSO control (0 nM) for 24 hours in the presence of the apoptotic inhibitor Q-VD (30 

µM). After, cancer cells were assessed for XPO1 degradation by western blot (A), for surface expression 

of HLA-E and HLA-A/B/C (B) and for sensitivity to lysis by 14-day IL-2 expanded NK cells at an E:T = 1:1 

(C). Shown in B is the mean MFI ± SEM of HLA-E and HLA-A/B/C stained with the antibody clones 3D12 

and W6/32, respectively (n=3). In C each line represents matched, individual expanded NK cell donors 

(n=6 for Raji, n=3 for Ramos). Significant differences in HLA expression and NK specific lysis between 

the DMSO control and eltanexor drug concentrations were calculated with ordinary and repeated-

measure one-way ANOVA, respectively, followed by Dunnett’s post-hoc test: ****P<0.001, **P<0.01. 

 

 

Because HLA-E downregulation by selinexor sensitised lymphoma cells to expanded NK cell specific 

lysis, it was assessed whether blocking NKG2A:HLA-E interactions with antibodies against NKG2A 

would enhance NK cytotoxicity. The widely available clone Z199 was used to block NKG2A because it 

binds the same region as the clinically tested antibody monalizumab and because Z199 has similar 

binding kinetics to monalizumab (279). By blocking NKG2A:HLA-E interactions, expanded NK cells 

more readily lysed lymphoma target cells compared to the DMSO-treated control with an increase in 

NK specific lysis of 20% for Raji and 12% for Ramos (Figure 5-10). The magnitude of increased NK 

specific lysis induced by anti-NKG2A antibodies was comparable to selinexor treatment. When 

selinexor and anti-NKG2A antibodies were combined, a slight additive effect was observed for Raji 

cells, but not for Ramos. Overall these data suggest that by impairing NKG2A:HLA-E interactions 
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through XPO1 inhibition or antibody blockade promotes the cytotoxicity of IL-2 expanded NK cells 

that express high levels of NKG2A. 

 

 

Figure 5-10: Anti-NKG2A blocking antibodies enhance expanded NK cell cytotoxicity. 

Raji (A) and Ramos (B) cells were pre-treated with selinexor (500 nM, sel) or DMSO control for 24 hours 

in the presence of QVD followed by co-culture with IL-2 expanded NK cells (14-21 days) in the absence 

or presence of NKG2A  blocking antibodies (Z199, 10 µg/mL) for 24 hours at an E:T ratio of 1:1. For Raji 

cells (A), the effect of the antibody isotype on NK specific lysis was assessed compared to the anti-

NKG2A antibody. Bars represent the mean ± SEM (n=7) and each line represents an individual donor 

NK cells and differences in NK specific lysis between treatment groups were calculated with repeated-

measure one-way ANOVA followed by Tukey’s post-hoc test or paired sample t-test: **P<0.01, 

*P<0.05. 

 

 

5.3 Assessing expanded NK cell cytotoxicity in a 2D lymph node support 

model 

5.3.1 IL-4 and CD40L increase HLA-E expression on B cell lymphoma cells, which is reversed by 

XPO1 inhibition 

In chapter 4, primary CLL cells incubated with lymph node-associated molecules IL-4 and CD40L were 

resistant to NK cell activation via upregulation of HLA-E. Through using selinexor, HLA-E upregulation 

by IL4 and CD40L was overcome. Like in CLL, T follicular helper cells are present in non-Hodgkin 

lymphoma (384), thus IL-4 and CD40L were used again to mimic T cell support. It was examined 

whether IL-4 and CD40L can also enhance HLA-E expression on B-cell lymphoma cell lines and 
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whether XPO1 inhibition could counteract this. With lymph node support, all B cell lymphoma cell 

lines tested had increased surface expression of HLA-E (Figure 5-11). For total HLA class I expression, 

a significant increase was also observed with IL-4 and CD40L except for SUDHL4 whilst for CD19 

expression, no increase was measured with lymph node support (Figure 5-11). Whether inhibiting 

XPO1 with selinexor could overcome enhanced HLA-E expression was then assessed. On all cell lines 

selinexor downregulated HLA-E expression in the presence of IL4 + CD40L (Figure 5-12). Total HLA 

class I molecules were only downregulated with selinexor in SUDHL6 cells. Interestingly, CD19 

expression was also downregulated by selinexor which may have implications for CD19 directed 

therapies.  

 

 

Figure 5-11: HLA and CD19 expression on lymphoma cell lines incubated with lymph node-associated 

molecules IL-4 and CD40L. 

Raji (n=3), Ramos (n=3), SUDHL4 (n=3), SUDHL6 (n=4) and JeKo-1 (n=6) cells were incubated with lymph 

node support molecules IL-4 (10 ng/mL) + CD40L (300 ng/mL) for 24 hours and assessed for expression 

of HLA-E, total HLA and CD19. (A) histograms of HLA-E and CD19 expression on Raji, Ramos and SUDHL6 

after 24-hour incubation with IL-4 + CD40L. (B) Mean ± SEM for the MFI of HLA-E, total HLA and CD19 

on multiple B cell lymphoma cell lines after IL-4 + CD40L incubation. Significant differences in protein 

expression between control (CTRL) and treatment groups were calculated using paired sample t-test: 

*P<0.05. 
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Figure 5-12: HLA and CD19 expression on lymphoma cell lines treated with selinexor in the presence 

of IL-4 + CD40L. 

Raji (n=4), Ramos (n=4), SUDHL4 (n=3), SUDHL6 (n=3) and JeKo-1 (n=6) cells were treated with 

selinexor (50-2000 nM) in the presence of lymph node support molecules IL-4 (10 ng/mL) + CD40L (300 

ng/mL) for 24 hours and assessed for expression of HLA-E, total HLA and CD19. Above are 

representative histograms of HLA-E expression in the different conditions and below are the 

summaries of the merged replicates. 0 nM control represents DMSO-treated cells in the absence of IL-

4 + CD40L. Mean ± SEM expression relative to the untreated control is shown for each protein and cell 

line and significant differences in protein expression between the IL-4 + CD40L, 0 nM control and 

treatment groups were calculated using two-way ANOVA followed by Dunnett’s post-hoc test: 

****P<0.001, ***P<0.005, **P<0.01, *P<0.05. 

 

 

5.3.2 IL-4 and CD40L protects B cell lymphoma cells from NK cell anti-tumour functions, 

which is reversed by XPO1 inhibition 

Because of the increase in HLA-E expression on B-cell lymphoma cells in the presence of lymph node 

support, it was assessed whether this had functional consequences on expanded NK cell activity. B-

cell lymphoma cell lines were co-cultured with expanded NK cells for 24 hours following IL-4 + CD40L 

incubation. Without NK cells, IL4 + CD40L did not improve or reduce lymphoma cell viability (Figure 

5-13). However, when co-cultured with expanded NK cells, IL-4 + CD40L conferred protection from 

NK cells as shown by decreased raw lysis and decreased NK specific lysis (Figure 5-13). 
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Figure 5-13: Lymph node-associated molecules IL-4 and CD40L protect B cell lymphoma cells from 

expanded NK cell cytotoxicity.  

B cell lymphoma cell lines were incubated with IL-4 (10 ng/mL) + CD40L (300 ng/mL) for 24 hours before 

being co-cultured with IL-2 expanded NK cells (day 14-21) for an additional 24 hours (Z199, 10 ng/mL) 

or isotype control at an E:T of 1:1. (A) Shown is the mean ± SEM of raw lymphoma lysis (propidium 

iodide positive cancer cells) in cultures with and without NK cells for Raji (n=16), Ramos (n=13) and 

SUDHL6 (n=8). Significant differences in lymphoma lysis between groups were calculated using 

repeated-measure one-way ANOVA followed by Tukey’s post-hoc test. (B) NK specific lysis calculated 

using the data in (A) of lymphoma targets. The difference in NK specific lysis between the two 

treatment groups was calculated with paired sample t-test: ****P<0.001, ***P<0.005, **P<0.01, 

*P<0.05. 

 

 

To determine the contribution of HLA-E to protect lymphoma cells from NK cytotoxicity with IL-4 + 

CD40L, NKG2A blocking antibodies were added to co-cultures. As shown previously, IL-4 + CD40L 

protected cell lines from NK cytotoxicity, but in the presence of anti-NKG2A antibodies NK specific 

lysis was restored (Figure 5-14). Against Ramos cells, anti-NKG2A antibodies completely restored NK 

cell function and against Raji cells blocking antibodies further activated NK cell killing as compared to 

the isotype control without lymph node support (Figure 5-14). For SUDHL6, anti-NKG2A antibodies 

partially restored NK cell killing, potentially due to high expression of other HLA class I molecules in 

the presence of IL-4 + CD40L (Figure 5-11). In contrast, without lymph node support, anti-NKG2A 

antibodies failed to enhance NK specific lysis against SUDHL6 cells, perhaps because of the low 

expression of HLA-E as compared to other cell lines (Figure 5-11). 
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Figure 5-14: Anti-NKG2A antibodies reverse the NK-protective effect of IL-4 + CD40L in B cell 

lymphoma cells. 

B cell lymphoma cell lines were incubated with IL-4 (10 ng/mL) + CD40L (300 ng/mL) for 24 hours before 

being co-cultured with IL-2 expanded NK cells (day 14-21) for an additional 24 hours in the presence 

of anti-NKG2A antibodies (Z199, 10 ng/mL) or isotype control at an E:T of 1:1. NK specific lysis was then 

calculated through propidium iodide staining of cancer cells in cultures. Shown is the mean of at least 

7 individual donor NK cells and differences in NK specific lysis between treatment groups were 

calculated with repeated-measure one-way ANOVA followed by Tukey’s post-hoc test: **P<0.01, 

*P<0.05. 

 

 

Blocking NKG2A:HLA-E interactions reversed protection induced by IL-4 + CD40L, therefore it was 

hypothesised that downregulation of HLA-E with selinexor would also reverse this protective effect 

against NK cells. As such, lymphoma cell lines were treated with selinexor in the presence of IL-4 + 

CD40L lymph node support molecules and expanded NK cell specific lysis against these targets cells 

was assessed. In a similar fashion to NKG2A blockade with antibodies, killing of Ramos was 

completely recovered by selinexor and NK specific lysis against Raji cells was further enhanced 

compared to the no lymph node support control by selinexor (Figure 5-15). Likewise, with IL-4 + 

CD40L NK specific lysis of SUDHL6 cells was only slightly increased by selinexor and without lymph 

node support selinexor did not sensitise SUDHL6 cells to lysis by NK cells (Figure 5-15). This again 

reflects the fact that HLA-E expression is very low on SUDHL6 at homeostasis and therefore inhibiting 

NKG2A:HLA-E interactions in this setting does not enhance NK cell function. 
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Figure 5-15: XPO1 inhibition reverses the NK-protective effect of IL-4 + CD40L in B cell lymphoma 

cells. 

B cell lymphoma cell lines were incubated with IL-4 (10 ng/mL) + CD40L (300 ng/mL) for 24 hours in 

the presence of 500 nM selinexor (+ sel) before being co-cultured with IL-2 expanded NK cells (day 14-

21) for an additional 24 hours at an E:T of 1:1. NK specific lysis was then calculated through propidium 

iodide staining of cancer cells in cultures. Shown is the mean NK specific lysis of at least 7 individual 

donor NK cells of Raji and Ramos and 3 donor NK cells for SUDHL6. Significant differences in NK specific 

lysis between treatment groups were calculated with repeated-measure one-way ANOVA followed by 

Tukey’s post-hoc test: **P<0.01, *P<0.05. 

 

 

5.4 The immunomodulatory effect of XPO1 inhibition in B-cell cell lines 

with impaired HLA-E expression 

Following the result that SUDHL6 was not sensitised to expanded NK specific lysis with XPO1 

inhibitors - potentially due to low basal levels of HLA-E surface expression - it was assessed whether 

this remained true in B lymphoblastoid cell lines with impaired HLA-E expression. The 721 B 

lymphoblastoid cell line was derived from circulating B cells of a healthy individual and was 

transformed and immortalised by Epstein-barr virus (533). Subsequent cell lines were descended 

from the 721 parental cell line including 721.221 which upon exposure to gamma radiation was 

mutated in HLA-A/B/C genes and 721.174 which is deficient in TAP expression (161,534). 

Consequently, these cells express unstable HLA-E molecules at the plasma membrane with non-

canonical peptides presented in the binding groove. This is the result of HLA-A/B/C leader sequences 

being unavailable to stabilise HLA-E in 721.221 cells and TAP deficient 721.174 cells being unable to 

load peptides onto HLA-E and other HLA class I proteins. As such sensitisation to NK cell killing by 

selinexor was examined in these cells. 
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First, to confirm low expression levels of HLA-E in 721.221 and 721.174 cells and the consequence of 

selinexor treatment on HLA-E expression, the cell lines were treated with selinexor for 24 hours and 

the surface expression of HLA-E was measured by flow cytometry (Figure 5-16). As expected, 721.221 

cells were negative for HLA-A/B/C expression and 721.174 cells expressed HLA-A/B/C at low levels 

(Figure 5-16). For HLA-E, surface expression was very low for 721 cell lines (<600 MFI) and this 

remained low with selinexor treatment (Figure 5-17). Interestingly, the expression of HLA-E on 

SUDHL6 cells was comparable to 721 cell lines. Because no change in HLA-E expression was observed 

for 721 cell lines treated with selinexor, western blot for XPO1 expression was assessed to confirm 

sensitivity of 721 cell lines to selinexor treatment. XPO1 was degraded with selinexor in 721 cell lines 

and this was associated with increased expression on the tumour suppressor protein p53. Because β-

ACTIN was loaded unevenly HLA-E expression was quantitively measured using ImageJ and HLA-E 

expression is presented on the blot relative to β-ACTIN (Figure 5-18). Unlike Raji cells in which no 

change in HLA-E expression was observed with selinexor, 721.221 had increased HLA-E expression 

and 721.174 had decreased HLA-E expression. However, these changes are not reflected in surface 

expression changes due to impaired peptide loading and low stability at the plasma membrane 

(Figure 5-17).  

 

 

Figure 5-16: Flow cytometry histograms of HLA proteins on B lymphoblastoid cell lines 721.174 and 

721.221. 

721.174 (TAP deficient) and 721.221 (HLA-A/B/C knockout) cell lines with impaired HLA presentation 

were treated with selinexor (50-2000 nM) or DMSO for 24 hours and assessed for expression of HLA-E 

and HLA-A/B/C expression. Shown are representative histograms from one experiment. 
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Figure 5-17: Selinexor does not affect the expression of HLA proteins and CD19 on 721.174 and 

721.221 cell lines. 

721.174 (TAP deficient, n=3) and 721.221 (HLA-A/B/C knockout, n=3) cell lines with impaired HLA 

presentation were treated with selinexor (50-2000 nM) or DMSO (0 nM) for 24 hours and assessed for 

expression of HLA-E , HLA-A/B/C and CD19 expression. SUDHL6, Raji and Ramos cells were also stained 

for comparison to 721 cells. Shown is mean + MFI. 

 

 

 

Figure 5-18: Selinexor degrades XPO1 and induces p53 in 721 cell lines. 

XPO1, p53 and HLA-E protein abundance in 721.221, 721.174 and Raji cells treated with 500 nM 

selinexor for 24 hours. Numbers on blot represent HLA-E protein abundance relative to the β-ACTIN 

loading control calculated using ImageJ. 
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Next, NK functional analysis was performed on selinexor-treated 721 cell lines, with the hypothesis 

that selinexor does not sensitise cell lines to NK specific lysis due to no change in HLA-E surface 

expression with XPO1 inhibition. As for cell lines in previous experiments, 721 cell lines were pre-

treated with selinexor for 24 hours and co-cultured with expanded NK cells that express high levels of 

NKG2A. The duration of co-culture was set at 4 hours instead of 24 hours to allow for a window of 

response because NK cells are highly active against HLA low cells and would lyse all 721 cells in 

culture at steady state (17). With increasing selinexor concentration, no increase in NK specific lysis 

was observed (Figure 5-19). To ascertain whether HLA-E was functionally engaging with NKG2A on 

721 cell lines, NKG2A blocking antibodies were added to co-cultures. NK cytotoxicity did not increase 

with anti-NKG2A antibodies in 721 co-cultures unlike with Raji cells that express functional HLA-E 

(Figure 5-19). These experiments therefore demonstrate that for selinexor to exert 

immunomodulatory effects, cancer cells require functional antigen processing and presentation 

machinery so that HLA-E surface expression can be modulated. 

 

 

Figure 5-19: Selinexor or anti-NKG2A mAbs do not sensitise 721 cell lines to NK cell cytotoxicity. 

(A) 721 cell lines were pre-treated with selinexor (50-2000 nM) for 24 hours in the presence of Q-VD 

followed co-culture with expanded NK cells (day 14-21, E:T = 1:1 and 1:10, N =5) for 4 hours and 721 

cell death was measured using propidium iodide. (B) 721 cell lines and Raji were co-cultured with 

expanded NK cells (n=5) for 4 hours in the presence anti-NKG2A antibodies (10 µg/mL) at the E:T ratios 

displayed. Shown is mean ± SEM of NK specific lysis. 
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5.5 The effect of a pro-inflammatory tumour microenvironment on B-cell 

lymphoma cell sensitivity to expanded NK cells 

5.5.1 IFNγ production by expanded NK cells co-cultured with selinexor-treated B-cell 

lymphoma cells 

Tumours with high infiltration of immune cells are referred to as immunologically ‘hot’ tumours. 

Within these tumours, IFNγ is present which has pro-inflammatory properties such as skewing Th1 

immunity, recruitment of DCs, priming NK cells and increasing the expression of HLA class I 

molecules, including HLA-E, to increase antigen presentation to T cells (535). As such, IFNγ is widely 

used in 2D culture models to mimic a pro-inflammatory tumour microenvironment (TME) (145,536–

538).  

One source of IFNγ is NK cells which upon activation increase their production of IFNγ and secrete 

this into the microenvironment (142). Therefore, to determine whether expanded NK cells increase 

IFNγ production upon encountering lymphoma cell lines pre-treated with selinexor and contribute 

towards inducing a pro-inflammatory TME, the abundance of IFNγ was assessed using flow cytometry 

and ELISA from expanded NK-cancer co-cultures. As measured by flow cytometry, IFNγ expression by 

expanded NK cells increased after co-culture with selinexor-treated RAJI cells (Figure 5-20). The dose-

dependent increase in IFNγ expression was variable across donors. For ELISA experiments, an 

increase in IFNγ abundance was observed in 50 nM co-cultures compared to the untreated control 

(Figure 5-20). At 500 nM, the abundance of IFNγ returned to 0 nM levels for 3 out of 4 donors, with 

the other having a decreased quantity of IFNγ compared to the 0 nM control. As such, this suggests 

that there is a difference in expanded NK cell production and secretion of IFNγ, perhaps reflecting 

the viability of target cells in co-cultures. For example, at higher selinexor concentrations, NK-

mediated lysis of cancer targets is enhanced which then may limit the stimulus required for NK cells 

to secrete IFNγ.  
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Figure 5-20: IFNγ production and secretion by expanded NK cells co-culture with selinexor-treated B 

cell lymphoma cells. 

Expanded NK cells (D14-21) were co-cultured with Raji cells pre-treated with selinexor (50-2000 nM) 

for 4 hours at E:T = 1:1 and assessed for intracellular expression of IFNγ by flow cytometry (A). Shown 

is the percentage of CD56+CD3- NK cells positive for IFNγ with baseline IFNγ (no targets in culture) 

taken away from co-culture (n=5). Alternatively, NK-Raji co-cultures lasted 24 hours at E:T = 1:1 

(100,000 NK: 100,000 Raji, n=4) after which supernatants were assessed for abundance of IFNγ by 

ELISA (B). For both graphs lines represent individual donor NK cells and significant differences between 

IFNγ expression/abundance between treatment groups and the 0 nM control were calculated with 

repeated-measure one-way ANOVA: *P<0.05. 
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5.5.2 A pro-inflammatory TME modelled by IFNγ induces the expression of HLA-E on B cell 

lymphoma cells 

IFNγ is known to enhance the expression of HLA-E through the activation of STAT1 signalling (36). 

Upon IFNγ binding to the IFNγ receptor, JAK kinases become activated leading to the 

phosphorylation and dimerisation of STAT1 which induces nuclear import and activation of target 

genes, including HLA-E and STAT1 autoregulation (36). Interestingly, XPO1 interacts with 

dephosphorylated STAT1 to promote its nuclear export and therefore enable the propagation of IFNγ 

signalling (38). As such, selinexor may inhibit continued IFNγ signalling through nuclear retention of 

dephosphorylated STAT1. Therefore, it was investigated whether, firstly, IFNγ within the supernatant 

of expanded NK-cancer cell co-cultures can enhance HLA-E expression and secondly, whether 

selinexor can impair HLA-E upregulation in this setting (Figure 5-21). All supernatants from co-

cultures greatly enhanced HLA-E surface expression (Figure 5-22). This increase was comparable to 

the increase observed using recombinant IFNγ. For HLA-A/B/C, a slight increase in surface expression 

was observed with co-culture supernatants and with recombinant IFNγ (Figure 5-22). In the presence 

of selinexor, HLA-E expression was downregulated in a dose-dependent manner for supernatant co-

cultures and for recombinant IFNγ, HLA-E was downregulated by selinexor (Figure 5-22). However, 

selinexor did not affect total class I HLA expression on Ramos and only slightly downregulated these 

proteins on SUDHL6. Therefore, NK-cancer co-culture supernatants is able to enhance HLA-E 

expression on B-cell lymphoma cell lines and this increase is counteracted by XPO1 inhibition. 

Similarly, by using recombinant IFNγ HLA-E expression was increased on cell lines to a similar extent 

as co-culture supernatants and this increase was again impaired by selinexor.  

 

 

Figure 5-21: Workflow to examine HLA expression on cancer cells that were resuspended in 

expanded NK:cancer cell co-culture supernatant. 

Expanded NK cells were co-cultured with B-cell lymphoma cells at an E:T = 1:1 (200,000:200,000) for 

24 hours and the supernatants from these co-cultures were added to cancer cells. Selinexor (50-2000 

nM) was then added to cancer cultures for an additional 24 hours. Human recombinant IFNγ (10 

ng/mL) ± selinexor (500 nM) was added to cancer cells as a control for HLA expression changes.  
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Figure 5-22: NK-cancer cell co-culture supernatants enhance HLA-E expression, which is reversed by 

XPO1 inhibition. 

Expanded NK cells were co-cultured with Ramos and SUDHL6 cells at an E:T = 1:1 (200,000:200,000) 

for 24 hours and the supernatants from these co-cultures were used to resuspend Ramos and SUDHL6, 

respectively. To the resuspended Ramos and SUDHL6 cells, selinexor (50-2000 nM) was added for an 

additional 24 hours or DMSO as a control (0 nM). Recombinant IFNγ (10 ng/mL) ± selinexor (500 nM) 

was also added to cells as a control for increased HLA expression. (A) Representative example of HLA-

E and HLA-A/B/C expression on Ramos and SUDHL6 from co-culture supernatants from one donor NK 

cells. Control (CTRL) represents basal expression of HLA molecules on cell lines without resuspension 

with co-culture supernatants or IFNγ or selinexor treatment. (B) Mean MFI of HLA-E and HLA-A/B/C 

from co-culture supernatants from 2-3 individual donor NK cells. For Ramos, significant differences in 

HLA expression between treatment groups were calculated using one-way ANOVA followed by 

Dunnett’s post-hoc test: *P<0.05.  
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5.5.3 Mechanism for HLA-E downregulation with XPO1 inhibitors in the presence of IFNγ 

To decipher the mechanism behind selinexor impeding IFNγ-induced HLA-E upregulation on B-cell 

lymphoma cell lines, western blot analysis of STAT1 phosphorylation was performed. The hypothesis 

was that selinexor inhibits STAT1 phosphorylation in the presence of IFNγ leading to decreased 

expression of HLA-E and total STAT1. Indeed, IFNγ induced STAT1 phosphorylation (pSTAT1) which 

correlated with increased total STAT1 (tSTAT1) and increased HLA-E expression on Raji, Ramos and 

SUDHL6 (Figure 5-23). When XPO1 function was inhibited by selinexor, pSTAT, tSTAT1 and HLA-E 

expression levels decreased in accordance with selinexor inhibiting IFNγ signalling by nuclear 

retention of STAT1 (Figure 5-23). Interestingly, in 721 cell lines with impaired antigen processing and 

presentation machinery, IFNγ signalling also increased HLA-E expression, however this did not 

translate into increased expression of HLA-E at the plasma membrane (Figure 5-24). This is because 

although there is increased abundance of HLA-E inside 721 cells, HLA-E fails to become stabilised and 

fails to exit the ER because no HLA-E binding peptides (HLA-A/B/C leader sequences) are present in 

721.221 cells and because TAP deficiency in 721.174 cells results in no peptide loading on HLA-E.  

 

 

Figure 5-23: Selinexor impairs IFNγ signalling in B-cell lymphoma cell lines. 

Raji, Ramos and SUDHL6 cell lines were incubated with IFNγ (10 ng/mL) in the absence and presence 

of selinexor (500 nM) or DMSO (0 nM) for 24 hours and expression of XPO1, p53, phosphorylated 

STAT1 (pSTAT1), total STAT1 (tSTAT1) and HLA-E were assessed by western blot. Shown is one blot 

from two independent experiments. The blots of XPO1 and p53 for the 0 nM sample of SUDHL6 are 

missing due to the limited number of wells on the gel at the time of the experiment. 
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Figure 5-24: IFNγ signalling is functional in 721 cell lines but does not induce HLA-E expression. 

(A) 721.221 and 721.174 cell lines were incubated with IFNγ (10 ng/mL) in the absence and presence 

of selinexor (500 nM) or DMSO (0 nM) for 24 hours and expression of phosphorylated STAT1 (pSTAT1), 

total STAT1 (tSTAT1) and HLA-E were assessed by western blot. (B) Surface expression of HLA-E on 721 

cell lines incubated with 10 ng/mL IFNγ for 24 hours measured by flow cytometry. Ramos cells were 

used as a control for increased HLA-E expression with IFNγ. 

 

 

Another method to compare total HLA-E and surface HLA-E expression in the presence of IFNγ and 

selinexor is through intracellular and surface flow cytometry staining of B-cell lymphoma cells. The 

advantage of this method is improved quantification of HLA-E expression compared to western blot. 

To measure total levels of HLA-E, B-cell lymphoma cell lines were permeabilised which allows 3D12 

antibodies to stain extracellular and intracellular HLA-E. Antibody staining with whole, intact cells 

enables surface expression levels to be measured. As expected, in permeabilised cells HLA-E staining 

intensity was far greater than intact cells, illustrating that HLA-E is trapped in the ER in accordance 

with previous reports (9) (Figure 5-25). This was not the case with the W6/32 antibody which showed 

similar staining intensity in permeabilised and intact cells, showing that HLA-A/B/C-binding peptides 

are in abundance to stabilise and export HLA-A/B/C proteins to the plasma membrane (Figure 5-25). 

Of note, in 721.221 which are knock-out for HLA-A/B/C, HLA-E expression in permeabilised cells was 

higher than Ramos, but at the surface Ramos had higher HLA-E expression (Figure 5-26). This 

confirms that the majority of HLA-E in 721.221 cannot escape the ER because of the absence of 

leader peptides from HLA-A/B/C proteins, whereas some HLA-E molecules in Ramos can translocate 

from the ER to the plasma membrane. 

Incubating cell lines with IFNγ ± selinexor, IFNγ alone enhanced 3D12 staining intensity in 

permeabilised and intact cells and XPO1 inhibition decreased HLA-E expression in both staining 

conditions (Figure 5-25). Employing this method to cell lines without incubation with IFNγ showed 

that only surface HLA-E expression was downregulated by selinexor, which co-insides with results in 
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chapter 3 where, at steady state, XPO1 inhibition affected surface HLA-E expression due to reduced 

availability of peptides to stabilise HLA-E and enable ER exit. In the case of IFNγ, selinexor inhibits 

HLA-E transcription through STAT1 nuclear accumulation alongside reducing the peptide pool to 

impede HLA-E transport to the plasma membrane, acting via two mechanisms to downregulate 

surface HLA-E expression. For W6/32 staining intensity, with IFNγ this increased in permeabilised and 

intact cells (Figure 5-25). Interestingly, however, selinexor did not decrease W6/32 staining intensity 

in the presence of IFNγ. As such, in a pro-inflammatory TME with high levels of IFNγ, selinexor can 

disrupt HLA-E expression but high classical class I HLA protein expression is maintained. 

 

 

Figure 5-25: Selinexor impairs total HLA-E expression in the presence of IFNγ. 

Raji and Ramos cells were treated with selinexor (sel, 500 nM) or DMSO (0 nM) for 24 hours in the 

presence or absence of IFNγ (10 ng/mL) followed by staining with antibodies against HLA-E (clone 

3D12) and HLA-A/B/C (clone W6/32) when cells were permeabilised (intracellular and extracellular 

expression) or left intact (surface expression). (A) Representative histograms of 3D12 and W6/32 

staining intensities of Ramos cells from one experiment. Numbers on histograms depict the MFI and 

vertical dashed lines represent the histogram peak in the permeabilised, untreated sample. (B) Mean 

expression ± SEM relative to the DMSO-treated (0 nM) control in the absence of IFNγ in intact and 

permeabilised Ramos (n=6) and Raji cells (n=5). Significant differences in HLA expression between 

treatment groups for intact and permeabilised cells were calculated with two-way ANOVA followed by 

Tukey’s post-hoc test: ****P<0.001, **P<0.01, *P<0.05.   
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Figure 5-26: HLA-E is trapped internally in 721.221 cells. 

Flow cytometry histograms of 721.221 and Ramos cells when stained with antibodies against HLA-E 

(clone 3D12) and HLA-A/B/C (clone W6/32) in permeabilisation (intracellular and extracellular 

expression) and ‘intact’ (surface expression) conditions.  

 

 

5.5.4 IFNγ protects B cell lymphoma cells from NK cell anti-tumour functions via HLA-

E:NKG2A interactions that is overcome by XPO1 inhibition 

With NK cell adoptive transfer in patients with ‘hot’ tumours, allogeneic NK cells will transit to the 

TME where they will encounter tumour cells submersed in an environment with high levels of IFNγ 

and therefore high HLA-E expression. Equally, in ‘cold’ tumours allogeneic NK cells upon activation 

will secrete IFNγ which will promote HLA-E expression on tumours, initiating a feedback loop to 

dampen NK cell-mediated immunity via NKG2A. In the previous sections, it was shown that NK-

cancer co-culture supernatants and recombinant IFNγ increase HLA-E expression which selinexor was 

able to counteract. As such, whether these have functional consequences on allogeneic NK cell 

function was investigated. B-cell lymphoma cell lines were treated with selinexor in the presence of 

recombinant IFNγ for 24 hours followed by co-culture with expanded, allogeneic NK cells ± anti-

NKG2A monoclonal antibodies. Across all cell lines (Ramos, Raji and SUDHL6) IFNγ protected cancer 

cells from NK cytotoxicity (Figure 5-27). For Raji and Ramos, blocking NKG2A fully restored NK 

cytotoxicity, demonstrating that the increase in HLA-E by IFNγ protects lymphoma cell lines from NK. 

For SUDHL6, NKG2A blockade only partially restored NK cytotoxicity, most likely due to the large 

increase in classical HLA class I proteins when incubated with IFNγ as shown in Figure 5-22. When 

lymphoma cells were treated with selinexor, NK cytotoxicity was also completely restored for Ramos 

and Raji cells and only partially restored for SUDHL6 (Figure 5-27). Again, this demonstrates that the 

IFNγ-induced HLA-E upregulation protects lymphoma cells from NK cytotoxicity which can be 

reversed through selinexor-induced HLA-E downregulation. There was no clear benefit of combining 

selinexor with NKG2A blockade, besides for Raji at an E:T of 1:10, because NKG2A receptor signalling 
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was blocked by either HLA-E downregulation on tumour cells or by inhibiting NKG2A:HLA-E 

interaction with monoclonal antibodies (Figure 5-27). Together, these data demonstrate that IFNγ 

protects B-cell lymphoma cells from NK cytotoxicity via upregulation of HLA-E. This protection can be 

reversed through the use of antibodies against NKG2A or by using XPO1 inhibitors to inhibit 

NKG2A:HLA-E interactions.  

 

 

Figure 5-27: IFNγ protects B-cell lymphoma cells from expanded NK cell lysis via HLA-E:NKG2A 

interactions.  

Ramos, Raji and SUDHL6 cells were treated with 500 nM selinexor in the presence of IFNγ (10 ng/mL) 

for 24 hours and co-cultured with expanded NK cells (day 14-21) ± anti-NKG2A monoclonal antibodies 

(Z199, 10 µg/mL) for a further 24 hours at an E:T ratio of 1:1 or 1:10. Propidium iodide was used to 

measure cancer-specific cell death in co-cultures by flow cytometry. Shown is mean NK specific lysis of 

target cells with dots representing individual donor NK cells (at least 3 individual donors). Significant 

differences in NK specific lysis between treatment groups was calculated by repeated-measure/mixed 

effects one-way ANOVA depending on whether groups contained equal numbers of donors, followed 

by Tukey’s post-hoc test: ***P<0.005, **P<0.01, *P<0.05. 

 

 

To demonstrate that IFNγ-induced HLA-E upregulation was responsible for producing protective 

effects in B-cell cell lines, LAMP experiments were performed to compare the activation of NKG2A+ 

and NKG2A- NK cells expanded over 5 days. Day 5 expanded NK cells were used to ensure that 

NKG2A- NK cells remained in the expanded NK cell population (Figure 5-6). The degranulation ability 

and the production of IFNγ was diminished in the NKG2A+ NK cell population and not the NKG2A- NK 

cell population when day 5 expanded NK cells were co-cultured with Raji cells that were pre-

incubated with IFNγ (Figure 5-28). Selinexor treatment in the presence of IFNγ rescued NKG2A+ NK 

cell activation whilst no change in the activation of NKG2A- NK cells was observed (Figure 5-28). 
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Figure 5-28: IFNγ impairs NKG2A+ NK cell activation, which is overcome by XPO1 inhibition. 

Raji cells were treated with selinexor (0-2000 nM) in the presence and absence of recombinant IFNγ 

(10 ng/mL, sel = 500 nM) for 24 hours before co-culture with day 5, IL-2 (500 IU/mL) expanded NK cells 

for 4 hours. Degranulation (A) as measured by CD107a positivity and IFNγ production (B) was measured 

on NKG2A+ and NKG2A- NK cells (CD56+CD3-) by flow cytometry. Shown is mean ± SEM of CD107+ and 

IFNγ+ cells accounting for background activation in no target cultures (n=6 individual NK cell donors). 

Significant differences in activation between treatments groups were calculated using repeated 

measure one-way ANOVA followed by Tukey’s post-hoc test: ****P<0.001, ***P<0.005, **P<0.01, 

*P<0.05. 

 

 

To further support that IFNγ-induced HLA-E upregulation protect malignant B cells from NK 

cytotoxicity, 721.221 and 721.174 cells with functional IFNγ signalling but impaired HLA-E 

upregulation (Figure 5-24) were assessed for sensitivity to NK specific lysis. Indeed, IFNγ did not 

protect 721 cell lines from expanded NK cytotoxicity, illustrating that functional antigen processing 

and presentation machinery, including HLA-E expression, is required for IFNγ-induced protection 

from NK cells (Figure 5-29). 
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Figure 5-29: IFNγ does not protect 721 cell lines from expanded NK cell cytotoxicity. 

721.221 and 721.174 cells were incubated with IFNγ (10 ng/mL) for 24 hours followed by co-culture 

with expanded NK cells (day 14-21) for an additional 4 hours at an E:T ratio of 1:1 or 1:10. Propidium 

iodide was used to measure 721-specific cell death in co-cultures by flow cytometry. Shown is mean ± 

SEM using expanded NK cells from 5 individual donors. 

 

 

5.6 Investigating selinexor-expanded NK cell treatment approaches for 

future in vivo studies 

As currently demonstrated in this chapter, XPO1 inhibition with selinexor sensitises B-cell lymphoma 

cells to NK specific lysis via disruption of the NKG2A:HLA-E inhibitory axis. The question remains of 

how to administer both treatments in patients, either sequentially or concurrently. In previous 

experiments sequential administration was mimicked such that cells were treated with selinexor first 

and then expanded NK cells were co-cultured with cancer cells. Concurrent administration entails the 

administration of both treatments at the same time and the applicability of this approach was 

explored next. Lymphoma cells were either co-cultured with expanded NK cells in the presence of 

selinexor (concurrent treatment, 24h sel co-culture), pre-treated for 24 hours with selinexor and co-

cultured with expanded NK cells in the absence of XPO1 inhibition (sequential, 24h PT), or pre-

treated with selinexor for 24 hours and co-cultured with NK cells in the presence of selinexor 

(sequential combined with concurrent, 24h PT + 24h sel co-culture). Differences in NK cytotoxicity 

were then compared between treatment approaches at each selinexor concentration. Firstly, 

concurrent treatment resulted in a slight decrease in NK cytotoxicity at high selinexor concentrations 

when compared to the untreated control (Figure 5-30). When this method was compared to the 

sequential approach, NK cytotoxicity was much lower in the concurrent samples at high selinexor 

concentrations. When the two administration methods were combined into a sequential + 

concurrent approach resembling scenarios where selinexor would be given followed by adoptive 

transfer of NK cells with further selinexor doses, NK cytotoxicity was only slightly impaired compared 
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to the sequential approach (Figure 5-30). When selinexor was added to co-cultures, NK cell viability 

decreased, highlighting the indiscriminatory toxic effect of XPO1 inhibition (Figure 5-30). 

Interestingly, although not significant, sequential + concurrent treatment induced higher NK cell 

death than concurrent treatment which perhaps reflects combined activation-induced cell death and 

selinexor-induced cell death which correlates with increased NK specific lysis of lymphoma cells in 

the sequential + concurrent treatment groups. Ultimately, this experiment illustrates that to 

maximise adoptive NK cell transfer approaches with selinexor, a sequential approach may be 

required to avoid allogeneic NK cell death and to allow the prior sensitisation of lymphoma cells to 

NK cells via HLA-E downregulation.  

 

 

Figure 5-30: Sequential vs concurrent selinexor-expanded NK cell treatments in vitro. 

CellTrace-labelled Raji and Ramos cells were pre-treated (PT) with selinexor (50-2000 nM) for 24 hours 

in the presence of Q-VD followed by co-culture with expanded NK cells for an additional 24 hours at 

an E:T = 1:1. During the co-culture selinexor was added to co-cultures to the corresponding pre-treated 

concentrations (24h PT + 24h sel co-culture), or DMSO was added (24h PT) or lymphoma cells not pre-

treated with selinexor were co-cultured with expanded NK cells in the presence of selinexor (50-2000 

nM, 24h sel co-culture). After the co-culture, propidium iodide was added to enable calculation of NK 

specific lysis of cancer targets (left and middle) and to allow NK viability to be measured (right). Shown 

is mean NK specific lysis and NK viability ± SEM using expanded NK cells from individual donor (Raji N 

= 6, Ramos N = 4, NK viability = 6). Significant differences in NK specific lysis and NK viability between 

the three administration methods for each selinexor concentration were calculated using repeated-

measure two-way ANOVA followed by Dunnett’s post-hoc test: ****P<0.001, ***P<0.005, **P<0.01. 
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Nod-SCID-gamma chain deficient (NSG) mice are frequently used to study the function of human NK 

cells and Stadel et al., (2022) employed the NSG model to investigate selinexor combined with CAR T 

cell therapy against Raji cells as used throughout this thesis. As portrayed in section 5.2, B-cell 

lymphoma cell lines were not sensitised by selinexor to NK cell lines NK-92 and NKL cells, therefore a 

primary NK cell adoptive transfer technique is required. Before in vivo experiments can be 

performed, a selinexor toxicity test was performed in NSG mice. NSG mice were administered a 

moderate selinexor dose (10 mg/kg) which was administered by oral gavage twice a week for two 

weeks in line with clinical practises (525). As a means to measure drug toxicity, mice were weighed 

every two to three days with a terminal endpoint of 15% weight loss of the original weight before the 

first selinexor dose. Both mice treated with selinexor lost weight after each dose of selinexor (Figure 

5-31). After the third dose on day 7, one selinexor-treated mouse lost 14% of its original weight after 

two days, at which point mice were weight every day (Figure 5-31). However, during the course of 

the experiment until day 16 that mouse recovered to its original weight. Vehicle-treated mice were 

unaffected by the oral gavage procedure and maintained the same weight throughout the 

experiment, highlighting that the weight loss observed in the selinexor-treated mice was due to the 

activity of the compound inhibiting XPO1 function, demonstrating the correct preparation of the 

drug and weight loss is known to occur in mice treated with selinexor (407,525).  

 

 

Figure 5-31: Toxicity of twice weekly selinexor in NSG mice administered for two weeks. 

NSG mice were administered 10 mg/kg of selinexor (n=2) or vehicle control (0.6% Plasdone PVP K-

29/32 and 0.6% Poloxamer Pluronic F-68 in water, n=2) by oral gavage twice a week for two weeks as 

demonstrated by the arrows on the X-axis. Shown is raw weight (A) and relative weight to the weight 

at day 0 before the first dose (B) over time for 16 days. Every day fresh food pellets were soaked in 

water and provided in cages to aid food intake. 
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Finally, to time selinexor administration and the adoptive transfer of expanding NK cells (day 14-21 of 

expansion) to measure tumour control, information on the growth kinetics of B-cell lymphoma cell 

lines in NSG mice are required. Raji cells were used as the model cell line because of the promising in 

vitro data on sequential vs concurrent selinexor treatment (Figure 5-30) and for its well characterised 

in vivo use, particularly with selinexor (460). After subcutaneous injection of Raji into NSG mice, it 

took 14 days before tumours became apparent (Figure 5-32). Once visible, tumours grew quickly, 

reaching the terminal endpoint after 9 days. Tumour growth in both mice mirrored each other, 

highlighting that Raji growth kinetics are comparable between mice. In conclusion, the Raji growth 

kinetics, selinexor toxicity/dosing schedule and two-week NK cell expansion accurately align to 

enable an in vivo experiment to be performed in the future.  

 

Figure 5-32: Raji tumour growth kinetics in NSG mice. 

Two NSG mice were injected subcutaneously with 5x106 Raji cells in 100 µL. Tumour size was measured 

over time and the volume was calculated as 0.5*width*length*length. The terminal endpoint was set 

at a tumour diameter of 12 mm or tumour volume of 1500 mm3, whichever came first. Shown is 

tumour volume (mm3) of each mouse over the course of 23 days. 

 

 

5.7 Examining CAR NK cell function against selinexor-treated B-cell 

lymphoma cells 

5.7.1 Generation of anti-CD19 CAR NK cells 

Besides adoptive transfer of expanded, allogeneic NK cells into B-cell lymphoma and CLL patients, 

primary, allogeneic NK cells modified with a CAR construct targeting a tumour antigen can be used to 

promote the efficacy of adoptive transfer therapy approaches. Targeting the CD19 receptor on 

malignant B cells is a promising strategy because of the high expression of CD19 on B cells. Indeed, 

anti-CD19 CAR T cell therapy is approved by NICE for the treatment of B cell malignancies (539). 
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Additionally, due to their improved safety profile, anti-CD19 CAR NK cells are undergoing clinical 

investigation in B cell malignancies, which have demonstrated encouraging survival data and 

excellent safety profiles (305). Combinations of CAR T cells with other drugs is an area of intense 

research (367) and whether CAR NK cell approaches can be improved through combinations with 

anti-cancer therapies including small molecules and monoclonal antibodies will be deduced over 

time. As a proof-of-concept, it was investigated here whether XPO1 inhibition with selinexor can 

enhance anti-CD19 CAR NK cell function in vitro, as shown for expanded NK cells.  

First, to generate anti-CD19 CAR NK cells from primary NK cells, the FMC63-41BB-CD3ζ second 

generation CAR construct encoding the small chain variable fragment of the anti-CD19 antibody 

clone FMC63 attached to the CD8 transmembrane domain and intracellular activation domains 4-1BB 

and CD3ζ was transfected into the packaging cell line 293FT together with the third-generation 

lentiviral packaging system (pMDLg/pRRE, RSV-rev and VSV-G). CAR constructs using the FMC63 

mouse antibody clone are used in the manufacture of CAR T cells in the clinic (361) and the FMC63 

CAR and VSV-G lentiviruses have been used for the generation of CAR NK cells (540–542). The 

concentration of plasmids used to transfect 293FT cells is found in chapter 2 (Table 2-1). Whilst 

293FT cells produced lentivirus vectors carrying the FMC63-41BB-CD3ζ construct, NK cells were 

isolated from healthy donor PBMC and expanded for 2-4 days before being transduced for 24 hours 

with fresh, filtered 293FT supernatant containing lentiviruses in the presence of the transduction 

enhancer Vecotfusin-1 (Miltenyi). NK cells were then washed to remove Vectofusin-1 and 72 hours 

after transduction CAR NK cell transduction efficacy and cytotoxicity was assessed (Figure 5-33). 
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Figure 5-33: Generation of anti-CD19 CAR NK cells using lentivirus transduction. 

Lentivirus vectors containing the FMC63-41BB-CD3ζ construct were produced in 293FT cells in 

antibiotic-free medium using the transfection reagent GeneJuice (1:20 dilution). The constructs used 

to generate lentivirus were pMDLg/pRRE, RSV-rev and VDV-G and the concentrations of which can be 

found in results section X. 48 hours after transfection, fresh, filtered 293FT supernatants containing 

lentiviruses were put on expanded NK cells (day 2-4) along with the transduction reagent Vectofusin-

1 (10 µg/mL) for 24 hours in a 48 or 96 well plate format depending on the number of NK cells being 

transduced. After, NK cells were washed to remove Vectofusin-1 by removal of ~90% of the medium 

and fresh medium was added containing 500 IU/mL IL-2 and 140 U/mL IL-15. 48 hours later CAR 

transduction efficacy was measured by flow cytometry using recombinant CD19-FITC and CAR NK cell 

function was assessed against CD19+ B-cell lymphoma cell lines. Untransduced NK cells were produced 

following the same protocol using supernatant from 293FT cells that were not transfected with DNA 

constructs. 
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To optimise the number of NK cells required for transduction, NK cell numbers ranging from 25,000 

to 1x106 NK cells were transduced with lentivirus vectors. 25,000-0.4x106 NK cells were transduced in 

96 well plates while >0.4x106 NK cells were transduced in 24 well plates. As assessed with the FITC-

labelled recombinant CD19 protein using flow cytometry, the lower the number of NK cells 

transduced the greater the transduction efficacy (Figure 5-34).  

 

 

Figure 5-34: Optimisation of NK cell numbers required for transduction. 

25,000-1x106 NK cells expanded over 3 days were transduced for 24 hours with second generation 

FMC63 CAR constructs using lentiviral transduction. NK numbers >0.4x106 were transduced in 24 well 

plates (bottom) and <0.4x106 were transduced in 96 well plates (top). Shown is CAR expression 

histograms after staining with FITC-labelled recombinant CD19 (rCD19). Black numbers on plots 

represent the number of NK cells used for transduction and the red numbers show the proportion of 

CAR+ NK cells. The gate was drawn based on the untransduced (UTr) control.  

 

 

Next, it was determined how stable the CAR construct was on NK cells which is important for using 

these in functional assays and for in vivo experiments. After generating CAR NK cells with high 

transduction efficacy (61% positive on day 3 post transduction), the CAR construct was lost when 

cells were stained on day 7 post transduction (Figure 5-35). In CAR NK cells with low transduction 

efficacy (8-12% positive on day 3 post transduction), on day 5 the CAR construct was lost (Figure 

5-35). Therefore, CAR NK cells at day 3 post transduction were used in functional assays. As such, the 

maximum number of 1x106 NK cells was used for transduction to ensure sufficient numbers of CAR 

NK cells for functional analysis. To measure CAR expression across multiple donors using 1x106 NK 

cells for transduction, twelve healthy donor NK cells were transduced and CAR expression was 

measured with FITC-labelled recombinant CD19 on day 3 post transduction. All donors were 

transduced successfully with mean CAR expression 21.2% (range 3% - 61.9%) (Figure 5-36). 
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Figure 5-35: Anti-CD19 CAR expression is unstable on NK cells. 

CAR NK cells were generated with high transduction (Td) efficacy as previously described and stained 

with FITC-labelled recombinant CD19 (rCD19) on day 3 (D3) and day 7 (D7) post Td (A). Shown are 

histograms of untransduced (UTr) and CAR NK cells at D3 and D7, and the horizontal gate was drawn 

based on the UTr control, with the numbers on plots representing the percentage positive for CAR. 

Two more donors with low Td efficacy were stained with rCD19 on D3 and D5 (B). Shown are dot plots 

and dots within gates are positive for CAR expression with the number representing the proportion of 

cells. The gates were drawn based on the UTr control for each donor.   

 

 

 

Figure 5-36: Anti-CD19 CAR transduction efficacy in primary NK cells. 

1x106 primary NK cells from isolated from PBMC and expanded for 2-4 days were transduced with 

supernatants from 293FT cells transfected with lentivirus plasmid constructs and the FMC63-41BB-

CD3ζ CAR construct. Untransduced NK cells (UTr) were plated in supernatants from 293FT cells that 

were not transfected with plasmids. On day 3 post transduction, cells were stained with FITC-labelled 

recombinant CD19 to assess CAR transduction efficacy by flow cytometry. Shown is percentage of CAR 

positive NK cells of 12 individual donors with each line representing matched donor transduction 

efficacy (left) and on the right is portrayed the mean transduction efficacy across samples. The 

difference in CAR expression between untransduced and transduced NK cells was calculated with 

paired-sample t-test: **P<0.01. 
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5.7.2 Selinexor promotes anti-CD19 CAR NK cell function 

NK cells were successfully transduced to express the anti-CD19 CAR construct, but whether the CAR 

was functional on NK cells was assessed here. To determine whether the CAR construct promoted NK 

cell cytotoxicity CAR NK cells were co-cultured with CD19+ Raji cells and NK specific lysis was 

compared to the untransduced control (UTr). Raji cells were chosen as targets for their high 

expression of CD19 compared to other cell lines (543). The E:T ratio between UTr NK-Raji and CAR 

NK-Raji co-cultures was kept the same to avoid bias in lysis data because UTr NK cells, as shown in 

previous chapters, possess cytotoxic capabilities, for example if UTr co-cultures contained more NK 

cells compared to CAR co-cultures then information on CAR activity would be lost. This is also true for 

CAR co-cultures containing more NK cells than UTr co-cultures, because in this setting the increased 

lysis of targets could be either due to CAR expression or more total NK cells in co-cultures. When CAR 

NK cells and UTr NK cells were co-cultured with Raji at an E:T of 1:3, the proportion of lysed Raji cells 

within CAR NK co-cultures was greater than that of UTr co-cultures which demonstrates functional 

CAR expression on NK cells to promote NK cytotoxicity (Figure 5-37).  

 

 

Figure 5-37: XPO1 inhibition promotes anti-CD19 CAR NK cell cytotoxicity. 

Representative example of anti-CD19 CAR NK cell cytotoxicity against CD19+ Raji cells. Untransduced 

NK cells (UTr NK) and anti-CD19 CAR NK cells were co-cultured with CellTrace-labelled Raji cells at the 

same E:T ratio (~1:3) for 4 hours after which cancer cell death was measured via propidium iodide 

staining. Numbers on plots represent the percentage of cells within gates.  
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Next, it was investigated whether anti-CD19 CAR NK cell cytotoxicity could be enhanced by selinexor 

pre-treatment of B-cell lymphoma cells via downregulation of HLA-E. In experiments with expanded 

NK cells, NK cells were expanded for 14-21 days at which point NKG2A expression was expressed 

highly on all NK cells. Because CAR NK cells had to be used in functional assays on day 3 post 

transduction, corresponding to day 5-7 of NK cell expansion, not all NK cells, and therefore not all 

CAR NK cells, will expression NKG2A. When CAR NK cells were stained with FITC-labelled rCD19 and 

anti-NKG2A antibodies, the anti-CD19 CAR was expressed on NKG2A+ and NKG2A- NK cells, but 

crucially a subset of NKG2A+ NK cells expressed the CAR construct (Figure 5-38). Considering this, 

selinexor-treated Raji cells were co-cultured with anti-CD19 CAR NK cells for 4 hours and NK specific 

lysis was measured. For all seven donors, CAR expression enhanced NK cell function compared to the 

UTr controls (Figure 5-39). With XPO1 inhibition, CAR NK cell cytotoxicity was enhanced in a dose-

dependent manner and anti-NKG2A blocking antibodies also enhanced CAR NK cell cytotoxicity 

(Figure 5-39). This demonstrates that the inhibitory NKG2A:HLA-E axis can be disrupted to promote 

CAR NK cell function.   

 

 

Figure 5-38: CAR expression on NKG2A+ and NKG2A- NK cells. 

Anti-CD19 CAR NK cells and untransduced (UTr) NK cells 3 days post transduction were stained with 

FITC-labelled recombinant (rCD19) and anti-NKG2A antibodies. Shown are flow cytometry plots of 

CD56+CD3- NK cells from one donor demonstrating CAR expression on NKG2A+ and NKG2A- NK cell 

populations. Numbers on plots demonstrate the percentage of cells within quadrant gates.  
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Figure 5-39: Selinexor and anti-NKG2A mAbs promote anti-CD19 CAR NK cell cytotoxicity. 

CellTrace-labelled Raji cells were treated with selinexor (50-2000 nM) or DMSO control (0 nM) for 24 

hours in the presence of Q-VD (30 µM) after which they were co-cultured with untransduced (UTr) or 

anti-CD19 CAR NK cells at an E:T = 1:1 for 4 hours in the presence or absence of anti-NKG2A antibodies 

(Z199, 10 µg/mL). Propidium iodide was used to measure Raji cell death in co-cultures and NK specific 

lysis was calculated taking into account drug-induced cell death. Each dot represents an individual 

donor NK cells (N of at least 5) and shown is the mean NK specific lysis of each group with significant 

differences in the mean of each group compared to the 0 nM CAR NK cell group were calculated with 

one-ANOVA followed by Tukey’s post-hoc test: *P<0.05. 

 

 

The mean increase in NK specific lysis of CAR NK cells between 0 nM and 500 nM co-cultures was 9%, 

whereas for expanded NK cells in Figure 5-10 was 18%. This may reflect CD19 expression on tumour 

targets treated with selinexor, as such CD19 expression was measured on tumour cells post-selinexor 

treatment. For Raji and Ramos cells, CD19 expression decreased with 500 nM selinexor and at 

different concentrations of selinexor CD19 expression on primary CLL cells decreased compared to 

the untreated control (Figure 5-40). 
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Figure 5-40: Selinexor downregulates CD19 surface expression. 

Raji and Ramos cells were treated with 500 nM selinexor for 24 hours and CD19 surface expression 

was assessed by flow cytometry. Shown is MFI of cell lines with each point representing an individual 

treatment across 3 independent experiments and differences in CD19 MFI means were calculated with 

paired sample t-test: ***P<0.005, *P<0.05 (A). Primary CLL PBMC were treated with selinexor (50-

2000 nM) for 24 hours and CD19 expression was assessed on CD19+CD5+ CLL cells by flow cytometry. 

Shown is mean expression relative to the untreated control of 23 individual CLL patients and significant 

differences in CD19 expression of treatment groups compared to the 0 nM control were calculated 

with one-way ANOVA followed by Dunnett’s post-hoc test: ****P<0.001. 

 

 

As shown previously, IFNγ protected B-cell lymphoma cells from expanded NK cells (Figure 5-27 and 

Figure 5-28). Whether this occurred with anti-CD19 CAR NK cells was investigated. In the presence of 

IFNγ, CAR NK cytotoxicity was greatly impaired (reduction of 14%), reducing levels of killing to that 

comparable to the UTr control (Mean NK specific lysis of UTr = 18% and CAR = 19%) (Figure 5-41). 

Selinexor treatment of Raji recovered NK specific lysis of CAR NK cells back to levels observed for the 

untreated control and interestingly, although slight, selinexor regained the enhanced NK cytotoxicity 

of CAR NK cells compared to UTr NK cells (difference of 4.5%, without IFNγ difference = 10%) (Figure 

5-41). This experiment therefore demonstrates that IFNγ is able to protect B-cell lymphoma cells 

from CAR NK cell cytotoxicity and XPO1 inhibition is able to overcome this. 

 



Chapter 5 

217 

DMSO
DMSO Sel

DMSO
DMSO Sel

0

10

20

30

40

50

N
K

 s
pe

ci
fic

 ly
si

s

0.0621
0.0936

0.0535

IFNγ + + + +

UTr
CAR

NK cells

 

Figure 5-41: IFNγ protects Raji cells from anti-CD19 CAR NK cell cytotoxicity, which is reversed by 

selinexor. 

Raji cells were treated with selinexor (500 nM, sel) in the presence of IFNγ (10 ng/mL) for 24 hours 

after which Raji was co-cultured with untransduced (UTr) or anti-CD19 CAR NK cells (CAR) for 4 hours 

at an E:T = 1:1. Propidium iodide was used to identify lysed Raji cells in co-cultures and NK specific lysis 

was calculated. Shown is the mean NK specific lysis of 3 donors and significant differences in NK specific 

lysis between treatment groups and NK cells were calculated using repeated-measure two-way ANOVA 

followed by Tukey’s post-hoc test. 

 

 

Finally, because IFNγ decreased CAR NK cell cytotoxicity, the contribution of NKG2A to impair CAR NK 

cell activation was assessed with the LAMP assay. As expected, CAR NK cells are generally more 

activated than UTr NK cells across all conditions (Figure 5-42A). IFNγ greatly reduced the 

degranulation of NKG2A+ NK cell populations and selinexor was able to recover NKG2A+ NK cell 

activation (Figure 5-42A). In the absence of IFNγ, increased NKG2A+ NK cell activation was observed 

within both UTr and CAR NK cell populations with increased selinexor concentration (Figure 5-42 and 

Figure 5-42A) in accordance with enhanced CAR NK cytotoxicity reported in Figure 5-39. Next the 

contribution of NKG2A signalling in CAR+ NK cells to increase NK activation with selinexor in the 

absence and presence of IFNγ was investigated. To do this, NKG2A- and NKG2A+ NK cells were gated 

upon within CAR NK cell co-cultures in CAR- and CAR+ NK cells (Figure 5-42B). Firstly, it can be noted 

that NKG2A+ NK cells are enriched in the CAR- NK cell population (Figure 5-42B). In the absence of 

IFNγ, only NKG2A+CAR- NK cells become increasingly activated with increased concentration of 

selinexor (Figure 5-42C). NKG2A+CAR+ NK cells only become more activated with selinexor in the 

presence of IFNγ, perhaps reflecting that only high levels of HLA-E can induce sufficient signalling by 

NKG2A to dampen activating signals from the CAR (Figure 5-42C). Overall, although only conducted 

with one donor, these preliminary data suggest that, at baseline, NKG2A+CAR- NK cells within the 

CAR NK cell population contribute to enhanced NK activation and cytotoxicity with selinexor. Only in 



Chapter 5 

218 

settings with high HLA-E expression, such as in a pro-inflammatory TME with IFNγ, does XPO1 

inhibition promote NKG2A+CAR+ NK cell activation.  

 

 

Figure 5-42: NKG2A+/- CAR NK cell activation against Raji cells incubated with IFNγ ± selinexor. 

Raji cells were treated with selinexor (50-2000 nM) in the absence and presence of IFNγ (10 ng/mL, sel 

= 500 nM) for 24 hours followed by co-culture with anti-CD19 CAR NK cells or untransduced (UTr) NK 

cells for 4 hours at an E:T = 1:1. NK cell activation within NKG2A- and NKG2A+ populations was 

measured as the percentage of CD107a positive cells within UTr and CAR NK cell co-cultures (A). CAR 

NK transduction efficacy measured using FITC-labelled recombinant CD19 (rCD19) and the percentage 

of NKG2A- and NKG2A+ NK cells within CAR- and CAR+ gates which were drawn based on the UTr 

control (B). Within CAR NK co-cultures, NKG2A- and NKG2A+ NK cells within CAR positive and CAR 

negative gates as shown in (B) were assessed for activation using CD107a (C). Shown is an experiment 

using NK cells from one donor. 
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5.8 The effect of XPO1 inhibition in malignant B cells on T cell, CAR T cell 

and macrophage activation 

5.8.1 XPO1 inhibition sensitises malignant B cells to CAR T cell lysis 

In contrast to CAR NK cells, CAR T cells are approved for the treatment of B-cell malignancies, with 

four clinically approved anti-CD19 CAR T cell therapies for relapsed and refractory B-cell lymphomas 

and leukaemia (361). CAR T cells are generated autologously which results in a period of time (~ one 

month) between apheresis and CAR T cell adoptive transfer. As such, a bridging therapy is required 

to maintain a patient’s condition before receiving CAR T cell infusion and one of these being 

investigated is selinexor (462). 

Studies investigating selinexor-CAR T cell combination therapy have demonstrated improved tumour 

regression in pre-clinical models of B-cell lymphoma (460) and in small scale, early phase clinical trials 

using anti-BCMA CAR T cells to treat multiple myeloma (461,462). When selinexor and anti-CD19 CAR 

T cells were combined in vitro, selinexor enhanced the cytotoxicity of anti-CD19 CAR T cells (459). 

However, the mechanism for enhanced lysis is unknown. It was therefore investigated whether HLA-

E reduction by selinexor could modulate CAR T cell activity given that NKG2A has previously been 

reported on CAR T cells (214). CAR T cells were gifted by Nurdan Askoy (Cancer Sciences, University 

of Southampton) which were generated with the FMC63 anti-CD19 scFv construct using lentiviral 

vector transduction. Flow cytometry staining with the anti-FMC63 idiotype antibody showed that the 

CAR construct was expressed by 10-14% of CD3+ T lymphocytes (Figure 5-43). When these CAR T 

cells were co-cultured with CD19+ Raji cells, in accordance with previous studies (459), selinexor 

sensitised Raji to CAR T cell lysis (Figure 5-44). At an effector:target (E:T) ratio of 1:1, anti-CD19 CAR T 

cell lysis of Raji cells increased with increasing concentration of selinexor (Figure 5-44). This trend 

was apparent at the 5:1 E:T, however significance between selinexor and DMSO samples was not 

achieved. Interestingly, UTr CAR T cell cytotoxicity was not enhanced by selinexor.  

To determine whether NKG2A may contribute to enhanced cytotoxicity of CAR T cells with selinexor, 

NKG2A expression was measured on CAR T cells. NKG2A was not expressed on CAR+ T cells, but it 

was expressed on a small proportion (~1-5%) of CAR negative T cells (Figure 5-45). As such, the 

enhanced cytotoxicity of anti-CD19 CAR T cells cannot be explained by reduced NKG2A signalling and 

NKG2A expression on CAR negative T cells does not promote their cytotoxicity against selinexor-

treated Raji cells with downregulated HLA-E surface expression.  
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Figure 5-43: CAR T cell transduction efficacy. 

(A) T cells were stained with anti-FMC63 idiotype antibodies followed by secondary antibody staining 

using anti-human IgG-APC. Representative donor displaying the CD3+ lymphocyte CAR histogram gate 

in untransduced (UTr) and CAR T cells. Numbers on histograms represent the percentage of cells within 

gates. (B) Percentage of T cells positive for CAR expression. Each line represents matched UTr and CAR 

T cells from a single donor (n=3).   

 

 

0 50 50
0
20

00
 0 50 50

0
20

00
 0 50 50

0
20

00
 0 50 50

0
20

00
 

0

20

40

60

T 
ce

ll 
sp

ec
ifi

c 
ly

si
s

UTr CAR

1:1 5:1 1:1 5:1

✱

✱

 

Figure 5-44: Selinexor promotes CAR T cell lysis of Raji cells. 

Raji cells were treated with selinexor or DMSO (0 nM) for 24 hours and co-cultured with anti-CD19 CAR 

T cells or untransduced T cells (UTr) for a further 24 hours at an effector:target ratio of 1:1 and 5:1. 

Propidium iodide was used to identify the proportion of lysed CFSE positive Raji cells in co-cultures. T 

cell specific lysis was then calculated to account for selinexor-induced apoptosis which is displayed on 

the graph as mean ± SEM using T cells from three healthy donors. Significant differences in T cell 

specific lysis between selinexor and DMSO samples were calculated using repeated-measure two-way 

ANOVA followed by Dunnett’s post-hoc test: *P<0.05. 
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Figure 5-45: NKG2A expression on anti-CD19 CAR T cells. 

Anti-CD19 CAR T cells and untransduced T cells (UTr) were stained with antibodies against NKG2A and 

unlabelled FMC63 idiotype (anti-idiotype). To detect bound anti-idiotype, an APC-labelled anti-human 

IgG secondary antibody was used. For donor 3, the anti-NKG2A antibody used was recombinant human 

IgG1 as such the secondary antibody also recognised the NKG2A antibody as well as the anti-idiotype. 

For donors 1 and 2, an anti-NKG2A antibody raised in mouse was used. Numbers on flow cytometry 

plots represent the percentage of cells within gates. The anti-idiotype gate was drawn based on the 

UTr control and the NKG2A gate was drawn based on the NKG2A FMO (fluorescent minus one). 
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5.8.2 NKG2A expression on stimulated T cells 

NKG2A was demonstrated to be lowly expressed on T cells after 1-week of culture during CAR T cell 

generation. However, in patients who received CAR T cells, 28-days post infusion NKG2A became 

upregulated (214). Additionally, NKG2A was shown to be upregulated on murine T cells after two-

three rounds of stimulation with rest periods between stimulations (210). Therefore, in order to 

investigate how NKG2A expression may impact CAR T cell function, T cells were stimulated two to 

three times with T cell TransAct™ (a polymer matrix containing recombinant CD3 and CD28 agonists, 

added as 1:100 dilution, Miltenyi) with rest periods in-between stimulations and examined for 

expression of NKG2A. Over the course of two stimulations, NKG2A expression did not increase on 

UTr T cells or CAR T cells (Figure 5-46). To confirm activation of T cells with TransAct™, T cells were 

also stained for expression of CD137 (4-1bb), CD25, CD69 and PD-1 (Figure 5-47). After 3-day 

stimulation with TransAct™ (D3, D10 and D17) all activation markers were highly expressed on T 

cells. After removing TransAct™ from the media and allowing T cells to rest for 4 days in the presence 

of IL-7 and IL-15 cytokines, expression of CD137 was lost. For CD25 and PD-1, the rest period induced 

their downregulation to an intermediate phenotype, but CD69 was stably expressed by T cells even 

after the rest periods demonstrating the differential expression kinetics of activation markers on T 

cells. As for NKG2A, three rounds of stimulation failed to induce its expression (Figure 5-47). Overall, 

these data illustrate that XPO1 inhibition by selinexor sensitises B-cell lymphoma cells to anti-CD19 

CAR T cell lysis independent of NKG2A and ways to upregulate NKG2A on T cells are required to study 

whether HLA-E:NKG2A interactions can be modulated to promote CAR T cell function.   
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Figure 5-46: NKG2A expression on T cells after multiple rounds of stimulation. 

Untransduced T cells (UTr, A) and anti-CD19 CAR T cells (B) were cultured with IL-7 (500 U/mL) + IL-15 

(290 U/mL) for 10 days and stimulated twice with TransAct™ (1:100 dilution, Miltenyi) on day 0 (D0) 

and day 7 (D7) for 3 days at which point cells were washed and replated with cytokines for 4 days. As 

a control, T cells were left unstimulated but cytokines were replenished on the appropriate days. 

Shown are flow cytometry plots of NKG2A against anti-idiotype CAR staining on D0, D3, D7 and D10. 

NKG2A gates were drawn based on the NKG2A FMO (fluorescence minus one) control and anti-idiotype 

gates were drawn based on the UTr control. 
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Figure 5-47: Expression of activation markers on T cells after repeated rounds of stimulation. 

Untransduced T cells (UTr) and anti-CD19 CAR T cells were cultured with IL-7 (500 U/mL) + IL-15 (290 

U/mL) for 17 days and stimulated three times with TransAct™ (1:100 dilution, TA) on day 0 (D0), day 7 

(D7) and day 14 (D14) for 3 days at which point cells were washed and replated with cytokines for 4 

days described here as a rest period. As a control, T cells were left unstimulated but cytokines were 

replenished on the appropriate days. Shown are flow cytometry histograms of one experiment (of two 

repeats) of NKG2A and activation markers CD137, CD25, CD69 and PD-1 gated on CD3+ lymphocytes. 

The figure legend is colour coded by day and ordered top to bottom to reflect the order of histograms.  
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5.8.3 Macrophage phagocytosis of malignant B-cells is enhanced by selinexor 

Recently it was shown that HLA-E is also a ligand for LILRB1 and LILRB2 receptors (34).  LILRB1/2 are 

expressed by multiple cell types including NK cells and macrophages, with particularly important 

functions in regulating macrophage phagocytosis (287). The ITIM domains of LILRB1/2 transduce 

inhibitory signals into macrophages to impair phagocytosis (544). Therefore, it was hypothesised that 

downregulation of HLA-E by selinexor would enhance macrophage phagocytosis. To assess this, 

macrophages were generated from circulating monocytes using macrophage-colony stimulating 

factor (M-CSF) and co-cultured with selinexor-treated Raji cells that were labelled with CellTrace™. 

Phagocytosis was calculated as the percentage of CD14+CellTrace+ cells (Figure 5-48). Raji cells were 

incubated with Q-VD during selinexor treatment to inhibit selinexor-induced apoptosis. After 

treatment with selinexor macrophage phagocytosis was slightly enhanced (Figure 5-49). To ascertain 

whether HLA-E is important in regulating macrophage phagocytosis, Raji cells were incubated with 

IFNγ to induce high levels of HLA-E and macrophage phagocytosis was subsequently assessed. IFNγ-

induced HLA-E expression had no impact on macrophage phagocytosis, however selinexor still 

maintained its ability enhance to the phagocytosis of Raji cells in the presence of IFNγ (Figure 5-50). 

Overall, these experiments suggest that selinexor sensitises B-cell lymphoma cells to macrophage 

phagocytosis. 
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Figure 5-48: Gating strategy to measure macrophage phagocytosis. 

To measure phagocytosis, cells within cultures were gated with SSC vs FSC and monocyte-derived 

macrophages were identified with CD14. Raji cells were labelled with CellTrace™ before co-culture to 

enable identification of target cells engulfed by macrophages. The CD14 positive gate was drawn based 

on the Raji-only control (middle) and the phagocytosis gate was drawn based on the no target, 

macrophage-only control (top). The complete co-culture gating is shown at the bottom. 
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Figure 5-49: Selinexor enhances macrophage phagocytosis or Raji cells. 

Raji cells were pre-labelled with CellTrace™ and treated with selinexor (500 nM) for 24 hours or DMSO 

control in the presence of Q-VD to inhibit drug-induced apoptosis. Raji cells were then co-cultured with 

monocyte-derived macrophages at an E:T = 1:1 for 2 hours after which phagocytosis was measured by 

flow cytometry as the percentage of CellTrace™ positive cells within the CD14+ macrophage gate. 

Shown is an experiment using macrophages derived from three donors. 

 

 

Figure 5-50: Macrophage phagocytosis of Raji cells pre-treated with IFNγ. 

Raji cells were pre-labelled with CellTrace™ and treated with selinexor (500 nM) or DMSO control ± 

IFNγ (10 ng/mL) for 24 hours in the presence of Q-VD to inhibit drug-induced apoptosis. Raji cells were 

then co-cultured with monocyte-derived macrophages at an E:T = 1:1 for 2 hours after which 

phagocytosis was measured by flow cytometry as the percentage of CellTrace™ positive cells within 

the CD14+ macrophage gate. Shown is an experiment using macrophages derived from two donors. 
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5.9 Discussion 

5.9.1 XPO1 inhibition sensitises malignant B cells to primary, expanded NK cells but not NKL 

or NK-92 cell lines 

NK cell adoptive transfer therapies under clinical investigation source NK cells from cell lines such as 

NKL and NK-92 and from primary sources such as peripheral blood and umbilical cord blood, all of 

which have their advantages and disadvantages (545,546). As shown in this chapter, NKL, NK-92 and 

expanded NK cells derived from peripheral blood NK have different receptor expression profiles, with 

the expression data shown here equal to that reported by Gunesch et al., (2019). Of note, NKG2C 

was not expressed on primary NK cells, thus the modulation of HLA-E by XPO1 inhibition will 

specifically impact NKG2A signalling and not NKG2C. The differences in receptor expression may 

impact the efficacy of combination therapy approaches with small molecules or monoclonal 

antibodies (mAbs) targeting checkpoint receptors or mAbs used to induce ADCC (Figure 5-2 and 

Figure 5-3). For example, although CD16 was lowly expressed by NK cell lines, rituximab only induced 

ADCC by primary NK cells (532) demonstrating that CD16 expression on NKL and NK-92 is inactive. 

This is similar for NKG2A on NK cell lines which was lowly expressed on NKL and NK-92 compared to 

expanded NK cells and NKG2A blockade experiments failed to increase NKL and NK-92 cytotoxicity 

(Figure 5-5). Therefore, NKG2A appears to be dysfunctional on NKL and NK-92 cells, either NKG2A 

fails to engage with HLA-E to induce inhibitory signalling or NKG2A is constitutively activated. The 

latter seems most plausible because NK cell lines were much less cytotoxic compared to primary NK 

cells (Figure 5-5), although this could reflect low expression of activating receptors on NK cells lines 

(Figure 5-2). Moreover, published articles investigating NKG2A function on NK92 and NKL cell lines 

genetically disrupt NKG2A as opposed to using antibody blockade approaches to promote NKL and 

NK-92 cytotoxicity (243,547). These data also confirm that XPO1 inhibition impairs HLA-E:NKG2A 

interactions because selinexor did not promote NK cell lines cytotoxicity (Figure 5-4 and Figure 5-5). 

As such, future selinexor-NK cell adoptive transfer combinations should use primary expanded NK 

cells.  

To ensure sufficient numbers of NK cells for adoptive transfer, NK cells derived from blood products 

are expanded of which there are multiple techniques being tested clinically (545). A feeder-free 

method was used here using IL-2 to proliferate NK cells, chosen for its potential for wider 

applications because of the negation of feeder cells (546). This expansion method was shown to 

enhance NKG2A expression rapidly over 5-7 days, most likely due to proliferation inducing NKG2A 

expression than NKG2A+ NK cells out competing NKG2A- NK cells (Figure 5-6). NKG2A becomes 

expressed because it maintains the proliferative capacity of NK cells (82) and multiple NK expansion 

protocols upregulate NKG2A (243,311,548,549). When expanded NK cells were co-cultured with 
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selinexor-treated or eltanexor-treated B-cell lymphoma cells, cytotoxicity was greatly enhanced 

(Figure 5-8 and Figure 5-9) potentially due to the increased dependence on NKG2A signalling in 

expanded NK cells compared to resting NK cells as shown by higher and homogenous NKG2A 

expression on expanded NK cells (Figure 5-3 and Figure 5-6). Indeed, NKG2A knockout approaches 

with CRISPR and siRNA have shown enhanced effector functions against tumour cells 

(315,317,480,550,551). Whether XPO1 inhibition promotes the activation and cytotoxicity of NK cells 

expanded using other expansion protocols remains to be determined, however, all reported 

expansion methods to date induce NKG2A expression suggesting that selinexor will enhance the 

function of NK cells expanded using any expansion protocol (243,311,548,549).  

5.9.2 Functional HLA-E expression is required for the immunomodulatory activity of selinexor 

721 cell lines were used throughout the chapter to demonstrate that the immunogenic effect of 

selinexor was HLA-E-dependent. They were also used specifically for their B-cell properties similar to 

malignant B cells used in experiments as opposed to using cell lines derived from different cell types. 

Although 721.221 and 721.174 cell lines are not complete knockouts of HLA-E, the expression of HLA-

E is very low (Figure 5-17), and the peptides presented by HLA-E on these cells are unconventional. 

This is because 721.221 is knockout for HLA-A/B/C for which the leader sequence peptides are 

presented by HLA-E and 721.174 is deficient in TAP, the transporter protein which loads peptides on 

to HLA molecules. As such, HLA-E expression is severely impaired, and it is unable to engage NKG2A 

on NK cells as demonstrated in NKG2A blockade experiments in which anti-NKG2A mAbs did not 

enhance expanded NK cell cytotoxicity against 721 cell lines (Figure 5-19B). In a similar manner, XPO1 

inhibition did not sensitise 721 cell lines to NK cell cytotoxicity (Figure 5-19A). This was because, 

firstly, NKG2A is not engaging with HLA-E on 721 cells, therefore modulating this interaction with 

selinexor did not induce a response by NK cells. It was shown recently that peptides derived from 

HLA class I leader sequences engage NKG2A on NK cells and other protein-derived peptides inhibited 

HLA-E:NKG2A interaction (34). Secondly, HLA-E was not further downregulated due to already 

impaired peptide processing and presentation in 721 cells (Figure 5-16 and Figure 5-17). In section 

3.4.3, it was illustrated that selinexor-induced HLA-E downregulation was because of impaired 

trafficking of HLA-E to the plasma membrane, reducing the rate of HLA-E recovery at the surface, 

most likely because of reduced peptide stabilisation and transport of HLA-E out of the endoplasmic 

reticulum (ER) which is the main limiting factor of HLA-E surface expression (9). Hence, XPO1 

inhibition has no consequence on HLA-E expression in 721 cells and therefore no impact on NK cell 

function because HLA-E peptide loading, and ER exit is severely dysfunctional in 721 cells. Figure 5-26 

demonstrates in 721.221 cells that the majority of HLA-E molecules are trapped in the ER and are 

unable to reach the plasma membrane. This is consistent with HLA-E being a sensor of functional 

antigen processing and presentation machinery as functional HLA-E surface expression is dependent 
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on all proteins within the peptide loading complex (34). It will be interesting to determine whether 

re-expressing TAP in 721.174 or re-introducing HLA class I proteins in 721.221 would enhance HLA-E 

expression to facilitate the immunomodulatory properties of XPO1 inhibitors.  

To further establish that selinexor selectively inhibits the HLA-E:NKG2A interaction to promote NK 

cell function, NKG2A signalling could be assessed. Upon engagement with HLA-E, NKG2A recruits 

SHP-1 and SHP-2 phosphatases to turn off activating signals (192), and the activation of SHP-1 and 

SHP-2 can be measured with western blotting against phosphorylated proteins (314). It would be 

expected that XPO1 inhibition in cancer cells results in reduced SHP-1/-2 phosphorylation in NK cells 

due to lack of NKG2A stimulation, but as inhibitory KIR also signal via SHP-1/-2 it will be difficult to 

precisely determine that NKG2A signalling is reduced (167,168). To adequately transduce inhibitory 

signals, NKG2A forms clusters on NK cells which can be visualised with confocal microscopy 

(208,552,553). Using expanded NK cells with high NKG2A expression co-cultured with B-cell 

lymphoma cells, it will be interesting to investigate cluster formation and downstream NKG2A 

signalling in the presence of selinexor. 

5.9.3 Increased HLA-E expression by the lymph node support molecules IL-4+CD40L protect B-

cell lymphoma cells from NK cell cytotoxicity, which is reversed by selinexor 

Here, IL-4+CD40L was shown to protect CLL cells from NKG2A activation (section 4.4) and B-cell 

lymphoma cells from NK-mediated lysis (Figure 5-13). The mechanism was shown to be via HLA-E 

upregulation because NKG2A blockade and selinexor treatment fully recovered the lysis ability of NK 

cells (Figure 5-14). Similar to experiments with IFNγ using 721 cell lines with impaired HLA 

expression, 721 cell lines could be incubated with IL-4 and CD40L to demonstrate that IL-4 and CD40L 

do not confer any resistance to NK cell-mediated lysis in the absence of functional HLA-E 

presentation (Figure 5-29). IL-4 and CD40L induce the expression of anti-apoptotic BCL2 family of 

proteins which may play a role in conferring intrinsic resistance to NK cell lysis (378,383). 

Modulation of the NKG2A:HLA-E axis in SUDHL6 with antibodies or selinexor only partially recovered 

NK specific lysis, which perhaps reflects the large increase in HLA-A/B/C expression with IL-4+CD40L 

(Figure 5-11). Using HLA class I blocking mAbs or anti-KIR antibodies such as lirilumab in combination 

with anti-NKG2A mAbs would help to resolve this assumption. Additionally, without IL-4+CD40L 

incubation, SUDHL6 was not sensitised to expanded NK cells by selinexor or anti-NKG2A mAbs 

(Figure 5-14 and Figure 5-15). This is most likely due to the low levels of HLA-E at the surface of 

SUDHL6 which was comparable to 721.221 cells which have impaired HLA-E surface expression 

(Figure 5-17). The major difference between 721.221 cells and SUDHL6 is that SUDHL6 has functional 

HLA class I expression (Figure 5-17), which therefore further confirms that the modulation of HLA-

E:NKG2A interactions is important for the immunomodulatory activity of XPO1 inhibitors. 
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It is difficult to correlate HLA-E expression increases with protection from NK cells because firstly the 

ability of HLA-E to engage NKG2A depends on the peptides loaded onto HLA-E which may differ for 

cell lines (25), secondly because there is variation in NK cell donor activity dependent on receptor 

expression, time of donation and individual donor NK cell education and finally, because NKG2A:HLA-

E exhibits inhibitory/activating saturation kinetics (17,208). This is evidenced by the very small 

increase in HLA-E expression on Raji which consequently leads to a large reduction in NK specific lysis 

(Figure 5-12 and Figure 5-13). 

The HLA-E-inducible effect of IL-4 and CD40L differed across cell lines which may reflect the 

differential expression of the IL-4 receptor and CD40 (Figure 5-12). It will be interesting to determine 

whether different concentrations of IL-4 and CD40L result in the corresponding changes in HLA-E 

expression. Additionally, experiments using cells negative for CD40 such as T cells and NK cells and 

other immune cells positive for CD40 such as macrophages and measuring their response to lymph 

node support molecules will affirm the link between CD40 signalling and HLA-E expression. The 

potential mechanism behind the increase in HLA-E expression with IL4 and CD40L was not explored, 

but through western blot or qPCR analysis of HLA-E will determine whether total or surface protein 

levels increase.  

Increased HLA-E expression with CD40L and IL-4 on B cells will most likely occur in germinal centers 

where maturing B cells are in close contact with T follicular helper cells which provide CD40L support 

(554). The exact mechanism for upregulation of HLA-E with CD40L and IL-4 remains to be 

determined, however these data reveal that CD40 signalling has a more potent effect on HLA-E 

upregulation (555). This is in accordance with data showing that anti-CD40 antibodies to stimulate 

CD40 signalling in murine splenocytes enhances Qa-1b expression (34). NKG2A+ NK cells have been 

reported within the lymph nodes, suggesting that HLA-E upregulation by IL-4 and CD40L may protect 

B cells undergoing somatic hypermutation from NK cell destruction (478). Whether other molecules 

in germinal centers contribute to HLA-E upregulation awaits exploration such as BAFF interactions 

and TLR agonism (384). Human 3D models of lymph nodes using CLL patient PBMC have been 

designed to enable drug screens (491). In this 3D model it will be interesting to test HLA-E expression 

changes on CLL cells and the ability of NK cells, both autologous and allogenic, to lyse CLL cells in this 

setting.   
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5.9.4 IFNγ protects B-cell lymphoma cells from NK cytotoxicity via the NKG2A:HLA-E axis, 

which is overcome by XPO1 inhibition 

When NK cells are adoptively transferred into patients, NK cells may encounter a pro-inflammatory 

tumour microenvironment (TME) enriched in IFNγ and it has been shown that NK cell function 

becomes rapidly impaired upon entry into the TME (245,535). It was illustrated here that IFNγ can 

protect malignant B cells from NK cytotoxicity which is in accordance with other reports that IFNγ 

protects tumour cells from NK-mediated lysis via engagement with NKG2A using the same 

concentration of IFNγ used in this thesis (22,536,537). It would have been interesting to perform an 

IFNγ dose response experiment to measure HLA-E increases at the plasma membrane and correlate 

this with NK cell activation/cytotoxicity since IFNγ tumour concentration has been shown to be lower 

(lung cancer ~ 0.4-0.05 ng/mL) (556) than those used in the experiments here (10 ng/mL).  

It is well known that IFNγ induces HLA-E expression via STAT1 activation (36) and STAT1 is 

dephosphorylated in the nucleus and recycled to the cytoplasm by XPO1 to enable continued IFNγ 

signalling (38). In Figure 5-23, selinexor was shown to inhibit chronic IFNγ signalling via decreased 

STAT1 phosphorylation and therefore decreased expression of total STAT1 and HLA-E. To confirm 

nuclear retention of STAT1 by selinexor, western blot of STAT1 in segregated cytosolic and nuclear 

fractions could be performed with the hypothesis that STAT1 is enriched in the nuclear compartment 

after selinexor treatment.  

Expanded NK cells are more highly activated with increasing concentrations of selinexor, producing 

more IFNγ as illustrated by flow cytometry (Figure 5-20A). This enhanced production of IFNγ was not 

exactly replicated in ELISA experiments (Figure 5-20B). At 50 nM selinexor, more IFNγ was measured 

in co-culture supernatants compared to the untreated control, however at higher concentrations of 

selinexor IFNγ abundance decreased, even though IFNγ production, degranulation and NK specific 

lysis continued to increase with increasing concentration of selinexor. This perhaps reflects the 

differences in the dynamics of IFNγ production and secretion compared to perforin and granzyme 

which follow different secretory pathways (142). The enhanced NK cell cytotoxicity at high selinexor 

concentrations may reduce the stimulus required to release IFNγ as one study demonstrated that 

IFNγ secretion was dependent on successful binding to target cells (557) and another showed that 

NKG2D signalling promoted IFNγ secretion (244). It must be noted however, that the ELISA 

experiment was only performed with four donors, so more robust analyses need to be performed 

before conclusions can be made.  

As well as recombinant IFNγ inducing HLA-E expression in B-cell lymphoma cells, supernatants from 

NK-cancer co-cultures induced HLA-E expression on cell lines (Figure 5-22). Whether this is due to the 

presence of IFNγ in the supernatants remains to be deduced, but IFNγ is produced by NK cells upon 

recognition of cancer targets (Figure 5-20). Blocking IFNγ binding to its receptor in supernatants by 
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antibody blockade or using cancer cell lines knockout for IFNγR would confirm this. Through the use 

of selinexor to activate IFNγ production by NK cells one can imagine an HLA-E expression feedback 

loop arising. XPO1 inhibition will enhance NK cell activation, leading to increased IFNγ in the TME 

resulting in increased expression of HLA-E on tumours cells and subsequent NK cell inhibition via 

NKG2A signalling. However, as this chapter has shown, XPO1 inhibition impairs IFNγ-induced HLA-E 

upregulation via STAT1 inhibition, as such selinexor may allow for a prolonged NK cell immune 

response in a pro-inflammatory TME. Interestingly, HLA-E was upregulated on the DLBCL cell line 

SUDHL6 the most by IFNγ (Figure 5-22) and IL-4+CD40L (Figure 5-11) and RNA-seq analysis of 33 

tumour types reported that DLBCL samples expressed HLA-E the highest, perhaps reflecting the 

ability of DLBCL cells to respond to microenvironmental stimuli (243). 

HLA-E flow cytometry staining of permeabilised and intact cells further demonstrates that XPO1 

inhibition impedes HLA-E plasma membrane trafficking and does not affect total HLA-E protein 

expression in the absence of IFNγ (Figure 5-25), confirming data from western blot assays and acid 

strip experiments in chapter 3. In permeabilised cells HLA-E expression was maintained with 

selinexor treatment, but with intact cells, HLA-E staining intensity decreased signifying decreased 

surface levels of HLA-E. A limitation with the experimental procedure is the concomitant cell surface 

and intracellular staining which does not truly reflect intracellular levels of HLA-E. An alternative 

method would be to saturate surface HLA-E with unlabelled antibody followed by intracellular 

staining with fluorescently labelled antibody to collect a true measure of intracellular HLA-E 

abundance. 

No intrinsic protection is conferred by IFNγ because when 721 cell lines were incubated with IFNγ, 

which are responsive to IFNγ as shown by increased phosphorylated STAT1 (Figure 5-24), no 

protection was provided from NK cytotoxicity (Figure 5-29). This highlights that no intrinsic factors 

are induced by IFNγ that desensitise cells from apoptosis. Hence, an external factor modulating the 

interaction with, and activation of, NK cells is involved in conferring protection, and this thesis 

indicates that increased HLA-E expression is responsible. 

In experiments where selinexor and anti-NKG2A antibodies were combined, additive effects on NK 

cell cytotoxicity were observed for SUDHL6 and Raji cells (Figure 5-10 and Figure 5-27). It was 

expected that the combination treatment would not further enhance NK cell cytotoxicity due to 

complete NKG2A inhibition with antibodies. This observation could be explained by the VL9 peptides 

presented by HLA-E which have been shown to modulate monalizumab and Z199 (anti-NKG2A mAb 

clone used in this thesis) ability to block NKG2A:HLA-E interactions (279). For example, when the 

HLA-C leader peptide is presented by HLA-E, Z199 more effectively blocked HLA-E:NKG2A 

interactions compared to when HLA-A or HLA-B leader sequences were presented (279). This 

resulted in more effective NK-mediated lysis of targets cells expressing HLA-E presenting HLA-C 
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peptides with monalizumab. Considering the additive observations with selinexor and anti-NKG2A 

antibodies, perhaps Raji cells present HLA-B-derived peptides in which the Z199 anti-NKG2A mAb is 

not fully effective, enabling the downregulation of HLA-E by selinexor to further promote NK-

mediated lysis of Raji. Additionally, of the 16 classical VL9 peptides that stabilise HLA-E, only six 

produce functional complexes with HLA-E and these have shown differential engagement with 

NKG2A, consequently inducing varying inhibitory effects in NK cells (23). This may also contribute to 

the additive effects recorded with selinexor plus anti-NKG2A mAbs. Another potential reason for the 

observed additive effect of selinexor-anti-NKG2A combination treatment is the internalisation of 

anti-NKG2A antibodies. 40% of the anti-NKG2A antibody BMS986315 was internalised after 20 hours  

(558), but whether the antibody clone Z199 used here is internalised remains to be determined. 

Naturally, NKG2A is continuously turned over at the plasma membrane, even in the absence of HLA-E 

engagement (552). Taken together, it is likely that Z199 is internalised enabling new NKG2A 

molecules to engage with HLA-E on target cells, but in the presence of selinexor this inhibition is 

reduced resulting in combined effects of anti-NKG2A-selinexor treatment. 

Moreover, the additive effect observed here could also be explained by a recent paper illustrating 

that genetic ablation of NKG2A by CRISPR-Cas9 is more effective at promoting expanded NK cell 

function than NKG2A antibodies, both in vitro and in vivo (314). This finding may also reflect that 

anti-NKG2A mAb efficacy is dependent on the VL9 peptides presented by HLA-E (279). In the 

perspective of this thesis, through introducing downregulation of HLA-E with selinexor and blocking 

NKG2A function with mAbs, the accumulative effective is to promote NK cell function towards that 

observed with complete genetic ablation of NKG2A (314,317,480). 

Growing evidence suggests that HLA-E is capable of presenting non-canonical peptides, for example 

peptides derived from HSP60 (24). Interestingly, HSP60 is upregulated in JeKo-1 cells after XPO1 

inhibition (485) and HSP60-derived peptides presented on HLA-E are known to abrogate interactions 

with NKG2A (279). Whether HSP60 is upregulated with Raji and Ramos cells after selinexor treatment 

remains to be determined. In the meantime, it is interesting to speculate that the selinexor-anti-

NKG2A mAb additive effect may also be explained by the induction of HSP60-derived peptides on 

HLA-E. 

An alternative approach to targeting NKG2A with mAbs is to target HLA-E. Through targeting HLA-E 

the ADCC capability of NK cells can be exploited as demonstrated in a recent publication (280). 

Additionally, antibodies can be raised against HLA-E specifically presenting VL9 peptides that interact 

with NKG2A and this will spare any HLA-E:NKG2C interactions that activate NK cells via presentation 

of non-canonical peptides (281).  

It will be important to consider the effect of IFNγ on NK cell function because IFNγ can activate NK 

cells via STAT1 leading to enhanced cytotoxicity (559). Moreover, IFNγ is important in impeding 
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tumour growth (560,561) and IFNγ-producing NK cells are crucial for remodelling the TME to 

promote anti-tumour immune responses (141), therefore it will be important to consider the general 

effect on the immune system when disrupting IFNγ signalling with SINEs. Experiments should be 

conducted investigating the combined effect of IFNγ on tumour cells and NK cells in the presence and 

absence of selinexor. The SHP-1 phosphatase activated by NKG2A is known to inhibit IFNγ signalling 

by reversing the effects of JAK1/2 kinases (562,563), as such through reducing HLA-E:NKG2A 

engagement with selinexor SHP-1 repression of IFNγ signalling in NK cells may be impaired allowing 

the positive effects of IFNγ to perpetuate in NK cells. However, it has been reported that chronic 

STAT1 phosphorylation in NK cells can impair NK cell cytotoxicity and mutation of the 

phosphorylation site in STAT1 delayed leukaemia onset in mouse models (564). Therefore, the effect 

of XPO1 inhibition on IFNγ signalling in NK cells needs dissecting to understand whether XPO1 

inhibition in the context of IFNγ signalling is productive or repressive of NK cell function. Additionally, 

in this context it will be important to understand how metabolism is affected by XPO1 inhibition in 

NK cells since it is known that XPO1 inhibition can disrupt metabolic-associated gene expression and 

reduce oxygen consumption rate in tumour cells (472–474). In the TME, oxidative stress in NK cells 

impairs glucose metabolism which inhibits NK cell anti-tumour functions (565), as such the disruption 

to metabolic processes induced by XPO1 inhibition in NK cells requires investigation, which may 

explain impaired NK cell activity in primary CLL autologous assays. 

Alongside increasing the expression of HLA-E, total HLA class I molecules were also upregulated by 

IFNγ however, in contrast to HLA-E, selinexor did not impede the IFNγ-induced HLA-A/B/C 

upregulation (Figure 5-25). This may be attributable to the mechanism for increasing HLA-A/B/C 

expression by IFNγ compared to HLA-E where STAT1 directly binds to HLA-E enhancer regions. IFNγ 

induces the expression of IRF-1 and NLRC5 via STAT1 and these transcription factors then bind to the 

promoter of classical HLA class I genes to potentiate their transcription (566–568). XPO1 is not 

known to translocate IRF-1 out of the nucleus and therefore selinexor will not impede IRF-1-induced 

expression of HLA class I genes. Furthermore, there is evidence that XPO1 exports NLRC5 (569), as 

such through using selinexor the increased abundance of NLRC5 from IFNγ signalling will remain in 

the nucleus and enable continued transcription of HLA class I genes, hence the maintained high 

expression of HLA-A/B/C (Figure 5-25). This ultimately will have consequences for T cell anti-tumour 

functions in that selinexor will not impede the IFNγ-induced activation of T cells via HLA class I 

upregulation. 
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5.9.5 Future in vivo experiments  

Selinexor pre-treatment followed by selinexor addition to cancer-NK co-cultures (sequential + 

concurrent) resulted in enhanced lysis ability of NK cells, but not to the same extent as selinexor pre-

treatment only (sequential treatment) (Figure 5-30). This suggests that HLA-E downregulation 

requires at least 16 hours of selinexor pre-treatment (Figure 4-8). Therefore, in the scenario of 

sequential + concurrent treatment, lymphoma cells are sensitised to NK cell activation which occurs 

rapidly (<4 hours, Figure 5-28), but as time progresses NK cells begin to apoptose (Figure 5-30) 

reducing the NK specific lysis observed in wells compared to sequential treatment. Alternatively, as 

well as NK cell viability affecting NK specific lysis of the population, XPO1 inhibition may impair NK 

cell activation. This was reported in Lapalombella et al., (2012) in which ADCC by NK cells was 

decreased in the presence of selinexor, although not significantly. The mechanism behind this 

remains to be resolved. 

XPO1 inhibition has been reported to impair TCR signalling in vitro, however in vivo T cell function 

was maintained (525). Additionally, NK cell numbers in selinexor-treated mice were unaffected (406), 

and in some cancer models NK numbers were reported to increase (407). This suggests that although 

NK cell viability was affected by XPO1 inhibition in vitro (Figure 5-30), in tissue environments where 

selinexor concentrations may be less compared to 2D culture models and where NK cells will be 

surrounded by supportive cytokines, XPO1 inhibition may not impact NK cell viability or function. This 

warrants in vivo investigations, particularly in humanised mouse models because previous studies 

have utilised mice with intact murine immune systems.   

From the data presented in section 5.6, a sufficient window exists to study tumour regression of Raji 

in NSG mice treated with selinexor and NK cell immunotherapy. On day 0 Raji cells can be 

subcutaneously injected into mice followed by the isolation of NK cells from human PBMC so that 

after 14 days tumours will be visible (Figure 5-14) and NK cells expanded sufficiently to enable 

intravenous injection of approximately 1-5x106 NK cells per mouse on subsequent days (Figure 5-1). 

At day 14 once tumours are visible, the first dose of selinexor can be administered and depending on 

the nature of the experiment, expanded NK cells can be administered on the same day (concomitant) 

or on the following days either proceeding days of selinexor treatment (sequential) or on the same 

days as selinexor treatment (sequential + concomitant). Tumour growth and the survival of mice can 

be measured along with obtaining information on NK cell infiltration/function into tumours and HLA-

E expression on Raji cell. These data will affirm whether the effects observed in vitro are consistent in 

vivo, adding value to the translatability of selinexor and adoptive NK cell transfer combination 

therapy approaches. 

The in vivo potential of combining expanded NK cells with NKG2A:HLA-E inhibition is exemplified by 

the increased survival of mice co-injected intratumourally with monalizumab and expanded NK cells 
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in multiple murine cancer models (570). HLA-E:NKG2A interactions also play a crucial role in 

metastasis. The importance of HLA-E to metastasis is evidenced by increased HLA-E expression on 

circulating tumour cells compared to metastatic and primary lesions and this increase protects 

circulating tumour cells from NKG2A+ NK cell-mediated destruction during transit to the metastatic 

niche (237). Therefore, it will be interesting to determine whether XPO1 inhibition also 

downregulates HLA-E on solid tumours and whether this could protect from metastasis in 

intravenous injection metastasis models.  

5.9.6 XPO1 inhibition and IFNγ modulate the function of anti-CD19 CAR NK cells  

In order for in vivo experiments to be conducted using CAR NK cells, the first challenge will be to 

stabilise CAR expression on NK cells (Figure 5-35). Although in vitro experiments were conducted 

whilst the CAR was expressed on day 3 post transduction, there will be insufficient CAR NK cell 

numbers to perform in vivo experiments. As such, the CAR requires stabilisation on NK cells which 

will enable expansion of CAR NK cells in vitro before adoptive transfer into mice. There are multiple 

approaches that may improve CAR stabilisation. First, CAR+ NK cells could be sorted by FACS to 

obtain pure CAR cultures. This would then determine whether CAR expression is downregulated on 

NK cells or whether CAR- NK cells outcompete CAR+ NK cells during expansion. Second, irradiated 

CD19+ targets could be used during expansion to activate and induce proliferation of CAR+ NK cells. 

Irradiation of CD19+ targets will be required to inhibit their proliferation in cultures. The issue with 

this technique is that untransduced NK cells will also be activated by cancer targets and this 

expansion approach introduces a feeder cell. Additionally, CD19+ targets are suspension cells which 

would make it difficult to separate NK cells from targets cells for downstream applications. Producing 

an adherent CD19+ cell could avert the suspension target cell problem. Finally, the most realistic and 

promising approach is to replace the VSV-G lentivirus coat with a baboon-associated lentivirus 

(BaLV). NK cells are naturally resistant to VSV-G coated lentiviruses and these lentiviruses are widely 

used for CAR T cell generation (571). The BaLV targets ASCT1/2 receptors for cell entry and these are 

highly expressed on NK cells as opposed to VSV-G binding LDL receptors (572). As such, NK cell 

transduction efficacy is massively improved and the stability of CAR expression enhanced (571,572).  

Achieving CAR NK cells with stable CAR expression will also allow for NKG2A upregulation on CAR NK 

cells during two-week expansion. In the CAR NK cell experiments performed here, NK cells were 

expanded for 5-7 days from initial isolation resulting in a CAR NK cell population with NKG2A+ and 

NKG2A- NK cells (Figure 5-38). As such the full potential of selinexor-CAR NK cell combination may 

not have been realised (Figure 5-42). However, from the one-donor LAMP experiment, it could be 

argued that selinexor only promotes CAR-NKG2A+ NK cells because the activating signals from the 

CAR may outcompete the negative NKG2A signalling, resulting in no additional NK activation when 

HLA-E is downregulated (Figure 5-42). Nevertheless, in settings with high HLA-E expression such as 
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with IFNγ, NKG2A signalling becomes relevant in CAR+ NK cells as NK cell activation was diminished 

and HLA-E downregulation by selinexor was shown to promote CAR+NKG2A+ NK cell activation 

(Figure 5-42), both of which aligned with the effects on CAR NK cell cytotoxicity (Figure 5-41).  

The transduction efficacy obtained in this thesis is comparable to that achieved in other studies 

generating CAR NK cells with VSV-G lentiviruses (541,573). In those studies, in vitro experiments were 

also performed on day 3 post transduction, suggesting stability problems of CAR NK cells used by 

those research groups. As well as changing the virus coat, the transduction enhancer and NK cell 

source have also been demonstrated to contribute to transduction efficacy and stability of CAR 

expression (546). Higher transduction efficacy and increased stability of CAR expression was obtained 

using cord blood NK cells and NK cell lines compared to peripheral blood NK cells (573,574). Hence, 

for future CAR NK cell generation the BaLV could be used or a different source of NK cells. Using NK 

cell lines would be ill-advised since NKG2A is not functionally expressed on NK-92 or NKL cells as 

selinexor or anti-NKG2A antibodies did not sensitise malignant B cells to NK cell lines (Figure 5-3 and 

Figure 5-4). 

In terms of the CAR construct, changing the CAR to target a different tumour antigen may be 

warranted since CD19 was downregulated by selinexor and this may impede anti-CD19 CAR NK cell 

efficacy (Figure 5-40). This is indicative of the experiment which demonstrated that NK cell activation 

with increasing selinexor concentration was driven by CAR-NKG2A+ NK cells rather than CAR+ NK 

cells, albeit this was performed using only one donor (Figure 5-42). A more rational approach may be 

to target CD20 because CD20 expression was not affected by XPO1 inhibition (Figure 4-18). The 

mechanism behind CD19 downregulation with selinexor remains to be determined, but a recent 

paper deduced by a CRISPR screen the potential activators and repressors of CD19 expression in 

malignant B cells and the function and/or expression of these proteins may be effected by selinexor 

(575).  

A proof-of-concept study demonstrated the potential of combining small molecules with NK cell 

immunotherapy. Nutlin-3a, an MDM2 inhibitor, enhanced the expression of DNAM-1 ligands PVR and 

Nectin-2 on neuroblastoma cells which promoted the activity of DNAM-1-expressing CAR NK cells 

(325,326). These studies demonstrated that modulation of NK cell ligands by small molecules could 

be targeted by CAR NK cell therapy approaches. Although selinexor did not enhance CD19 

expression, identifying a target molecule which becomes enhanced at the plasma membrane by 

selinexor may improve CAR NK cell activation alongside impairing inhibitory signalling by NKG2A. 

As well as selinexor promoting CAR NK cell function, NKG2A blockade was also shown to enhance 

CAR NK cell cytotoxicity against Raji cells (Figure 5-39). This is in accordance with recent publications 

investigating receptors that limit CAR NK cell activation. NKG2A was shown to drive inhibition of anti-

BCMA CAR NK cells that target multiple myeloma cells, particularly in settings of high HLA-E 
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expression such as with IFNγ as reported in Figure 5-41 (323). Additionally, anti-CD33 CAR NK cells 

showed enhanced function against AML cells when NKG2A was genetically knocked out (324,576). As 

such these publications and this thesis demonstrate the importance of NKG2A to impede CAR NK cell 

functions which can be overcome by inhibiting NKG2A-HLA-E interactions. 

5.9.7 Future studies investigating the consequences of selinexor-induced HLA-E 

downregulation on macrophage and NKG2A+ T cell function 

Macrophages play important roles in phagocytosis and antigen presentation to T cells and are the 

most abundant immune cell type in DLBCL (467). Selinexor has been shown to modulate macrophage 

polarisation and viability. Jiménez et al., (2020) reported that XPO1 inhibition can regulate 

macrophage polarisation from M2-like pro-tumour macrophages to M1-like anti-tumour 

macrophages. Additionally, selinexor can specifically deplete lymphoma-associated macrophages in 

murine models of cancer which improved mouse survival (456). In this chapter, XPO1 inhibition was 

shown to also modulate macrophage phagocytosis by sensitising Raji cells to increased phagocytosis 

(Figure 5-49). The mechanism remains to be deduced, but the IFNγ-induced HLA-E expression was 

unable to impair macrophage phagocytosis despite recent evidence that HLA-E is a ligand for the 

inhibitory macrophage receptors LILRB1/2 (Figure 5-50) (34). This may be because HLA-E was 

maximally inhibiting phagocytosis therefore any further increase in HLA-E expression did not impact 

phagocytosis, but downregulation by selinexor potentially could induce phagocytosis. Further 

experiments with increased numbers of donors and different lymphoma cell lines will confirm 

whether selinexor sensitises B-cell lymphoma cells to phagocytosis and the use of anti-HLA-E 

antibodies will provide insight into whether disrupting HLA-E:LILRB1/2 interactions promotes 

phagocytosis. 

In accordance with our CAR T cell findings, XPO1 inhibition has been shown to sensitise B cell 

lymphoma and leukaemia cell lines to anti-CD19 CAR T cells (459). The mechanism described was 

decreased expression of PD-1, LAG-3 and TIM-3 exhaustion markers on CAR T cells after co-culture 

with SINE-treated malignant B cell lines, but exactly why this occurs was not explored. Therefore, the 

mechanism behind improved CAR T cell function with selinexor remains to be confirmed. Regardless, 

pre-clinical studies have also demonstrated improved anti-tumour immunity when anti-CD19 CAR T 

cells are combined with selinexor (460). NKG2A is specifically expressed on CD8+ T cells (577), 

therefore future flow cytometry experiments using T cells should include anti-CD4 and anti-CD8 

antibodies to discriminate between these two T cell populations, especially given that CAR T cells are 

a heterogeneous population (209). Therefore, it will be important to express NKG2A on CD8+ 

cytotoxic T cells in order to study how XPO1 inhibition directly affects CD8+ T cell activation and CD8+ 

T cell-mediated lysis of targets. 
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During the course of CAR T cell treatment in DLBCL patients, NKG2A becomes upregulated as soon as 

28 days post infusion (214). This reflects the fact that after repeated rounds of stimulation NKG2A 

becomes upregulated on murine T cells (210). In Figure 5-46 repeated stimulation of human 

circulating T cells failed to induce NKG2A, perhaps reflecting the differences between murine and 

human checkpoint receptor expression. The failure to induce NKG2A on T cells may be due to 

incorrect cytokines (IL-7 and IL-15) in the culture. IL-15 alone (577), IL-12 (211,578) and TGFβ (579) 

have been reported to induce NKG2A expression, therefore to study NKG2A function on T cells with 

selinexor, T cells should be stimulated and expanded with IL-12, IL-15 or TGFβ. Besides CAR T cells, it 

will be particularly important to study NKG2A function on T cells because it is becoming increasingly 

evident that NKG2A identifies tumour-specific T cells (194,213,275) and recently NKG2A was shown 

to be involved in resistance to anti-PD1 and anti-LAG3 therapy (211). Therefore by abrogating NKG2A 

signalling a potent anti-tumour T cell immune response may be induced and T cell resistance to 

antibody blockade may be negated (43,278). In this context, it will be interesting to examine how 

XPO1 inhibition modulates NKG2A+ T cell function via downregulation of HLA.
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Chapter 6 The NK cell immunomodulatory effect of XPO1 

inhibition in multiple myeloma cell lines 

6.1 HLA-E expression on multiple myeloma cell lines treated with 

selinexor 

Selinexor is also approved for the treatment of relapsed/refractory multiple myeloma as well as 

DLBCL, therefore it was investigated whether multiple myeloma cells respond similarly to XPO1 

inhibition in terms of activating an NK cell immune response. Selinexor induced the degradation of 

XPO1 and induce apoptosis as shown by appearance of cPARP in the multiple myeloma cell line 

MM1S (Figure 6-1). Total HLA-E protein levels remained constant across selinexor concentrations 

(Figure 6-1). With Q-VD, the absence of cPARP indicates successful inhibition of selinexor-induced 

apoptosis which will permit robust analysis of NK cell cytotoxicity experiments measuring NK specific 

lysis of multiple myeloma cells. 

 

 

Figure 6-1: Total HLA-E expression and PARP cleavage in MM.1S cells treated with selinexor in the 

presence of the apoptotic inhibitor Q-VD. 

Western blot analysis of HLA-E protein expression in MM1S cell treated with selinexor (50-2000 nM) 

or DMSO (0 nM) for 24 hours in the presence and absence of the apoptotic inhibitor Q-VD (30 µM). 

Apoptotic signalling leads to caspase-dependent PARP cleavage (cPARP, lower molecular weight) and 

therefore cPARP abundance correlates with apoptosis in cells. Shown is one western blot experiments 

from two and β-ACTIN was used as a loading control.  
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Next surface expression levels of HLA-E were assessed after XPO1 inhibition in multiple multiple 

myeloma cell lines. HLA-E was downregulated on three of the six cell lines (MM1S, OPM2 and U266) 

whilst total HLA expression (HLA-A/B/C) did not change with XPO1 inhibition (Figure 6-2). For AMO, 

JJN3 and L363 cell lines surface HLA-E expression level did not change with XPO1 inhibition, perhaps 

due to the low basal level of HLA-E on these cell lines.  

 

 

Figure 6-2: Selinexor downregulates HLA-E on multiple myeloma cells with high basal levels of HLA-

E. 

Multiple myeloma cell lines MM1S, OPM2, U266, AMO, JJN3 and L363 were treated with selinexor (50-

2000 nM) or DMSO control (0 nM) for 24 hours and the surface expression of HLA-E (using the 3D12 

antibody clone) and total HLA class I (using the W6/32 antibody clone) was assessed by flow cytometry. 

Shown is the mean MFI of samples ± SEM for at least 3 replicates performed over individual 

experiments and significant differences in surface expression of HLA proteins between the untreated 

control and selinexor treatments were calculated with two-way ANOVA followed by Dunnett’s post-

hoc test: ***P<0.001, **P<0.01, *P<0.05. 

 

 

6.2 NK cell function against multiple myeloma cells treated with selinexor 

Next, because HLA-E was downregulated on MM1S cells with XPO1 inhibition, the sensitivity of 

MM1S cells to resting NKG2A+ NK cells after treatment with selinexor was assessed. MM1S cells 

were treated with selinexor for 24 hours and then co-cultured with healthy donor PBMC and the 

activation of NKG2A positive (NKG2A+) and negative (NKG2A-) CD56+CD3- NK cell populations was 

assessed by flow cytometry staining of CD107a. With selinexor MM1S cells were sensitised to 

NKG2A+ NK cell activation due to the selinexor-induced HLA-E downregulation (Figure 6-3A). When 

selinexor-treated MM1S cells were co-cultured with purified NK cells, NK cell cytotoxicity was 

enhanced compared to DMSO control (Figure 6-3B). Finally, given that NKG2A is highly expressed on 
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14-day, IL-2 expanded NK cells, selinexor-treated MM1S cells were co-cultured with expanded NK 

cells and NK cell cytotoxicity was assessed. Indeed, expanded NK cells were highly cytotoxic towards 

selinexor-treated MM1S cells in a dose-dependent manner (Figure 6-3C). 

 

 

Figure 6-3: Selinexor sensitises MM1S cells to NKG2A+ NK cell activation and cytotoxicity. 

MM1S cells were treated for 24 hours with the indicated concentrations of selinexor in the presence 

of the apoptotic inhibitory Q-VD and then co-cultured for four hours with PBMC to assess NKG2A+ NK 

cell activation (A), co-cultured with purified NK cells to examine NK specific lysis (B) or co-cultured with 

14-day, IL-2 expanded NK cells with upregulated NKG2A expression to assess NK cytotoxicity (C). NK 

cell activation in A was measured as percentage of CD107a+ cells within the CD56+CD3-NKG2A+/- NK 

cell populations. Shown is mean ± SEM of one experiment using NK cells from three individual donors. 

Significant differences in NK cell activation within NKG2A NK cell populations between DMSO and 

selinexor treatments were calculated with repeated-measure two-way ANOVA followed by Dunnett’s 

post-hoc test: *P<0.05. NK specific lysis in B and C was calculated as (% target lysis - % spontaneous 

lysis) * 100 / (100 - % spontaneous lysis). MM1S cells were pre-labelled with CellTrace™ to allow 

identification within co-cultures and lysis was measured using propidium iodide staining. Each line 

matches DMSO and selinexor-treated wells of the same NK cell donor (n=7, B). A significant difference 

in NK specific lysis between DMSO and selinexor-treated was calculated with paired sample t-test: 

**P<0.01. Shown in C is mean NK specific lysis ± SEM of three individual donor NK cell expansions and 

significant differences in NK specific lysis between DMSO and selinexor treatments were calculated 

with repeated-measure one-way ANOVA followed by Dunnett’s post-hoc test.  
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6.3 IFNγ treatment of multiple myeloma cells and the effects on HLA-E 

expression and NK cell function 

6.3.1 The effect of IFNγ and XPO1 inhibition on the expression of HLA-E in multiple myeloma 

cell lines 

As shown in Figure 6-2, basal levels of HLA-E are very low on L363, AMO and JJN3 cell lines which 

potentially effected the HLA-E downregulation by selinexor as seen with 721 and SUDHL6 cell lines 

(Figure 5-17) in earlier chapters. IFNγ is an important cytokine in the bone marrow for bone 

remodelling by osteoclasts (580) and IFNγ production by T cells and NK cells is essential for 

conferring protection from multiple myeloma in mice (581). As such myeloma cells of the bone 

marrow will be immersed in an IFNγ-rich microenvironment and recombinant IFNγ (rIFNγ) is 

frequently used to model the pro-inflammatory multiple myeloma microenvironment in vitro  

(314,582–584). Additionally, multiple myeloma cells injected into mice have higher HLA-E expression 

compared to pre-infusion, suggesting that ways to increase HLA-E expression on multiple myeloma 

cells will better reflect an in vivo environment (585). Therefore, it was assessed whether rIFNγ 

induces HLA-E expression on L363 multiple myeloma cells with low HLA-E expression and whether 

XPO1 inhibition can counteract this. L363 cells were incubated with 10 ng/mL rIFNγ in the presence 

and absence of selinexor for 24 hours and the surface expression of HLA-E and HLA-A/B/C was 

measured by flow cytometry. With IFNγ, HLA-E and HLA-A/B/C expression increased on L363 cells 

(Figure 6-4). However, when L363 cells were treated with selinexor, only HLA-E surface expression 

was reduced, highlighting an HLA-E specific effect of XPO1 inhibition (Figure 6-4). 

 

 

 



Chapter 6 

245 

 

Figure 6-4: IFNγ enhances HLA-E expression on L363 cells, which is overcome by selinexor. 

L363 multiple myeloma cells were incubated with recombinant IFNγ (10 ng/mL) in the absence and 

presence of selinexor (sel, 500 nM) for 24 hours. Cells were then surface stained with antibodies 

against HLA-E (clone 3D12, A) and HLA-A/B/C (clone W6/32, B) and the MFI was measured by flow 

cytometry. The experiment was run across three separate experiments and matched samples from the 

same experiments are joined by lines.  

 

 

To determine the mechanism of HLA-E downregulation by selinexor in the presence of IFNγ in L363 

cells, surface and internal HLA-E expression was assessed to ascertain whether surface levels or total 

HLA-E levels change with XPO1 inhibition (Figure 6-5). Following IFNγ incubation surface levels and 

total levels of HLA-E and HLA-A/B/C increased (Figure 6-5). In the absence of IFNγ, although not 

significant, XPO1 inhibition slightly reduced surface HLA-E expression whilst total HLA-E levels 

remained constant and HLA-A/B/C expression was not affected by XPO1 inhibition. XPO1 inhibition in 

conjunction with IFNγ incubation resulted in impaired HLA-E upregulation by IFNγ, however the IFNγ-

induced increase in HLA-A/B/C was unaffected by XPO1 inhibition (Figure 6-5). These data 

demonstrate that IFNγ induces the expression of HLA class I molecules in L363 multiple myeloma 

cells, but XPO1 inhibition selectively impairs HLA-E upregulation with IFNγ and this may have 

implications on NK cell functions.  

 



Chapter 6 

246 

 

Figure 6-5:  Surface and total expression levels of HLA-E in L363 cells treated with selinexor in the 

presence of IFNγ. 

L363 cells were treated with selinexor (sel, 500 nM) or DMSO (0 nM) for 24 hours in the presence or 

absence of IFNγ (10 ng/mL) followed by staining with antibodies against HLA-E (clone 3D12) and HLA-

A/B/C (clone W6/32) when cells were permeabilised (intracellular and extracellular expression) or left 

intact (surface expression). (A) Representative histograms of 3D12 and W6/32 staining intensities of 

L363 cells from one experiment. Numbers on histograms depict the MFI and vertical dashed lines 

represent the histogram peak in the permeabilised, untreated sample. (B) Mean expression ± SEM 

relative to the DMSO-treated (0 nM) control in the absence of IFNγ in intact and permeabilised L363 

cells (n=3). Significant differences in HLA expression between treatment groups for intact and 

permeabilised cells were calculated with two-way ANOVA followed by Tukey’s post-hoc test: 

***P<0.005, **P<0.01, *P<0.05.   

 

 

As shown in section 5.5, XPO1 inhibition impaired STAT1 phosphorylation in B-cell lymphoma cells by 

IFNγ. Whether this is replicated in L363 multiple myeloma cells was assessed by western blot. IFNγ 

incubation led to a large increase in STAT1 phosphorylation (pSTAT1) and subsequently an increase in 

HLA-E expression (Figure 6-6). When selinexor was added to cultures pSTAT1 levels decreased as well 

as total STAT1 (tSTAT1) because STAT1 autoregulates its transcription (39) and this correlated with a 

downregulation of HLA-E (Figure 6-6). Therefore, in a similar mechanism as with B-cell lymphoma, 

XPO1 inhibition impairs the IFNγ-induced HLA-E upregulation via disruption to STAT1 signalling.  
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Figure 6-6: Selinexor impairs IFNγ signalling in L363 cells. 

Western blot analysis of HLA-E protein expression in L363 cells treated with selinexor (500 nM) or 

DMSO (0 nM) for 24 hours in the presence and absence of IFNγ (10 ng/mL) and the apoptotic inhibitor 

Q-VD (30 µM). Apoptotic signalling leads to caspase-dependent PARP cleavage (cPARP, lower 

molecular weight) and therefore cPARP abundance correlates with apoptosis in cells. Shown is one 

representative experiment of two repeats and β-ACTIN was used as a loading control.  

 

 

6.3.2 Expanded NK cell function against multiple myeloma cells incubated with IFNγ in the 

presence of XPO1 inhibitors 

To explore how NK cell anti-tumour functions against L363 multiple myeloma cells are impacted by 

IFNγ and XPO1 inhibitors, the cytotoxicity of IL-2 expanded NK cells against L363 cells was assessed, 

with the hypothesis that the IFNγ-induced HLA-E upregulation would protect L363 cells from NK-

mediated lysis and this would be reversed by XPO1 inhibition. As hypothesised, IFNγ protected L363 

cells from NK cytotoxicity and this was reversed by XPO1 inhibition with selinexor, even at a low E:T 

ratio of 1:10 (Figure 6-7A and B). To illustrate the importance of HLA-E:NKG2A interactions in 

contributing to the IFNγ-induced protection in L363 cells, anti-NKG2A monoclonal antibodies were 

added to NK-L363 co-cultures. Similar to XPO1 inhibition, NKG2A blockade with antibodies 

completely reversed the protection conferred by IFNγ incubation (Figure 6-7A). Combined selinexor 

and anti-NKG2A treatment resulted in no additional benefit to NK cytotoxicity compared to 

monotherapy (Figure 6-7A). Albeit the sample number was small for anti-NKG2A experiments and 

further repeats are required to confirm this observation.  

 



Chapter 6 

248 

 

Figure 6-7: IFNγ protects L363 cells from expanded NK cell cytotoxicity, which is reversed by 

selinexor. 

L363 multiple myeloma cells were pre-labelled with CellTrace™ and treated with selinexor (500 nM, 

sel) in the presence of IFNγ (10 ng/mL) and the apoptotic inhibitor Q-VD (30 µM) for 24 hours. L363 

cells were subsequently co-cultured with day-14, IL-2 expanded NK cells for a further 24 hours at an 

E:T ratio of 1:1 (A) or 1:10 (B) in the absence or presence of anti-NKG2A monoclonal antibodies 

(αNKG2A, clone Z199). The proportion of lysed L363 cells in co-cultures was measured by propidium 

iodide staining and NK specific lysis calculated as (% target lysis - % spontaneous lysis) * 100 / (100 - % 

spontaneous lysis). Each point represents an individual NK cell donor (n=6 and n=2 for A and n=6 for 

B) and bars show the mean NK specific lysis for each treatment and differences in NK specific lysis 

between treatment groups and the IFNγ DMSO control were calculated by one-way ANOVA followed 

by Tukey’s post-hoc test: ****P<0.001, ***P<0.005, **P<0.01. 

 

 

6.3.3 The effect of XPO1 inhibition on the expression of receptors targeted by monoclonal 

antibody therapy and CAR immune cells in multiple myeloma 

Immunotherapy treatments for patients with multiple myeloma include anti-CD38 monoclonal 

antibody (mAb) therapy using daratumumab and CAR T cell therapy against the B-cell maturation 

antigen (BCMA) (305). Although NK cells also express CD38 leading to NK cell fratricide with 

daratumumab, NK cells are important in anti-CD38 mAb efficacy (263). Additionally, CAR NK cells 

targeting CD38 and BCMA are undergoing pre-clinical investigation to determine the effectiveness of 

CAR NK cell approaches in multiple myeloma (313,322). As such, it was explored whether XPO1 

inhibition modulates the expression of these antigens to determine the potential of combining 

selinexor with immunotherapy approaches that promote NK cell function. XPO1 inhibition had a 

minimal effect on CD38 expression for most cell lines tested, but interestingly selinexor treatment of 
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AMO enhanced CD38 expression (Figure 6-8A). U266, JJN3 and L363 cells were virtually negative for 

CD38. BCMA was lowly expressed on cell lines and XPO1 inhibition had a limited effect on BCMA 

expression, although it could be argued that BCMA decreased on MM1S, L363 and U266 cells, 

however the variation across samples was very large and was not statistically significant (Figure 

6-8B). Therefore, when planning ADCC experiments with daratumumab and designing CAR NK cells 

against BCMA the target cells used in assays should be carefully considered. 

 

 

Figure 6-8: CD38 and BCMA expression on selinexor-treated multiple myeloma cell lines. 

Multiple myeloma cell lines were treated with selinexor (50-2000 nM) or DMSO for 24 hours and 

assessed for expression of CD38 (A) and BCMA (B) by flow cytometry. Shown is mean MFI ± SEM of 

three separate experiments and significant differences in expression of CD38 and BCMA between 

DMSO and selinexor samples were calculated with one-way ANOVA followed by Tukey’s post-hoc test: 

*P<0.05. 
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6.4 Discussion 

6.4.1 HLA-E downregulation by XPO1 inhibition on multiple myeloma cell lines  

Similar to XPO1 inhibition in B-cell lymphoma cell lines, multiple myeloma cell lines also specifically 

downregulate surface HLA-E expression (Figure 6-2) and as illustrated with MM1S cells, become 

sensitised to NKG2A+ NK cell activation and to expanded NK cell cytotoxicity (Figure 6-3). The 

importance of NK cells in multiple myeloma is highlighted by multiple studies. An expansion of 

adaptive NK cells in patients who received autologous stem cell transplantation had a lower risk of 

relapse (586). Within patients, NK cells present with an exhausted phenotype (238) and newly 

diagnosed patients with higher NK cell activity have improved survival (587). Recently, it was 

reported that multiple myeloma patients with impaired NK cell adhesion and limited cytotoxic 

capacity have worse prognosis (385). These studies demonstrate the critical functions of NK cells 

against multiple myeloma cells and interestingly, with selinexor it was demonstrated that NK cell 

infiltration into the bone marrow of myeloma patients was a potential marker of response indicating 

that NK cells may positively contribute to the selinexor-induced myeloma regression in patients 

(463). Strategies to enhance NK cell function in multiple myeloma patients are being explored 

including NK cell engagers and adoptive transfer approaches using allogeneic and CAR NK cells which 

could be combined with selinexor to promote optimal tumour regression (588). 

Besides the MM1S cell line, it can be hypothesised that enhanced NK cell activation with XPO1 

inhibitors will be observed for OPM2 and U226 cell lines because these also downregulated HLA-E 

after XPO1 inhibition (Figure 6-2). For AMO, JJN3 and L363 cell lines HLA-E downregulation was not 

induced by selinexor treatment, perhaps due to the low basal levels of HLA-E (Figure 6-2), similar to 

that of 721 cell lines and SUDHL6 (Figure 5-17). As can be seen for L363 cells in Figure 6-5, HLA-E is 

mainly expressed internally because there was a great disparity between the MFI of HLA-E in 

permeabilised and intact cells. As such, HLA-E trafficking at homeostasis may be impaired in L363, 

AMO and JJN3 cells, perhaps due to limited HLA-E binding peptide availability as HLA-A/B/C 

expression was also low in these cell lines (Figure 6-2). Hence through using selinexor to inhibit 

XPO1, HLA-E was unable to be further downregulated at the plasma membrane.   



Chapter 6 

251 

6.4.2 HLA-E downregulation on multiple myeloma cell lines by XPO1 inhibition in the 

presence of IFNγ 

IFNγ is routinely used to mimic the pro-inflammatory TME and induce the surface expression of HLA-

E on multiple myeloma cells (314,585,589). In the myeloma cell lines tested here, HLA-E was greatly 

upregulated in a STAT1-dependent manner which XPO1 inhibition was able to disrupt via inhibition 

of STAT1 nuclear export (38) (Figure 6-4, Figure 6-5 and Figure 6-6). The importance of the IFNγ-

induced HLA-E upregulation in protecting L363 cells from expanded NK cells was demonstrated with 

anti-NKG2A antibodies which recovered NK cell cytotoxicity (Figure 6-7). The activation of STAT1 by 

IFNγ in multiple myeloma has been long understood (584), but the consequence on NK cell function 

has only recently been revealed, in accordance with the findings here, illustrating that multiple 

myeloma cells are resistant to NK cell functions via HLA-E:NKG2A interactions (536,583). HLA-E and 

IFNγ signalling via STAT1 were top hits during an in-depth analysis into the mechanisms of resistance 

to NK cells in multiple myeloma (144). Following these revelations, functional analyses using CRISPR 

deletion of IFNγ signalling components (IFNGR2, JAK1/2 and STAT1) and HLA-E sensitised myeloma 

cells to NK cell cytotoxicity. This research article clearly demonstrates the inhibitory consequences of 

IFNγ signalling in myeloma cells on NK cell function and suggest that pharmacologically perturbing 

IFNγ signalling will sensitise cells to NK cell activation. The data produced here indicate that XPO1 

may be a good target to perturb the IFNγ-induced resistance to NK cells in multiple myeloma. 

Replicating a pro-inflammatory microenvironment in myeloma cells with IFNγ better recapitulates 

the in vivo environment as when human myeloma cells are intravenously injected into mice and 

transit to the bone marrow, HLA-E is more highly expressed compared to cells in vitro (585). In 

humans, HLA-E is more highly expressed on plasma cells from myeloma patients compared to 

healthy controls and during progressive disease HLA-E becomes upregulated (323). IFNγ production 

by NK cells is crucial to exert cytotoxic effects against myeloma cells (581) and interestingly, IFNγ 

signalling in patient myeloma cells has been associated with response to selinexor, thus suggesting 

an on-going immune response within the bone marrow with XPO1 inhibition (590). The data 

presented in this thesis may provide an explanation for increased IFNγ signalling due to increased 

production of IFNγ by NKG2A+ immune cells via HLA-E downregulation with selinexor. The data 

collected here also add to recent data showing that important myeloma microenvironment factors 

PGE2, lactate and hypoxia also protect myeloma cells, including L363, from NK cells, although the 

mechanism of this inhibition remains to be determined (591). It will be interesting to examine 

whether XPO1 inhibition in myeloma cells can counteract these inhibitory stimuli. Collectively, these 

findings on the immunomodulatory effects of microenvironmental stimuli highlight the importance 

of modelling tissue environments to increase understanding of the regulatory molecules involved in 

immunosuppression/activation which will ultimately enable the design of improved anti-cancer 

therapies.  



Chapter 6 

252 

6.4.3 Future experiments investigating the immunomodulatory effect of XPO1 inhibition in 

multiple myeloma cells and the consequences for NK cell immunotherapy combinations 

To confirm whether the NK cell sensitising effect of XPO1 inhibition in multiple myeloma is 

physiologically relevant, it will be important to perform the experiments outlined here using patient-

derived cells. High HLA-E expression in multiple myeloma patients has been associated with worse 

progression free survival (50), demonstrating that HLA-E:NKG2A interactions may be important for 

myeloma cell survival and therefore targeting this pathway in patients may improve response to 

approved therapies and improve survival. As selinexor modulates this inhibitory interaction and CD16 

expression is maintained on NK cells during expansion (Figure 5-2) it will be interesting to determine 

whether XPO1 inhibition promotes the effect of NK-stimulating immunotherapy such as CAR NK cells 

and monoclonal antibodies such as daratumumab (anti-CD38 mAb) both in the laboratory and in 

clinical trials. A recent study by Reddy et al., (2023) demonstrated by RNA sequencing that selinexor 

increases the immunogenicity of patient myeloma cells by increased CD38 and SLAMF7 expression. 

Whether this has functional consequences on NK cell activation and specifically NKG2A+ NK cell 

activation will be of interest to explore.  

Alongside modulating HLA-E expression, XPO1 inhibition increased the expression of CD38 on L363 

and AMO cells (Figure 6-8) and as a result may potentiate ADCC by Daratumumab. HDACs have also 

been shown to increase CD38 expression on myeloma cells and potentiate ADCC by daratumumab 

(592). Therefore, it will be interesting to determine whether XPO1 inhibitors can augment ADCC with 

daratumumab and elotuzumab (anti-SLAMF7). Why CD38 expression on MM1S cells did not increase 

with XPO1 inhibition remains to be explored, but for U266, JJN3 and L363 CD38 expression was not 

expressed at homeostasis (Figure 6-8). With daratumumab it has to be considered that CD38 is also 

expressed by NK cells which leads to NK cell fratricide (263). Strategies are underway investigating 

mechanisms to circumvent CD38 expression on NK cells including daratumumab combination 

therapy with adoptive transfer of CD38(low) NK cells or NK cells with CD38 blocked by daratumumab 

F(ab)2 fragments (263,322,593,594). Interestingly, expansion of NK cells has been shown to augment 

daratumumab in vitro against primary myeloma samples (595) and in vivo (311,594), therefore 

selinexor may potentiate ADDC of expanded NK cells with daratumumab. Besides targeting CD38, 

SLAMF7 is a target of mAb immunotherapy (elotuzumab) for multiple myeloma and how the 

expression of this receptor changes with XPO1 inhibition should be examined to assess the potential 

of combining selinexor with elotuzumab.  

In terms of BCMA expression, this remained stably expressed on myeloma cell lines except for on 

MM1S and U266 cells, but further replicates are required to enable more robust analyses and 

conclusions to be drawn (Figure 6-8). BCMA is an approved target of CAR T cell therapy in multiple 

myeloma (361), however relapse is a common problem with median progression free survival of 5-27 
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months across studies (361). As such, novel combinations are being assessed including combinations 

with small molecules (367), such as selinexor. Anti-BCMA CAR T cells have been combined with 

selinexor in two patients with relapsed/refractory extramedullary multiple myeloma (NCT05201118). 

Patients were treated with selinexor followed by lymphodepletion and CAR T cell adoptive transfer 

with further doses of selinexor (462). To date this treatment has induced deep, durable responses in 

both patients and it would be interesting to determine whether HLA-E:NKG2A interactions contribute 

to this since NKG2A is upregulated on CAR T cells 28 days post infusion (214). This early clinical trial 

data demonstrates the potential of combining CAR T cells with selinexor in multiple myeloma and the 

data presented in this chapter indicate that XPO1 inhibition may enhance the efficacy of CAR NK 

cells, especially given that HLA-E:NKG2A interactions have been shown to drive multiple myeloma 

resistance to anti-BCMA CAR NK cells (323).  
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Chapter 7 Discussion  

In summary, the work outlined in this thesis demonstrated that XPO1 inhibition with the clinically 

approved, first-in-class XPO1 inhibitor selinexor promotes NK cell function against malignant B cells 

and multiple myeloma cells via disruption of NKG2A:HLA-E interactions. This remained true for 

microenvironments that stimulate HLA-E expression on cancer cells such as mimicking the pro-

inflammatory tumour microenvironment with IFNγ and, revealed for the first time here, with the 

lymph node-associated molecules IL-4 and CD40L. These findings are in accordance with high HLA-E 

expression on multiple tumour types (46,243,372), most likely due to inflammatory signalling within 

the TME (34). Modulating NKG2A:HLA-E interactions within the TME is a focus of intense research 

with the NKG2A blocking mAb monalizumab in phase III clinical trials in combination with 

durvalumab for advanced non-small cell lung cancer (NCT05221840) and for head and neck 

squamous cell carcinoma in combination with cetuximab (NCT04590963) (276,277). 

Modulation of immune cell functions by small molecules in addition to their intrinsic anti-cancer 

toxicities is becoming increasingly evident (388) and these present an opportunity for tailored 

immunotherapy combinations (367). One mechanism for which anti-cancer agents can promote 

immune cell function is via inhibition of HLA-E:NKG2A interactions. For example, the proteasome 

inhibitor bortezomib (403) and CREB inhibitors (583) downregulate HLA-E expression on tumour 

cells. Moreover, the tyrosine kinase inhibitor dasatinib downregulates NKG2A on AML patient NK 

cells (405). This research project has added to this literature by illustrating that XPO1 inhibitors 

possess NK cell immunmodulatory activity via downregulation of HLA-E expression on B-cell 

lymphoma and multiple myeloma cell lines (596) and on primary CLL cells (597). 

The mechanism by which selinexor downregulates HLA-E expression was due to impaired 

intracellular trafficking to the plasma membrane (Figure 7-1). HLA-E has fast internalisation kinetics 

due to unstable peptide presentation at the plasma membrane and due to its cytoplasmic tail which 

more readily recruits clathrin to mediate endocytosis (9). Hence, in the presence of XPO1 inhibitors, 

it is hypothesised that impaired global protein translation rates reduce the HLA-E-peptide binding 

pool which is required to stimulate egress of HLA-E from the endoplasmic reticulum to the plasma 

membrane (Figure 7-1). As such, the slow trafficking of HLA-E to the plasma membrane with XPO1 

inhibitors reduces total HLA-E surface levels and indeed disruption of the peptide pool via 

proteasome inhibition with bortezomib selectively decreases HLA-E surface expression (403).  

Blocking NKG2A:HLA-E interactions may be particularly important for tumours immersed in an 

environment that promotes HLA-E expression such as the lymph nodes and in a pro-inflammatory 

environment rich in IFNγ. Indeed infiltrating NK cells become rapidly dysfunctional upon tumour 
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entry (245), and intra-tumoral injection of NK cells and anti-NKG2A mAbs have been shown to 

promote tumour regression in mice (570). In an inflammatory setting, IFNγ induces HLA-E protein 

expression via STAT1 phosphorylation (36) and XPO1 supports chronic IFNγ signalling through the 

export of de-phosphorylated STAT1 (38). Within the cytoplasm, STAT1 is then able to be 

phosphorylated again by JAK1/2 to re-initiate nuclear import and HLA-E transcription. Therefore, 

SINE compounds inhibit the IFNγ-induced HLA-E expression via nuclear retention of 

unphosphorylated STAT1 (Figure 7-1). This mechanism of HLA-E downregulation by selinexor in 

combination with reduced intracellular transport of HLA-E to the plasma membrane significantly 

reduces the surface expression of HLA-E (Figure 7-1). As a consequence, NKG2A signalling in NK cells 

is reduced leading to enhanced NKG2A+ NK cell activation and increased NK cell-mediated killing of 

cancer target cells.  
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Figure 7-1: Mechanism for HLA-E downregulation by SINE compounds. 

(A) HLA-E expression is controlled transcriptionally by phosphorylated STAT1 (pSTAT1) and is 

translated in the endoplasmic reticulum (ER) where HLA-E is loaded with peptides to stimulate ER 

egress to the plasma membrane (PM). The instability of the HLA-E-peptide loaded complex at the PM 

and the intracellular tail of HLA-E induces rapid internalisation. IFNγ in the TME induces the expression 

of HLA-E by activating STAT1 via phosphorylation by JAK1 and JAK2 kinases. p-STAT1 binds to an 

enhancer region of HLA-E to stimulate its transcription and thus increasing total and surface levels of 

the HLA-E protein. STAT1 is then dephosphorylated in the nucleus and exported to the cytoplasm to 

re-initiate the IFNγ-STAT1 phosphorylation signalling cascade. In the presence of selective inhibitors of 

nuclear export, for example selinexor (B), the rate of HLA-E recovery at the plasma membrane is 

diminished potentially due to inefficient peptide loading in the ER because of the reduced peptide 

pool. SINE compounds also inhibit the export of STAT1 out of the nucleus and therefore inhibit chronic 

IFNγ signalling resulting in decreased transcription of HLA-E and hence reduced levels of the HLA-E 

protein. This in combination with reduced plasma membrane trafficking of HLA-E reduces the surface 

expression of HLA-E. 
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As a result of increased NKG2A+ NK cell activation by SINE compounds, when selinexor was 

combined with direct targeting monoclonal antibodies (mAbs), ADCC was enhanced in the NKG2A+ 

NK cell population (Figure 7-2). There is a high infiltration of NK cells in DLBCL patient tumours (467) 

and NKG2A:HLA-E interactions may be important in DLBCL since HLA-E and Klrc1 gene expression are 

highly correlated in patient tumours (243). Additionally, patients with CLL possess dysfunctional NK 

cells and high HLA-E expression may contribute to this (48,372,373) therefore, the use of selinexor 

combined with ADCC-inducing mAbs may improve tumour regression in patients by stimulating 

patient NK cells. Selinexor is in multiple clinical trials with the anti-CD20 mAb rituximab for the 

treatment of DLBCL and with daratumumab and elotuzumab for the treatment of multiple myeloma 

(Table 1-2). Therefore, it will be interesting to determine whether these mAbs combine with 

selinexor to enhance NKG2A+ NK cell anti-tumour functions in patients and improve tumour 

regression. NK cell infiltration (463) and IFNγ signalling (590) in the bone marrow is associated with 

response to selinexor in multiple myeloma, therefore unleashing NK cell anti-tumour functions 

further with mAbs may induce significant myeloma regression in patients. However, this thesis 

illustrated that in vitro selinexor treatment of autologous CLL patient NK cells impaired ADCC, 

therefore adoptive transfer approaches with selinexor may be a more effective approach at 

promoting tumour regression. 
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Figure 7-2: The NK-stimulating immunotherapies promoted by XPO1 inhibition. 

Through the downregulation of HLA-E by XPO1 inhibitors such as selinexor ADCC is enhanced in 

NKG2A+ NK cells (A), the cytotoxicity of expanded, allogeneic NK cells with upregulated NKG2A are 

increased (B) and CAR NK cell function is potentiated (C). TAA = tumour-associated antigen. 

 

 

Adoptive transfer of allogeneic and CAR NK cells show high potential for the treat haematological 

malignancies. A recent phase I/II clinical trial demonstrated that anti-CD19 CAR NK cells in CLL and 

DLBCL had a great safety profile with no evidence of cytokine release syndrome or graft-versus-host 

disease and a 68% 1-year overall survival was achieved (305). As shown here and by other research 

studies (43,243,480), NKG2A is greatly upregulated on expanded NK cells and these are used to 

generate CAR NK cells. Therefore, modulation of the NKG2A:HLA-E axis may enhance the efficacy of 

adoptive transfer and CAR NK cell approaches, and strategies may include the use of XPO1 inhibitors 

or anti-NKG2A antibodies. Indeed, selinexor and anti-NKG2A mAbs were able to enhance the 

function of allogeneic, IL-2 expanded NK cells and anti-CD19 CAR NK cells (Figure 7-2). This is in 

accordance with data showing that anti-NKG2A antibodies promote expanded NK cell cytotoxicity 

(551) and augment the activation of anti-CD33 (576) and anti-BCMA CAR NK cells (323). Additionally, 

approaches to impede NKG2A expression such as genetic ablation via siRNAs or CRISPR-Cas9 

(314,317,480,548,550) or protein expression blockers may improve adoptive NK cell therapy efficacy 

(243). Pre-clinical experiments are warranted to examine sequential selinexor and adoptive NK cell 

therapy strategies similar to those conducted in B-cell lymphoma mouse models which investigated 
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anti-CD19 CAR T in combination with selinexor (460) and similar to phase I/II clinical trials assessing 

selinexor and anti-BCMA CAR T cell therapy to treat patients with multiple myeloma (461,462). 

Recently it was shown that genetic ablation of NKG2A was more effective at promoting NK cell 

immune responses compared to NKG2A antibody blockade (314). This thesis also demonstrated that 

complete abrogation of NKG2A:HLA-E interactions by anti-NKG2A mAbs and XPO1 inhibition further 

promotes NK cell cytotoxicity compared to monotherapy treatments. This observation was 

potentially due to the differential presentation of peptides by HLA-E which are known modulate the 

efficacy of NKG2A mAbs (279). Therefore further modulation of HLA-E:NKG2A interactions was 

required to potently activate NK cells as shown by selinexor treatment.  

 

7.1 Limitations of study and future work 

The data presented in this thesis indicate that selinexor and adoptive NK cells would most effectively 

be combined sequentially. Concurrent treatment led to no enhanced killing by expanded NK cells, 

perhaps due to intrinsic toxicity of selinexor in NK cells, impairment of activating receptor expression 

and signalling, reduced STAT function, or negative effects on metabolism. These are the main 

limitations of the presented work. How XPO1 specifically effects NK cell function and how this can be 

reverted e.g. using cytokine treatment or targeting of specific activating receptors needs exploring. 

XPO1 is lowly expressed in healthy NK cells compared to NK cell lines (598), thus using primary NK 

cells will be important to understand how XPO1 inhibition disrupts NK cell functions. NK cancer cell 

lines can be sensitive or resistant to apoptosis with selinexor (598), therefore using cells lines 

resistant to apoptosis will help to understand how XPO1 inhibition disrupts NK cell cytotoxic 

functions.  

Another limitation of the study is the lack of identifying the activating signal induced by XPO1 

inhibition that is allowing for reduced NKG2A signalling to activate NK cells. Recognizing this, through 

antibodies against activating receptors in LAMP assays, may identify receptor-ligand interactions that 

will sensitise cancer cells to selinexor-induced HLA-E downregulation. 

Another limitation of the study is the absence of killing assays with sorted NKG2A+ and NKG2A- NK 

cells, that would have confirmed enhanced cytotoxicity of NKG2A+ NK cells with XPO1 inhibition. It 

would also have been insightful to conduct NKG2A genetic ablation studies, with the hypothesis that 

genetic ablation in NK cells eliminates enhanced activation with XPO1 inhibition, similar to the 

studies conducted with NK-92 and NKL cell lines. Furthermore, the reverse experiment could have 

been performed through ablation of HLA-E expression in cancer cell lines and assessing the impact on 

selinexor sensitivity.   
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In contrast to targeting NKG2A, approaches to specifically target HLA-E may be preferred. This is 

because HLA-E is highly expressed on tumours (46,243) and HLA-E targetting offers the opportunity 

to induce ADCC and ADCP in addition to inhibition of NKG2A checkpoint signalling via the IgG1 

isotype. Indeed anti-HLA-E mAbs have been identified which potentiate NK cell and macrophage anti-

tumour functions (280,281). In this setting, selinexor treatment may hinder anti-HLA-E antibody 

approaches. Additionally, XPO1 inhibition potentially downregulates CD19 expression on B-cell 

lymphoma cell lines, but not in CLL, which may have implications for anti-CD19 immunotherapy 

approaches and approaches targeting other receptors in combination with selinexor require 

exploration. These highlight the importance of understanding the immunomodulatory effect of small 

molecules on target proteins to enable the design of potent combination therapy strategies.  

 

7.2 Conclusion 

The modulation of the inhibitory NKG2A:HLA-E axis by XPO1 inhibitors described in this thesis leads 

to the sensitisation of malignant B cells and multiple myeloma cells to NK cell anti-tumour functions. 

As a consequence, selinexor-treated cancer cells are more vulnerable to NK-stimulating 

immunotherapies such as direct targeting mAbs, expanded, allogeneic NK cells and anti-CD19 CAR NK 

cells (Figure 7-2). This thesis highlights the importance of understanding how small molecules impact 

the immunogenicity of tumours in addition to their intrinsic toxicity, so that tailored combination 

therapies can be designed with the aim to induce potent anti-tumour immune responses and cancer 

cell apoptosis in patients. Pre-clinical studies will shed light on the potential of selinexor and NK-

stimulating immunotherapies to promote tumour regression in vivo and in the future NK cell 

immunotherapy approaches may enhance the efficacy of selinexor treatment for patients with B cell 

malignancies and multiple myeloma. 
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