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ABSTRACT

Chronic lymphocytic leukaemia (CLL) is the most common adult leukaemia in the western
world. CLL is associated with profound immunodeficiency which leaves patients with
insufficient anti-tumour immunity and is often compounded by immunosuppressive
treatments. Recent advances in the development of targeted small molecule inhibitors,
including Bruton’s tyrosine kinase (BTK) and B-cell lymphoma 2 (Bcl-2) inhibitors, has
provided new, highly effective and less immunosuppressive treatment options. However,
targeted therapies have not yet provided a cure for CLL, and there is still a need to
improve the depth and durability of patient responses. Immunotherapies harness the
patient’s own immune system to target cancer cells and are an attractive modality for
combination with targeted therapies. However, by both on- or off-target mechanisms
targeted therapies also been shown to have the potential to disrupt normal immune
populations. This study aimed to understand the effects of targeted therapies on the
immune system, thereby providing insight into the potential opportunities and pitfalls for

the combination of immunotherapy with targeted therapies in CLL.

This thesis explored the immunological impacts of the first-generation BTK inhibitor
ibrutinib, as well as two more selective second-generation inhibitors zanubrutinib and
acalabrutinib. The Bcl-2 inhibitor venetoclax was also investigated both as monotherapy
and in combination with BTK inhibition. In Chapter 3, gene expression analysis was used
to faithfully replicate a comprehensive immune profile comparable to more time
consuming and costly flow cytometry analysis. Chapter 4 demonstrated that BTK and Bcl-
2 inhibitors had distinct effects on the immune profile of patients after long-term
treatment with targeted therapies. Chapter 5 utilised in vitro functional assays to
demonstrate how effector functions of T cells and natural killer (NK) cells, including
cytotoxicity, cytokine production, and proliferation, are impaired by BTK inhibitors
whereas NK cells, but not T cells were sensitive to venetoclax treatment. Subsequently,
Chapter 6 explored the effect of the immunomodulatory drugs lenalidomide and a PD-1
inhibitor BGB-A317 in combination with ibrutinib, showing that T cell activation is

modulated by both ibrutinib and the immunotherapies.



These finding presented in this thesis demonstrate that targeted therapies have clear and
distinct immunological effects. Ibrutinib broadly impair the function of multiple immune
populations and in particular cellular cytotoxicity, suggesting that more selective BTK
inhibitors are better candidates for combination with immunotherapies. Venetoclax
affected the survival of specific T cell and NK cell populations, suggesting that long-term
venetoclax treatment may result in alterations in the immune profile that may be
exploited by combination therapy. These findings highlight the importance of
understanding the immunological impacts of targeted therapies when incorporating

immunotherapies into treatment combinations.
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1 LITERATURE REVIEW AND INTRODUCTION

1.1  CHRONIC LYMPHOCYTIC LEUKAEMIA

Chronic lymphocytic leukaemia (CLL) is a lymphoproliferative disorder characterised by
the accumulation of clonally derived malignant B cells in the peripheral blood, bone
marrow and other lymphoid organs. CLL may be distinguished from other B cell
neoplasms by its characteristicimmunophenotype, CLL cells are light chain restricted and
co-express CD20, CD19, CD5, and CD23'. CLL is predominantly a disease of the elderly,
with a median age at diagnosis in Australia of 71 years?. It is the most common adult
leukaemia in the western world, accounting for approximately one percent of all cancer

diagnoses in Australia.

The diagnosis of CLL requires a peripheral blood leukaemia count of greater than 5000/uL
and clinical staging is based on the Rai* and Binet® staging algorithms, which take into
account lymphocytosis, lymphadenopathy and cytopenias to stratify patients into low,
moderate and high risk categories. In addition to clinical staging, other prognostic
indicators include advanced age and high B2-microglobulin concentration, as well as
molecular variations, including complex karyotype®?, the loss of p53 either by deletion
of gene locus on chromosome 17p (del17p) or mutation of the gene°, and the mutation
status of the immunoglobulin heavy chain variable region (IGVH)!!. Together these
markers provide for improved discrimination of prognostic groups both in terms of

survival, disease progression and response to therapy**™>.

While the majority of CLL patients are asymptomatic at diagnosis, the clinical
presentation of CLL can be highly heterogeneous. Many patients experience a protracted
indolent phase of disease that may not necessitate treatment but are rather managed
using a ‘watchful waiting’ strategy. Current treatment guidelines are for treatment
initiation only in patients with symptomatic or progressive diseasel. In Australia the
standard front line therapy for young, fit patients is combination chemo-immunotherapy,

typically fludarabine, cyclophosphamide and rituximab (FCR)®. The addition of



immunotherapy, in the form of anti-CD20 monoclonal antibodies such as rituximab, to
chemotherapy was found to increase both the progression free survival and the overall
survival as compared to chemotherapy alone'>'’. However, chemotherapy remains
profoundly immunosuppressive; fludarabine in particular results in significant and

prolonged T cell depletion 1829,

While FCR has been shown to produce sustained remissions of more than ten years in a
small number of low risk patients'®, for the vast majority of CLL patients chemo-
immunotherapy does not provide a cure. The median progression free survival after
frontline FCR is variably reported as between 4.7 years?! and 6.4 years'>. Importantly, the
depth of the response to FCR is correlated with the time to disease progression. Patients
who attain undetectable disease status having the longest progression free survival
(PFS)?2. Furthermore, FCR is best tolerated by young fit patients and many CLL patients
are too frail or have comorbidities that preclude such aggressive chemotherapy. Finally,
there are well characterised high-risk groups, in particular those with p53 dysregulation,

for whom chemo-immunotherapy is particularly insufficient'#23.

1.2 THE NEW ERA OF TARGETED THERAPIES

Advances in understanding of the molecular underpinnings of CLL pathogenesis have led
to the discovery of a number of small molecule inhibitors. These targeted therapies
inhibit specific molecular interactions in the malignant cells and perturb key pathways
involved in the growth, survival and proliferation of the CLL cells. The two most clinically
relevant classes of small molecule inhibitors in CLL are the B cell receptor (BCR) signalling
inhibitors, of which the Bruton’s tyrosine kinase (BTK) inhibitors have been the most
successful and B cell llymphoma-2 (Bcl-2) inhibitors. Figure 1.1 outlines the timeline of
approvals of these targeted therapies by the United States Food and Drug Administration

and the Australian Therapeutic Goods Association (TGA) (outlined boxes).
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Figure 1.1 Timeline of approvals for targeted therapies

Timeline of United States Food and Drug Administration and the Australian Therapeutic
Goods Association approvals. Mantle cell lymphoma (MCL); Relapse or refractory CLL
(R/R CLL); Waldenstrom macroglobulinemia (WM); Small lymphocytic leukaemia (SLL);
Graft versus host disease (GVHD); Marginal cell lymphoma (MZL); Acute myeloid
leukaemia (AML).



1.2.1 BRUTON’S TYROSINE KINASE INHIBITORS

The strongest evidence for the importance of the BCR signalling in the pathogenesis of
CLL comes from the prognostic consequences conferred by the IGHV mutation status of
the malignant clone. The presence of mutations in the IGHV expressed by leukaemia cells
was found to divide two subtypes of CLL with different aetiologies?*. Unmutated IGHV
denotes a more aggressive form of CLL*?® that responds poorly to conventional

therapy?®.

Additional lines of evidence point to the importance of BCR signalling, not only to the
development of the leukemic clone, but also in the maintenance and progression of
CLL?"?8. These includes observations of intrinsic leukaemia cell properties such as the
recurring BCR sequences across multiple patients?®, antigen independent cell-
autonomous BCR signalling by leukemic cells*®®, as well as the continued in vivo
interactions of CLL cells with antigen3. Finally, the observation that CLL cells cultured in
vitro have poor viability compared to other lymphocytes3? also supports the importance

of extrinsic signalling to the survival of CLL cells.

The essential role of BTK was first indicated when it identified as the genetic aberration
in X-linked agammaglobulinemia, a primary immunodeficiency characterised by the
absence of mature B cells and the resultant immunoglobulin deficiency®*34. BTK is a
member of the Tec family of tyrosine kinases, which is primarily expressed in
haematopoietic cells and are involved in signalling downstream of a number of receptors
including cytokine and chemokine receptors, TLR receptors, Fc receptors, and antigen
recognition receptors and their co-stimulatory receptors reviewed in 3536 BTK s 3 critical
component of the BCR signalling cascade, without which B cell development and function
is arrested. Upon BCR crosslinking, BTK phosphorylation results in the activation of the

NFAT and NFkB pathways®"*® which regulate B cell proliferation and survival®.

In addition to its involvement in BCR signalling, BTK is also downstream of the
costimulatory domains CD19, CD40, and CD38, as well as a number of other cell surface
receptors including cytokine, chemokine, growth factor, and integrin receptors*. As such

the rationale of BTK inhibition extends beyond simply BCR inhibition*!. However, BTK



expression is not restricted to B cells and it is also expressed in cells of the
myelomonocytic lineage. While BTK is dispensable for some myeloid cell functions, BTK
deficient myeloid cells are functionally impaired and have reduced production of reactive
oxygen species and inferior responses to inflammatory stimuli**=*>. Furthermore, BTK is
involved in macrophage survival through regulation of M-CSF and TLR mediated signalling

pathways*®4/.

1.2.1.1 lbrutinib

Ibrutinib is a first-in-class selective and irreversible inhibitor that covalently binds to
cysteine 481 in the ATP binding site, thus inactivating BTK*. Early experiments showed
ibrutinib effectively prevented leukaemia cell activation in response to BCR stimulation
and produced objective responses in spontaneous canine B cell lymphoma®°. Further in
vitro data showed that ibrutinib effectively induced apoptosis in CLL cells whilst sparing
normal leukocytes®. The induction of apoptosis is primarily attributed to the inhibition

of BCR signalling and subsequent decrease in NFxB activation >°2,

Early clinical trials found that ibrutinib had an acceptable safety profile and produced
objective responses in a number of low-grade B cell malignancies including CLL>3. A phase
2 clinical trial of ibrutinib in relapsed or refractory CLL reported an overall response rate
(ORR) of 71%, with an additional 20% having a partial response (PR) with persistent
lymphocytosis, and the estimated PFS at 26 months was 75% °*. A three year follow up
study found that patients responses were improved by continuous dosing >° indicating
that prolonged administration of the drug may be required to maintain responses. A
subsequent trial of treatment naive CLL demonstrated the superiority of ibrutinib over
single agent chlorambucil, a therapy often used in patients unable to tolerate FCR, leading

to the approval of ibrutinib for this indication in 2015°°.

During these clinical trials, patients who were otherwise responding to ibrutinib had a
persistent increase in lymphocytosis. Prior response guidelines had precluded patients
with elevated peripheral blood white cell counts from being classified as responders. The

lymphocytosis, which is commonly associated with reduction in lymph node size, was



attributed to the redistribution of leukemic cells from protective niches. Specifically, on
target inhibition of BTK downstream of the C-X-C motif chemokine receptor 4 (CXCR4)
receptor®’ and therefore inhibition of C-X-C motif chemokine ligand 12 (CXCL12)
mediated homing to lymph nodes>®. Furthermore, an analysis of patients who experience
prolonged lymphocytosis whilst being treated with ibrutinib concluded that progression
free survival was not adversely affected>. As such new response criteria were proposed
to include these patients as ‘intermediate responses’ or ‘partial responses with

lymphocytosis'®°.

Multiple studies have demonstrated that ibrutinib also inhibits a large number of other
kinases at clinically achievable doses, nine of which have the same cysteine binding site
resulting in similar irreversible binding as BTK. These alternate targets of ibrutinib include
all members of the Tec family, namely IL-2—inducible T cell kinase (ITK), TXK", TEC
and bone-marrow tyrosine kinase gene on chromosome X (BMX), as well as ErbB family
kinases, BLK and JAK3%%®1, The off-target inhibition of these kinases is clinically relevant.
Inhibition of ErbB family kinases by ibrutinib has been shown inhibit breast cancer cell
growth®2%3 and inhibition of B Lymphoid Tyrosine Kinase (BLK) contributes to the efficacy
of ibrutinib in B-acute lymphocytic leukaemia®. Furthermore, it has been hypothesised
that the bleeding events associated with ibrutinib treatment may be due to the
simultaneous inhibition of BTK and TEC impairing platelet function®. The impact of off-

target TEC kinase inhibition on immune cells is further discussed in section 1.3.3.

1.1.1.2 Second generation BTK inhibitors

Bolstered by the success of ibrutinib, along with the recognition of its broader kinase
inhibition profile, more selective BTK inhibitors were developed for the treatment of CLL.
Spebrutinib (CC-292) is a highly BTK specific second generation BTK inhibitor®®. Despite
being well tolerated and accomplishing high BTK occupancy the clinical outcomes
achieved with Spebrutinib were inferior to that of ibrutinib®’. Subsequently, acalabrutinib

(ACP-196), another highly selective BTK inhibitor, was shown in a phase 1 trial to have

" also known as Resting Lymphocyte Kinase (RLK)



more favourable overall response rate of 95% at 14.3 months®. Likewise, early clinical
data from a phase 1 trial of CLL patients showed that another seconder generation BTK
selective inhibitor zanubrutinib was also well tolerated, achieved high BTK occupancy,
and with a median follow up of just 7.5 months produced an overall response rate of
90%°°. However, the clinical data on second-generation BTK inhibitors is still in the early
stages and it remains unclear what, if any clinical advantage these more targeted

therapies will have over ibrutinib.

1.2.2 BcCL-2 INHIBITORS

Bcl-2 was first identified as candidate oncogene in follicular lymphoma, in which Bcl-2
was found to promote the survival of neoplastic cells without concomitant proliferation”.
Subsequently a family of proteins that contain shared structural homology with Bcl-2

homology (BH) domains (BH-1-4) have been discovered.

The Bcl-2 family is divided into pro-apoptotic and anti-apoptotic members. The pro-
apoptotic members can be further divided into two groups, the BH3 only proteins BIM,
BAD, PUMA, and NOXA, and the effector proteins BAK and BAX. BH3 only proteins are
either transcriptionally induced or post- transcriptionally activated by cellular stressors
such as cytokine deprivation or DNA damage. The BH3 only proteins then act by either
binding the anti-apoptotic family members, preventing them from sequestering the pro-
apoptotic effectors BAK and BAX or by directly activating BAK and BAX. When activated
BAK and BAX form oligomers that permeabilize the mitochondrial membrane, releasing
cytochrome C and thus initiating apoptosis. The anti-apoptotic family members include
Bcl-2, Bcl-W, Bcl-Xi, Mcl-1, and Al. The anti-apoptotic members inhibit apoptosis by the
sequestration of pro-apoptotic family members including both the BH3 only proteins as
well as binding the BH3 domain of activated BAX and BAK preventing oligermisation’%’2.
Therefore it is the relative expression of the Bcl-2 family members determines a cells

commitment to apoptosis’3.

Since its discovery Bcl-2 has been identified as a potential drug target leading to the
development of BH3 mimetics, which compete with BH3 only proteins for binding to the

anti-apoptotic proteins. As such, BH3 mimetics prevent Bcl-2 from sequestering



endogenous BH3 only pro-apoptotic proteins, tipping the balance toward increased cell
death’4. While the Bcl-2 family is ubiquitously expressed the over expression of Bcl-2 has
been identified as a key contributor to CLL cell survival ”>~”7. However, it has also been
reported that there is significant heterogeneity in Bcl-2 family expression in CLL cells,
which significantly overlaps with both Bcl-2 expression in t(14;18) lymphoma cell lines
and the levels of expression observed in normal B cells 787°. Rather than the absolute
expression of Bcl-2 determining CLL survival, it is the relative weighting of the Bcl-2 family
expression toward cell survival that determines the survival of leukemic cells 898!, 3 model
depicted in Figure 1.2. These findings are commensurate with experimental evidence that
mitochondrial priming, that is the balance of Bcl-2 family expression, determines the

sensitivity of leukemic cells to cytotoxic therapies 882,
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Figure 1.2 Diagram of effect of Bcl-2 inhibition

In normal cells, stress signals result in increased BIM expression, resulting in BAX
oligomerisation and subsequent apoptosis. In cells which over express Bcl-2, cell death
signals are insufficient to overcome the pro-survival proteins and apoptosis is not
initiated. Venetoclax outcompetes BIM-Bcl-2 binding, preventing Bcl-2 from sequestering
BIM and therefore cell death occurs.



1.2.2.1 Venetoclax

Venetoclax (ABT-199) is an orally bioavailable and Bcl-2 specific BH3 mimetic. It was
developed in response to the dose limiting thrombocytopenia observed with the BH3
mimetic navitoclax (ABT-232) an inhibitor of both Bcl-2 and Bcl-X/2. Venetoclax
covalently binds Bcl-2, and was shown to effectively induce apoptosis in in vitro and
xenograft mouse models of haematological malignancy independently of TP53%48 A
phase 1 study of 56 CLL patents found that 79% of patients responded to venetoclax
monotherapy including 20% that achieved either a complete response (CR) or complete
response with incomplete count recovery (CRi)®. However, despite deep responses at 15
months, 27% of patients had disease progression. In particular this was associated with
patients who were fludarabine refractory, had a complex karyotype and with the depth
of the response®’. A phase 2 study of 107 R/R CLL patients with del17p also found that
venetoclax had a response rate of 80%, with only 8% of patients achieving a complete

response at 12 months®8,

In vivo studies also showed that venetoclax rapidly induced apoptosis of CLL cells
independently of chromosome 17p deletions or mutations of in the TP53 gene and that
TP53 status was not predicative of clinical response to venetoclax®. This study also found
that sensitivity to venetoclax was determined by leukaemia cell mitochondrial priming?®°.
Alternative mechanisms of venetoclax sensitivity have been proposed including that the
phosphorylation status of Bcl-2 determines sensitivity to venetoclax®®. Additionally, the
upregulation of the other anti-apoptotic Bcl-2 family members, in particular Bcl-X., has
been identified as a mechanism by which cells have decreased sensitivity to venetoclax®.
Furthermore, mutations in Bcl-2 or BAX that conferred venetoclax resistance were found
in mouse models®* and acquired mutations in Bcl-2 (Gly101Val) in CLL patients confers
resistance to venetoclax by decreasing the ability of venetoclax to disrupt BAX and BAX

binding to Bcl-292794,
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1.3 THE IMMUNE MICROENVIRONMENT IN CLL

A key clinical feature of CLL is the profound immunosuppression, which leaves patients
susceptible to recurrent infections and contributes to leukaemia related morbidity and
mortality. Often exacerbated by therapy, the immune dysfunction is characterised by
cytopenia and the dysregulation of immune cell function, preventing effective anti-

tumour immunity and contributing to a leukaemia supportive microenvironment.

Historically the indolent but progressive nature of CLL was attributed to slow proliferation
of the leukemic clone, accompanied by accumulation due to an intrinsic defect in
apoptosis caused by the aberrant expression of pro-survival molecules, in particular Bcl-
2 769> This theory of CLL was supported by the slow clinical evolution of CLL and by the
observation that CLL cells in the peripheral blood display features of anergy and cell cycle
arrest %, Later, using heavy water experiments to track newly born CLL-B cells, it was
demonstrated that leukaemia cell populations are highly dynamic and there is substantial
leukemic cell turnover and trafficking between the peripheral blood and other lymphoid

organs®’.

There is now an increased appreciation of the differences between the in vitro behaviour
of isolated CLL cells as compared to CLL cells interacting with the tumour
microenvironment. This is most explicitly demonstrated by the low viability of purified
CLL cells in ex vivo culture®? which may be rescued by high density PBMC culture or co-
culture with stromal cells®®~1°1 Furthermore, stromal cell culture has been shown to
regulate the expression of the Bcl-2 family and CLL-B cell survival®2102103 Finally, lymph
node resident CLL-B cells have higher expression of proliferation markers than either

peripheral blood or bone marrow derived cells 1% and access to IL-21 and CD40 ligand

105 106

(CD40L) interaction with follicular helper T cells®> and follicular dendritic cells'®® induces
CLL cell proliferation. Together these finding cement the critical role of the
microenvironment in the pathogenesis of CLL which is critically dependent on these

extrinsic signals for their survival and proliferation.
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This section will briefly outline the immune populations that have been described as
playing an important role in the CLL microenvironment, either providing support for CLL

cells or as cells with the potential for anti-leukaemia immunity.

1.3.1 INNATE IMMUNE CELLS

The cells of the innate immune system can be divided into two lineages, myeloid and
lymphoid. Myeloid cells are the most abundant haematopoietic cells in the human body
and are an essential part of the innate immune system and are required for proper
adaptive immunity. Terminally differentiated myeloid cells can be divided into two main
groups, polymorphonuclear phagocytes (granulocytes) which includes neutrophils,
eosinophils, mast cells and basophils and mononuclear cells which includes macrophages
and dendritic cells (DC). Both macrophages and dendritic cells of can be derived from
either myeloid progenitor cells in the bone marrow or from peripheral blood monocytes.
Innate lymphoid cells (ILC) are derived from the common lymphoid progenitor and

include NK cells and type 1 ILC (ILC1s), ILC2s, and ILC3s.

1.3.1.1 Monocytes

Monocytes constitute about 10% of PBMC and can be further classified into classical
(CD14Meh CD16-), intermediate (CD14+ CD16+) and non-classical (CD14'°% CD16+)
subsets!?’. Untreated CLL patients with elevated absolute monocyte counts have shorter
time to disease progression'®®1% and shorter overall survival after first line therapy!*°. In
particular, higher proportions of classical (CD14**CD167) monocytes was found to be
associated with shorter time to first treatment*!!. Furthermore, the monocyte profile of
CLL patients is skewed toward non-classical (CD14°¥CD16%) monocytes which display a

more immunosuppressive profile!2,

Indeed, in vitro experiments show that contact with CLL cells drives the derivation of
immunosuppressive monocytes with the ability to inhibit T cell proliferation!314,
Additionally, in both the Ep-TCL1 and xenograft mouse models of CLL, depletion of
monocyte populations resulted in reduced expansion of CLL cells and prolonged
survivalt®™1® However, ex vivo activated macrophages were capable of killing antibody

labelled CLL cells'*” and macrophages stimulated by CD40L and a TLR agonist had anti-
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tumour activity and were capable of killing spontaneously arising CLL cells in Epn-TCL1

mice 118119

1.3.1.2 Myeloid derived suppressor cells

Myeloid derived suppressor cells (MDSC) are a heterogeneous population of immature
myeloid cells that are expanded in pathogenic conditions including cancer?°. They are
defied by their ability to supress T cell function however they may be phenotypically
identified as cells which co-express the common myeloid marker CD11b and CD33 with
low or absent human leukocyte antigen -DR isotype (HLA-DR) expression*?!. MDSCs can
be further classified into CD14+ myeloid MDSCs and CD15+ or CD66b+ granulocytic
MDSCs. However, there is considerable variation in the markers used to define MDSCs in
the literature. In CLL, CD14+HLADR"®" cells have been identified as being elevated in CLL,
have the capacity to supress T cell function and are associated with poor

prognosis!14122,123

1.3.1.3 Dendritic cells

DCs can be divided into two subsets, myeloid DCs (mDC) are characterised by the
expression of CD11c and plasmacytoid DC (pDC) which express CD123 (IL-3 receptor)?4.
Plasmacytoid DCs specialise in the production of type | interferons and play a critical role
in antiviral immunity. The frequency of pDCs is significantly elevated in indolent CLL but
significantly decreased with progressive disease and in both circumstances have

significantly decreased IFNa production?.

Some have suggested the DCs are
phenotypically altered in CLL and T cell cultures with CLL patients DCs showing
significantly reduced proliferation and cytokine production?®*?’. However others have

shown that DCs are phenotypically and functionally similar to healthy donor DCs'?8-130

1.3.1.4 Innate lymphoid cells

Innate lymphoid cells (ILC) are a family of lymphocytes that are defined by the lack of an
acquired antigen receptor, but which mirror the functions of T cells. ILCs can be divided
into ‘cytotoxic’ (NK cells) and ‘helper’ (ILC1, ILC2 and ILC3) subsets which correspond to
CD8, Tul, Tu2, and Tul7 T cells respectively. While NK cells constitute about 10 percent

of PBMC in healthy adults'3+132 |LCs are mostly tissue resident cells'33. NK cells play a
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pivotal role in anti-tumour immunity'3413>. NK cytotoxicity is regulated by the balance of
recognition of ligands of the activating receptors such as Natural Killer Group 2D (NKG2D)
receptor, and Natural Killer Receptors (NCR) and inhibitory receptors including NKG2A
and killer-cell immunoglobulin-like receptors (KIR)*3®. NK cells are directly cytotoxic to
tumour cells and also regulate anti-tumour immune response, promoting Tyl immune
responses and recruiting DCs. Peripheral blood NK subsets can be defined by the
expression of CD56 and CD16. CD56°8" CD16- NK cells are precursors of CD569™CD16+
NK cells which are more mature, abundant, and cytotoxic, though less proliferative than

CD56 bright NK cells.

Increased number of NK cells has been identified in CLL patients, but no change in total
NK frequency was observed with disease progression or treatment'®’. However the
selective loss of mature, cytotoxic NK cells was observed over time in CLL'*%. Low CLL to
NK cell ratio is associated with poor prognosis 13°. Importantly CLL cells express multiple
inhibitory ligands including CD200%°, HLA-G'#1142 and NK cells from CLL patients also
have significantly lower expression of NKG2D than healthy donors resulting in impaired
immune surveillance'*3. Similarly, ILCs are also expanded in CLL patients, but have an

altered function, in particular decreased TNFo production#*

1.3.2 TCELLS

T cells are recruited to the CLL microenvironment by CLL cells which express the C-C Motif
Chemokine Receptor-4 (CCR4) specific chemokines C-C motif chemokine ligand-17
(CCL17) and CCL22*>. From the earliest stages of CLL there is apparent T cell
dysregulation including decreased T cell receptor signalling and cytokine production®4®. T

cells from CLL patients have impaired immunological synapse formation4’

and display
features of T cell exhaustion in particular elevated expression of the immune checkpoint
programmed death 1 (PD-1)'#8. Perhaps the most overt T cell dysfunction observed in CLL
is the inversion of the CD4 to CD8 ratio which is associated with disease progression4°.
Low CD4:CD8 ratio (< 2.5) was also found to be associated with higher expression of

exhaustion markers®°. Interestingly, lower CD4 T cell counts at the end of chemotherapy
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correlated with better disease control, which the authors attribute to the helper T cell

derived CD40L survival signals?°.

The co-culture of leukemic cells with autologous T cells contributes to in vitro longevity
and interactions with helper T cells were shown to result in CLL cell activation and the
induction of proliferation!. These findings are supported by experiments showing
interactions with activated T cells regulates CLL cell CD38 expression which has been

shown to be associated with higher CLL cell proliferation'>?

, specifically in response to
Tul derived cytokines®®3. This has been largely attributed to T cell derived cytokines such
as CD40L, IL-15 and IL-21 which have been shown to induce CLL cell proliferation9>1>4,
Furthermore, CD40/CD40L and IL-4 from CD4 T cells has been demonstrated to induce
CD38 expression and increase the immunosuppressive capacity of CLL-B cells*>>'°¢. These

studies highlighted the particular importance CD4 T cells in the CLL microenvironment.

1.3.2.1 Unconventional and innate-like T cells

Unconventional T cells are a diverse group of T cells with the capacity for activation
independently of peptide-Major histocompatibility complex (MHC) interactions. These T
cells have restricted TCR diversity and recognise lipids, small-molecule metabolites and
phosphoproteins. Unlike unconventional T cells which are defined by the lack of canonical
peptide-MHC interactions, innate-like T cells express a conventional TCR, but express the
receptors and responses more akin to innate lymphocytes. Both unconventional T cells
and innate-like T cells are rapidly activated and produce large amounts of cytokines in

response to stimulation.

1.3.2.2 Invariant NKT cells

Invariant NKT cells (iNKT cells) are the most studied subset of NKT cells. They are defined
by their recognition lipid antigens in the context of the MHC-like molecule CD1d. Upon
antigen recognition, iNKT cells are rapidly activated and producing both Tyl and Tu2
cytokines®’. Uniquely, as all iNKT cells recognise the lipid antigen alpha-
galactosylceramide (aGalCer)*819 Uniquely, as all iNKT cells recognise the lipid antigen
alpha-galactosylceramide (aGalCer)*8°%, which allowed for the generation of aGalCer-

CD1d tetramers which can be used to define iNKT cells by flow cytometry. In this thesis
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the term NKT cells will be used in reference to invariant NKT cells. In humans, iNKT cells
comprise approximately 0.1% of T cells, however in some individuals they constitute up
to 1% of T cells 1697162 However, aging is associated with a rapid decrease in NKT cell
prevalence in the peripheral blood®3. Interestingly NKT cells are implicated in the age

related decline of T cell immunity in mice'®4.

In the TCL-1 mouse model of CLL, a lack of NKT cells accelerated disease progression and
NKT cells are both directly cytotoxic to CLL cells and control pro-tumorigenic myeloid
cells®>. It has been demonstrated that iNKT cells are capable of killing human CLL cells
presenting aGalCer'®®. However, while CLL cells have been shown to express CD1d,
reports of the degree of CD1d expression in CLL cells varies significantly. Some reports
suggesting that more than 75% of CLL cells express CD1d®’, albeit at a lower density than
healthy B cells, a finding supported by independent studies'®®. Others have found that a
wider diversity of CD1d expression on CD19+ cells with a mean of 40% expressing
CD1d'®°. CLL patients have lower number of NKT cells than healthy donors, with a further

168

reduction in fludarabine refractory CLL patients *° and progressive CLL patients. However

NKT cells from CLL patients retain their functional capacity®’.

1.3.2.3 yoT cells

vOT cells are a heterogeneous population T cells which express a TCR consisting of y and
d chains as opposed to the more common a and B chains. Like affT cells, y3T cells are
derived from the common lymphoid progenitor and mature in the thymus. However,
unlike afT cells, y8T cells are able to respond to multiple antigens independently of
presentation in the context of MHC. y3T cells comprise between 0.2-14% of peripheral
blood lymphocytes!’®. The major subsets of y8T cells are defined by the V& chain used in
the TCR. V32 are the most abundant, and well characterised y3T cells subset. In CLL
patients, V32 8T cells are numerically preserved but functionally impaired’. V81 y8T
cells are preferentially expanded in Concanavalin A stimulated in vitro cultures and are

172

cytotoxic against CLL cells'’%. While there is evidence that yoT cells recognise CLL cells via
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TCR specific interactions*’> yaT cells also express a number of innate receptors including

natural cytotoxicity receptors (NCR) which mediate y3T cell cytotoxicity. Ex vivo activated
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V31 y8T cells have enhanced antileukemia cytotoxicity due to the upregulation of NCRs’4
and NKG2D'>. Similarly V82 y8T cell cytotoxicity is also enhance by engagement of

innate receptors, including CD16 (FcyRIIl) engagement by rituximab opsonised cells’®.

1.3.2.4 Virtual memory T cells

Virtual memory T cells (Tym) are a relatively newly defined subset of CD8 T cells. First
identified in mice, this population represents peripherally derived, foreign antigen-
inexperienced CD8+ T cells that express memory markers. This population is IL-4
dependent!’” and like innate lymphocytes are IL-12, IL-18 and IL-15 responsive’®172 In
humans this subset can be defined as CD45RA+Eomes+KIR+ NKG2A+ CD8 T/8179 The
role of Tym cells in cancer is not yet well understood but may be a particularly important
immune subset in CLL. Tvm cells are preferentially expanded in lymphodeplete
settings’”180181 and as such may be more abundant in patients who have had prior
chemotherapy treatment. Additionally, Tym cells are more prevalent in older adults, a
relevant demographicin CLL, and have a higher expression of Bcl-2 than naive or memory

CD8 T cells!®?,

1.3.3 EFFECTS OF TARGETED THERAPY ON THE IMMUNE MICROENVIRONMENT

Both BTK and Bcl-2 are expressed in immune cells other than B cells. As such, BTK and
Bcl-2 inhibitors are expected to have some on target effects in these populations.
Furthermore, ibrutinib is known to inhibit multiple other kinases including all members
of the TEC family and therefore also has a number of off target effects on both NKand T

cell populations.

1.3.3.1 BTK inhibition in immune populations by ibrutinib
BTK is not only expressed in B cells but is also expressed in myeloid populations including
monocytes, macrophages, myeloid DCs and MDSCs. Ibrutinib has been shown to impair

macrophage chemokine production®®3

and macrophage phagocytosis of rituximab-
coated leukaemia cells*®¥*18>_|brutinib was also shown to impair macrophage responses
to Mycobacterium tuberculosis®. Furthermore in a mouse model of CLL, ibrutinib was
found to deplete MDSCs in a BTK dependent manner, potentially disrupting the CLL

induced suppression of the immune system*®’. |brutinib altered the cytokine production

17



of DCs, reducing the expression of MHC-II, and ibrutinib treated DCs, when co-cultured
with T cells, increased the proliferation and production of IL-17 by T cells®. These
findings are in line with the phenotype of BTK deficient DCs which are also more mature

and induce greater T cell proliferation 8.

1.3.3.1.1 Off target inhibition of immune populations by ibrutinib
Ibrutinib inhibits all the members of the Tec family at very low concentrations**®!. Three

members of the Tec family are expressed in NK and T cells: ITK, TXK, and Tec. ITK is
involved in signalling downstream of multiple immune receptors including CD2%°,
chemokine receptors (particularly CXCR4)*! and Fc receptors®®?. Crucially, ITK is also
downstream of the T cell receptor (TCR). Upon TCR crosslinking Lck phosphorylates ITK
which leads to ITK autophosphorylation and subsequent activation of PLCy1191%4, T cells

from ITK deficient mice have significant functional defects including defective
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activation®®31%> proliferation'®®, adhesion®®” and migration°*. While TXK deficient mice
have a more mild T cell defect than ITK deficient T cells 18, the simultaneous loss of ITK

and TXK results in a more severe phenotype than loss of either kinase alone!®?.

The most prominent role of Tec kinases, in particular ITK is in helper T cell (Tn)
development. Upon stimulation naive CD4 T cells differentiate into distinct helper
phenotypes including Tul, Tu2, and Ty17 and inducible regulatory T cells (Tregs) ¢Viewedin 199,
ITK deficient mice have diminished Th2 immune responses 2997292 however the exact role
that ITK and TXK play in the regulation of Ty differentiation is complex. Upon
differentiation Tu2 cells upregulate ITK and down regulate TXK??3 while Tyl cells maintain
expression of both ITK and TXK?%4. As such it has been suggested that Tyl skewing occurs
as these cells have the capacity for compensatory signalling in the event of ITK deficiency.
This is supported by experiments in which TXK overexpression rescued the function of
ITK deficient T cells?®>, however while TXK overexpression lead to increased cytokine

production, it had no effect on Ty1/Tu2 balance 2929,

Interestingly, TXK has been shown to traffic to the nucleus where it acts as direct
transcriptional regulator of IFNy 198207208 gyggesting it has a positive role in Tyl

differentiation. However, it has been suggested that ITK is not necessary for Tu2 lineage
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commitment but instead is only required for Tu2 functional responses?®. Another
mechanism for Tyl skewing in ITK deficient settings may be due to the direct interaction
of ITK with T-bet, which is required for Tul development and has been shown to

negatively regulate GATA3 function in Tu2 cells 293219,

ITK deficient mouse CD4 T cells also have diminished IL-17A production, a key cytokine
for Tul7 cells and exhibit increased Foxp3 expression and have a higher propensity to
differentiate into iTregs 211. Similar results were found using RNA knockdown in primary
human CD4 T cells which also had increased FoxP3 expression, increased Treg
differentiation and decreased IL-17A expression?!?. However, while ITK is required for the
production of [L17A, this may be due to a general requirement for strong TCR signalling
rather than a specific role for ITK as these cells have competent Ty17 differentiation and

production of other Ty17 cytokines including IL-17F%%.

In the setting of deficiency of both ITK and TXK Ty2 responses remained intact due to the
simultaneously defective NFATc1 activation and failure to repress GATA3 expression.
However, defective Tyl responses remained?'*. Furthermore, when ITK deficient human
T cells were treated with an inhibitor of both ITK and TXK the propensity for Treg
differentiation was reversed?!?. Tec deficient mice do not have an overt T cell defect?'>,
however Tec plays a role in linking TCR signalling to IL-2 production ?'® and the
upregulation of Tec multiple days after stimulation suggests that Tec may play a larger

role in activated and effector T cell populations ?*’.

Figure 1.3 summarises the polarizing cytokines, master transcription factors, effector
cytokines and effect of ITK deficiency for each subset. The roles that these CD4 T cell

subsets play in CLL specifically is discussed in subsequent sections.
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Figure 1.3 Summary of CD4 T cell subsets

In their seminal paper, Dubovsky et al. suggested that the inhibition of ITK by ibrutinib
resulted in inhibition of pro-tumour Th2 cells while sparing the function of Thl or CD8 T
cells that are more capable of an anti-tumour response 2'8. However, this effect relies on
inhibition of ITK whilst maintaining the competent signalling of TXK, which in kinase

inhibition assays is inhibited at lower concentrations than ITK5%2%°,
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Unlike the observed Tul skewing in mice treated with ibrutinib, in T cell lymphoma
patients treated with ibrutinib no change was observed the percentage of Th1 % of CD4+
220 Conversely, a study which used T-bet expression in CD4 T cells to measure the Tyl
phenotype found that in CLL patients there was an increase in the frequency of Tyl cells
after 1 month of ibrutinib treatment 22, However an analysis of CLL patients treated for

6 months with ibrutinib showed no alterations in the Tyl or Ty2 subsets?22.

Similarly, data from ITK deficient mice show increased Treg and decreased IL17A
production in CD4 T cells. There are conflicting effects of ibrutinib treatment on the
frequency of IL17A producing CD4 T cells in CLL patients which warrants further

investiagation??%223,

In addition to their role in CD4 T cells both ITK and TXK are essential for proper CD8 T cell
function. While ITK deficient mice were able to clear an initial LCMV infection, there was
inferior CD8 T cell proliferation and the resultant memory population had an altered
cytokine profile??*. Furthermore, the diminished cytolytic activity and degranulation of
ITK deficient T cells could be recovered by IL-2 stimulation??®. In a mouse model of listeria
infection, Dubovsky et al. also found that ibrutinib treated mice had preserved anti-viral
CD8 T cell function?!®. However, in this study there was no comparison of the effect of
ibrutinib in the absence of leukaemia. It is therefore possible that the improvement in
CD8 T cell function in ibrutinib treated mice was due to the effects on the leukaemia

rather than a direct improvement in CD8 T cell function.

ITK deficient mice were also found to have a skewing toward a more innate-like T cell
phenotype in both CD4 cells 22° and CD8 T cells??2%, In both ITK deficient and ITK and
TXK deficient mice there was a predominance of a CD44"e" CD122+ NK1.1+ IL15
dependent CD8 T cells?24229, Similarly, ITK deficient mice have increased numbers of ydT
cells with an innate phenotype common to NKT cells (CD4+ NK1.1+, express the
transcription factor PLFZ, and are able to produce both IFNy and Th2 cytokines)?®°.
Interestingly ITK activity is not essential for iINKT maturation, but is required for aGalCer
induced cytokine production?®!. Furthermore ITK may be required for maintenance of

peripheral NKT cells as aging ITK deficient mice have a progressive loss of NKT cells?3?.
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In addition to the potential of ITK inhibition to result in Tyl skewing, multiple studies have
focused on T cell exhaustion in the setting of ibrutinib treatment. lbrutinib treated
patients have reduced checkpoint molecule expression on T cells 222233, T cells from
ibrutinib treated patients had diminished cytokine production, including IL-6, IL-10 and
TNF-a, all of which have been implicated in the propagation of CLL>°. Prior ibrutinib
treatment was also suggested to have improved ex vivo killing by CLL patients T cell, in

contrast to prior chemo-immunotherapy which had no effect on T cell cytotoxicity?34.

Further evidence of the clinical impact due to off target inhibition of kinases was
demonstrated when ibrutinib treated NK cells had diminished activity against rituximab
coated tumour cells in vitro and in vivo 2236, Furthermore, unlike ibrutinib, neither
acalabrutinib or zanubrutinib had an inhibitory effect on the antibody dependent cellular
cytotoxicity (ADCC) of NK cells 237, This may allow the combination of these inhibitors with

antibody therapies such as the anti-CD20 antibodies that partially rely on NK cell ADCC.

Given that ibrutinib can inhibit ITK, it has been studied for broader clinical in several
immune mediated pathogenic settings. It has been suggested that ibrutinib modulation
of CD4 T cell populations after ASCT contributes to the improvement of the graft-vs-
leukaemia effect?®. Ibrutinib has also been suggested to be an effective treatment for
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graft-vs-host disease?3? and autoimmune arthritis*>24°,

1.3.3.2 Effect of venetoclax on immune populations

Within the immune system, differentimmune subsets, and different stages of maturation
have variable expression of Bcl-2. Regulation of Bcl-2 plays a critical role in T cell thymic
selection #4242 gnd maintenance of T cell memory in the periphery 43, Importantly, Bcl-
2 expression is higher in healthy donor naive CD8 T cells compared to memory CD8 T cells
expressing high levels of PD-1 244, Furthermore, expression of Bcl-2 and Bim increase in
effector and memory T cells, the balance of which determines population contraction at

the end of infection?4>:246,

Little is known about the effect of Bcl-2 inhibition on immune populations other than B
cells. In an in vitro cell death assay, the LCso for venetoclax treated CD4 and CD8 T cells

from healthy donors was 2.5+0.6 mM and 1.3+0.7 mM respectively, which was much
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higher than the LCso for B cells (3.0+0.9 nM)%*’. However, venetoclax treated mice
(100mg/kg) were found to have significantly decreased numbers of multiple immune
subsets in the spleen?*®. In particular Bcl-2 has been identified as indispensable for cell
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cycle progression in NK cells?*° and for the survival of plasmacytoid DCs%°.

1.4 IMMUNOTHERAPY IN CLL

Recently a number of different immunotherapies have tested in CLL patients to improve
long-term outcomes. Currently, only allogeneic stem cell transplant (ASCT) has the
potential to cure CLL*Y?>2, However, despite advances in the conditioning regimens, the
age and comorbidities of most CLL patients precludes the use of transplant. The efficacy
of ASCT relates in part to the graft-versus-leukaemia effect and emphasizes the potential
of the immune system to cure CLL. Attempts to capture the benefits of ASCT without the
attendant safety concerns have incorporated CAR-T cells, checkpoint blockade,

monoclonal antibody therapies and immunomodulatory agents.

1.4.1 MONOCLONAL ANTIBODIES

1.4.1.1 Anti-CD20 antibodies

The most commonly used immunotherapy in CLL are CD20 antibodies, of which rituximab
was the first in class and is now a mainstay of CLL treatment. The combination of
rituximab and chemotherapy increases both PFS and OS over chemotherapy alone 7.
Rituximab has been shown to guide NK cell and macrophage antibody dependent cellular
cytotoxicity (ADCC) of CLL cells'*”?>3, However, both direct cytotoxicity and complement
dependent cellular cytotoxicity have also been implicated in the mechanism of
rituximab?>*. Second generation anti-CD20 antibodies such as ofatumumab are fully
humanised, thus reducing the potential for immune reactions. In addition, third
generation anti-CD20 antibodies such as obinutuzumab have an Fc region engineered to

increase interactions with FcyR.

1.4.1.2 Checkpoint inhibitors
Programmed death 1 (PD-1) and its ligands PD-L1 (CD154) and PD-L2 are important

immune checkpoints in the homeostatic regulation of immune responses. However
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aberrantly high expression of PD-1 ligands by many tumours leads to increased T cell
exhaustion and prevents effective anti-tumour immunity. The interaction of PD-1 and
PD-L1 leads to inhibition of T cell proliferation and a reduction in the cytotoxic capacity
of T cells 2>, The success of anti-CTLA4 antibodies in the treatment of solid malignancies
there has been a validated of the concept of reversing the negative regulation of immune
effector functions and checkpoint blockade aimed at both PD-1 and PD-L1 were

subsequently developed.

Anti-PD-L1 blocking antibody treatment was associated with improved in vitro cytokine
production of NTK cells derived from the peripheral blood of non-small cell lung cancer
patients?®®. Likewise anti-PD-L1 antibody therapy was found to contribute to tumour
control in an Eu-TCL1 adoptive transfer mouse model of CLL?*’. Furthermore in this
model checkpoint blockade mitigated some of the immune dysfunction that is
characteristic of this CLL model, including preventing myeloid skewing and T cell

exhaustion??8.

1.4.2 LENALIDOMIDE

Lenalidomide is a member of the immunomodulatory drug (IMiD) family. Like other
thalidomide analogues, lenalidomide has demonstrated clinical efficacy in a variety of
haematological malignancies. While it is most often used in conjunction with
Dexamethasone for the treatment of multiple myeloma, lenalidomide is also effective in
the treatment of other B cell malignancies including CLL. Early trials of Lenalidomide in
R/R CLL (25mg/day) showed promise, with 47% response rate but with few CRs (4
patients, 9%)%>°. Further trials in relapsed CLL raised questions about the risk of tumour
flair syndrome and dose limiting toxicities that were associated with upregulation of
activation markers (CD86 and CD40) on CLL cells?®®. Alternatively, reduced dose
lenalidomide (10mg/day) in a R/R CLL cohort resulted in a similar clinical efficacy with an
overall response rate of 32% but with only 3 patients (7%) achieving a CR?1. However,
this study demonstrated a more acceptable toxicity profile. A combination of
Lenalidomide and the anti-CD20 antibody ofatumumab resulted in 24% complete

response rate and an overall response rate of 47% in patients previously treated with a
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purine analogue?®?. In a retrospective studies lenalidomide consolidation increased the
PFS of patients treated with chemoimmunotherapy, and in patients receiving salvage
therapy after relapse from FCR, lenalidomide resulted in similar survival outcomes to
patients treated with repeat FCR?3. A recent review resolved that a step wise dose
escalation to a maximum tolerated dose of typically 10-15mg per day provided the best
clinical outcomes?®3. However, the low response rates and rare complete remissions

suggest that combination strategies would be required.

Lenalidomide exerts a plethora of effects on both the tumour and the microenvironment.
Lenalidomide has been shown to inhibit the production of CXCL12 by stromal cells in the
microenvironment which may reduce the migration of CLL cells to protective niches?6426°,
Lenalidomide also markedly increases the proliferation of NK and T cells in in vitro
cultures of CLL PBMC?%®. |n vitro lenalidomide treatment also appears to repair the CLL
induced down-regulation of interferon response genes in NK cells from CLL patients?®’. T
cells from CLL patients have impaired immunological synapse formation with CLL cells
and it has been proposed that lenalidomide improves the formation of the synapse and
therefore the effectiveness of T cell mediated killing'#’. Lenalidomide may also repair

chemotherapy induced T cell dysregulation?®®.

Leukaemia cell apoptosis induced by lenalidomide treatment correlated with the
percentage of non-malignant immune cells and with the percentage of NKT-like cells in
in vitro cultures, indicating that the CLL apoptosis is mediated by cytotoxic cells.
Lenalidomide also enhanced the NKT cell activation response to aGalCer presented by
DCs?®9. Lenalidomide was shown to contribute to the immune re-education of CLL
associated macrophages leading to improved proliferation, phagocytic capability and T
cell stimulatory capacity?’?. A phase 2 study involving CLL patients receiving 5mg per day
found that Lenalidomide treatment resulted in reduced peripheral blood counts and

increased T cell cytokine production?’!.

For many years the mechanism by which lenalidomide exerted its effect in CLL was not
well understood. However, recent breakthroughs identified the protein Cereblon, a

subunit of the E3 ubiquitin ligase complex CRLAREN 35 the target of thalidomide binding
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272 Further investigation determined that Lenalidomide binding to CRL4“R®N |eads to the
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degradation of Ikaros and Aiolos*’> which are transcription factors essential for lymphoid

development and differentiation?’4

. While Lenalidomide does not have a direct cytotoxic
effect in CLL cells it does suppresses CLL proliferation by inducing the upregulation of the
cell cycle regulator p21WAFYCPl \which has been shown to be important for the
proliferative consequences of CD40L stimulation of CLL?’>. Lenalidomide treatment
increases the costimulatory molecule expression of CLL cells?®%27® and decreases the
inhibitory molecule expression, in particular the PD-L1, on T cells from CLL patients?>>277.
However, in CLL patients treated with either Lenalidomide alone, or lenalidomide in
combination with a PD-1 antibody there was no effect on the proportion of CD4 or CD8
T cells which expressed PD-1%78. Interestingly the combination of Lenalidomide with

either PD-1 or PD-L1 blocking antibodies had an additive effect on the cytotoxic function

of T cells in in vitro cultures of multiple myeloma patient’s blood?”°.

1.4.3 CARTCELLS

Chimeric antigen receptor (CAR) T cells are genetically modified T cells, usually created
using the patient’s own T cells which are engineered to express a CAR with the internal
signalling domains of a TCR coupled to a tumour specific antibody external recognition
domain. In CLL patients, CD19 targeting CAR T cells have been highly successful,
demonstrating that CAR-T therapy can establish long lived anti-tumour effector

function?8°

and CAR-T cell therapy have proved successful in patients who relapse after
ibrutiib?8* and ASCT?82. However, there remain a number of barriers to successful CAR-T
cell therapy including technical challenges relating to determining the most effective
CAR-T cells, the generation of sufficient time- and cost-effective infusion products and
managing the significant toxicity profile of CAR-T therapy including a substantial risk of
cytokine release syndrome. Despite the very good responses achieved in some patients,
a meta-analysis of 134 CLL patients who received CAR-T cell therapy found the complete
response rate to be only 20-30% of CLL patients and it remains unclear why many CLL
patients fail to respond to CAR-T therapy. The fitness of the patients T cells used to make

CAR-T cells?®28 and the immunosuppressive environment that the CAR-T cells

encounter in the patient have been implicated as potential barriers to CAR-T cell efficacy.
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Interestingly, prior or concurrent ibrutinib treatment has been suggested to ameliorate
both the risk of cytokine release syndrome?®> as well as contributing to improved CAR-T
generation and engraftment?®. These studies suggest that improved understanding of
CLL patient T cell biology, especially after exposure to targeted therapies may help design

future CAR-T manufacturing and potential combination treatment strategies.

1.5 COMBINATION THERAPIES FOR THE TREATMENT OF CLL

Despite demonstrating efficacy as monotherapies none of the targeted therapies in
clinical development have yet demonstrated a cure for CLL. The initial clinical experiences
with these therapies have suggested the need for continuous treatment to sustain
remissions. This leads to increased risk of patients developing resistance, side effects and,
given the high cost of these drugs, may be prohibitively expensive. As such there is
significant interest in combination therapies with the goal of deepening responses and
potentially leading to sustained remission after withdrawal of therapy. This has taken
many avenues including combining different targeted therapies and combining targeted

therapies with immunotherapy.

1.5.1 COMBINING MULTIPLE TARGETED THERAPIES

There is a substantial body of pre-clinical work supporting the combination of a BTK
inhibitor and a Bcl-2 inhibitor®%287-2%0 While BTK inhibition results in CLL cell death due
to inhibition of pro-survival signals from the microenvironment and the liberation of
leukaemia cells from protective microenvironments, BTK inhibitors are not principally
cytotoxic. Furthermore, BTK inhibition has been shown to upregulate pro-apoptotic Bcl-
2 family members, importantly BIM?°°. Conversely, venetoclax is particularly effective at
clearing tumour burden in the peripheral blood, however CLL cells in protective niches
were more resistant to venetoclax®®. Therefore, the combination of ibrutinib with
venetoclax both liberates CLL cells from their protective niches and induces cell death,

potentially to improving clinical responses over either drug as monotherapy.

Clinical evidence supporting the combination of ibrutinib and venetoclax is also emerging.

In another indolent B cell malignancy Mantle cell ymphoma (MCL) a trial of ibrutinib plus
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venetoclax resulted in significant clinical benefit, after only 16 weeks of therapy the ORR
was 75% with 42% achieving a PET confirmed CR?°%. An early trial of ibrutinib, venetoclax
and obinutuzumab in CLL showed 11 of the 12 patients responding after 1 year

combination therapy, including 4 CR and 1 CRi%®%.

1.5.2 COMBINING TARGETED THERAPY AND IMMUNOTHERAPY

Multiple studies have investigated the combination of targeted therapies with anti-CD20
antibodies. However, despite the significant efficacy of both ibrutinib and rituximab as
monotherapies, large phase 3 clinical studies of the combination of ibrutinib and
rituximab have shown no clinical benefit over single agent ibrutinib in either in R/R or
treatment naive CLL?9>2%4, Venetoclax on the other hand has been successfully combined
with rituximab and obinutuzumab, achieving very high ORR?°>2%_ Venetoclax plus
lenalidomide treatment has not yet been reported in CLL, however current clinical trials
include the combination of venetoclax, lenalidomide and rituximab in untreated MCL
patients (NCT03523975) and obinutuzumab, venetoclax, and lenalidomide in treatment

of patients with R/R B-cell Non-Hodgkin Lymphoma (NCT02992522).

The combination of ibrutinib and lenalidomide plus or minus rituximab is also being
investigated in early phase clinical trials. A study of 11 CLL patients who received ibrutinib
and lenalidomide suggested that the combination was tolerable, however 1 in 3 patients
required lenalidomide dose reductions?®’. Early results from a phase 1 dose escalation
trial of 12 CLL patients treated with ibrutinib, rituximab and lenalidomide had an ORR of
67%, and adverse effects were common, frequently leading to dose reduction or study
withdrawal®®®. Notably, a trial of 48 follicular lymphoma patients treated with ibrutinib,
lenalidomide and rituximab had an ORR of 97%, however 15% or patients had adverse

events leading to drug withdrawal®®°.

In BTK independent mouse models of cancer the therapeutic antitumor immunity
induced by checkpoint blockade was enhanced by ibrutinib, presumably due to its effect

on myeloid populations3®.

Multiple early phase clinical trials using ibrutinib in
conjunction with PD-1 blockade have proven unsuccessful in CLL*°! but the combination

remains promising as a treatment for Richter’s transformation 3927304,
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Finally, after promising results in mouse models3% the combination of ibrutinib and CAR-
T cells was found to increase response rates and decrease cytokine release syndrome?®,
Furthermore, in patients not achieving a response to ibrutinib at 6 months, the addition

of CAR-T cells resulted in MRD negative CR in 8 of 9 patients3°®.
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1.6 AIMS

The importance and possible utility of the immune system to cancer treatment has
become increasingly appreciated over the last decade. While the success of allogeneic
haematopoietic stem cell transplants as a cure for CLL has long demonstrated the
effectiveness of immune mediated control in CLL, the more recent success of adding
immunotherapy to established chemotherapy regiments in the form of anti-CD20
antibodies has cemented immunotherapy as a viable treatment modality in CLL3%7.
However, the use of immunotherapy for the treatment of CLL has been far from
straightforward. The profound immune dysregulation that is caused by CLL, as well as the
impact of established CLL treatments, limit the efficacy of immunotherapies that aim to

reinvigorate existent immune cells.

The introduction of small molecule inhibitors into the treatment landscape of CLL has
opened new avenues for the combination of immunotherapy. However, the rational
combination of immunotherapies with targeted therapies requires understanding the
immunological effects of the drugs with which immunotherapies are preceded by and

combined with. To this end, this dissertation aims to answer the following questions.

1. Can gene expression analysis be used to understand the immune profile in CLL?
(Chapter 3)

2. How does long-term continuous treatment with novel targeted therapies impact
the immune profile of patients? (Chapter 4)

3. How do emerging targeted therapies for CLL impact the function of cytotoxic
immune populations? (Chapter 5)

4. How does combination with targeted therapy augment the in vitro effects of

immunotherapy? (Chapter 6)
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2 MATERIALS AND METHODS

2.1 HUMAN SAMPLES

Peripheral blood and bone marrow aspirate samples were collected with informed
consent from CLL patients at the Peter MacCallum Cancer Centre and Royal Melbourne
Hospital under ethics approval of the respective institutions human research ethics
committee and in accordance with the Declaration of Helsinki. Peripheral Blood
Mononuclear Cells (PBMC) were isolated using Ficoll-Paque plus (GE Healthcare, Little
Chalfont, UK) density gradient separation and cryopreserved in freeze mix containing
90% heat inactivated foetal calf serum (FCS) (Thermo Fisher Scientific, Massachusetts,
USA), and 10% Dimethyl sulfoxide (DMSO) (Sigma Aldrich, Missouri, USA) and stored in
liquid nitrogen. Peripheral blood samples from age matched healthy donors were
obtained from the Australian Red Cross Blood Service with ethics approval from the

Melbourne Health Human Research Ethics Committee.

2.2  CELL THAWING

Cryopreserved samples were incubated in a 37 °C water bath, until nearly thawed then
added dropwise to 10 mL per 1 mL cells in pre-warmed T cell culture medium (TCM)
consisting of Gibco RPMI media 1640 (Thermo Fisher Scientific), 10% v/v heat inactivated
foetal calf serum (FCS) (Thermo Fisher Scientific), 1% v/v 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (Thermo Fisher Scientific)) 50 mM 2-
Mercaptoethanol (2ME) (Sigma Aldrich, Missouri, USA), 1X Gibco GlutaMAX (Thermo
Fisher Scientific), 1X Gibco MEM non-essential amino acids (Thermo Fisher Scientific), 1
mM Gibco sodium pyruvate (Thermo Fisher Scientific), 200 U/mL Penicillin/Streptomycin
(Thermo Fisher Scientific). The cells were then washed twice by pelleting at 300 xg for 10
minutes, the aspirate discarded, and the cells resuspended in fresh warm TCM. Viable

cell counts were obtained using a Countess Il FL Automated Cell Counter (Thermo Fisher).
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2.3  CELL CULTURE

Unless otherwise stated, cell cultures were performed in a humidified incubator at 37 °C

with 5% CO; using TCM culture media

2.4 FLow CYTOMETRY

Staining procedures were performed in round bottom 96 well plates or 5 mL FACS tubes,
washing steps were performed by centrifugation of plates and tubes at 450 and 300 xg
respectively and the supernatant vacuum aspirated and discarded. All incubation steps
were performed in the dark at 4 °C. Prior to acquisition cells were filtered through a 70-
micron cell strainer. Unless otherwise indicated flow cytometry was performed at the
Flow Cytometry Facility (Doherty Institute, University of Melbourne) using a BD

LSRFortessa and FACSDiva software.

Table 2.1 Reagents and buffers used in flow cytometry experiments

Reagents and buffers Source or ingredients

Phosphate buffered saline (PBS) Sigma Aldrich

FACS buffer PBS containing 2% v/v FCS

Live/Dead™ aqua Thermo Fisher Scientific

Fixable Viability Stain 700 (FVS700) BD Biosciences

Human BD Fc Block™ BD Biosciences

FACS fix buffer PBS containing 2% paraformaldehyde
(Electron Microscopy Sciences)

Transcription Factor Buffer Set BD Biosciences

Cytofix/Cytoperm™ kit BD Biosciences

2.4.1 SURFACE MARKER STAINING PROTOCOL

Prior to staining with specific antibodies, cell preparations were stained with a fixable
viability dye to facilitate dead cell exclusion in the analysis. Cells were washed in room
temperature (RT) PBS, then stained with either 1/200 Live/Dead aqua or 1/1000 FVS700
depending on the flow panel used, concurrently treated with 1/100 Fc Block and were
incubated for 20 minutes. Samples and appropriate single colour and fluorescent-minus-
one (FMO) controls were washed once in ice-cold FACS buffer and resuspended in master

mix containing the surface staining antibodies at pre-determined optimal dilutions and
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incubated for 30 minutes. Stained cells were washed twice in FACS buffer before

resuspension in FACS fix buffer.

2.4.2 INTRACELLULAR CYTOKINE STAINING

Intracellular cytokine staining was performed using the Cytofix/Cytoperm kit according
to manufacturer’s instructions. Briefly, after staining for surface markers the cells were
resuspended in 100 uL 1X Fix/Perm reagent and incubated for 20 minutes. Permeabilised
cells were washed twice in 1X permwash buffer and stained with intracellular antibodies
for 30 minutes, washed twice in 1X permwash buffer and resuspended in FACS buffer and

immediately acquired.

2.4.3 INTRANUCLEAR STAINING

Intranuclear staining was performed using the Transcription Factor Buffer Set according
to manufacturer’s instructions. Briefly, after surface marker staining, the cells were fixed
and permeabilised by incubation in 1X Transcription Factor Fix/Perm Buffer for 45
minutes. Permeabilised cells were then washed twice in 1X Transcription Factor
Perm/Wash Buffer and stained with master mix containing the appropriate intracellular
antibodies for 30 minutes. The cells were washed twice and resuspended in FACS buffer

and immediately acquired.

2.5 MAGNETIC-ACTIVATED CELL SORTING

2.5.1 NK CELL ISOLATION

NK cells were isolated from healthy donor PBMC using a negative selection magnetic-
activated cell sorting (MACS) NK cell isolation kit (Miltenyi Biotec). Working on ice, PBMCs
were washed once in cold MACS buffer (PBS, 0.5% FCS, 2 mM EDTA), resuspended in 40
uL of MACS buffer and 10 pL NK Cell Biotin-Antibody Cocktail per 1.0 x107 cells, mixed
well and incubated at 4 °C for 5 minutes. 30 uL MACS buffer and 20 uL of NK Cell
microbead cocktail per 1.0 x10” was added and incubated for 10 minutes at 4 °C. LS MACS
columns were placed in the appropriate magnet and washed once with 3 mL MACS buffer

prior to the application of cells. Cells were applied to the column through a 30 um pre-
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separation filter, the columns washed once with an additional 3 mL MACS buffer and flow

through containing purified NK cells was collected.

2.5.2 CD19 DEPLETION

CLL cells were removed from CLL donor PBMC by positive selection using human CD19
microbeads (Miltenyi Biotec). Working on ice, the PBMCs were washed in cold MACS
buffer then resuspended in 80 uL MACS buffer and 20 puL CD19 microbeads per 1.0 x10’
cells and incubated at 4 °C for 15 minutes. LS MACS columns were placed in the
appropriate magnet and washed once with 3 mL MACS buffer prior to the application of
cells. Cells were washed in 1 mL MACS buffer per 1.0 x 107 cells and applied to LS column
though a 30 um pre-separation filter. The column was washed once with an additional 3

mL MACS buffer and the flow through containing depleted PBMC was collected.

2.6 INVITRO FUNCTIONAL ASSAYS

Table 2.2 Targeted therapies used in in vitro experiments

Name Target Concentration Vehicle Source
lbrutinib BTK 1M DMSO Selleckchem
Acalabrutinib | BTK 1M DMSO Selleckchem
Zanubrutinib | BTK 1M DMSO BeiGene
Venetoclax Bcl-2 1nM DMSO Selleckchem

Table 2.3 Immunotherapies used in in vitro experiments

Name Target Concentration Vehicle Source
Lenalidomide | Cereblon 10 yM DMSO Cayman Chemical
BGB-A317 PD-1 10 pg/mL PBS BeiGene

Table 2.4 Reagents used in functional assays

Reagent Role Source

Human T Cell Activation/Expansion kit | CD2/CD3/CD28 T cell Miltenyi Biotec
stimulation beads
Human NK Activation/Expansion kit CD2/NKp46 NK stimulation | Miltenyi Biotec

beads
Golgistop™ Protein transport inhibitor | BD Biosciences
Golgiplug™ Protein transport inhibitor | BD Biosciences
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2.6.1 DEGRANULATION ASSAYS USING BEAD STIMULATION

Cryopreserved samples from healthy donors or from CLL patients were thawed and
plated at 1.0 x10° cells per mL in a 24 well plate either as whole PBMC for T cell
degranulation assays or MACS purified NK cells for NK degranulation assays. Cultures
were treated with the targeted therapies outlined in Table 2.2 or equivalent volume
DMSO and were incubated for twelve hours prior to stimulation for four hours with
CD2/CD3/CD28 T cell stimulation beads or CD2/NKp46 NK cell stimulation beads in the
presence of a 1/1000 dilution protein transport inhibitors and a 1/20 dilution anti-human
CD107a APC conjugated antibody (clone H4A3, BD). The cells were then stained
according to the standard ICS protocol (section 2.4.2) using the antibodies detailed in

Table 2.5 and analysed according to gating strategy in Figure 2.1.

Table 2.5 Antibodies used in degranulation assay

Specificity Clone Fluorochrome Dilution Source
CD8a RPA-T8 Brilliant  violet™ | 1/400 BioLegend
650
L-4 MP4-25D2 | Brilliant  violet™ | 1/20 BD Biosciences
711
CD3 OKT3 Brilliant  violet™ | 1/200 BioLegend
785
CD107a H4A3 APC 1/20 BD Biosciences
CD4 RPA-T4 APC Cy7 1/200 BD Biosciences
Granzyme B GB11 FITC 1/20 BD Biosciences
CD56 B159 BB700 1/25 BD Biosciences
IFNy B27 PE 1/20 BD Biosciences
CD19 SJ25-C1 PE Cy7 1/200 BD Biosciences
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Figure 2.1 Gating strategy used in analysis of T cell degranulation and cytokine
production

Lymphocytes were initially gated based on forward scatter (FSC) and side scatter (SSC),
followed by sequential singlet gating. Dead cells were excluded by positive staining with
the fixable viability dye LiveDead aqua. CD8 T cells were defined as CD3+CD19-CD4-CD8+
(orange), of this population the percent positive for IFNy (green) and CD107a (blue) were
gated. CD4 T cells were defined as CD3+CD19-CD8-CD4+ (yellow) and the percent
positive for IFNy (blue) and IL-4 gated (green).
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2.6.2 NKT DEGRANULATION ASSAY USING CLL AS ANTIGEN PRESENTING CELLS

Cryopreserved healthy donor derived ex vivo expanded purified NKT cells and alpha-
galactosylceramide (aGalCer) (KRN7000 in tween/sucrose buffer) were kindly provided
by the Godfrey laboratory (Doherty Institute, University of Melbourne). CLL cells from a
single donor with a CD19+CD5+ cell purity of >95% were thawed and co-cultured with
irradiated (30 gray) adherent HS-5 bone marrow stromal cells (provided by Giles Best,
University of Sydney). Co-cultures were either treated with aGalCer or left untreated and
incubated for 18 hours. At the same time, NKT cells were thawed and aliquoted at 1.0
x10° cells per well in 100 puL TCM and treated with targeted therapies (Table 2.2) or
equivalent volume DMSO and incubated for 18 hours with 100 IU/mL recombinant
human IL-2 (rhIL-2) (Teceleukin) supplemented TCM. Experimental procedure is outlined

in Figure 2.2.

CLL cells were removed from co-culture and resuspended in fresh TCM. NKT cells were
washed in TCM to remove free drug and treated with protein transport inhibitors and
1/20 dilution anti-CD107a antibody immediately prior to stimulation with CD2/CD3/CD28
T cell stimulation beads or co-culture with activated CLL target cells at a 1:3 effector to
target ratio and cultured for 4 hours. The cells were then stained using standard staining
procedures and panel detailed in Table 2.6 and analysed by flow cytometry (gating

strategy outlined in Figure 2.3.

analyse by flow

Anti-CD107a cytometry
CLL cells + HS-5
+/- GalCer
Overnight 0 1 2 3 4 Shrs

Figure 2.2 Diagram of degranulation assay using CLL as APC
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Table 2.6 Antibodies used in the NKT degranulation assay

Specificity Clone Fluorochrome Dilution | Source
NKT tetramer | hCD1d-PBS44 | Brilliant violet™ 421 1/1000 Godfrey
CD8 RPA-T8 BD Horizon Brilliant™ | 1/200 BD Biosciences
Ultraviolet (BUV) 395

CD3 OKT3 BUV805 1/100 BD Biosciences
CD107a H4A3 APC 1/20 BD Biosciences
CD4 RPA-T4 APC Cy7 1/200 BD Biosciences
GrB GB11 FITC 1/20 BD Biosciences
IFNy B27 PE 1/20 BD Biosciences
CD19 SJ25-C1 PE Cy7 1/200 BD Biosciences

:MK-Lymphocytes’ (i e Single Cells e Live cells
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Figure 2.3 Gating strategy for the identification of NKT cell degranulation
Single cell lymphocytes were initially gated based on FSC and SSC. Dead cells were
excluded by staining using the fixable viability dye LiveDead aqua. NKT cells were
defined as CD3+Tetramer+ cells and the percent positive for IFNy and CD107a

gated.
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2.6.3 NKT CELL KILLING ASSAY

As in the NKT cell degranulation assay, NKT cells from 5 donors were thawed, treated

with targeted therapies outlined in Table 2.2 and cultured overnight in 100 IU/mL

recombinant human IL-2 supplemented TCM. PBMC from a single donor CLL donor were

co-cultured over night with irradiated HS-5 cells and 100 ng/mL aGalCer. NKT cells were

washed in fresh media to remove free drug. CLL cells were removed from co-culture,

stained with carboxyfluorescein succinimidyl ester (CFSE) (BD Biosciences) prior to co-

culture at an effector target ratio of 1:3 for 6 hours with NKT cells. Cells were collected,

stained with surface markers according to standard protocol using antibodies in Table 2.7

and then resuspended in annexin binding buffer and incubated at RT for 15 minutes with

1/20 7-aminoactinomucin D (7AAD) and 1/20 annexin V APC (BioLegend) before the

addition of 400 pL annexin binding buffer and acquisition.

Drug wash out
NKT cells
+/-Drug
NKT cells )
+ . Stained and
CLL cells analysed by flow cytometry
CLL cells + HS-5
+/- aGalCer
CLL cells stained with CTV
Figure 2.4 Diagram of NKT cell killing assay
Table 2.7 antibodies used in NKT cell killing assay
Specificity Clone Fluorochrome Dilution | Source
NKT tetramer hCD1d-PBS44 | Brilliant violet™ 421 1/1000 Godfrey
CD8al RPA-T8 Brilliant violet™ 650 1/400 BiolLegend
CD3 OKT3 Brilliant Violet™ 785 | 1/200 BD Biosciences
CD4 RPA-T4 APC Cy7 1/200 BD Biosciences
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2.6.4 PROLIFERATION CULTURES

Whole PBMC from healthy donors or CLL patients, CD19 depleted CLL patient PBMC and
MACS isolated NK cells were stained with 5 uM CellTrace violet (CTV) (Thermo Fisher
Scientific) according to manufacturer’s instructions and plated at 1.0 x 10° /mL TCM in a
24 well plate with 5 uL/mL T cell or CD2/NKp46 NK cell stimulation beads. Cultures were
treated with the targeted therapies in Table 2.2 alone or in combination with
immunotherapies listed in Table 2.3 or equivalent volume DMSO as a vehicle control.
Cultures were maintained for seven days. For T cell proliferation experiments half the
cells were removed from culture for analysis, the media refreshed and 20 IU/mL rhlL-2
was added on days 3, 5 and 7. For NK proliferation experiments 500 IU/mL rhlL-2 was
included from day 0 and the media refreshed on days 3, 5 and 7. Drug concentrations
were maintained throughout the expansion. The cells were stained according to the

standard surface staining protocol using the antibodies outlined in Table 2.8 or Table 2.9.

CTV stained PBMC Fresh media, Fresh media,

Tcell stimulation beads drug and IL-2 drug and IL-2
+/- Drug \

Day 0 Day 3 Day 5 Day 7
Flow analysis Flow analysis Flow analysis

Figure 2.5 Diagram of T cell proliferation assay experimental procedure
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Table 2.8 Antibodies used in T cell proliferation assays

Specificity | Clone Fluorochrome Dilution | Supplier

LAG-3 T47-530 APC 1/100 BD Biosciences
HLA DR G46-6 APC-H7 1/200 BD Biosciences
CD27 0323 Brilliant Violet™ 711 | 1/100 BioLegend
PD-1 EH12.1 Brilliant Violet™ 786 | 1/50 BD Biosciences
TIM-3 7D3 PE 1/50 BD Biosciences
CD19 SJ25-C1 PE-Cy7 1/200 BD Biosciences
y6 TCR TCRy/6-1 | FITC 1/50 BD Biosciences
CD45RA HI100 PerCP-Cy5.5 1/100 Thermo Fisher Scientific
CD4 SK3 BUV395 1/200 BD Biosciences
CD3 UCHT1 BUV496 1/100 BD Biosciences
CD8 SK1 BUV805 1/100 BD Biosciences

41




o 4 ?;:‘aiz.};ﬁ;-i:e:ﬁm&b;,;;ﬁi 2 ™ IFSC-A, SSC-A subset | I single Cells
e ———— 924
Jas e el IS e 200
g 7 “FVS700, Time subset;:
~ 4 70.2 % 3 120% = g 150% =
g ; - . N5 @ (72}
o’ - g @ 100% ¢ uw 100w =
§ = e
, —— N
EIE ox = i
¢
IO’ s
A \J T T T T o ¢ T T T T T
" 80 " 1. L 0 e % 1%0x 2000 0w L oK 100K 1o 200K 20K
Time FSC-A FSC-A
Flowlo
. proliferation
& 3 .
2 8 . modeling
=
N baad v Al v
ID’ ° |D, w lDa
cpb3
s | Certral memory Nave
" 203 259
~ ~
o~ o~
o o
(5] o
w e s w' v‘-o’ w o o’ 10t ‘m’
CD45RA CD45RA

Figure 2.6 Gating strategy for the analysis of T cell proliferation

Dead cells were excluded by staining for the fixable viability dye FVS700. Single
cells were gated based on FSC and SSC. CD8 T cells were defined as CD3+CD19-CD4-
CD8+ (orange) and CD4 T cells were defined as CD3+CD19-CD8-CD4+ (green). Of the CD4
and CD8 populations Naive (CD45RA+CD27+), central memory (CD45RA-CD27+), effector
memory (CD45RA-CD27-) and Temra (CD4A5RA+CD27-) were gated.
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Table 2.9 Antibodies used in NK cell proliferation assays

Specificity | Clone Fluorochrome Dilution | Supplier
NKG2A REA110 | APC 1/100 Miltenyi Biotec
HLA-DR G46-6 APC-H7 1/200 BD Biosciences
CD16 3G8 Brilliant Violet™ 650 | 1/100 BioLegend
CD11b M1/70 Brilliant Violet™ 711 | 1/400 BioLegend
CD27 CD27 Brilliant Violet™ 786 | 1/25 BD Biosciences
KIR2D NKVFS1 | PE 1/400 Miltenyi Biotec
KIR3DL1 DX9 PE 1/100 Miltenyi Biotec
NKG2D 1D11 PE-CF594 1/50 BD Biosciences
CD19 SJ25-C1 | PE-Cy7 1/200 BD Biosciences
CD57 HCD57 FITC 1/50 BioLegend
CD56 B159 Brilliant™ Blue 700 1/25 BD Biosciences
CD14 MdP9 BUV395 1/100 BD Biosciences
CD3 UCHT1 BUV496 1/25 BD Biosciences
CD8 SK1 BUV805 1/100 BD Biosciences
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Figure 2.7 Gating strategy used in the analysis of NK cell proliferation

Single lymphocytes were initially gated based on FSC and SSC. Dead cells were
excluded by staining using the fixable viability dye LiveDead aqua. NK cells were
defined as CD3-CD19-CD56+ cells. Proliferation modelling was performed based
in CTV dilution.
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2.6.5 CYTOMETRIC BEAD ARRAY

Whole PBMC was cultured in TCM at 1.0 x10° /mL in a flat bottom 24 well plate. 5 pL
CD2/CD3/CD28 T cell stimulation beads were added per 1.0x10° PBMC for 24 hours. Cell
culture plates were centrifuged at 450g for 5 minutes and 100 ulL of the supernatant
collected and stored at -20 °C prior to analysis. The Human Th1/Th2/Th17 cytokine
cytometric bead array kit (BD Biosciences) was used to quantify the concentration of IL-
2, IL-4, 1L-6, IL-10, IL17A, IFNy and TNFa. Experiments were performed according to the
manufacturer’s instructions. 10 uL of each thawed supernatant or standard in triplicate,
10 uL of the bead master mix and 10 pL PE detection reagent was added to a 96 well
plate and incubated for 3 hours at room temperature. The beads were washed in 200 uL
wash buffer, centrifuged at 200 g for 5 minutes and the supernatant discarded. The beads
were resuspended in 300 pL wash buffer before acquisition on a BD FACSCanto using the
appropriate FACS Diva template. Analysis was performed using the FCAP Array program
(BD).
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2.7 IMMUNE PROFILING

2.7.1 FLOW CYTOMETRY
Cryopreserved PBMC samples acquired from CLL patients treated with either ibrutinib,
zanubrutinib or venetoclax were thawed and stained according to the standard protocols

detailed in Section 2.2 and Section 2.4.1 using the flow panels indicated below.

Table 2.10 Antibodies used in innate cell immune profiling

Specificity Clone Fluorochrome Dilution Supplier
CD123 9F5 Brilliant Violet™ 421 | 1/100 BD Biosciences
CD5 UCHT2 Brilliant Violet™ 605 | 1/200 BD Biosciences
CD163 GHI/61 Brilliant Violet™ 711 | 1/25 BD Biosciences
CD3 OKT3 Brilliant Violet™ 786 | 1/200 BioLegend
CD56 B159 APC 1/50 BD Biosciences
PD-L1 130021 Alexa Fluor®700 1/50 R&D systems
HLA-DR G46-6 APC-H7 1/200 BD Biosciences
CD11b M1/70 FITC 1/200 BioLegend
CD16 3G8 PerCP Cy5.5 1/100 BioLegend
CD19 SJ25-C1 PE 1/50 BD Biosciences
CD14 MdP9 PE-CF594 1/400 BD Biosciences
CD11c B-ly6 PE-Cy5 1/200 BD Biosciences
CD33 P67.6 PE-Cy7 1/200 BD Biosciences
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Figure 2.8 Gating strategy used in the analysis of innate immune cells

Single cell lymphocytes were initially gated based on FSC and SSC. Dead cells were
excluded by staining using the fixable viability dye LiveDead aqua. T cells were
gated as CD19-CD3+. pDCs were gated as CD19-CD3-CD123+HLADR+. mDC
(yellow) were gated as CD19-CD3-CD33+CD11c+HLADR+. Monocytes (orange)
were gated as CD19-CD3-CD11b+CD33+HLADR+, and further classified into
classical (CD14++CD16-), intermediate (CD14+CD16+), and classical (CD14low
CD16+) subsets. MDSC (green) were gated as CD19-CD3-CD11b+CD33+HLADR'"¥
and further subsetted based on CD14 and CD123 staining. NK cells (red) were
gated as CD19-CD3-CD33-CD56+ cells and further subsetted by CD16 expression.
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Table 2.11 Antibodies used in T cell immune profiling

Specificity Clone Fluorochrome | Dilution | Supplier
NKT tetramer | hCD1d-PBS44 | Brilliant 1/1000 | Godfrey Lab
Violet™ 421
CD5 UCHT2 Brilliant 1/200 BD Biosciences
Violet™ 605
CD8a RPA-T8 Brilliant 1/400 BioLegend
Violet™ 650
CD27 0323 Brilliant 1/200 BioLegend
Violet™ 711
CD3 OKT3 Brilliant 1/200 BioLegend
Violet™ 786
CD19 SJ25-C1 APC 1/100 BD Biosciences
CD45R0O UchlL1 Alexa 1/200 BioLegend
Fluor®700
CD4 RPA-T4 ACP-Cy7 1/200 BD Biosciences
y6 TCR TCRy/6-1 FITC 1/50 BD Biosciences
CD45RA PerCP Cy5.5 PerCP-Cy5.5 1/100 Thermo Fisher Scientific
CDh1d CD1d42 PE 1/20 BD Biosciences
CD62L DREG-56 PE-CF594 1/400 BD Biosciences
CCR7 3D12 PE-Cy7 1/100 Thermo Fisher Scientific
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Figure 2.9 Gating strategy for the identification of T cell populations

Single lymphocytes were initially gated based on FSC and SSC. Dead cells were
excluded by staining using the fixable viability dye LiveDead aqua. yoT cells were
gated as CD3+ydTCR+. NKT cells were CD3+Tetramer+. CD4 cells (green) were
CD3+ydTCR-Tetramer-CD8-CD4+ and CD8 T cells (orange) were gated as
CD3+ydTCR-Tetramer-CD8+CD4-. The CD4 and CD8 populations were
distinguished as naive (CD45RA+CD27+), central memory (CD45RA-CD27+), effector
memory (CD45RA-CD27-) and Temra (CDA5RA+CD27-).
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Table 2.12 Antibodies used in CD4 T cell subpopulation analysis

Target Clone Fluorochromes | Dilution Supplier
CD127 HIL-7R-M21 | Alexa Fluor®647 | 1/25 BD Biosciences
HLA-DR G46-6 APC-H7 1/50 BD Biosciences
CCR7(CD197) 150503 Brilliant Violet™ | 1/50 BD Biosciences
421
CD38 HB7 Brilliant Violet™ | 1/200 BD Biosciences
605
CD27 CD27 Brilliant Violet™ | 1/25 BD Biosciences
786
CCR6(CD196) 11A9 PE 1/50 BD Biosciences
FOXP3 259D/C7 PE-CF594 1/20 BD Biosciences
CD45R0O UCHL1 PE-Cy7 1/100 BD Biosciences
CD25 M-A251 BB515 1/25 BD Biosciences
CXCR3(CD182) 1C6/CXCR3 BB700 1/50 BD Biosciences
CD4 SK3 BUV395 1/200 BD Biosciences
CD3 UCHT1 BUV496 1/200 BD Biosciences
CD8 SK1 BUV805 1/100 BD Biosciences
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Figure 2.10 Gating strategy for the identification of CD4 T cell populations
Single lymphocytes were initially gated based on FSC and SSC. Dead cells were
excluded by staining using the fixable viability dye FVS700. CD8 T cells were gated
as CD3+CD8&+ and further subsetted into memory phenotype by CD45R0O and
CD27 expression. Activated CD8 T cells were defined as CD3+CD8+CD38+HLADR+.
CD4 T cells were gated as CD3+CD4+ and further subsetted into
CD3+CD4+CD25+CD127-FoxP3+ Tregs (red). The CD127+CD25- CD4 T cells were
further subsetted into memory phenotype by CD45RO and CD27 expression.
Activated CD8 T cells were defined as CD3+CD4+CD38+HLADR+. Tul cells were
gated as CD3+CD4+CXCR3+CCR6-, Tu2 cells were gated as CD3+CD4+CXCR3-
CCR6- and Ty17 cells were gated as CD3+CD4+CXCR3-CCR6+.
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Table 2.13 Antibodies used in

unconventional T cell analysis

Target Clone Fluorochrome Dilution  [Supplier

NKG2A REA110 APC 1/100 Miltenyi Biotec

CD45RA HI100 APC-H7 1/25 BD Biosciences
Brilliant  Violet™

NKT Tetramer |hCD1d-PBS44  |421 1/1000  |Godfrey
Brilliant  Violet™

CD27 L128 480 1/100 BD Biosciences
Brilliant  Violet™

CD56 B159 650 1/100 BD Biosciences
Brilliant  Violet™

V62 B6 711 1/50 BioLegend

KIR2D NKVFS1 PE 1/400 Miltenyi Biotec

KIR3DL1 DX9 PE 1/100 Miltenyi Biotec

NKG2D 1D11 PE-CF594 1/50 BD Biosciences

y6 TCR 11F2 PE-Cy7 1/50 BD Biosciences

Vol TS8.2 FITC 1/50 Thermo Fisher Scientific

CD8 RPA-T8 BUV395 1/25 BD Biosciences

CD3 UCHT1 BUV496 1/25 BD Biosciences

CD4 SK3 BUV805 1/100 BD Biosciences
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Figure 2.11 Gating strategy for the identification of unconventional T cell subsets
Single lymphocytes were initially gated based on FSC and SSC. Dead cells were
excluded by staining using the fixable viability dye FVS700. NKT cells were
defined as CD3+Tetramer+. y3T cells were defined as CD3+ydTCR+ and further
stratified into V&1 and V32 subsets. CD4 T cells were defined as CD3+y3TCR-CD8-
CD4+. CD8 T cells were defined as CD3+y3TCR-CD8+CD4-. Tym cells were defined
as CD3+y8TCR-CD8+CD45RA+NKG2A+/panKIR+
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2.7.2 GENE EXPRESSION ANALYSIS
Gene expression analysis was performed using the NanoString planform and the

nCounter PanCancer immune profiling panel. Comprehensive methods are detailed in

Chapter 3.

2.8 DATA VISUALISATION AND STATISTICAL ANALYSIS

Analysis of flow data analysis was performed using FlowJo Version 10 (FlowJo LLC,
Oregon, USA). CBA data was analysed using FCAP array software (BD Biosciences). All
statistical analysis and graphical representations in Chapters 3-6 was performed using
GraphPad Prism V8 (GraphPad software, California, USA) except Figure 4.2 which was
generated in Microsoft PowerPoint (Microsoft, Washington, USA) each circle represents
an immune population with the diameter denoting to the average proportion of live cells
as determined by flow cytometry analysis. NanoString gene expression data analysis is

detailed in Chapter 3.
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3 COMPARISON OF GENE EXPRESSION AND FLOW CYTOMETRY FOR

IMMUNE PROFILING IN CHRONIC LYMPHOCYTIC LEUKAEMIA

3.1 SUMMARY

A particular focus of this study was on the long-term changes to the immune system that
occur while patients are treated with targeted therapies. While flow cytometry is a
powerful tool to understand the immune system, longitudinal analysis requires
investigator forethought and expensive processing and storage of viably cryopreserved
samples. Most commonly only molecular samples are stored and therefore the ability to
use gene expression to understand the immune profile would expand the possibilities for
analysis of retrospective cohorts. Using the NanoString PanCancer immune profiling
panel, this analysis examined PBMC samples from CLL patients treated with either
targeted therapy for 12 months. This data demonstrates that gene expression provides
an immune abundance score that was highly correlated to the quantification of the same

subsets by flow cytometry.
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ABSTRACT

Understanding how cancer and cancer therapies affect the immune system is integral to the rational application of immunotherapies. Flow cytometry is the gold
standard method of peripheral blood immune cell profiling. However, the requirement for viable cells can limit its applicability, especially in studies of retrospective
clinical cohorts. We aimed to determine if gene expression, analysed using the NanoString platform, could be used to quantify the immune populations present in
cryopreserved peripheral blood mononuclear cell (PBMC) samples from patients with chronic lymphocytic leukaemia. Cell abundance scores derived from gene
expression analysis were significantly correlated with the population frequency quantified by flow cytometry for all subsets analysed, including T cells, NK cells and
Monocytes. This study demonstrates that gene expression analysis can be applied to cryopreserved PBMC and provides a concordant and complementary under-

standing of the immune profile to flow cytometry.

1. Introduction

Chronic lymphocytic leukaemia (CLL) is characterised by the ac-
cumulation of clonally derived malignant B cells in the peripheral
blood, bone marrow and lymphoid organs. Understanding the immune
microenvironment has become essential to understanding the patho-
genesis, treatment and prognosis of CLL. CLL is associated with sig-
nificant immune dysfunction, which prevents proper anti-tumour im-
munity and leaves patients susceptible to recurrent infections (Forconi
& Moss, 2015; Christopoulos et al., 2011). Immune dysfunction is fur-
ther exacerbated by the therapies used to treat CLL, which traditionally
utilise chemotherapies but increasingly includes novel small molecule
inhibitors such as BTK inhibitors and BH3 mimetics (Gordon et al.,
2016; Lazzarino et al., 1999; Bergmann et al., 1993). Despite these
recent advances, CLL remains incurable and combining new therapies
with immunotherapy provides a promising avenue of research (Riches
& Gribben, 2014). However, rational application of immunotherapies
requires understanding the specific immunological impacts of the
therapies with which they will be combined.

While the dysfunction of specific immune populations is best illu-
minated using functional assays, immune profiling provides informa-
tion about the frequency, activation and distribution of immune

populations. Furthermore, immune profiling of longitudinal samples
allows analysis of the in vivo changes to immune populations over time.
The objective of this analysis was to evaluate two methods of quanti-
fying peripheral blood immune populations, flow cytometry and gene
expression analysis, in the context of CLL.

Flow cytometry is the gold standard method of immune profiling,
particularly as it applies to peripheral blood immune populations
(Maecker et al., 2012). The increasing number of parameters that can
be simultaneously measured, either on flow cytometry or mass cyto-
metry (CyTOF) platforms, allows for the parallel quantification of a
number of immune populations, as well as subset specific expression of
markers that illuminate immune cell functional states. Unfortunately,
there are a number of feasibility considerations for robust cytometry
analysis. Cytometry requires viable cells, and thus more costly and
time-consuming processing and storage. Furthermore longitudinal
sample collection and analysis, such as in conjunction with clinical
trials, requires cryopreservation, which has been shown to alter the
surface expression of some important markers of immune subsets such
as CD62L and CD57 and PD-1 (Costantini et al., 2003; Weinberg et al.,
2009; Campbell et al., 2009).

Whilst most major immune populations can be easily distinguished
using relatively few surface markers, more detailed analysis of immune
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Table 1
MARKERS USED IN FLOW CYTOMETRIC IDENTIFICATION OF T CELL SUBSETS.
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Marker Fluorochrome Clone Manufacturer Dilution Immune cell
CD19 APC SJ25-C1 BD 1/100 CLL/B cells

CD5 BV605 UCHT2 BD Horizon 1/200 CLL cells

CD3 BV785 OKT3 BioLegend 1/800 T cells

CDh4 APC Cy7 RPA-T4 BD Pharmingen 1/200 CD4 T cells

CD8a BV650 RPA-T8 BioLegend 1/400 CD8 T cells

TCRy8 FITC TCRy/8-1 BD 1/50 v8 T cells
CD1d-aGalCer tetramer BV421 PBS44 Godfrey.. 1/1000 NKT cells

CD45RA PerCP Cy5.5 HI100 eBioscience 1/100 T cell memory
CD45RO AF700 UchLl BioLegend 1/200 T cell memory
CD62L PE CF594 DREG-56 BD Horizon 1/400 T cell memory
CCR7 PE Cy7 3D12 eBioscience 1/100 T cell memory
CD1d PE CD1d42 BD Pharmingen 1/20 Antigen presentation
CD27 BV711 0323 BioLegend 1/200 Activation

Viability Live/Dead Aqua Invitrogen 1/200 Dead cell exclusion

* Provided as a kind gift from Prof. Dale Godfrey, The University of Melbourne.

subpopulations often necessitates more complex and time consuming
intracellular staining for master transcription factors such as FoxP3 in
regulatory T cells (Fontenot et al., 2005). Analysis of immune sub-
populations is further complicated when subsets occur in low fre-
quency. Reliable detection of rare cell subsets requires either depletion
of bulk populations or a very large number of cells to be analysed.
Samples from patients pose an additional challenge as leukaemia cells
often exceed 90% of the peripheral blood mononuclear cells, further
diluting rare populations.

An alternate method of immune profiling utilises immune cell type
characteristic gene sets to algorithmically infer the composition of the
immune populations from bulk gene expression data sets either from
tumour (Newman et al., 2015; Bindea et al., 2013) or whole peripheral
blood (Shannon et al., 2014). NanoString Technologies developed the
nCounter® PanCancer Immune Profiling Panel and associated analysis
software with the intent of providing an off-the-shelf panel which, in
addition to a large gene expression data set, can be used to determine a
broad immune profile from bulk samples.

NanoString immune profiling results have been shown to correlate
with flow quantification of B, T and NK cell populations in healthy
donor peripheral blood (Danaher et al., 2017). While this method of
immune population quantification has been successfully applied to
biopsy samples in a number of solid malignancies (Bresler et al., 2017;
Ghidini et al., 2017; Gray et al., 2016; Lizotte et al., 2016), the appli-
cation of the nCounter® PanCancer Immune Profiling Panel to periph-
eral blood samples from patients with haematological malignancies has
only recently been explored (Crassini et al., 2017; Kolhe et al., 2017;
Vadakekolathu et al., 2017) and has not been correlated with flow
cytometry analysis.

In this study we compared immune population quantification in
samples from patients with CLL patients by two methodologies, flow
cytometry and NanoString gene expression profiling. Herein we show
that these two methods provide highly concordant and complementary
understanding of the immune populations in the peripheral blood of
leukaemia patients.

2. Materials and methods
2.1. Patients and sample preparation

After obtaining informed consent according to ethics approved by
the Peter MacCallum Cancer Centre and the Royal Melbourne Hospital,
peripheral blood samples were obtained from 30 CLL patients (median
age 67) who were treated with Ibrutinib (n = 12), BGB-3111 (n = 11),
or Venetoclax (n = 6). Samples were obtained at a median of 16.5 days
(range 0-45days) prior to commencement of therapy and after a
median of 357.5days (range 147-387 days) on therapy. Peripheral
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blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque (GE
Healthcare, Little Chalfont, UK) density gradient centrifugation and
cryopreserved. Mononuclear cells were similarly isolated from the
peripheral blood of ten age-matched healthy donors obtained from the
Australian Red Cross blood service.

At the time of analysis PBMC were thawed in a 37 °C water bath,
then washed twice in pre-warmed T cell Media (Gibco RPMI media
1640 (Thermo Fisher, Massachusetts, USA), 10% heat inactivated foetal
calf serum (FCS) (Thermo Fisher, Massachusetts, USA), 1% 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Thermo Fisher,
Massachusetts, USA), 50 mM 2-Mercaptoethanol (2ME) (Sigma Aldrich,
Missouri, USA), 1 X Gibco GlutaMAX (Thermo Fisher, Massachusetts,
USA), 1 X Gibco MEM non-essential amino acids (Thermo Fisher,
Massachusetts, USA), 1 mM Gibco sodium pyruvate (Thermo Fisher,
Massachusetts, USA), 100U/mL Penicillin/Streptomycin (Thermo
Fisher, Massachusetts, USA). Viable cell counts were then obtained
using Countess II FL Automated Cell Counter (Thermo Fisher,
Massachusetts, USA), and two aliquots of 2.0 x 10° viable cells per
sample dispensed into a 96 well plate, the cells pelleted by cen-
trifugation at 450 xg for 5 min at room temperature. The cells were then
washed twice with FACS buffer (phospho buffered saline (PBS) (Sigma
Aldrich, Missouri, USA), 2% FCS) in preparation for staining. A further
two aliquots of 2.0 x 10° viable cells per sample were washed in PBS,
snap frozen in dry ice and stored at —80 °C. Insufficient numbers of
cells were recovered from one time point of one ibrutinib patients and
two venetoclax patients for both flow cytometry and gene expression
analysis to be performed and were therefore not included in the ana-
lysis. Total RNA was isolated from the cell pellets using the AllPrep
RNA/DNA mini kit (Quiagen, Hilden, Germany) according to manu-
facturer's instructions. RNA concentration and quality were analysed
using the Agilent 2200 TapeStation System (Agilent Technologies,
Waldbronn, Germany). RNA was stored for 1 month at —80 °C before
gene expression analysis.

2.2. Flow cytometry

For each of the flow panels detailed in Tables 1 and 2, antibody
dilutions were determined by staining healthy donor PBMC with serial
dilutions of antibodies and whole panel staining of CLL samples. Dilu-
tions were chosen to optimise population resolution and brightness.
Master mixes were prepared including each of the fluorochrome con-
jugated antibodies at the predetermined optimal dilution in FACS
buffer. After preparation, PBMC were incubated with the appropriate
master mix at 4 °C in the dark for 30 min. The samples were then wa-
shed twice in FACS buffer and fixed with PBS, 2% paraformaldehyde
(Electron Microscopy Sciences, Pennsylvania, USA). Samples were
stored at 4 °C in the dark before filtering through 70 um cell strainer
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Table 2
MARKERS USED IN FLOW CYTOMETRIC IDENTIFICATION OF INNATE IMMUNE SUBSETS.

Journal of Immunological Methods 463 (2018) 97-104

Marker Fluorochrome Clone Manufacturer Dilution Immune cell

CD19 PE SJ25-C1 §J25-C1 BD 1/50 CLL /B cells

CD5 BV605 UCHT2 BD Horizon 1/200 CLL cells

CD3 BV786 OKT3 BioLegend 1/800 T cells

CD56 APC B159 BD Pharmingen 1/50 NK cells

CD16 PerCP Cy5.5 3G8 BioLegend 1/100 NK cells/ monocytes
CD11b FITC ICRF44 BD Pharmingen 1/200 Myeloid cells

CD33 PE-Cy7 P67.6 BD 1/200 Myeloid cells
HLA-DR APC-H7 G46-6 BD Pharmingen 1/200 Monocytes/ DCs
CD14 PE-CF594 M@P9 BD Horizon 1/400 Monocytes

CD163 BV711 GHI/61 BD Horizon 1/25 Monocytes

PD-L1 AF700 130,021 R&D systems 1/50 Immune suppression
CD11c PE-Cy5 B-ly6 BD Pharmingen 1/200 Monocytic DC
CD123 BV421 9F5 BD Horizon 1/100 Plasmacytoid DC
Viability Live/Dead Aqua Invitrogen 1/200 Dead cell exclusion

and at least 1.0 x 10° viable cells were acquired using a BD LSRFor-
tessa using FACSDiva software (BD Biosciences, San Jose, CA). Appro-
priate single colour and fluorescence-minus-one controls were si-
multaneously acquired. Analysis was performed using FlowJo Version
10 (FlowJo LLC, Oregon, USA). After time and debris filtering for
quality, the live singlets were designated as the total population of
leukocytes. A representative gating strategy is described in Supple-
mentary Fig. 1. The frequency of each immune population was cal-
culated as a percentage of the live cell gate unless another parent po-
pulation is specified.

2.3. NanoString

The NanoString nCounter® Human PanCancer Immune Profiling
Panel (Cesano, 2015) (NanoString Technologies, Washington, US) was
used to enumerate the mRNA of 730 immune related genes and 40
internal reference genes in 50 ng total RNA run according to manu-
facturers protocol. RNA count data was normalised and analysed using
the nSolver Analysis Software Version 3.0 and the nSolver Advanced
Analysis Module Version 1.1.5 (NanoString Technologies, Washington,
US). NanoString analysis software reports cell abundance scores for 14
immune subsets according to the expression of genes determined to be
characteristic of their respective immune populations (Table 3).

The nCounter Advanced Analysis module also calculates an abun-
dance score named “Total TILs” which is calculated by taking the
average of the cell type abundance scores that correlate (r = 0.6) with
the PTRPC (CD45) expression (Shannon et al., 2014). The nomenclature
reflects the expectation that this platform will be used most frequently
in the context of solid tumours where this is a measure of tumour in-
filtrating leukocytes. However, in the context of PBMC samples if taken
as a measure of the total leukocyte population then cell scores relative
to “Total TIL's” can be more easily interpreted as a total leukocyte
abundance in the sample. Cell scores are also reported relative to total
leukocyte abundance (total TILs), or to another cell abundance score
(i.e. T cells) to provide information about the relative composition of

Table 3
GENE SETS USED IN NANOSTRING CELL TYPE ABUNDANCE CALCULATIONS.
Cell Type P =  Selected genes Discarded
genes
B cells 0.00 BLK, CD19, MS4A1 (CD20),
TNFRSF17
T cells 0.00 CD3D, CD3E, CD3G, CD6, SH2D1A
CD8 T cells 0.00 CDS8A, CD8B
NK cells 0.07 NCR1, XCL2
CD56 dim NK 0.05  KIR_inhibiting_Subgroup 2, IL21R
cells KIR3DL1, KIR3DL2
Macrophages 0.05 CD163, CD68 CD84
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the total immune profile.

3. SrtaTisTICS

The nCounter cell type abundance scores were calculated as the
average of the log2 normalised counts of the gene set specified in
Table 3. For each cell type score the degree to which this data set
supported the gene set expression was calculated by the nCounter Ad-
vanced Analysis software using a permutation t-test. Candidate genes
from the set were discarded if the correlation between the genes in the
set deviated substantially from a slope of 1 (Supplementary fig. 2).
Cell type scores were reported if p < .1. Relative abundance scores
represent the log ratios of two cell types' abundance scores.

The correlation between the nCounter cell type abundance scores
and the immune population quantification by flow cytometry was de-
termined using a two tailed Pearson's correlation, calculated using
GraphPad Prism v7.0c (GraphPad software, California USA). Statistical
significance was accepted for p values < .05.

4. Results

4.1. NanoString cell type scores are highly correlated with flow cytometric
quantification of immune population abundance

The first objective of this study was to determine if, in samples from
patients with CLL, immune profiling using gene expression analysis
could provide comparable peripheral blood immune profiling to flow
cytometry. We therefore simultaneously analysed PBMC samples using
flow cytometry and the NanoString nCounter® PanCancer Immune
Profiling panel.

Of the possible 14 immune populations reportable by the nCounter
Advanced Analysis software 12 immune populations were determined
to be significantly supported by the expression data, p < .1. Of these,
the two flow cytometry panels identified seven populations: B cells,
total T cells, CD8 T cells, CD4 T cells, total NK cells, CD56dim NK cells
and Monocytes. We observed strong positive correlation between the
abundance score and the immune population frequency calculated
using flow cytometry for all immune populations analysed (Fig. 1 A-F).

Samples were collected from patients with CLL before and after
treatment and compared to age-matched healthy donors. The inclusion
of both pre-treatment and post-treatment samples provided the op-
portunity to observe the correlation of the two measures of abundance
in samples with varying tumour burden and a wide range of cell fre-
quencies far outside the ‘normal’ range that is observed in healthy
donors. As CLL is a B cell malignancy, the leukaemia cells have an
expression profile highly similar to B cells and therefore constitute a
subset of the ‘B cell’ population. Due to the high leukaemia burden in
some pre-treatment samples and the effective elimination of leukaemia
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Fig. 1. Immune cell type abundance scores calculated using gene expression strongly correlate with cell frequencies determined by flow cytometry
quantification for all cell types assessed. Correlation of immune cell population frequency calculated as a percentage of total live cells by flow cytometry and the
nCounter raw cell type abundance scores. Linear regression is plotted, and Pearson correlation coefficient and p value are reported, n = 65.

cells after treatment, the ‘B cell’ frequency ranged from 0.19% to 94%
of the PBMC in the flow cytometry analysis (Fig. 1A). The nCounter B
cell abundance score correlated strongly with the flow cytometric
quantification (p < .0001, r = 0.7766), demonstrating the large dy-
namic range of the NanoString platform. Similarly, the correlation of
the flow and nCounter T cell abundance score was highly significant for
the T cell population that ranged from 0.8% to 78.5% of the total PBMC
by flow cytometry (Fig. 1B) (p < .0001, r = 0.8098).

Analysis performed herein used PBMC, and the flow panel was de-
signed to quantify monocytes as the major myeloid cell population.
Conversely, the gene expression panel was designed to identify mac-
rophages. As peripheral blood monocytes and macrophages share ex-
pression of genes in the ‘macrophage’ gene set, CD68 and
CD163(Moniuszko et al., 2006; Buechler et al., 2000), this cell score
significantly correlated with the proportion of monocytes (Fig. 1F)
(p < .0001, r = 0.5633).

In the low abundance populations, namely NK and monocytes,
significant outliers were observed. The samples with unusually high NK
frequency were from different patients than those with unusually high
monocyte frequency. However, these populations appeared to be true
populations in the flow analysis and in order to not bias the correlation
these outliers were not excluded. This study was not sufficiently pow-
ered to determine an upper or lower limit for which the flow cytometry
and NanoString abundance scores correlated.

4.2. Cell type scores are not significantly influenced by gene expression
intensity

The nCounter cell type abundance scores assume that higher ex-
pression of the gene set in Sample A than Sample B implies greater
abundance of the cell type in sample A and not merely the upregulation
of the genes by a population the same size. NanoString quantification of
gene expression has been previously shown to correlate with flow cy-
tometric quantification of protein expression in acute leukaemia cells
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(Fernandez et al., 2012). Four genes used to calculate abundance scores
were also measured by flow cytometry, CD19, CD163, CD3¢ and CD8a.
In order to determine if the expression of these genes, as inferred from
median fluorescence intensity (MFI), influenced the cell type abun-
dance scores we compared the MFI of each marker to the population
abundance score for which it was a constituent gene. There was no
correlation between the expression intensity of the MFI of CD19 on B
cells and the B cell abundance score, similarly there was no correlation
between the CD3 MFI and T cells, CD8 and CD8 T cells or CD168 and
monocytes (Fig. 2A-D). This data set strongly suggests that cell type
abundance scores calculated using gene expression are correlated with
the frequency of the cell population and not with the expression in-
tensity of the candidate genes in the set.

4.3. Relative cell type scores provide insight into the comparative
composition of the immune profile

In addition to the raw cell scores, the nCounter Advanced Analysis
software reports relative cell abundance scores. Relative scores re-
present the log ratios of the two cell type abundance scores and
therefore can provide information about the abundance relative to the
“total TILs” or other immune population. Cell type scores relative to
‘total TILs” were reported for six populations with corresponding flow
analysis (Fig. 3A-F). The relative abundance scores were significantly
correlated with the respective immune population frequency calculated
by flow cytometry. As with raw cell scores, the strongest correlation
was observed in the most abundant cell types, B cells (p < .0001,
r=0.8328) and T cells (p < .0001, r = 0.7871) (Fig. 3 B&C). Relative
abundance scores also allow for inferences about the relative compo-
sition of the T cell population. The CD4 T cell score, reported relative to
the total T cells score significantly correlates with the CD4+ T cell
population as proportion of total T cells by flow cytometry (Fig. 3G).
This score is not calculated directly from a gene set but rather re-
presents the portion of total T cells that are not accounted for by the
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CD8 T cell population.

5. Discussion

Herein we demonstrate that the NanoString nCounter® PanCancer
immune profiling panel and the accompanying gene expression analysis
software can provide immune cell abundance quantification compar-
able to flow cytometry in samples from patients with CLL with widely
divergent immune profiles. Gene expression analysis and flow cyto-
metry resulted in significantly correlated immune abundance mea-
surements for all cell types assessed, including NK and T cell sub-
populations.

The nCounter® PanCancer Immune Profiling panel has a number of
advantages over flow cytometry. While the flow cytometry requires
panel design and optimisation depending on the specific populations of
interest, the nCounter® PanCancer Immune Profiling panel and the as-
sociated analysis software is an ‘off the shelf’ product which may be
applied to a wide variety of samples in which there is an immune
component. Furthermore, the nCounter platform only requires
25-100 ng of total RNA, which can be extracted from far fewer cells
than were needed for the flow cytometric analysis. Therefore, this
technology allows for retrospective analysis of immune populations in
sample cohorts in which only molecular samples are available or the
underlying disease makes the collection of enough sample for analysis
difficult. In the clinical context there is an increasing demand on sample
analysis, more testing is now required thus decreasing the amount of

sample available for these tests. Inmune profiling using the NanoString
platform allows for a snapshot of immune population abundance using
less sample than required for a comparable flow cytometry profile. In
addition, the nCounter® PanCancer Immune Profiling Panel provides
information about other immune markers such as chemokine/cytokine
expression, activation status and cytotoxicity.

Conversely, flow cytometry provides greater flexibility in the im-
mune populations that can be quantified. The nCounter cell type
abundance analysis is restricted to 14 immune populations determined
to have genes with expression characteristics sufficient for quantifica-
tion (Danaher et al., 2017). This precludes quantification of innate like
T cells, naive and memory phenotypes, or more specific subpopulations
of monocytes and DCs. Flow cytometry has the advantage of more de-
tailed, single cell analysis whilst the nCounter cell type abundance
score provides only a measure of the bulk population. For example, the
flow cytometry analysis in this study was able to distinguish between
CD5+ and CD5- B cells, and as such, healthy B cells from CLL cells.
However, despite the flow cytometry analysis in this study being per-
formed on at least four times as many cells, it was not able to quantify
regulatory T cells or helper T cell subpopulations due to the require-
ment for intracellular staining for robust quantification.

Gene expression analysis of whole PBMC from patients with CLL
was complicated by the high degree of similarity between CLL cells and
the counterpart non-malignant B cell population. As CLL is a B cell
malignancy, leukemic cells in peripheral blood contribute to the total
gene expression of a large number of genes in the panel. For example,
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Fig. 3. Relative cell scores maintain significant correlation with population frequencies, including for T cell subpopulations. A-F) Correlation of immune
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IL21R is expressed by CLL cells (De Totero et al., 2006), which may
explain the deviation of this genes expression from the other genes in
the NK cell gene set and the subsequent exclusion of this gene from cell
type calculations (Supplementary Fig. 2). Similarly, CLL cells express
CD84 (Marom et al., 2017) which may also explain the exclusion of this
gene from the monocyte score. These findings demonstrate both the
importance of understanding the underlying disease biology of the
malignant cells analysed, as well as the importance of the quality as-
surance analysis in selecting only genes that are substantially correlated
with each other to determine abundance scores.

By default, the NanoString nCounter analysis software reports all
cell types regardless of the degree to which the experiments gene ex-
pression pattern conforms to the expected cell-type specific expression.
In this data set cell types with lower frequency had lower correlation of
the gene set used to calculate abundance (Monocytes and NK cells,
Table 3). These abundance scores also had weaker correlation to the
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flow data, (Fig. 1D-F). This represents an important limitation of the
NanoString cell type abundance scores, especially those calculated re-
lative to ‘total TILs’, which are less strongly correlated in lower abun-
dance populations. Interestingly the lower correlation coefficients for
NK and monocyte populations is consistent with data comparing cell
type abundance scores and flow cytometry in healthy donors and may
therefore be a function of the gene sets cell type specific expression
characteristics rather than the population abundance (Danaher et al.,
2017). The immune abundance scores calculated using the nCounter
Advanced Analysis module should therefore be used with reference to
the strength to which the expression data supports the cell type scores.
Furthermore, for immune populations that are calculated using a single
gene, such as regulatory T cells, which cannot have such quality as-
surance analysis should be assessed accordingly.

The expression intensity of candidate genes for B cell, Monocyte, T
cell and CD8 T cells scores did not significantly correlate with the
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abundance of the population. However, theoretically a strong enough
uniform change in the expression of the genes used for quantification
could influence the abundance measurement, otherwise the candidate
gene would lack significant correlation with the other genes in the set, a
possibility is mostly easily conceptualised in cytotoxic cells. Cytotoxic
cell quantification relies on the expression of genes including gran-
zymes and perforin, which are upregulated upon activation. As such a
sample with fewer, more activated cells may have an equal abundance
score with a sample with a larger population of inactive cytotoxic cells.
While this study found that the expression intensity of candidate genes
was not correlated with abundance measurements, it highlights the
importance of the QA analysis to ensure that the abundance score is
supported by the gene expression in the samples.

If the primary objective of a specific study is the simple quantifi-
cation of immune populations from peripheral blood and sample is
abundant then flow cytometry will give a more precise answer. The
advantage of gene expression immune profiling using the NanoString
platform is that understanding of the immune profile is possible where
viable cells are limited (a common limitation in clinical trial sample
collection) and the nCounter® PanCancer Immune Profiling Panel also
provides a comprehensive 730 immune related gene expression data
set allowing a broader understanding of immune fitness than the cell
abundance quantifications.

6. Conclusion

A detailed profile of a patient's immune system provides valuable
understanding of the immunological impacts of cancer and its treat-
ment, potentially illuminating novel mechanisms of immunosuppres-
sion and opportunities for immunotherapies. Data presented herein
demonstrates that gene expression analysis provided immune popula-
tion quantification comparable to flow cytometry in samples with
highly divergent immune profiles. Whilst this study was performed
using blood collected from patients with CLL, we expect that gene ex-
pression immune profiling could be similarly applied to peripheral
blood in other haematological malignancies or other diseases with an
immune or inflammatory component. Furthermore, the nCounter®
PanCancer Immune Profiling Panel allows for a broad insight into the
immune microenvironment through exploration of a large gene ex-
pression data set. Gene expression analysis requires far fewer cells than
traditional flow cytometry methods and thus expands the ability to
analyse retrospective cohorts and clinical trial correlative samples
where samples are limited.
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4 |ONG-TERM TREATMENT WITH TARGETED THERAPIES HAS

IMMUNOLOGICAL CONSEQUENCES

4.1 SUMMARY

This chapter aims to understand how long-term treatment with targeted therapies
altered the abundance of specific immune populations in order to inform the future
combination of targeted therapies and immunotherapy. The effect of targeted therapies
was explored using flow cytometric analysis to identify key peripheral blood immune
populations. This analysis found that treatment with the different targeted therapies,
venetoclax, ibrutinib, and zanubrutinib, resulted in distinctly different changes to the
immune profile of patients. Venetoclax treated patients had a relative increase in the
abundance of myeloid cells and unconventional T cells. Whereas, ibrutinib treated
patients had no consistent changes in the T cell compartment. Finally, the more specific
BTK inhibitor zanubrutinib did not significantly alter the immune profile supporting the
hypothesis that more selective BTK inhibitors may be more amenable to combination

with immunotherapies.
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4.2 INTRODUCTION

Unlike the more established chemoimmunotherapy regimens used to treat CLL that have
relatively short, defined treatment durations, targeted therapies are administered until
contraindicated. For many patients this means mean years of continuous treatment for
many years, even after a complete response is achieved. The impact of long-term drug
exposure on the immune system of patients remains ill-defined. Therefore, the first
objective of this study was to determine if targeted therapies altered the composition of
the immune system. This analysis included multiple cohorts of CLL patients treated with
targeted therapies including patients treated with ibrutinib, zanubrutinib, or venetoclax
on phase 1-3 studies of these agents, or as best standard of care. Furthermore, a cohort
of CLL patients receiving the combination of ibrutinib and venetoclax (ibrutinib
monotherapy for three months followed by combination ibrutinib and venetoclax) as part
of a phase 2 clinical trial (NCT02910583). The patient characteristics of these cohorts are

summarised in Table 4.1.

Table 4.1 Characteristics of CLL patient cohorts

Ibrutinib Zanubrutinib | Venetoclax | lbrutinib +

venetoclax

Number 13 11 6 14

Median age 67 (48-74) | 65 (47-79) 57 (45-81) | 55 (28-68)

% Male sex 79% 57% 84% 64%

Rai I/1l at baseline 7/13 (53%) | 5/5 (100%) | 4/6 (67%) | --

17p del or TP53 mutation | 6/13 (47%) | 3/5 (60%) 4/6 (67%) -

Lines of previous therapy | 2.5 (0-7) 5(1-7) 2.5 (0-8) 0

Months from last therapy | 5 (0-46) 14 (0-85) 11 (1-27) --

Fludarabine refractory 9/10 (90%) | 3/5 (60%) 4/4 (100%) | --

-- data not available
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This unique sample set allowed for longitudinal analysis of the immunological impacts of
targeted therapies. Flow cytometric analysis of PBMCs collected prior to the initiation of
the targeted therapy and throughout treatment allowed for quantification of the changes
in the abundance of multiple innate immune and T cell populations. The cohorts of
treated patents were also compared to age matched healthy donors and a cohort of

untreated CLL patients who were not enrolled on clinical trials.

Inclusion of patients in the single agent treatment cohorts were restricted to patients
who remained on therapy for at least 12 months and therefore only represent patients
for whom the respective treatment provided clinical benefit. However, the rate of
complete remission at 1 year in all cohorts is low (Table 4.2). Similarly, the ibrutinib plus
venetoclax treated cohort was restricted to patients for whom PBMC samples were
available at baseline, and after 3 and 6 months. At the time of analysis not all patients
had reached the 12-month timepoint, and as such the best responses, rather than the
response at 12 months is outlined in Table 4.2. It is therefore notable that the CR rate

was higher at 36% in the combination treatment cohort.

Table 4.2 Clinical responses of CLL patients treated with targeted therapies

Response at 12 months | Ibrutinib Zanubrutinib | Venetoclax Ibrutinib +
venetoclax*
Stable Disease (SD) 0 (0%) 1(20%) 0 (0%) 0 (0%)
Partial Response (PR) 9 (69%) 2 (40%) 5 (83%) 9 (64%%)
PR with lymphocytosis 3(23%) 1(20%) -- 0 (0%)
Complete response (CR) | 1 (8%) 1(20%) 1(17%) 5 (36%)

* Best response assessment as not all patients had reached the 12-month timepoint at
the time of data collection
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Multiple previous studies have assessed the effect of ibrutinib treatment on specific
immune populations. However, these studies were narrowly focussed and have explored
early timepoints, usually extending to no later than 6 months into treatment. These
studies have indicated that T cells have decreased expression of exhaustion markers?22:3%8
and an increase in T cell receptor repertoire diversity>®. Studies of ibrutinib treated
patients have focussed on mainly on CD4 T cell subpopulations with inconsistent findings
and very little has been published on the effects of more specific BTK inhibitors or

venetoclax on immune populations in CLL patients.

As discussed in section 1.3.3, in addition to its critical role in B cells, BTK is also expressed
in myeloid populations. While the effect of BTK inhibition on both CLL cells and healthy B
cells has been extensively characterised, the effect of BTK inhibition on myeloid subsets

is less clear. In vitro ibrutinib treatment has been shown to inhibit peripheral blood

310 183

monocyte FcyR-mediated cytokine production®™ and chemokine production*®>, as well
as macrophage phagocytosis #4236 In mouse models of CLL, ibrutinib treatment was
shown to deplete myeloid derived suppressor cells (MDSC) populations in a BTK
dependent manner'®’. However, to date there have not been any long-term studies of
myeloid cell populations in CLL patients treated with either ibrutinib or more selective

BTK inhibitors.

There has also been very little investigation of the impacts of treatment with venetoclax
on the human immune system. While in vitro venetoclax treatment does not result in
overt effects on normal immune populations other than B cells, previous studies have
demonstrated that different immune subsets have varying Bcl-2 dependence. Data from
mice have suggested that the loss of Bcl-2 may result in depletion of multiple lymphoid
subsets?*®. However, it has been suggested that CLL patients treated with venetoclax and
the anti-CD20 antibody obinutuzumab have no change in the absolute number of NK and
T cells3!. As such, this study aimed to understand how venetoclax treatment, both alone
and in combination with ibrutinib affects the immune profile of CLL patients after long-

term treatment.
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4.3 RESULTS

Given the clinical success of all of the therapies under investigation in this analysis, it was
expected that the peripheral blood leukaemia burden deceased with treatment. All three
targeted therapies in the analysis resulted in a significant decrease in the proportion of
CD19+ cells after 12 months on therapy (Figure 4.1 b-d). It is notable that in the
venetoclax treated cohort the proportion of CD19+ cells were lower than in the healthy
donor cohort, supporting findings from others that both malignant and non-malignant
CD19+ populations are decreased by venetoclax treatment?*’. Conversely, even after 12
months of BTK inhibitor treatment leukaemia cells remained the majority population in
the PBMC in some patients. Some of these patients has achieved a PR and the high
peripheral blood burden may be attributed to the redistributive effect of BTKi on CLL
cells, via inhibition of CXCR4 signalling and subsequent diminished homing to lymph
nodes®’. As such, the measurement of decrease in the peripheral blood may not be
representative of the total reduction in tumour burden and the persistence of

lymphocytosis is not an indicator of poor clinical response°.

Given the high burden of disease in some patients, a clear distinction between CLL cells
and untransformed B cells on the basis of CD5 expression was not sufficient to clearly
define these populations and as such, untransformed B cells were not part of this analysis.
Furthermore, as demonstrated in Figure 4.2 the large change in the leukaemia cell
population obscures changes in the frequency of other immune populations if reported
as a frequency of the total population. Therefore, the data presented in this chapter

reports immune population abundance as a proportion of the CD19 negative population.
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Figure 4.1 Targeted therapies reduce the frequency of CD19+ cells in the
peripheral blood

CD19+ cells as a percentage of total live cells in PBMC from A) untreated CLL patients and
healthy donors and from R/R CLL patients prior to treatment and after 12 months on
either B) ibrutinib, C) zanubrutinib or D) venetoclax. Bars represent median with
interquartile range. Differences between timepoints determined using a Wilcoxon
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Figure 4.2 Summary of changes in the
frequency of immune populations in the
peripheral blood of CLL patients after 12
months treatment with targeted therapy
treatment

Comparison of the frequency of immune
population abundance in the peripheral blood of
CLL patients treated with ibrutinib or venetoclax
and age-matched healthy donors. Size represents
relative frequency (percent of live cells). Only
maijor immune populations represented.

70



4.3.1 MVYELOID CELL SUBSETS

The first objective on this analysis was to measure the changes to myeloid immune
populations in patients treated with either ibrutinib, zanubrutinib or venetoclax for 12
months. The frequency of monocytes (CD11b+ CD33+ HLADR+), MDSC (CD11b+ CD33+
HLADR"*%/n8)  myeloid DC (CD33+ CD11b— CD1lc+ HLADR++), and plasmacytoid DC
(CD123+ HLADR++) subsets was quantified as a proportion of the CD19 negative (non-

leukaemia) population, as described in Figure 2.9.

Ibrutinib treated patients had a significant increase in the frequency of monocytes (Figure
4.3 b), which was associated with a significant increase of the proportion of monocytes
that were of a classical (CD14++ CD16-) and intermediate (CD14++CD16+) phenotypes
(Figure 4.3 e). No change in the overall proportion of monocytes nor in the composition
of the monocyte subsets was seen in patients treated with the more selective BTK
inhibitor zanubrutinib (Figure 4.3 ¢, f). However, there was a significant increase in the
expression of PD-L1 on both intermediate and non-classical monocytes (CD14 low CD16+)
(Figure 4.3 h-j). Similarly, ibrutinib treated patients, but not those treated with
zanubrutinib, had a significant increase in the proportion of CD14+ MDSC (Figure 4.4 b-c).
Furthermore, ibrutinib treated patients had an increased frequency of mDC (Figure 4.5
b). Notably, untreated CLL patients and the R/R CLL patients at baseline had significantly
lower frequency of plasmacytoid DCs (Figure 4.5 e). However, treatment with targeted
therapies did not result in a significant change in the frequency plasmacytoid DC

frequency after treatment (Figure 4.5 f-h).

In the venetoclax treated cohort there was a significant increase in the proportion of total
monocytes without an associated change in the subset composition (Figure 4.3 d, g). This
increase resulted in venetoclax treated patients having a significantly greater proportion
of monocytes that was observed in age matched healthy donors. Furthermore,
venetoclax treated patients also had a significant increase in the proportion of CD14+

myeloid derived suppressor cells and myeloid dendritic cells (Figure 4.4 d and Figure 4.5

d).
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Figure 4.3 Monocytes and monocyte subsets are differentially affected by
targeted therapies

PBMC was isolated from untreated CLL patients, age matched healthy donors and R/R
CLL patients prior to initiation of novel therapy and after 12 months continuous daily
therapy with either ibrutinib, zanubrutinib or venetoclax. A-D) Monocytes
(CD11b+CD33+HLADR+) as a frequency of the total non-leukaemia cells. E-G) Classical
(CD14++CD16-) intermediate (CD14++ CD16+) and nonclassical (CD14lowCD16+)
monocyte subsets as a proportion of total monocytes. H-J) Expression (MFI) of PD-L1 on
monocyte subsets in H) classical, |) intermediate and J) non-classical monocytes from
treated patients. Differences between timepoints determined using a Wilcoxon matched-
pairs signed rank test, * p <0.05 ** p <0.01, *** p <0.001.
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Figure 4.4 Myeloid derived suppressor cell frequency increased in venetoclax
treated patients

PBMC from untreated CLL patients, age matched healthy donors and R/R CLL patients
treated with either ibrutinib, zanubrutinib, or venetoclax for 12 months were analysed by
flow cytometry. A-D) frequency of CD14+ MDSC (CD11b+CD33+HLADR®"/"¢8CD14+) as a
proportion of non-leukaemia cells. E-H) CD123+ MDSC (CD11b+CD33+HLADR"/nes
CD123+) as a proportion of non-leukaemia cells. Differences between timepoints
determined using a Wilcoxon matched-pairs signed rank test, * p <0.05.
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Figure 4.5 Frequency of dendritic cell subsets are not altered by treatment with

targeted therapy

PBMC was isolated from untreated CLL patients, age matched healthy donors and R/R
CLL patients prior to initiation of novel therapy and after 12 months continuous daily
therapy with either ibrutinib, zanubrutinib or venetoclax. A-D) Boxplots summarising the
frequency of myeloid dendritic cells (mDC) (lineage "¢ HLADR+CD11c+CD123-) as a
proportion of total CD19- cells. E-H) Boxplots summarising the frequency of plasmacytoid
dendritic cells (pDC) (lineage "®® HLADR+ CD11c—CD123+) as a proportion of total CD19"¢8
cells. Differences between timepoints determined using a Wilcoxon matched-pairs
signed rank test, * p <0.05.
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Given the changes observed in patients treated with either ibrutinib or venetoclax, the
changes to the immune profile in patients treated with the combination of ibrutinib and
venetoclax was also investigated. As was observed in the monotherapy cohorts, patients
treated with combination ibrutinib and venetoclax had a significant increase in the
frequency of monocytes at 6 months (3 months on combination therapy) (Figure 4.6 a).
However, in contrast to either the ibrutinib or venetoclax treated cohorts, there was a
simultaneous significant decrease in the proportion of total MDSC (Figure 4.6 b).
Furthermore, in the combination treatment cohort there was a significant increase in the
proportion of mDC, which was significantly increased at 6 months as compared to both
the baselines and pre-venetoclax timepoints (Figure 4.6 c). There was no significant
change in the proportion of plasmacytoid DC at either 3 or 6 months (Figure 4.6 d). While
ibrutinib monotherapy was associated with a change in the composition of monocyte
subsets, venetoclax was not. In the combination treated cohort there was a significant
increase in the proportion of classical monocytes at both 3 and 6 months as compared to

baseline (Figure 4.6 e-g).
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Figure 4.6 Myeloid subsets in patients treated with combination ibrutinib and

venetoclax

Treatment naive CLL patients were treated for 3 months with single agent ibrutinib prior
to addition of venetoclax. PBMC were isolated from samples taken at baseline, prior to
the introduction of venetoclax and after 3 months combination treatment. A) Frequency
of monocytes B) Frequency of MDSC C) frequency of myeloid DC and E) frequency of
plasmacytoid DC as a proportion of CD19 negative cells. E-F) frequency of monocyte
subsets as a proportion of total monocytes. RM one-way AONVA with Fisher’s LSD test, *

p <0.05 ** p <0.01.
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4.3.2 LYMPHOID SUBSETS

This analysis also investigated the effects of targeted therapies on multiple lymphoid
subsets, including NK and T cell subsets. No significant change in the frequency of total
NK cells was observed in any of the treatment groups (Figure 4.7 a-d). However, there
was a trend to decreased total NK cells in the venetoclax treated patients (p = 0.06) and
the proportion of CD569MCD16+ NK cells was significant decreased after venetoclax but

not either of the BTK inhibitors (Figure 4.7 h).

While the frequency of total T cells in the peripheral blood of any cohort analysed did not
change (Figure 4.8 a-d), there was a trend to a decreased CD4/CD8 ratio in the untreated
CLL patient cohort as compared to healthy donors. At baseline all of the R/R cohorts had
significantly lower CD4/CDS8 ratios as compared to healthy donors, (ibrutinib p=0.019,
zanubrutinib p=0.014, venetoclax p=0.021). However, there was no significant change in
the CD4/CDS ratio after treatment. Similarly, there were no significant changes in the
memory phenotype of CD4 or CD8 T cells in any of the monotherapy treated cohorts

examined at one year (Figure 4.9 and Figure 4.10).

Innate-like T cells have been demonstrated as having different expression of both ITK and
Bcl-2 as compared to conventional T cells. Therefore, this analysis also investigated
multiple innate like T cell subsets including NKT cells, 3T cells and virtual memory T cells
(Tvm). There were no significant differences in the frequency of NKT cells in any cohort
analysed (Figure 4.11 a-e). There was also no significant difference in the frequency of
10T cells between healthy donors and either the untreated CLL patients or the treated
CLL cohorts at baseline and neither BTK inhibitor altered the y3T cell frequency (Figure
4.11 f-h). However, despite no significant change in the total T cell frequency, there was
a significant increase in the frequency of ydT cells as a proportion of total T cells in
venetoclax treated patients after one year on therapy (Figure 4.12 i), resulting in a greater
proportion of gamma delta T cells than was observed in the healthy donor cohort. This
effect was not observed in the ibrutinib and venetoclax combination treated patients
which had a significant reduction in the y3T cell frequency at both 3 and 6 months (Figure
4.12j).
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To further investigate this finding an expanded cohort of venetoclax treated patients was
identified. This cohort had samples collected over a median of 3 years of continuous
venetoclax therapy. When compared to age matched healthy donors® there was no
difference in the frequency of the total yoT cell population at baseline, however there
was a trend toward a lower proportion of the V32 subset in particular (Figure 4.12 a, b).
In this cohort there was a significant increase in the proportion of y3T cells from one
month, which remained consistently higher across the sample follow-up period (Figure
4.12 c). This was associated with an increase in the frequency of the V52 subset of y8T
cells. In order to assess if the increase in the y3T cell population in venetoclax treated
patients was due to an expansion of the y3T cells or a preferential survival, the memory
phenotype of these cells was also assessed (as described in Figure 2.11). There was a
trend to decreased naive and central memory y3T cells and an increase in the effector

memory cells, indicating an expansion of the ydT cell population (Figure 4.12 e-h).

Another immune subset of interest was the virtual memory T cells, which have been
identified as having a greater capacity for homeostatic proliferation in the context of
lymphodepletion and higher Bcl-2 expression than naive CD8 T cells'®. To investigate if
this difference in Bcl-2 expression altered the abundance of this subset the frequency of
Tvm cells was tracked over several years of venetoclax treatment. When compared to age
matched healthy donors the frequency of Tym in the R/R CLL cohort, who had undergone
prior lymphodepleting therapy, was not significantly altered. Tym cells have also been
shown to have higher expression of Bcl-2 than true naive CD8 T cells*®2. Therefore, we
examined this subset in the long term venetoclax treated patients. There was a significant
increase in this subset after 1 month of venetoclax treatment, a trend that was

maintained over the next 3 years (Figure 4.13).

" Independent cohort from the HDs in the previous analysis of y8T cells in Figure 5.7 due
to availability of HD samples at the time of analysis
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Figure 4.7 NK cell frequency in CLL patients treated with novel targeted therapies
PBMC isolated from CLL patients prior to initiation of novel therapy and after 12 months
continuous daily therapy. A-C) boxplots summarising the frequency of total NK cells (Lin-
CD56+) as a proportion of non-leukaemia cells. D-F) boxplots summarising the frequency
of CD16+ NK cells as a proportion of total NK cells. Wilcoxon matched-pairs signed rank
test *p<0.05.
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Figure 4.8 Frequency of T cells as a proportion of non-leukaemia cells in the
peripheral blood of CLL patients

Frequency of T cells (CD3+) as a proportion of total CD19 negative cells in A) non-trial CLL
patients and healthy donors B) ibrutinib treated C) zanubrutinib and D) venetoclax
treated CLL patients. CD4 to CD8 ratio in E) non-trial CLL patients and healthy donors F)
ibrutinib treated G) zanubrutinib and H) venetoclax treated CLL patients. Error bars
represent median with interquartile range. Differences between CLL and healthy donors
determined using Mann-Whitney test, * p<0.05
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Figure 4.9 CD4 T cell memory phenotype is not significantly changed with
treatment

Naive (CD27+CD45RA+) central memory (CD27+ CD45RA-) effector memory (CD27-
CD45RA-) and Temra (CD27-CD45RA+) subsets as a percentage of total CD4+ T cells. T cells
in untreated CLL patients, age matched healthy donors, ibrutinib treated patients,
zanubrutinib treated patients and venetoclax treated patients after 12 months

continuous therapy. Lines represent individuals.
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Figure 4.10 CD8 T cell memory phenotype is not significantly altered by targeted
therapy

Memory subsets, Naive (CD27+CD45RA+) central memory (CD27+ CD45RA-) effector
memory (CD27-CD45RA-) and Temra (CD27-CD45RA+) subsets as a percentage of total
CD8+ T cells in untreated CLL patients, age matched healthy donors, ibrutinib treated
patients, zanubrutinib treated patients and venetoclax treated patients after 12 months

continuous therapy. Lines represent individuals.
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Figure 4.11 Frequency of unconventional T cells in CLL patients treated with

targeted therapies
PBMC from untreated CLL patients, healthy donors, R/R CLL patients treated with either

ibrutinib, zanubrutinib or venetoclax and previously untreated CLL patients treated with
combination ibrutinib and venetoclax was analysed by flow cytometry. The frequency of
A-E) NKT cells and F-j) y3T cells as a percentage of total T cells. Paired Wilcoxon test * p

< 0.05.
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Figure 4.12 ydT cell subsets are increased in long term venetoclax treated
patients

In an expanded cohort of long term venetoclax treated CLL patients, the frequency of YT
cells were quantified using flow cytometry according to Figure 2.11. A) frequency of yoT
cells in R/R CLL patients prior to venetoclax treatment and age-matched healthy donors
B) frequency of V32 cells as a proportion of total y3T cells in R/R CLL and age matched
healthy donors. C) frequency of ydT cells in CLL patients treated with venetoclax. D)
frequency of V&2 38T cells in CLL patients treated with venetoclax. E-H) memory
phenotype of ydT cells in long-term venetoclax treated patients. Lines represent
individual patients, significance determined using ANOVA with Fishers LSD multiple
comparisons, * p<0.05 ** p<0.01 *** p<0.001
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Figure 4.13 Virtual memory T cell increased in CLL patients treated with
venetoclax

In an expanded cohort of long term venetoclax treated CLL patients, the frequency of Tym
cells was quantified using flow cytometry according to Figure 2.11. A) Tym cells were
defined as CD8+CD45RA+NKAG2+/Pan-KIR+ T cells as a proportion of total CD8 T cells in
age-matched healthy donors and R/R cell patients. B) the change in Tym frequency over
venetoclax treatment in R/R CLL patients. ANOVA with Tukey-Kramer test for multiple

comparisons, * p<0.05 ** p<0.01
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Prior studies into the effect of ibrutinib on T cells has focused on CD4 T cell
subpopulations. It has been suggested that ITK inhibition by ibrutinib results in Tyl
skewing?*®. Therefore, the frequency of Thl Tu2 and Tu17 cells after long term treatment
with ibrutinib was of interest. This analysis found that there were dramatic changes in
the Tul and Tu2 frequency over the time of ibrutinib treatment, but no consistent trend
was observed (Figure 4.14). Other groups had shown that after short periods of ibrutinib
treatment, of less than 6 months, there was a significant decrease in regulatory T
cells??2312 |n this analysis multiple timepoints were analysed over a median of 3.5 years.
The frequency of regulatory T cells oscillated over the course of treatment with no

consistent trend (Figure 4.15).
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Figure 4.14 Helper T cell subsets in long term ibrutinib treated CLL patients and
healthy donors

PBMC from CLL patients treated with ibrutinib for 4 years and age matched healthy
donors were analysed by flow cytometry the frequency of CD4 T cell subpopulations
according to Figure 2.10. of A) Tyl cells (CD4+CXCR3+CCR6-) B) Tn2 cells (CD4+CXCR3-

CCR6-) C) Thl7 cells CXCR3- CCR6+). Lines represent 3 different patients.

88



Ibrutinib treated patients

N
o
]

-
3]
1

: ~ s

% of CD4 T cells
>
% of CD4 T cells
< >
1 1

(=]

T
36 48 60 72 Healthy donors
Months

Figure 4.15 Regulatory T cell frequency in long term ibrutinib treated patients

and healthy donors
Regulatory T cells (CD4+CD127-CD25+FoxP3+) were identified by flow cytometry

according to Figure 2.10 in PBMC samples taken from ibrutinib treated patients at
multiple timepoints over the course of treatment and from age matched healthy donors.

Lines represent individuals.

89



4.3.3 ExVivo T CELL FUNCTION

Based on the results presented in Chapter 3 which showed that in vitro treatment with
ibrutinib significantly impaired CD8 T cell function, an ex vivo T cell function was analysed
on matched samples taken for patients at baseline and after 6 months of either ibrutinib,
zanubrutinib or venetoclax monotherapy. Only in the ibrutinib treated cohort was there
a significant decrease in the CD8 T cell degranulation response between the baseline and
post treatment timepoints (Figure 4.16). PBMC from the same venetoclax and ibrutinib
treated patients were also analysed for the production of cytokines after in vitro
stimulation with CD2/CD3/CD28 T cell stimulation beads for 24 hours. Supernatant
cytokines levels were consistently decreased in the post-ibrutinib treatment samples
while there was no pattern in the samples isolated from venetoclax treated patients

Figure 4.17 and Figure 4.18.
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Figure 4.16 Ibrutinib significantly decreased ex vivo degranulation responses

PBMC samples from patients treated with A) venetoclax B) ibrutinib or C) zanubrutinib
were stimulated with CD2/Cd3/CD28 T cell stimulation beads for 4 hours in the presence
of anti-CD107a antibody. CD107a+ CD8 T cells from A) venetoclax B) ibrutinib and C)
zanubrutinib treated patients. Bars represent median and interquartile range, Wilcoxon

matched-pairs signed rank test *p < 0.05, ** p<0.01
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Figure 4.17 Ibrutinib treated patients have decreased
production

in vitro cytokine

PBMC from CLL patients at baseline and after 6 months treatment with ibrutinib were

stimulated with CD2/CD3/CD28 T cell stimulation beads for 24 hours and supernatant
cytokine concentrations measured by cytometric bead array.
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Figure 4.18 Venetoclax treated patients have no consistent change in cytokine
production

PBMC from CLL patients at baseline and after 6 months treatment with venetoclax were

stimulated with CD2/CD3/CD28 T cell stimulation beads for 24 hours and supernatant
cytokine concentrations measured.
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4.4 DISCUSSION

This analysis utilised a unique set of CLL patient cohorts to analyse the effect of long-term
treatment with ibrutinib, zanubrutinib and venetoclax on the immune system. The study
expands on previous studies which focused on early post-treatment timepoints, usually
analysing samples taken in the first 6 months on therapy 2223%312 Furthermore, this
analysis was intentionally broad in the immune populations it identified, with the
intention to capture a general understanding of the immune profile. This study is the first
to report the long-term effects of continuous treatment with targeted therapies on the
immune system of CLL patients and the first exploration of the in vivo effects of
combination ibrutinib and venetoclax on the immune system. Together these results
suggest that small molecule inhibitors have distinct effects on the composition of the

immune system.

Venetoclax treated patients were found to have a relative increase in the frequency of
myeloid populations in the peripheral blood. These patients also had a significant
decrease in mature NK cells and an increase in innate-like T cell populations, specifically
vOT cells and virtual memory T cells. The two BTK inhibitors investigated, ibrutinib and
zanubrutinib, induced distinctly different changes to the immune profile. lbrutinib
treatment (but not zanubrutinib) resulted in altered CD14+ monocyte and MDSC
populations. While ibrutinib did not have a consistent effect on the frequency of CD4 T
cell subpopulations, the ex vivo functional assays indicate that ibrutinib treated patients
had suppressed T cell function. When used in combination, ibrutinib and venetoclax
significantly altered the frequency of multiple myeloid populations, including increased

frequencies of monocytes and myeloid DCs and a decreased frequency of MDSCs.

While a key strength of this analysis is that it represents the real-world effect of novel
therapies on the immune system of CLL patients, there are a number of important
limitations to this analysis. An important limitation in this analysis is that absolute cell
counts could not be reported. This study relied on cryopreserved PBMC precluding the
most accurate method of obtaining cell counts in which counting beads are added to

fresh blood samples. Furthermore, in these patient cohorts the collection of
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contemporaneous white cell counts was inconsistent. Finally, it was determined that as
the method of PBMC isolation used excludes some immune populations, in particular
granulocytes, from the final product, using contemporaneous white cell counts would be

potentially misleading.

A further limitation of this study is that only peripheral blood was available for analysis.
Therefore, this analysis cannot delineate immune population redistribution from changes
in the abundance of the population. In particular it has been reported that lymph node
and peripheral blood samples from CLL patients have important differences in the
frequency of key populations, in particular a greater skewing of the CD4:CD8 ratio on the
lymph nodes3!!. The differences observed between the peripheral blood and other CLL
niches suggests that targeted therapies may have distinct effects on different immune
populations, particularly after ibrutinib treatment. The transient lymphocytosis that is
observed in patients treated with BTK inhibitors has been attributed to the inhibition of
BTK downstream of the CXCR4 receptor®’. However, other members of the Tec Family
such as ITK that are also inhibited by ibrutinib, are key downstream mediators of CXCR4
signalling in NK and T cells*®%313, While this would suggest that there should be increased
mobilisation of these populations into the peripheral blood, the effect of ibrutinib or

other Tec kinases on T cell homing has not been investigated.

This analysis measured changes to the frequency of immune populations over time. As
such an important caveat to the analysis is the inability to delineate the changes that are
occurring due to the effect of the microenvironment and the direct effects on the
immune populations. Importantly, data was not available about incidences of infection in
these cohorts. While the rates of infections in patients treated with targeted therapies

314 infections are

are not significantly different to conventionally treated patients
common in CLL patients and may cause significant changes in the immune profile. This
may explain the oscillation of immune subset frequencies over time, in particular CD4 T

cell populations (Figure 4.14 and Figure 4.15).

Targeted therapies also directly impact the microenvironment. Specifically, ibrutinib

disrupts macrophage-CLL interactions??®> and has been shown to reduce the
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immunosuppressive capacity of CLL cells resulting in reduced T cell dysfunction 23.

Therefore, changes in the immune microenvironment may account for some of the
alterations in the immune profile of treated patients. This is highly relevant to
understanding the different effects of BTK inhibitors on monocyte populations. In this
analysis ibrutinib treated patients had increased monocyte frequency, and zanubrutinib
treated patients did not. Furthermore zanubrutinib, but not ibrutinib treatment resulted
in increased expression of the immunosuppressive ligand PD-L1 on monocytes. Multiple
studies have shown that ibrutinib alters the function of monocyte and monocyte derived
populations which has largely been attributed to BTK inhibition. However, ibrutinib also
inhibits Tec and Bmx, both of which have important roles in myeloid cells and may explain

the differences in the reduced effects of the more selective BTK inhibitors.

Interestingly, in contrast to previous findings that ibrutinib depleted MDSC population in
a BTK dependent manner in a mouse model of CLL*®, in this study ibrutinib treatment,
but not zanubrutinib was associated with a significant increase in the frequency of
mMDSC (Figure 4.4). An important consideration in this analysis is that both blood
processing®’® and cryopreservation®® has been shown to decrease the number of
MDSCs. As such the enumeration in this analysis may be an underestimate of the true
population in patients. However, as all samples were processed and cryopreserved in the
same way, the changes overserved between timepoints remains important. A further
limitation in the enumeration of MDSCs in this study lies in the method of
characterisation. This study used established surface markers to identify the MDSC
population?1317 but this analysis did not confirm the immunosuppressive nature of the
cells, and as such the most accurate nomenclature is an MDSC-like population. This study
also did not include CD15 staining in the identification of MDSCs and as such does not
provide information about granulocytic MDSCs. However, a large proportion of the
MDSC-like cells expressed CD123+, which has been previously identified as a distinct

subpopulation of MDSC3*,

Venetoclax treated patients also had increased frequency of multiple myeloid
populations, including monocytes, mMDSC and mDC. As a Bcl-2 inhibitor, it is unlikely

that the changes observed in venetoclax treated cohorts are due to expansion of myeloid
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subsets. Rather, the changes are likely due to the relative Bcl-2 inhibitor resistance of
myeloid cells as compared to lymphocyte subsets. This is supported by findings in
venetoclax treated mice which had significant deceased numbers of lymphocytes and
plasmacytoid DC but not conventional DCs 2°°. A further study of Bcl-2 mutant mice found
that the numbers of monocytes, granulocytes and eosinophils was unaffected indicating
a relative lack of Bcl-2 reliance in some myeloid immune populations?*°. While the
potential implications of increased myeloid populations is hard to predict, both
monocytes and MDSC have been identified as key components of the CLL supportive
microenvironment!?1>313 and greater frequency of multiple myeloid populations have
been identified as a poor prognostic markers in CLL1®"111123  Higher frequency of CD14+

HLADR" cells have also been identified as a poor prognostic marker in CLL'?2123,

NK cell maturation has been shown to depend on Bcl-2?4° and in this study venetoclax
treated patients, but not those treated with either BTK inhibitor had significantly reduced
frequency of mature NK cells. This finding suggests that the sensitivity of normal immune
populations may depend on situational Bcl-2 dependence, cells may be more susceptible
at different stages of maturation or activation. Difference in Bcl-2 dependence may also
explain the relative increase in unconventional T cells. This finding aligns with the
proposition that it is not outright Bcl-2 expression that determines venetoclax sensitivity
but rather the balance of expression of the whole Bcl-2 family. Given the rapid reactivity

and acquired self-tolerance of Tym cells3?°

, coupled with their increased capacity for
homeostatic proliferation Tym cells are of particular interest as a potential substrate
population in the generation of CAR-T cells. Interestingly, despite the identification of Tym
cells as a population that expands in lymphodeplete conditions®321 R/R CLL patients
who had received prior lymphodepleting therapy had no significant difference in the

frequency of Tym cells.

322 which may

Similarly y3T cells tend to have higher expression of Bcl-2 than afiT cells
explain why venetoclax treated patients also had an increased frequency of yoT cells
(Figure 4.11). However, the changes observed in the memory phenotype, which tended

toward decreased naive and central memory and a significant increase in the effector
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memory subsets, is suggestive of population expansion. Furthermore, the increase in yoT
cells was mainly due to the V82 subpopulation (Figure 4.12), further supporting that the
increased frequency represents an expansion rather than relative resistance to Bcl-2
inhibition. The implications of these findings require further exploration as little is known
about the role of ydT cells in CLL immunity. V&2 cells have been identified as being
capable of efficiently killing follicular lymphoma cells323. However, dysfunctional V82 y8T
cells have been shown to be a poor prognostic indicator in CLL3*?4. Others have suggested
that V62 dysfunction may be reversible and this subset may be a good target for
immunotherapy in CLLY". Although the specific role that ydT cells play in CLL patient
immunity is yet to be defined, these findings, in conjunction with the Tym cell findings,
further highlight that Bcl-2 inhibition may be having a subtle, yet appreciable effect on
the T cell compartment in CLL with potential implications for the use of T cell directed

immunotherapies.

Notably, despite the increase in unconventional T cells in venetoclax treated patients
there was no change in the frequency of either CD4 or CD8 T cells and thus despite good
disease control at 12 months, there was not a restoration of normal T cell ratio. These
findings suggest that treatment with targeted therapies does not restore normal T cell
homeostasis and that T cell dysfunction must be taken into account when designing
immunotherapeutic strategies for these patients. Furthermore, ex vivo functional
analysis of T cells isolated from patients treated with ibrutinib showed a significant
decrease in degranulation and cytokine production. These findings suggest that ibrutinib
results in functional impairment of T cells which will be further explored in subsequent
chapters. The reduced cytokine production of ibrutinib treated PBMC is also in line with
findings of decreased plasma cytokine concentrations in ibrutinib treated patients3®,
Ibrutinib has also been shown to reduce cytokine release syndrome in CART cell treated

patients3?> and infusion reactions associated with anti-CD20 mAb treatment32.

Conversely, this apparent decreased T cell function is in contrast to published data which
suggested that T cell cytotoxicity is improved after ibrutinib treatment?3*. It has also been

proposed that prior treatment with ibrutinib improves the capacity for CART cell
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generation?®®. This discrepancy in ex vivo T cell function may be explained by the half-life
of ITK. The half-life of ITK is approximately 1 hour in resting CD4 T cells, which was
extended to 22 hours when stabilised by covalent binding of an ITK inhibitor3?’. There is
no published data on the half-life of the ibrutinib-ITK complex. In these experiments, the
functional assays were performed immediately after thawing of PBMCs. Other ex vivo
functional studies ibrutinib treated patient T cells have measured functional outcomes

after multiple day long cultures?2%28,

4.5 CONCLUSION

This study provides insight into the long-term effects of novel targeted therapies in CLL
who were treated for up to 5 years. This analysis demonstrates that the different targeted
therapies have distinct effects on the immune system. Both the Bcl-2 inhibitor venetoclax
and the BTK inhibitor ibrutinib resulted in changes to the immune profile, increasing the
relative frequency of myeloid subsets while the more selective BTK inhibitor zanubrutinib
had limited if any effect on the composition of the immune system. These changes to
immune populations should be considered when combining these targeted therapies

with immune directed therapies.
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5 TARGETED THERAPIES ALTER NK AND T CELL FUNCTION IN VITRO

5.1 SUMMARY

Targeted therapies have been developed to inhibit specific molecular interactions that
are essential to the cancer cells growth or survival. However, through both on-target and
off-target mechanisms these therapies have the potential to affect normal cells. The
effect of targeted therapies on immune cells is particularly salient as effective immunity
is important for not only protecting patients from infections but in anti-tumour immunity
and the potential for combination with immunotherapies. This chapter focuses on the in
vitro effects of BTK and Bcl-2 inhibitors on T cells and NK cells. Using functional assays to
assess the effector functions of these populations this analysis demonstrates that the BTK
inhibitor ibrutinib has significant effects on both T cells and NK cells, while the effects of
the second generation BTK inhibitors zanubrutinib and acalabrutinib are more restricted.
This analysis also shows that the Bcl-2 inhibitor venetoclax does not alter the effector

functions of either T cells or NK cells but results in decreased mature activated subsets.
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5.2 INTRODUCTION

Ibrutinib is not only an inhibitor of BTK but also multiple other kinases, including all the
members of the Tec family. To date, the most studied alternate target of ibrutinib is ITK.
ITK inhibition is the suggested mechanism by which ibrutinib affects the function of NK
and T cell populations?®23>. More selective BTK inhibitors, including zanubrutinib and
acalabrutinib, were developed to limit ITK inhibition, the proposed advantage being the
decreased impact on NK and T cells. Subsequently, the effect of the more selective
inhibitors on NK cell degranulation has been investigated in vitro with some inconsistent
findings. While some studies found that zanubrutinib and acalabrutinib do not inhibit NK
cell ADCC?37328 others have suggested that acalabrutinib has a mild effect on NK cell

degranulation in some contexts3?°.

Ibrutinib, and to varying degrees the more selective BTK inhibitors, also inhibit other TEC
family kinases including TXK and TEC, both of which are also expressed in NK and T cells
and have non-redundant signalling roles with ITK. Published data using biochemical
kinase inhibition assays have shown that zanubrutinib and acalabrutinib have very
different TEC family kinase inhibition profiles. While zanubrutinib has a more than 100-
fold higher ICso for ITK than BTK the ICsp for TXK and TEC are 2.2 nM and 44 nM
respectively. Acalabrutinib is the most selective of the BTK inhibitors in this study, with
an ICso for ITK of greater than 1 uM and for TXK and TEC of 368 nM and 126nM

respectively?!® (summarised in Table 5.1).

Table 5.1 Reported ICso (nM) for TEC family kinases of various BTK inhibitors*

IBRUTINIB ZANUBRUTINIB ACALABRUTINIB
BTK 1.5+/-0.2 0.5+/-0.0 5.14/-1.0
BMX 0.8 +/-0.1 1.4+/-0.4 46 +/-12
ITK 49+/-1.2 50+/-5 >1000
TEC 10 +/- 12 44 +/- 19 126 +/- 11
TXK 2.0+/-0.3 2.2 +/-0.6 368 +/- 141

# adapted from Kaptein et al. 2018

Thus far, much of what is understood about the absence of ITK, TXK and TEC and the
consequences for immune function is based on studies using knock-out mice. However,

in the context of the genetic loss of Tec kinases, both the development and function of T
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cells is affected®®339331 While only limited data is available from humans with primary
immunodeficiency resulting from mutations in ITK3327334 these patients also have defects
in T cell development and defective viral immunity. It remains unclear how the effects of
ITK deficiency on the development of T cells alter the subsequent function of these
immune subsets and therefore, how closely the effect of inhibition of Tec kinases aligns
with the functional impact of the permanent absence of the kinases. In this chapter, the
effect of the off-target inhibition of the Tec family by various BTK inhibitors on the
function of mature human immune cells was investigated. Based on the distinct inhibition
profiles of these three drugs, this analysis aimed to understand what, if any impact the

more selective inhibitors had on T cell and NK cell function.

Unlike BTK inhibition, Bcl-2 inhibition does not impact signalling pathways but rather
modulates cell survival. As such it is not expected that the function of immune cells will
be adversely affected by venetoclax. However, while Bcl-2 is ubiquitously expressed and
plays a role in the regulation of survival in all immune cells, different immune subsets
have been shown to have varying degrees of Bcl-2 expression and Bcl-2 dependence. For
example both malignant and normal B cell populations are significantly more susceptible
to Bcl-2 inhibition than other immune populations?*’. However, the regulation of Bcl-2
has been shown to play an indispensable role in both T cell and NK cell maturation
241,249,335 gnd the balance of Bim and Bcl-2 is critical to the maintenance of peripheral T
cell memory homeostasis?*3. As such, this analysis investigated the effect of venetoclax

on activated T cells and NK cells.

Through increased understanding of how targeted therapies impact the presence and
function of cytotoxicimmune populations, this analysis will provide insight into how these
therapies affect anti-tumour immunity and inform the combination of these therapies
with immunotherapy. Finally, given the known immune defects in CLL patients this
analysis aimed to understand how BTK and Bcl-2 inhibitors impacted the function of T
cells from both age matched healthy donors and CLL patients. This is particularly
important as it allows for a better understanding of direct drug effects in addition to the

interaction of T cell dysfunction and the effects of targeted therapies.
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5.3 RESULTS

5.3.1 DEGRANULATION

It has been previously demonstrated that the NK cell responses to antibody coated cells
is impaired by ibrutinib but not more specific BTK inhibitors 23>237. My first objective was
to test if the same defect in degranulation was observed using bead-based stimulation.
Purified NK cells from five healthy donors were pre-treated with ibrutinib, zanubrutinib,
venetoclax or vehicle control (DMSO) prior to stimulation with CD2/NKp46 NK stimulation
beads for four hours. Compared to the vehicle control, both ibrutinib and zanubrutinib
treated NK cells exhibited significantly diminished degranulation and IFNy responses,
though the effect of ibrutinib appeared to be greater than that observed with
zanubrutinib treatment. Venetoclax did not have a significant impact on NK cell

degranulation or intracellular IFN production (Figure 5.1).

A similar assay using CD2/CD3/CD28 T cell stimulation beads allowed for the
measurement of CD8 T cell degranulation. PBMC from either healthy donors or CLL
patients were pre-treated with ibrutinib, zanubrutinib, acalabrutinib or venetoclax.
Ibrutinib treatment resulted in significantly impaired degranulation and IFNy production
on CD8 T cells from both healthy donors (Figure 5.2 a-b) and CLL patients (Figure 5.2 c-
d). There was no significant effect of either zanubrutinib or acalabrutinib on the
expression of CD107a. However, zanubrutinib, but not acalabrutinib, treated healthy
donor CD8 T cells showed significantly diminished IFNy production (Figure 5.2 b).

Venetoclax had no effect on either degranulation or IFNy production in CD8 T cells.
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Figure 5.1 Effect of targeted therapies on NK cell degranulation

A) Representative flow cytometry plots of CD107a and B) IFNy staining in fluorescence-
minus-one staining control and vehicle treated NK cells. C-D) NK cells isolated from
healthy donor PBMC were treated with 1 uM ibrutinib or 1 uM zanubrutinib or 1 nM
venetoclax or DMSO vehicle control for 18 hours prior to stimulation with CD2/NKp46 NK
stimulation beads for 4 hours. C) Boxplot summarising the degranulation of NK cells
(percent CD107a positive) and D) Percent IFNy positive NK cells from five healthy donors
in two independent experiments. Mixed effects analysis, with Dunnett’s multiple

comparisons test *p<0.05, **p<0.01 ***p<0.001.
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Figure 5.2 Effect of targeted therapies on CD8 T cells from healthy donors and
CLL patients

PBMC were treated with 1 uM ibrutinib or 1 uM zanubrutinib or 1 nM venetoclax or
DMSO vehicle control for 18 hours prior to stimulation with CD2/CD3/CD28 T cell
stimulation beads for 4 hours. Box plots summarising CD8 T cell A) CD107a and B) IFNy
expression in six healthy donors. CLL patient CD8 T cell C) CD107a expression and D) IFNy
expression in eleven CLL patients in two independent experiments. Mixed effects analysis
with Tukey-Kramer test for multiple comparisons, *p<0.05 **p<0.01 ***p<0.0001.
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NKT cells have been shown to have a greater dependence on ITK than conventional T
cells®!. Therefore, the impact of BTK inhibitors on NKT cell responses was also
investigated in ex vivo expanded NKT cells from healthy donors. As with CD8 T cells, NKT
cells treated with ibrutinib had significantly diminished degranulation and IFNy
production in response to bead stimulation (Figure 5.3 a-b). Interestingly, zanubrutinib
also had a significant impact on NKT cell degranulation and IFNy production in response
to bead stimulation. However, this effect was less pronounced than that observed with
ibrutinib treatment. Acalabrutinib and venetoclax had no significant impact on NKT cell
degranulation.

Due to their restricted TCR, all NKT cells can recognise aGalCer presented in the context
of CD1d. Therefore, it is possible for ex vivo expanded healthy donor derived NKT cells to
recognise allogeneic CLL cells presenting aGalCer. CLL cells from a single donor were
stimulated by co-culture with HS-5 bone marrow stromal cells which resulted in increased
CLL cell activation and immunogenicity (Appendix A1 and A2). These CLL cells were then
co-cultured with pre-treated healthy donor NKT cells. Only CLL cells presenting aGalCer
elicited a response from NKT cells and of the inhibitors tested, only ibrutinib significantly

reduced the response of NKT cells to antigen recognition (Figure 5.3 c-d).

Finally, to test if ibrutinib also impaired NKT cell killing a cell death assay was performed.
In this assay activated CLL cells that had been co-cultured with HS-5 bone marrow stromal
cells had significantly improved survival (Figure 5.3 e). Furthermore, the addition of
aGalCer to the CLL cells further increased their survival. Somewhat unexpectedly, the
viability of CLL cells co-cultured with acalabrutinib and venetoclax treated NKT cells was

significantly higher than either vehicle, ibrutinib or zanubrutinib treated NKT cells.
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Figure 5.3 Effect of targeted therapies on the cytotoxicity of NKT cells

Ex vivo expanded NKT cells from 11 healthy donors were treated with 1 uM ibrutinib or
1 uM zanubrutinib or 1 nM venetoclax or DMSO vehicle control for 18 hours prior to
stimulation. Boxplots summarising A) CD107a expression and B) IFNy production in NKT
cells stimulated for 4 hours with CD2/CD3/CD28 T cell stimulation beads in two
independent experiments. Boxplots summarising the frequency of C) CD107a and D) IFNy
expression of NKT cells from five healthy donors stimulated with aGalCer loaded
activated CLL cells. E) CFSE stained activated CLL cells presenting aGalCer were co-
cultured with drug treated NKT cells. Percent cell death measured using Annexin V/7AAD
staining as a percent of total CFSE stained cells. Mixed effects analysis with Tukey-Kramer
test for multiple comparisons test *p <0.05 ** p <0.01 ***p <0.001 ****p<0.0001.
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5.3.2 CYTOKINE PRODUCTION

As discussed in the previous section, NK cells, CD8 T cells and NKT cells treated with
ibrutinib and zanubrutinib showed significantly reduced IFNy production in response to
stimulation. To further understand the effect of BTK inhibitors on T cell cytokine
production, CD4 T cell production of IFNy and IL-4 was also investigated. Both ibrutinib
and zanubrutinib treated healthy donor CD4 T cells produced significantly more IL-4,
while only ibrutinib treatment resulted in significantly decreased IFNy production (Figure
5.4 c-d). Interestingly, this is not the case in CD4 T cells from CLL patients which exhibited
the same decrease in IFNy production but no change in the IL-4 production (Figure 5.4

e-f).

Intracellular cytokine staining provides information about cytokine production over a
short window of activation in which the protein transport inhibitors are present, in these
experiments, 4 hours. Measuring cytokine release in the supernatant allowed for the
measurement of cytokine production over longer periods. A cytometric bead array was
performed on the supernatant of 24-hour cultures of healthy donor or CLL patient PBMC
activated with CD2/CD3/28 beads, to measure the T cell associated cytokines IL-2, IL-4,
IL-6, IL-10, IL17A, IFNy and TNFa.. Unstimulated CLL and healthy donor PBMC produced
undetectable levels of all measured cytokines. After activation with CD2/CD3/CD28 T cell
stimulation beads, in healthy donor PBMC cultures treated with ibrutinib there was
significantly lower concentrations of all cytokines measured except IL-4 (Figure 5.5),
compared with DMSO vehicle controls, a trend also seen in CLL patient PBMC cultures
(Figure 5.6). Interestingly, zanubrutinib, acalabrutinib and venetoclax treated healthy
donor cultures had significantly increased production of the Tu2 cytokine IL-4 (Figure 5.5

d).

Zanubrutinib treated PBMC produced significantly less TNFau and IL-6 than vehicle treated
cells (Figure 5.5 ¢, f) but had no impact on the secretion of IL-2, IL-17A or IL-10 (Figure
5.5 a, e, g). Acalabrutinib and venetoclax treated cultures had significantly increased
IL-17A and IL-10 production than vehicle treated cells (Figure 5.5 e, g). lbrutinib

treatment resulted in significantly reduced IL-2 and IFNy release in CLL PBMC cultures
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(Figure 5.6 a, b). There was no significant effect of any inhibitor on IL-17A or IL-4
production in CLL PBMC cultures (Figure 5.6 d, e). Interestingly venetoclax treated
cultures had significantly greater concentrations of TNFa and IL-6 than vehicle treated

cultures (Figure 5.6 ¢, f).

The significant differences in cytokine production by healthy donor and CLL PBMC treated
with targeted therapies as compared to vehicle control are summarised in Table 3.2 and
3.4. Notably, while the absolute number of T cells was lower in the CLL PBMC cultures?,
the supernatant concentration of IL-2 was roughly equal to that in healthy donor PBMC
cultures. This is in contrast to the other cytokines measured, all of which had lower
concentrations in CLL cultures than in healthy donor cultures, including significantly less

IL-6 (p= 0.0487), IL-10 (p = <0.0001) and TNFa, (p=0.0260) (Figure 5.7).

¥ Equivalent numbers of PBMC per mL were aliquoted. Therefore, given that CLL patient
PBMC contains a lower percentage of T cells than healthy donors, CLL PBMC cultures
contained fewer T cells. Equivalent numbers of stimulation beads were added per
number of PBMC.
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Figure 5.4 CD4 T cell cytokine production

PBMC were treated with 1 uM ibrutinib or 1 uM zanubrutinib or 1 nM venetoclax or
DMSO vehicle control for 18 hours prior to stimulation with CD2/CD3/CD28 T cell
stimulation beads for 4 hours. Boxplots representing intracellular a) IL-4 and b) IFNy
staining in CD4 T cells from six healthy donors and c-d) five CLL patients. Mixed effects
analysis, with Dunnett’s test for multiple comparisons *p<0.05, **p<0.01 ***p<0.001.
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Figure 5.5 Healthy donor PBMC cytokine release

Bar graphs of supernatant cytokine concentrations after 24 hours T cell bead stimulation
of whole PBMC from four healthy donors. The sensitivity of the assay was limited to 5000

pg/mL. Bars represent the mean £ SD, RM one-way ANOVA with Fisher’s LSD, *p<0.05 **
p<0.01 ***p<0.001 ****p<.0001
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Figure 5.6 CLL patient PBMC cytokine release
Bar graphs of supernatant cytokine concentrations after 24 hours bead stimulation of
whole PBMC from four CLL patients. The sensitivity of the assay was limited to 5000

pg/mL. Bars represent the mean and SD RM one-way ANOVA with Fisher’s LSD. *p<0.05
** p<0.01 ***p<0.001 ****p<.0001
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Table 5.2 Summary of significant differences in cytokine production between
healthy donor PBMC treated with targeted therapies as compared to vehicle

IBRUTINIB  ZANUBRUTINIB ACALABRUTINIB VENETOCLAX
IL-2
IFNy
TNFo
IL-4
IL-17
IL-6
IL-10

T
T T
T T

CEe e
9

T T

Table 5.3 Summary of significant differences in cytokine production CLL patient
PBMC treated with targeted therapy as compared to vehicle treated cultures

IBRUTINIB ZANUBRUTINIB ACALABRUTINIB VENETOCLAX
IL-2 I I

IFNy J

TNFo T

IL-4

IL-17

IL-6 T

IL-10

6000—

%
— *
4000 —
"= 2000~
i a Aokokok
. —
ok —— e
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Figure 5.7 Comparison of cytokine production in CLL patient and healthy donor
PBMC

Bar graphs of supernatant cytokine concentrations after 24 hours bead stimulation of
whole PBMC from 4 healthy donors (red) and 4 CLL patients (blue). Data recorded above

detection limit reported as 5000 pg/mL. Bars represent the mean and SD RM one-way
ANOVA with Fisher’s LSD. *p<0.05 ** p<0.01 ***p<0.001 ****p<.0001.
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5.3.3 PROLIFERATION

5.3.3.1 T cell proliferation

The previous cytokine secretion data suggests that T cell activation is severely impaired
by ibrutinib treatment. This is most likely due to the inhibition of TCR signalling by
ibrutinib binding ITK and it has been reported that T cells with redundant signalling are
able to retain their effector function 3%, To further characterise the defect in activation
caused by ibrutinib a proliferation assay was performed. Whole PBMC from age matched
healthy donors or CLL patients were stimulated with CD2/CD3/CD28 T cell stimulation
beads and IL-2 and the resultant proliferation measured using CellTrace violet dilution
and analysed using FlowJo proliferation modelling, after 3, 5 and 7 days. Representative
histograms of CellTrace violet dilution can be seen in Figure 5.8 a. Proliferation modelling
was used to determine the ‘percent divided” which represents the proportion of the
original population of cells which had undergone at least one division. lbrutinib
significantly reduced the percent divided in both the CD4 and CD8 T cell populations from
healthy donors and CLL patients (Figure 5.8 b-e). However, ibrutinib, nor any other
inhibitor tested had a significant impact on the ‘replication index” which measures the
average number of divisions that the responding cells underwent, disregarding the
undivided cells (Figure 5.9). Dividing cells in ibrutinib treated cultures proliferated at a

similar rate to untreated cells or those treated with other targeted therapies.

114



A i) DMSO i) ibrutinib iii) zanubrutinib iv) acalabrutinib v) venetoclax

; ; | | 5. i ;
' I - |
{ "l'\ )\ { {
I s~ B aan saamn e R - Baas aamns- B~ maan saaune e
CellTrate Vot CoTrace Vickt CollTrate Vet CollTrace Vickt CotTrace Vit
Healthy donors
B CD4 T cells C CD8T cells
801 50
40
T 01
: - I
£ 407 i = :
8 * S 20- H
(. ]
o 20 T,
0 y r T 0 . ' -
3 5 7 3 5 7
Days in culture Days in culture
CLL patients
D CD4 T cells E CD8 T cells
100-
100+
804
3 80 § 3
3 60 § |]§
5 g :
& 40 B 407
a &
201 207
G A Ll L] c Ll T Ll
3 5 7 3 5 7
Days in culture Days in culture

-= DMSO ~+- acalabrutinib ~¥- zanubrutinib =+~ ibrutinib @~ venetoclax

Figure 5.8 CD4 and CD8 T cell proliferation in healthy donor and CLL patient
PBMC

A) Representative histograms of CellTrace violet dilution five days after CD2/CD3/CD28
bead and IL-2 stimulation in CD8 T cells. B) Percent divided CD4 T cells and C) Percent
divided CD8 T cells from seven healthy donors in two independent experiments. Percent
divided in D) CD4 T cells and E) CD8 T cells from eight CLL patients in two independent
experiments. Mixed effects analysis with Tukey-Kramer test for multiple comparisons test

**%* p <0.0001. Lines represent mean + SEM of the percent divided derived from FlowJo
proliferation modelling based on CellTrace violet dilution.
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Figure 5.9 Replication index of healthy donor and CLL patient CD4 and CD8 T cells
A) representative histograms of CD8 T cells which have undergone at least one division.
Replication index of B) CD4 T cells and C) CD8 T cells after bead stimulation from eleven
healthy donors from three independent experiments. Replication index of D) CD4 T cells
and E) CD8 T cells from eight CLL patients from two independent experiments. Mixed
effects analysis with Tukey-Kramer test for multiple comparisons test. Lines represent
mean + SD of replication index derived using FlowJo proliferation modelling.
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Given the delayed proliferation in ibrutinib treated cultures and the potential of Bcl-2
inhibition to have a greater effect on memory T cells, the effect of the targeted therapies
on the memory phenotype of proliferating T cells was also measured. Representative
plots of CD45RA and CD27 staining are presented in Figure 5.10 a and Figure 5.11 a. After
5 days of stimulation, Ibrutinib treated healthy donor CD4 T cells had significantly fewer
central memory, and more effector memory and Temra cells than vehicle treated CD4 T
cells (Figure 5.10 b-e). The memory phenotype of CLL patient CD4 T cells was not
significantly altered by ibrutinib (Figure 5.10 f-i). Similarly, ibrutinib had a greater effect
on the memory phenotype of heathy donors than CLL patients CD8 T cells. After 5 days
stimulation, ibrutinib treated CD8 T cells from healthy donors had significantly reduced
naive cells and significantly increased Temra cells (Figure 5.11 b-e). Venetoclax treated
CD8 T cells from both heathy donors and CLL patients had a significantly greater
proportion of naive cells (Figure 5.11 b, f) and there was a trend to decreased central

memory and effector memory subsets.
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Figure 5.10 Effect of targeted therapies on the memory phenotype of CD4 T cells
PBMC from healthy donors or CLL patients were treated with 1 uM ibrutinib, 1 uM
zanubrutinib, 1 uM acalabrutinib or 1 nM venetoclax and stimulated with CD2/CD3/CD28
T cell stimulation beads and IL-2 for 5 days. The proportion of naive (CD45RA+CD27+)
central memory (CD45RA-CD27+) effector memory (CD45RA-CD27-) and Tewmra
(CD45RA+CD27-) CD8 T cells was measured as a proportion of total CD4 T cells. A)
representative plots of CD45RA and CD27 determination of memory subsets. Memory
phenotype of CD4 T cells from a-d) healthy donors and e-f) CLL patients. Mixed effects
analysis with Fisher’s LSD tests, *p<0.05 ** p<0.01 ***p<0.001 ****p<.0001.
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Figure 5.11 Effect of targeted therapies on memory phenotype of CD8 T cells
PBMC from healthy donors or CLL patients were treated with 1 uM ibrutinib, 1 uM
zanubrutinib, 1 uM acalabrutinib or 1 nM venetoclax and stimulated with CD2/CD3/CD28
T cell stimulation beads and IL-2 for 5 days. The proportion of naive (CD45RA+CD27+)
central memory (CD45RA-CD27+) effector memory (CD45RA-CD27-) and Tewmra
(CD45RA+CD27-) CD8 T cells was measured as a proportion of total CD8 T cells. A)
representative plots of CD45RA and CD27 determination of memory subsets. Memory
phenotype of CD8 T cells from B-E) healthy donors and F-1) CLL patients. Mixed effects
analysis with Fisher’s LSD tests, *p<0.05 ** p<0.01 ***p<0.001 ****p<.0001.
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CLL patient T cells have profound functional defects and CLL cells have been shown to be
both directly and indirectly immunosuppressive. Therefore, the effect of the presence of
CLL cells on the proliferation of T cells was investigated. CLL patient PBMC was split and
either depleted of CD19+ cells using MACS bead separation or left as whole PBMC. These
cultures were then stimulated with CD2/CD3/CD28 T cell stimulation beads and IL-2 for
7 days and proliferation was analysed. When cultured as whole PBMC, a significantly
greater proportion of CLL patient T cells proliferated than T cells cultured in CD19+ cell
depleted PBMC (Figure 5.12). However, when the CLL cells were depleted, both the
percent divided and the proliferation index of CD8 T cells was significantly lower than T

cells from heathy donors (Figure 5.12 c-d).
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Figure 5.12 Comparison of healthy donor and CLL T cell proliferation

PBMC from 8 CLL patient PBMC and 11 healthy donors were stimulated with
CD2/CD3/CD28 T cell stimulation beads and IL-2 for 7 days. Proliferation was assessed
using CellTrace violet dilution on days 3,5 and 7. Analysis of proliferation was performed
using FlowlJo proliferation modelling. A) Percent of CD4 T cells that divided B) CD4 T cells
replication index and C) Percent CD8 T cells that divided and D) CD8 T cell replication
index. Bars represent mean and standard deviation. Mixed effects with sidak’s multiple
comparisons *p<0.05, ** p<0.01 ***p<0.001 and **** p<0.0001.
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5.3.3.3 Effect of targeted therapies on the expression of inhibitory receptors

Decreased expression of exhaustion markers, in particular PD-1 has been used as a
marker of improvement in T cell fitness in patients treated with ibrutinib??2233. However,
PD-1, TIM-3, and LAG-3 are all upregulated during T cell activation®*’. To address the
effect of ibrutinib on the expression of inhibitory receptors, CD4 and CD8 T cells were
analysed over seven days of stimulation for their expression of PD-1, TIM-3, and LAG-3.
After 3 days stimulation, both ibrutinib and zanubrutinib significantly reduced the
expression of PD-1 and TIM-3 in CD8 T cells as compared to either vehicle control or
acalabrutinib treated cells, while only ibrutinib treated CD8 T cells had significantly
reduced expression of LAG-3 (Figure 5.13 d-f). After 5- and 7-days stimulation there was
no significant impact of any of the BTK inhibitors on PD-1 expression (Figure 5.13 g, j).
Conversely, ibrutinib treated CD8 T cells maintained significantly lower TIM-3 and LAG-3

expression (Figure 5.13 h-i, k-1).

However, as demonstrated in the previous section, ibrutinib treatment resulted in a
significant reduction in activation, and greater numbers of T cells failed to proliferate in
response to stimulation. As such proliferation modelling was used to measure exhaustion
marker expression in populations that had undergone different numbers of divisions.
Using CellTrace violet dilution, T cells from each generation were analysed separately for
the expression of inhibitory receptors, allowing for comparison of cells that have

undergone the same number of divisions.

This analysis showed that in healthy donor CD8 T cells that had undergone the fewest
divisions there was a significantly lower expression of PD-1 and LAG-3 (Figure 5.14 c, e).
Alternatively, ibrutinib treated CD8 T cells that had undergone multiple successive
divisions had higher expression of PD-1 than cells that had undergone the same number
of divisions in the zanubrutinib, acalabrutinib or vehicle treated conditions (Figure 5.14
c). Similarly, ibrutinib and zanubrutinib treated CD8 T cells which had undergone at least
five divisions had higher expression of TIM-3 than equivalently proliferated CD8 T cells

treated with acalabrutinib or vehicle (Figure 5.14 d).
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Conversely, CD8 T cells from CLL patients exhibited a different pattern of exhaustion
marker expression. Neither ibrutinib, nor any other BTK inhibitor altered the expression
of PD-1 on proliferating CLL patient CD8 T cells (Figure 5.14 f). However, ibrutinib
significantly decreased the expression of TIM-3 and LAG-3 in CD8 T cells that had
undergone multiple divisions. Zanubrutinib and acalabrutinib also significantly reduced

TIM-3 expression with a trend to decreasing LAG-3 expression (Figure 5.14 g-h).

In order to explore the differences in inhibitory receptor expression healthy donor and
CLL patient T cells were compared. In both CD4 and CD8 T cells there was a trend to
greater expression of PD-1, TIM-3 and LAG-3 on CLL patient CD8 and CD4 T cells as
compared to healthy donors (Figure 5.15a-f). When proliferating T cells were examined
by gating on individual generations, CLL patient CD8 T cells which had undergone multiple
divisions showed a significantly greater expression of PD-1, Tim3 and LAG-3 than healthy

donor T cells (Figure 5.15 g-i).

In order to examine if the increased expression of inhibitory receptors was intrinsic to CLL
patient T cells or due to the presence of CLL cells in the culture, the expression of PD-1,
TIM3 and LAG-3 was examined on T cells stimulated in the presence of CLL cells, or after
CD19+ cells were depleted from the PBMC. Depletion of CD19+ cells from CLL PBMC
resulted in a trend to decreased expression of PD-1, TIM-3, and LAG-3 after 5 days
stimulation on both CD4 and CD8 T cells (Figure 5.16 a-f). Generational gating was used
to examine the changes in inhibitory receptor expression in proliferating CD8 T cells.
When compared to matched samples cultured in the absence of CD19+ cells, CD8 T cells
had lower expression of PD-1 in the earlier generations and higher expression of LAG-3

in later generations (Figure 5.16 g-i).
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Figure 5.13 Inhibitory receptor expression on stimulated CD8 T cells

A-C) representative dot-plots of exhaustion marker expression on FMO and DMSO
treated controls. Boxplots representing the mean fluorescence intensity (MFI) PD-1, TIM3
and LAG-3 on CD8 T cells from four healthy donor stimulated for D-F) 3 days, G-1) 5 days
or J-L) 7 days with CD2/CD3/CD28 T cell stimulation beads and rhiL-2. Friedman ANOVA
with Dunn’s multiple comparisons tests *p<0.05 ** p<0.01 ***p<0.001 ****p<.0001
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Figure 5.14 Ibrutinib alters the expression of inhibitory receptor expression on
individual CD8 T cell generations

PBMC from heathy donors and CLL patients were stained with CTV, treated with 1 uM
ibrutinib, zanubrutinib, or acalabrutinib or vehicle control (DMSO). All treatment
conditions were then stimulated with CD2/CD3/CD28 beads and rhiL-2 for five days. A)
representative histogram of CellTrace violet dilution. B) representative model of gating
on individual generations. C-E) expression of PD-1, TIM3 and LAG-3 on CD8 T cells from
healthy donors. F-H) expression of PD-1, TIM3 and LAG-3 on CD8 T cells from CLL patients.
Lines represent median MFI of 4 donors. Individual t tests *p<0.05 ** p<0.01 ***p<0.001
*H**p<.0001.
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Figure 5.15 Differences in inhibitory receptor on healthy donor and CLL patient
PBMC

PBMC from CLL patients or healthy donors were stimulated with CD2/CD3/CD28 beads
and IL-2 for 5 days. The expression of PD-1, TIM-3 and LAG3 were assessed by flow
cytometry on both the whole CD4 and CD8 T cell populations. Box plots summarising the
expression of A) PD-1, C) TIM-3 and E) LAG-3 on all CD8 T cells. Box plots summarising the
expression of B) PD-1, D) TIM-3 and F) LAG-3 on total CD4 T cell population. Individual t
tests *p<0.05 ** p<0.01 ***p<0.001 ****p<.0001. Each generation of CD8 T cells was
gated using CellTrace violet dilution. Expression of G) PD-1, H) TIM-3, and |) LAG-3, Bars
represent mean * SD of 4 donors. One-way ANOVA with Fisher’'s LSD multiple
comparisons *p<0.05 ** p<0.01 ***p<0.001 ****p<.0001.
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Figure 5.16 Depleting CD19+ cells alters the expression of inhibitory receptor
expression

CLL patient PBMC and matched samples depleted of CD19+ cells were stimulated with
CD2/CD3/CD28 beads and IL-2 for 5 days. The expression of PD-1, TIM-3 and LAG3 were
assessed by flow cytometry on both the whole CD4 and CD8 T cell populations. Box plots
summarising the expression of A) PD-1, C) TIM-3 and E) LAG-3 on total CD8 T cell
population. Box plots summarising the expression of B) PD-1 D) TIM3 and F) LAG-3 on
total CD4 T cell populations. Individual t tests *p<0.05 ** p<0.01 ***p<0.001
****p<.0001. Individual generations of CD8 T cells was gated using CellTrace violet
dilution and FlowJo proliferation modelling. Expression of G) PD-1, H) TIM-3, and |) LAG-
3. Bars represent mean %+ SD of 4 donors. One-way ANOVA with Fisher’s LSD multiple
comparisons *p<0.05 ** p<0.01 ***p<0.001 ****p<.0001.
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5.3.34 NK cell proliferation

Previously published studies on the effect of BTK inhibitors on NK cell function have
primarily focused on measures of NK cell cytotoxicity?3>23¢. In order to further understand
the functional impact of targeted therapies on NK cells this analysis examined the in vitro
proliferation of NK cells. NK cells were isolated from healthy donor PBMC, treated with
either 1 uM ibrutinib, 1 uM zanubrutinib, 1 uM acalabrutinib or 1 nM venetoclax and
stimulated using CD2/NKp46 NK stimulation beads and IL-2. Based on CellTrace violet
dilution the proliferation of NK cells was measured over 7 days. lbrutinib treated cultures
had significantly reduced NK cell proliferation, both in the percent divided and the
replication index, indicating that fewer NK cells were induced to proliferate and the
proliferating NK cells underwent fewer divisions than vehicle treated cells (Figure 5.17
a-b). In contrast to the effect on T cell proliferation, both zanubrutinib and acalabrutinib
also reduced the proportion of proliferating NK cells, albeit to a lesser degree than
ibrutinib. Conversely, in venetoclax treated NK cell cultures after 7 days stimulation there
was a greater proportion of divided NK cells and a higher replication index than vehicle

treated NK cells.

CD16 and CD57 are markers of greater NK cell differentiation and cytotoxic capacity33833°

In order to assess the effect of targeted therapies on this subset the frequency of
CD16+CD57+ NK cells were compared over the 7-day stimulation. Ibrutinib treated
cultures had a significantly increased proportion of CD16+CD57+ mature NK cells as
compared to the vehicle control. Conversely, venetoclax treated cultures had a

significantly reduced proportion of the CD16+CD57+ population (Figure 5.17 c)
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Figure 5.17 NK cell proliferation is altered by targeted therapies

Purified NK cells isolated from healthy donor PBMC were treated with targeted therapies
and stimulated with CD2/NKp46 NK stimulation beads and IL-2 for 7 days. Proliferation
was measured on day 3, 5 and 7 using CellTrace violet dilution. A) the percent of the
original NK population that underwent at least one division. B) the replication index of
proliferating NK cells. Bars represent the mean x SD for 6 healthy donors in two
independent experiments, 2-way AONVA with Tukey-Kramer multiple comparisons. C)
Percent of NK cells (CD56+ cells) co-expressing CD16 and CD57 in stimulated cultures.
Lines represent mean % SD of 3 healthy donors. 2-way ANOVA with Holm-Sidak's multiple
comparisons test. ¥*p<0.05 ** p<0.01 ***p<0.001 ****p<.0001
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5.4 DISCUSSION

Both BTK and Bcl-2 inhibitors are highly effective therapies in CLL. This chapter examined
the impact of these emergent targeted therapies on the effector function of multiple
lymphocyte subsets. The first generation BTK inhibitor ibrutinib, in addition to the two
most clinically advanced second generation BTK inhibitors zanubrutinib and acalabrutinib
were used in this analysis and compared to the Bcl-2 inhibitor venetoclax. Together these
results show that ibrutinib broadly supressed both T cell and NK cell function, impairing
the degranulation, cytokine production, and proliferation responses. The more selective
BTK inhibitors, zanubrutinib and acalabrutinib, had only limited impacts on T cell function,
with more significant effects on NK cells. Venetoclax did not alter the response of T cells
to stimulation, however there were measurable effects on the viability of more terminally
differentiated NK and T cell populations. Together these findings highlight the impact of

BTK inhibitors on the function of immune populations that do not express BTK.

Consistent with other published studies, this study used a 1 uM concentration for all
three BTK inhibitors, which also correlates with the reported plasma concentration in
patients treated with these drugs. In patients treated with 420 mg/day ibrutinib the mean
peak plasma concentration for ibrutinib was approximately 300 nM, however 1 CD4 T
cells replication index and M plasma concentrations were also within the range observed
340, The mean peak plasma concentration of zanubrutinib was also approximately 1 uM
at the 320 mg/day dose® 34!, The mean peak plasma concentration of acalabrutinib was
measured at approximately 1.2 CD4 T cells replication index and M after a single 100 mg

dose 6168

In an in vitro cell death assay the venetoclax concentration leading to 50% dead cells
(LCso) for resting CD4 and CD8 T cell populations from healthy donors was 2.5 +0.6 mM
and 1.3 £0.7 mM respectively, much higher than the 3.0+0.9 nM LCso from healthy donor

B cells or CLL cells?*’. In CLL patients receiving a daily 400 mg venetoclax dose, the

§ More recent trials have used a 160 mg twice daily, pharmacokinetic studies are pending
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average pre-dose plasma concentration was between 0.771 and 1.14 uM over two years
on drug 3#. However, given our desire to study long term function and not cell death the

in vitro dose in this analysis was 1 nM.

This study utilised stimulation beads to assess the response of multiple immune subsets.
The NK cell degranulation assay indicated that while the effect of ibrutinib was more
profound, zanubrutinib had a measurable impact on NK cell degranulation (Figure 5.1).
These findings are in contrast to a study which measured NK ADCC using CD107a and
IFNy expression in response to anti-CD20 coated DHL-4 or anti-HER2 coated Her18 cell
lines which, using the same drug concentrations (1 uM), found that neither zanubrutinib
or acalabrutinib had any significant impact on NK cell responses??’. This difference in
zanubrutinib sensitivity may be due to differences in the dependence of the receptors
engaged during the stimulation on the Tec family. While the Tec family is involved in the
downstream signalling of Fc receptors®? as well as NKp46 and CD2'%°, the relative

dependency on the Tec family members TXK and TEC is unknown.

The differences described above may also be explained by the strength of the stimulus
used. This analysis used CD2/NKp46 NK cell stimulation beads which provide a strong
stimulus for the NK cell degranulation assay. Previously published data had focused on a
more physiological stimulus of the antibody opsonised cells and NK cell activation
mediated by CD16 (FcyRIll). The difference between cell-based stimulation and bead
stimulation is best demonstrated in this study by the response of NKT cells. In the
degranulation assay using CD2/CD3/CD28 T cell stimulation beads, up to 60% of cells
degranulated and up to 30% expressed IFNy (Figure 5.3 a-b). Conversely when using CLL
cells presenting an NKT specific antigen, only 15- 25% NKT cells degranulated and less
than 5% of cells expressed IFNy (Figure 5.3 c-d). In the context of cell mediated
stimulation the effect of zanubrutinib on NKT cells was not seen and was only statistically

significant in the more potent stimulation of the bead-based assay.

Previously it has been suggested that the mechanism by which ibrutinib decreased NK
and T cell responses was via inhibition of ITK. This data suggests that zanubrutinib also

impacts NK and T cell function, which may be due to the partial inhibition of ITK, as
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zanubrutinib has a reported ICso for ITK of 50 nM. However, zanubrutinib can also inhibit
TXK, with an ICso of 2.0 nM (Table 5.1). Notably, in CD8 T cells zanubrutinib did not
significantly reduced CD107a surface expression, but did significantly reduce IFNy
production (Figure 5.2) in line with the role of TXK in the transcriptional regulation of
IFNy207:208 However, the relative contribution of ITK and TXK to NK cell activation is not
well understood but it has been suggested that ITK has been shown to have a negative

regulatory effect on NKG2D mediated cytotoxicity*?.

Zanubrutinib only significantly diminished the IFNy production of CD8 T cells from heathy
donor cells and did not have a significant effect on CD8 T cells from CLL patents (Figure
5.2 b, d), this being despite similar proportions of the cells expressing IFNy. Similarly,
zanubrutinib had a greater impact on healthy donor PBMC cytokine production. Finally,
while zanubrutinib treated healthy donor T cells had increased expression of TIM-3 in
proliferated CD8 T cells, CLL patient T cells had decreased expression levels of TIM-3.
Why the responses of healthy T cell and CLL patient T cells would be differently affected
by zanubrutinib remains unclear. Further investigation into the differences in baseline T

cell function may elucidate why healthy T cells are more sensitive to zanubrutinib.

It is also notable that the ex vivo functional assays presented in Chapter 4 (Figure 4.16)
demonstrated that only ibrutinib treated patients, and not those treated with
zanubrutinib had a significant decrease in the CD8 T cell degranulation response.
Furthermore, the ex vivo effect was less substantial than seen in the in vitro data. This
may be explained by a lower serum concentration of ibrutinib in these patients resulting
in lower ITK occupancy, or because of the time from ibrutinib administration to sample
acquisition resulted in ITK turnover, restoring TCR signalling capacity. It remains pertinent
that ibrutinib has such a profound effect on both CD4 and CD8 T cells it may have
implications for the patient’s ability to fight infections as well as implications for

combining ibrutinib with T cell directed immunotherapies.

Despite the significant inhibition of NKT cell degranulation by ibrutinib, the NKT
cytotoxicity assay did not demonstrate differential CLL cell killing by treated NKT cells.

This may be due to the relatively short incubation period of 6 hours being insufficient to
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induce significant cellular cytotoxicity. Indeed, the high degree of similarity in CLL cell
death between the different NKT cell donors suggests that the main determinant of cell
death was not the NKT cells (which also displayed a wide variety of degranulation
responses) but rather an intrinsic CLL cell effect which came from a single donor. This is
supported by the fact that in the CLL culture conditions, both the presence of HS5 cells
and of aGalCer, prior to the addition of NKT cells had the greatest impact on viability
(Figure 5.3 e).

The focus of prior studies on the effect of ibrutinib on T cells have focused mainly on the
effect on T helper cells. In this analysis, in both CLL patient CD4 T cells and healthy donor
CD4 T cell populations only ibrutinib significantly reduced the production of the Tul
cytokine IFNy and in healthy donors the expression of the Ty2 cytokine IL-4 was increased
with both ibrutinib and zanubrutinib treatment. Conversely, there was no significant
effect of any inhibitor on IL-4 expression in CLL patient CD4 T cells. This data is in contrast
with suggestions that ITK inhibition by ibrutinib leads to inhibition of Th2 cells 218
However, as discussed in Chapter 1, the suggested mechanism of Tyl skewing relies on
the competent redundant signalling of TXK which may not be the case for ibrutinib which
has a reported ICso for TXK of 2.0 nM?'°. Instead the increase in IL-4 production aligns
with data from ITK7- TXK”- dual knockout mice which are equally capable of mounting
effective Tu2 repossesses as wild-type counterparts 2°1. Interestingly zanubrutinib, which
has a similar ICso of TXK as ibrutinib, (2.2 nM), but a lower ICso of ITK (50 nM) ?°, also
resulted in increased IL-4 expression in stimulated CD4 T cells suggesting that TXK
inhibition may be equally important in regulating the Ty1/Tu2 balance. Indeed, regardless
of an effect on the production of IL-4, due to the effect on IFNy there remained a Tn2

skew in ibrutinib treated CD4 T cells from CLL patients.

In addition to intracellular cytokine staining of IL-4 and IFNy, the supernatant cytokine
concentration of PBMC stimulated with CD2/CD3/CD28 T cell stimulation beads was also
measured. In the absence of T cell stimulation, there were no detectable levels of any
cytokine tested in the supernatant. As such it may be concluded that the cytokines
measured are either secreted by activated T cells or that other cytokine producing

immune populations, such as monocytes producing IL-6, are doing so in response to
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activated T cells. Regardless of the cell of origin, at equivalent concentrations both
ibrutinib and zanubrutinib result in significantly reduced IL-6 production by PBMC and
trended toward decrease in acalabrutinib treated cultures. This suggests that the
decrease in IL-6 may be an on-target effect of ibrutinib, supporting the hypothesis that it
is not only T cells producing IL-6 in these cultures. This finding highlights that care must
be taken in the interpretation of this cytokine data, as it represents the cumulative result

of cytokine production of multiple immune subsets.

Overall, the cytokine data demonstrates that ibrutinib broadly inhibited cytokine release
in heathy donor PBMC, excluding IL-4. Unfortunately, the concentration of IFNy
exceeded the detection limit of the assay (5000 pg/ml), while IL-4 was often below the
lower limit of the detectable range (20 pg/ml). As such, it can only be concluded that
ibrutinib significantly decreased the concentration of IFNy. Interestingly, the more
specific BTK inhibitors increased the expression of some cytokines, including IL-4, IL-17
and IL-10 while decreasing the production of others such as TNFo and IL-6. The
mechanism by which this occurs is unclear and analysis of specific immune subsets would
be required to determine the relevant subsets in which the expression of these cytokines
occurs. Furthermore, venetoclax treatment also resulted in increased release of multiple
cytokines compared with either the vehicle control or BTK inhibitors. Mechanistically, as
a Bcl-2 inhibitor, venetoclax is unlikely to upregulate cytokine production and is more
likely increasing supernatant cytokine levels as a result of increased cell death in the

cultures.

Despite some effects on degranulation and cytokine production, neither of the more
specific BTKi had any significant impact on the proliferation of T cells, and only ibrutinib
significantly delayed T cell proliferation. Somewhat unexpectedly, while ibrutinib
inhibited the proportion of T cells that were induced to proliferate, it did not affect their
division rate once division occurred, as compared to untreated counterparts. This may be
due to intrinsic differences in the TCR signalling strength required to initiate proliferation

in some T cell subpopulations. This is supported by the significant increase in terminally
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differentiated cells in ibrutinib treated cultures, suggesting greater proliferation of more

differentiated cells.

As expected venetoclax had no significant effect on the proliferation of either CD4 or CD8
T cells**3. However, there was a mild effect on the memory phenotype of resultant CD8
T cell populations. After 5 days of stimulation, venetoclax treated cultures had
significantly more naive CD8 T cells, with a trend to less central and effector memory than
vehicle treated cells. This suggests that activated CD8 T cells may have increased
sensitivity to Bcl-2 inhibition. This finding is in contrast to previous reports that naive T
cells are highly Bcl-2 dependent and therefore are more susceptible to venetoclax
inhibition?*® while activated T cells upregulate Bcl-22*3 suggesting greater resistance to
Bcl-2 inhibition. However, there is evidence that CD8+ memory T cells are more sensitive
to bcl-2 inhibition by ABT-737, an inhibitor of Bcl-2, Bcl-W and Bcl-X2%°. Furthermore, the

344 'in particular

dynamic regulation of other Bcl-2 family members during T cell responses
the downregulation of MCL-1 during the effector to memory switch, may play an

important role in determining the sensitivity of T cell memory subsets to venetoclax.

When compared to T cells from healthy donors, CLL patient T cells had a higher rate of
proliferation. However, when comparing T cells from matched samples with and without
CD19+ cell depletion, there was a significant reduction in the proliferation of both CD4
and CD8 T cells in the CD19 depleted cultures (Figure 5.12). This difference may due to a
difference in the bead to T cell ratio in these cultures. As the number of beads added to
the cultures was determined by the total number of PBMC, the presence of a large
proportion of CLL cells resulted in a larger number of beads per T cell in the CLL PBMC
cultures and thus it is possible that this resulted in the increased proliferation of T cells in
whole CLL PBMC. An alternative explanation is that the presence of CLL cells stimulates
the proliferation of T cells, however in the absence of stimulation beads there was no
difference in proliferation between healthy donors and CLL patient T cells. Therefore, the
depletion of CLL cells from the CLL PBMC permitted a better direct comparison between
the proliferation of healthy donor and CLL donor T cells. Using this comparison, this data

suggests that CLL patient CD8 T cells have an intrinsic lower propensity to proliferate than
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healthy T cells, reflecting the probable T cell dysfunction induced by, but not dependent

on continued contact with CLL cells.

Ibrutinib treated patients have lower expression of inhibitory receptors, usually described
as a reflection of reduced T cell exhaustion??%233, In this analysis ibrutinib treatment also
resulted in decreased expression of PD-1, TIM-3 and LAG-3 on healthy donor CD8 T cells
when analysed as a whole population. However, when only considering those T cells that
have undergone multiple divisions, ibrutinib treated T cells had higher expression of PD-
1 and TIM-3 than T cells which had undergone the same number of divisions in untreated
cultures. This finding highlights the complexity of interpreting the upregulation of
inhibitory receptors as it relates to activation and exhaustion. The reduction in inhibitory
marker expression in the early generations in ibrutinib treated healthy donor T cells is
mostly likely due to inhibition of activation due to reduced TCR signalling rather than
reduction in T cell exhaustion. With the exception of LAG-3 expression on CD4 T cells, the
removal of CD19 cells from CLL PBMC cultures did not significantly alter the expression
of inhibitory receptors. This may reflect the pre-existing exhaustion of T cells in CLL
patients, which is not reversed when the CLL cells are removed. CLL patient T cells had
significantly higher expression of PD-1, TIM-3 and LAG-3 than healthy donors, especially
in more proliferated cells, possibly due to the higher proportion of memory T cells which

have higher expression of inhibitory receptors34>34°.

The changes to the proliferation and exhaustion profile of ibrutinib treated T cells is
interesting when considered in the context of using ibrutinib in conjunction with
immunotherapies. It was recently reported that T cells from ibrutinib treated patients

346346 and prior

were better able to respond to CD3/CD19 bi-specific antibodies ex vivo

ibrutinib treatment resulted in better CAR-T cell generation 22°.286_ |n this context, the

data presented in this chapter suggests that a key role of ibrutinib may be in preserving

T cell function which results in improved ex vivo activity. Furthermore, the same group

found that, in a mantle cell ymphoma mouse model, concurrent ibrutinib and CAR-T cell

treatment resulted in greater numbers of CAR-T cells in the peripheral blood and more
305 305

sustained remissions than CAR-T treatment alone °%>,°%> and it was recently reported that

in CLL patients, concurrent ibrutinib and CAR-T therapy resulted in deeper responses than
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CAR-T therapy alone 8. Ibrutinib has also been shown to decrease activation induced

222

cell death and activation induced FAS upregulation*. Interestingly, the decreased

cytotoxicity of CLL patients NK cells was found to be associated with increased NK cell

apoptosist®®

, suggesting that improved viability of CLL patient effector cells may result in
improved killing. Together with the data presented herein, this suggests that ibrutinib
improves engraftment and CAR-T cell persistence rather than promoting CAR-T function,

though further analysis is required.

This analysis found that NK cell function was more sensitive to BTK inhibitors than T cells.
Both ibrutinib and zanubrutinib resulted in reduced NK cell IFNy production and NK cell
proliferation. The decrease in proliferation was also associated with an increase in the
proportion of mature NK cells, which is most likely explained by the greater proliferative
potential of CD56M8" NK cells. Strikingly, acalabrutinib, which has an ICso for ITK of greater
than 1 uM also resulted in significantly reduced NK cell proliferation. While NK cells have
been shown to upregulate BTK on maturation and activation®4/3%’, the degree of NK cell
inhibition suggests that the inhibition is not primarily driven by BTK. Each of the BTK
inhibitors in this study have an ICso for BTK in the very low nanomolar range (1.5 nM, 0.5
nM and 5.1 nM for ibrutinib zanubrutinib and acalabrutinib respectively) and thus if the
effect of these inhibitors was due to BTK inhibition it would be expected that all three
would result in similar levels of inhibition. This study found that ibrutinib had the greatest
impact on proliferation, followed by zanubrutinib and then acalabrutinib. This pattern
better reflects the inhibition of other TEC family members, ITK, TXK, and TEC (Table 3.1),
and suggests that inhibition of these kinases is more likely responsible for the observed
effect on NK cell proliferation. Elucidating the specific roles that each TEC family member
is playing in the function of NK cells requires further investigation using more specific

forms of TEC family inhibition than the drugs used in this study.

Venetoclax also had a greater effect on NK cells than T cells. In T cells venetoclax
treatment resulted in a modest shift in the memory phenotype but did not impact the
overall T cell proliferation. In venetoclax treated NK cell cultures there was a significant

loss in mature NK cells from day 3 and maintained over the 7-day stimulation. The loss of
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this population, which has lower proliferative potential than CD56" NK cells, may
explain the increased percent divided and the increased proliferation index in venetoclax
treated cultures. These findings are also in line with findings that suggest that after
treatment with venetoclax and obinutuzumab, NK cell function improved and greater
proportions of cells degranulated and produced IFNy311, Venetoclax also had a greater
effect on NK cells than T cells. In T cells venetoclax treatment resulted in a modest shift
in the memory phenotype but did not impact the overall T cell proliferation. In venetoclax
treated NK cell cultures there was a significant loss in mature NK cells from day 3 and
maintained over the 7-day stimulation. The loss of this population, which has lower
proliferative potential than CD56°78" NK cells, may explain the increased percent divided
and the increased proliferation index in venetoclax treated cultures. These findings are
also in line with findings that suggest that after treatment with venetoclax and
obinutuzumab, NK cell function improved and greater proportions of cells degranulated

and produced IFNy311,

5.5 (CONCLUSION

This study demonstrates that targeted therapies used to treat CLL can have both on
target and off target effects on the immune system, outside of their effect on B cells.
While venetoclax does not appear to alter the functional capacity of NK and T cells, the
effect on mature subsets suggests that the maintenance of terminally differentiated
subsets may be affected by venetoclax. Both ibrutinib and the more selective BTK
inhibitors have off-target effects on the function of cytotoxic immune populations which
may impair the ability of these cells to respond to immuno-stimulatory agents. This data
provides valuable insights into how the immune effects of targeted therapies may impact

their successful combination with immunotherapies.
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6 EFFECT OF IMMUNOTHERAPIES ON /N VITRO T CELL FUNCTION

6.1 SUMMARY

The rational combination of immunotherapies requires understanding the mechanisms
and immune effects of both the immunotherapy and the therapies with which they are
combined. Previously this thesis explored the effects of targeted therapies, in particular
BTK inhibitors on the function of T cells. This chapter explores two immunotherapies,
lenalidomide and the anti-PD-1 mAb BGB-A317, both of which have been investigated in
clinical trials as potential therapies for CLL. Using in vitro functional assays, this study
explored the effect of immunotherapy alone, or in combination with ibrutinib on the
function of T cells. This analysis found that the PD-1 inhibitor alone had no effect on the
proliferation or inhibitory marker expression of T cells but augmented the effect of
ibrutinib on inhibitory receptor expression. Lenalidomide increased the proliferation of
CD8 T cells but decreased the proliferation of CD4 T cells and augmented the expression

of inhibitory receptors on activated T cells, both alone and when combined with ibrutinib.
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6.2 INTRODUCTION

The most widely used immunotherapy in CLL are anti-CD20 mAbs, in particular rituximab.
However, despite the significant efficacy of both ibrutinib and rituximab as
monotherapies, large phase 3 clinical studies of combination ibrutinib and rituximab
treatment have shown no clinical benefit over single agent ibrutinib in CLL?**2%4. While
NK mediated ADCC is not the only mechanism by which anti-CD20 mAbs exert anti-
tumour effects, it remains pertinent that ibrutinib inhibits NK cell ADCC, thus potentially
limiting the additive effect of rituximab treatment. The results of these trials highlight the
importance of understanding the immune mediated mechanisms of both the

immunotherapies as well as the targeted therapies with which they are combined.

Both lenalidomide and checkpoint inhibitors are being actively pursued in combination
with BTKi and part of the preclinical rationale for these combinations relies on the
immunomodulatory effects of ibrutinib, presumably mediated by ITK inhibition. As
discussed in Chapter 1, lenalidomide has clinical efficacy in CLL and has been shown to
increase T cell proliferation and tumour cell killing as well as reversing the exhaustion
profile of T cells. However, lenalidomide is also associated with significant risk of tumour
flare syndrome, a potentially life-threatening side effect that is associated with increased
CLL cell immunogenicity. lbrutinib has been shown to dampen CLL cell activation and
therefore is an attractive option for combination with therapies associated with cytokine
release syndrome and other immune mediated adverse effects such as lenalidomide. As
such this study aimed to understand the effect of lenalidomide on T cell proliferation and
on the expression of inhibitory receptors, in order to determine if lenalidomide augments

the effect of ibrutinib on T cell activation.

Similarly, the rationale for combining ibrutinib with PD-1 inhibition also relies on the
inhibition of ITK. The combination of ibrutinib and PD-1 inhibition improved killing in
mouse models of lymphoma and solid tumours that did not express BTK, and was
dependent on the presence of T cells3®. These studies suggest that ibrutinib, through
regulating T cells results in improved T cell function in the absence of any direct anti-

tumour effect. Furthermore, ibrutinib treated patients have been shown to have
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decreased expression of inhibitory receptors on T cells. Therefore, this analysis aimed to
understand if PD-1 inhibition altered the inhibitory receptor expression in proliferating T

cells, and if PD-1 blockade augmented the effect of ibrutinib on T cell exhaustion.
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RESULTS

6.2.1 LENALIDOMIDE ALTERS T CELL PROLIFERATION IN VITRO

PBMC from healthy donors was treated with either ibrutinib, lenalidomide, or BGB-A317
or the combination of ibrutinib and either lenalidomide or BGB-A371 and stimulated
using CD2/CD3/CD28 T cell stimulation beads and IL-2 for 7 days. Drug concentrations
and IL-2 were maintained over the duration of the experiment. Proliferation was tracked

using CellTrace violet dilution, and assessed by flow cytometry on days 3, 5, and 7.

Lenalidomide treatment significantly reduced the percent of CD4 T cells that underwent
at least one division, compared to vehicle treated cells (Figure 6.1 a). Conversely,
lenalidomide treated CD8 T cells had a significantly greater proportion of dividing cells by
day 7 (Figure 6.1 b). Interestingly both CD4 and CD8 T cells had a significant increase in
the replication index, a measure of the propensity of the responding cells to proliferate,
excluding the undivided cells (Figure 6.1 c-d). BGB-A317 treatment had no significant
impact on either the percent divided or the proliferation index of either CD4 or CD8 T

cells (Figure 6.1 a-d).

Given the inhibitory effect of ibrutinib on both CD4 and CD8 T cell proliferation
demonstrated in the previous chapter, the effect of the combination of ibrutinib and
lenalidomide treatment was also investigated. Ibrutinib had a significantly greater effect
on CD4 T cell proliferation than lenalidomide alone (p<0.01) and the inhibitory effect of
ibrutinib and lenalidomide were additive resulting in significantly less CD4 T cell
proliferation in the combination treated cultures than with either drug alone (Figure 6.2
a). In CD8 T cells, ibrutinib alone or in combination with lenalidomide resulted in
significantly decreased proliferation and the addition of lenalidomide did not significantly

augment the inhibitory effect of ibrutinib (Figure 6.2 b).
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Figure 6.1 Lenalidomide enhances CD8 but not CD4 T cell proliferation

PBMC from 3 healthy donors was stained with CellTrace violet and stimulated for up to 7
days with CD2/CD3/CD28 beads and IL-2, cultures were treated with lenalidomide, anti-
PD-1 mAb (BGB-A317) or vehicle on day 0, day 3 and day 5. Proliferation was measured
using FlowJo proliferation modelling. Percent divided A) CD4 T cells and B) CD8 T cells.
Replication index of C) CD4 T cells and D) CD8 T cells. Bars represent mean + SD, Tukey’s
multiple comparisons test, * p <0.05, ** p <0.01, *** p <0.001
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Figure 6.2 Ibrutinib and lenalidomide have an additive effect on CD4 T cell
proliferation

PBMC from 3 healthy donors was stained with CellTrace violet and stimulated for up to 7
days with CD2/CD3/CD28 beads and IL-2, cultures were treated with lenalidomide, anti-
PD-1 mAb (BGB-A317) or vehicle on day 0, day 3 and day 5. Proliferation of CD4 and CD8
T cells was measured using CellTrace violet dilution and FlowJo proliferation modelling.
Percent divided in A) CD4 T cells (2-way ANOVA p=0.013) and B) CD8 T cells (2-way

ANOVA p=0.025). Lines represent mean x SD with Tukey’s multiple comparisons test, * p
<0.05, ** p <0.01, *** p <0.001.
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6.2.2 EFFECT OF IMMUNOTHERAPIES ON T CELL EXHAUSTION

Both lenalidomide and PD-1 inhibition have been shown to alter the expression of
inhibitory receptors on T cells. Using generational gating based on CellTrace violet
dilution the expression of PD-1, TIM-3 and LAG-3 were assessed in each generation of
proliferating T cells separately. BGB-A317, by binding to PD-1, prevented most of the
binding of the fluorescently labelled anti-PD-1 antibody. As such in BGB-A317 treated
cultures there was a significant reduction in the MFI of the PD-1 antibody. This binding
was maintained for 48 hours after BGB-A317 was last added to the cultures (Figure 6.3 a-

b, 4.4 a-b).

After 5 days stimulation there was no significant change in the expression of either TIM-
3 or LAG-3 on BGB-A317 treated CD8 or CD4 T cells, compared to vehicle treated cells
(Figure 6.3 ¢, e) however there was significantly higher expression of TIM-3 on day 7
(Figure 6.3 d). CD8 T cells from lenalidomide treated cultures exhibited no significant
change in the expression of PD-1, however these cells expressed significantly higher
levels of both TIM-3 and LAG-3 (Figure 6.3). Conversely, lenalidomide treated CD4 T cells
had significantly reduced expression of PD-1 (Figure 6.3 a-b) but significantly higher
expression of both TIM-3 and LAG-3 on both days 5 and 7 (Figure 6.3 c-f).
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Figure 6.3 Effect of immunotherapies on the expression of co-stimulatory
receptor expression in proliferating CD8 T cells

PBMC from healthy donors was treated with vehicle, lenalidomide or anti-PD1 antibody
(BGB-A317) and stimulated for up to 7 days with CD2/CD3/CD28 T cell activation beads
and IL-2 (20 IU/mL). MFI of A&B) PD-1, C&D) TIM-3 and E&F) LAG-3 in proliferating CD8
T cells using generational gating based on CellTrace violet dilution was assessed on day 5
and 7 of stimulation. Lines represent mean * SD of 3 donors. 2way RM ANOVA with
Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 6.4 Effect of immunotherapies on inhibitory marker expression in
proliferating CD4 T cells

PBMC from healthy donors was treated with vehicle, lenalidomide or anti-PD1 antibody
(BGB-A317) and stimulated for up to 7 days with CD2/CD3/CD28 T cell activation beads
and IL-2 (20 IU/mL). MFI of A-C) PD-1, D-E) TIM-3 and G-H) LAG-3 in proliferating CD4 T
cells using generational gating based on CellTrace violet dilution was assessed on day 5
and 7 of stimulation. Lines represent mean * SD of 3 donors. 2way RM ANOVA with
Turkey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Ibrutinib, lenalidomide and PD-1 blockade alter the expression of inhibitory receptors in
different ways. Therefore, the effects of concurrent treatment with ibrutinib and either
lenalidomide or BGB-A317 on the expression of PD-1, TIM-3 and LAG-3 was also
investigated. PBMC cultures were treated with a DMSO vehicle control, immunotherapy
alone, ibrutinib alone, or the combination of immunotherapy and ibrutinib. After 5 days
of stimulation the expression of inhibitory receptors was measured on individual

generations using CellTrace violet dilution.

As previously demonstrated, after 5 days of stimulation ibrutinib treatment resulted in a
significant decrease in PD-1 on undivided CD8 T cells but an increase in PD-1 expression
on proliferating CD8 T cells (Figure 5.14). At this timepoint lenalidomide alone did not
significantly alter PD-1 expression as compared to vehicle. However, when combined
with ibrutinib, lenalidomide delayed the upregulation of PD-1 leading to consistently
lower expression in the combination treated cells than with ibrutinib alone (Figure 6.5 a).
This effect cannot be attributed to lenalidomide altering T cell proliferation as there was
no significant effect of lenalidomide on the proliferation of CD8 T cells at this timepoint

(Figure 6.3 a).

Ibrutinib treated cells also had decreased TIM-3 expression in less proliferated CD8 T cells
and increased expression in the more extensively proliferated cells. In contrast,
lenalidomide consistently increased TIM-3 expression, though to a lesser degree than
ibrutinib in later generations. Conversely lenalidomide treated CD8 T cells had the highest
expression of LAG-3, especially in the early generations, while ibrutinib significantly
reduced LAG-3 expression. The expression of LAG-3 in cells treated with the combination
of lenalidomide and ibrutinib mirrored the expression levels seen with ibrutinib
monotherapy (Figure 6.5 c). The effect of combination of ibrutinib and BGB-A317
treatment on CD8 T cells expression of inhibitory receptors was also tested. As observed
in anti-PD-1 monotherapy, the presence of the therapeutic antibody in the ibrutinib
combination treated cells precluded staining with the fluorescently labelled PD-1
antibody. However, TIM-3 and LAG-3 expression was highest in CD8 T cells that had
undergone many divisions, and the expression of TIM3 with combination treatment was

significantly higher than with ibrutinib treatment alone (Figure 6.6 b, c).
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Figure 6.5 Effect of ibrutinib and lenalidomide on the expression of inhibitory
receptor expression on proliferating CD8 T cells

Whole PBMC was stained with CellTrace violet and treated with ibrutinib = lenalidomide
or vehicle control. Expression of A) PD-1 B) TIM-3 and C) LAG-3 on individual generations
of proliferating CD8 T cells after 5 days stimulation with CD2CD3/CD28 T cell stimulation
beads and IL-2. Bars indicate mean + SD in 3 healthy donors. 2way RM ANOVA with
Tukey’s multiple comparisons test, * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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Figure 6.6 Effect of ibrutinib and BGB-A317 on the expression of co-stimulatory
receptors in proliferating CD8 T cells

Whole PBMC was stained with CellTrace violet and treated with ibrutinib £ BGB-A317 or
vehicle control. The expression of A) PD-1 B) TIM-3 and C) LAG-3 was measured on each
generation of proliferating CD8 T cells after 5 days stimulation with CD2/CD3/CD28 T cell
stimulation beads and IL-2. Bars indicate mean + SD in 3 healthy donors. 2way RM ANOVA
with Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

153



Both ibrutinib and lenalidomide inhibited the proliferation of CD4 T cells. However, while
ibrutinib only reduced the expression of PD-1 in early generation CD4 T cells,
lenalidomide consistently reduced the expression of PD-1 in all generations (Figure 6.4
a—b). Asin CD8 T cells, lenalidomide treatment reduced the upregulation of PD-1 on late
generation CD4 T cells seen in ibrutinib treated cultures (Figure 6.6 a). Similarly, while
ibrutinib reduced the expression of TIM-3 and LAG-3 on undivided CD4 T cells and
increased expression on later generations, lenalidomide consistently increased the

expression of TIM-3 and LAG-3 in all CD4 T cells (Figure 6.7 b, c).

Again, treatment with BGB-A317 precluded binding of the fluorescently labelled
antibody, demonstrating that it effectively blocks PD-1 interactions (Figure 6.8 a). Despite
this, CD4 T cells cultured with BGB-A317 had no change in the expression of the other
inhibitory receptors TIM-3 or LAG-3, and CD4 T cells treated with both ibrutinib and BGB-
A317 had significantly higher expression of TIM-3 and LAG-3 than with either ibrutinib or

PD-1 treatment alone (Figure 6.8 b, c).
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Figure 6.7 Effect of ibrutinib and lenalidomide on inhibitory receptor expression
on proliferating CD4 T cells

Whole PBMC from 3 healthy donors was stained with CellTrace violet and treated with
ibrutinib £ lenalidomide or vehicle control. The expression of A) PD-1 B) TIM-3 and C)
LAG-3 was measured on each generation of proliferating CD4 T cells after 5 days
stimulation with CD2/CD3/CD28 T cell stimulation beads and IL-2. Bars indicate mean +
SD, 2way RM ANOVA with Tukey’s multiple comparisons test, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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Figure 6.8 Effect of ibrutinib and BGB-A317 on the expression of co-stimulatory
receptor expression on proliferating CD4 T cells

Whole PBMC was stained with CellTrace violet and treated with ibrutinib + (BGB-A317)
or vehicle control. The expression of A) PD-1 B) TIM-3 and C) LAG-3 was measured on
each generation of proliferating CD8 T cells after 5 days stimulation with CD2/CD3/CD28
T cell stimulation beads and IL-2. Bars indicate mean + SD in 3 healthy donors. 2way RM
ANOVA with Tukey’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001,
**%% 020 0001.
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6.2.3 DEGRANULATION

In contrast to ibrutinib, lenalidomide has been shown to increase NK cell ADCC against
anti-CD20 antibody labelled cells**8. Therefore, the effect of lenalidomide and anti-PD-1
mAb on CD8 T cell degranulation was examined. Neither immunotherapy had a significant
effect on the proportion of CD8 T cells which degranulated in response to bead
stimulation (Figure 6.9 a) however a greater proportion of the lenalidomide treated CD8
T cells expressed IFNy (Figure 6.9 b). To test if this pattern was maintained in combination
with the targeted therapies, PBMC from a single healthy donor were treated with
ibrutinib, zanubrutinib, venetoclax, ibrutinib and venetoclax, or zanubrutinib and
venetoclax either with the targeted therapies alone or in combination with lenalidomide
and BGB-A317. lbrutinib containing cultures had a significant decrease in both
degranulation and IFNy production, which was not rescued by the presence of the

immunotherapies (Figure 6.9 c-d).
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Figure 6.9 Lenalidomide has no effect of CD8 T cell degranulation but increases
IFNy production

PBMC was treated with immunotherapies and/or targeted therapies overnight prior to
performing a degranulation assay using CD2/CD3/CD28 T cell stimulation. Summary
boxplot of 4 CLL patient’s PBMC pre-treated with either lenalidomide or BGB-A317 A)
surface CD107a expression and B) IFNy production in CD8 T cells, paired t tests, * p<0.05.
PBMC from single CLL donor was treated with lenalidomide and BGB-A317, ibrutinib,
zanubrutinib or venetoclax alone or in combination. CD8 T cell C) CD107a and D) IFNy
expression. Bars indicate mean of 2 replicates.
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6.3 DIscuUssION

This chapter explored the effect of lenalidomide and BGB-A317 on the proliferation of
CD4 and CD8 T cells from healthy donors and the ability of these immunotherapies to
modulate the effects of ibrutinib. This data supports the immune activating effects of
lenalidomide on CD8 T cells, resulting in greater proliferation and IFNy production.
However, it also suggests that CD4 and CD8 T cells are differentially affected by
lenalidomide, reducing CD4 T cell proliferation. Finally, neither lenalidomide or BGB-A317

restored the functional capacity of ibrutinib treated T cells.

Lenalidomide increased in vitro CD8 T cell proliferation and IFNy production, suggesting
a potential for increased anti-leukaemia cytotoxicity. However, while both the proportion
of CD8 T cells that had undergone at least one division and average number of
generations of CD8 T cells increased these two measures of proliferation were
incongruent in CD4 T cells. Lenalidomide simultaneously reduced the proportion of
proliferating CD4 T cells whilst also increasing the average number of CD4 T cell
generations. Thus far, much of the effect on T cell activation has focused on the

lenalidomide induced degradation of Ikaros leading to upregulation of IL-2 production?’3.

In particular, lkaros has been shown to regulate CD8 T cell IL-2 responsiveness343>0,
However lenalidomide is also a potent TNFa inhibitor®! and lenalidomide decreases TNF-
receptor-2 expression on CD4 T cells®>?. TNF-receptor-2 acts as a co-stimulatory
receptor, lowering the threshold for TCR mediated activation®>32>* and as such, the
contrasting effect of lenalidomide on CD4 and CD8 T cell proliferation may be attributed
to distinct effects on cytokine responsiveness which results in different thresholds of

activation. However, once the threshold is reached, proliferating CD4 T cells are similarly

activated by lenalidomide.

Commensurate with increased activation there was also a significant increase in the
expression of co-inhibitory receptors, specifically TIM-3 and LAG-3, on both CD4 and CD8
T cells. Interestingly, despite the proliferation of ibrutinib treated T cells not being altered
by the addition of lenalidomide, the addition of lenalidomide dampened PD-1

upregulation in late generation CD8 T cells. Conversely, the upregulation of LAG-3 on
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early generation CD8 T cells in lenalidomide treated cultures was perturbed in
combination treated cells. Together, this suggests that ibrutinib and lenalidomide
influence the expression of inhibitory receptors by distinct mechanisms and may have
favourable combinatorial effect on CD8 T cell activation. In CD4 T cells, ibrutinib and
lenalidomide had an additive effect on proliferation, while inhibitory marker expression

mirrored the pattern observed in cell treated with ibrutinib alone.

This data highlights the fact that the expression of ‘exhaustion markers’ cannot be
uncoupled from T cell activation. The expression of inhibitory receptors is a physiological
response that is important for the regulation of T cell activation. Therefore, the
expression of co-inhibitory receptors cannot be simply understood as equating to
decreased functional capacity. In fact, the lower expression of exhaustion markers in T
cells treated with ibrutinib may be evidence of the lack of T cell activity. Furthermore, the
increased expression of inhibitory receptors in lenalidomide treated cultures may be
evidence of greater activation rather than exhaustion. The uncoupling of inhibitory
receptor expression and functional exhaustion is further exemplified by the observation
that despite effectively blocking PD-1, BGB-A317 treated cultures did not have increased
proliferation and actually resulted in increased expression of TIM-3 and LAG-3 in late

generation T cells.

Understanding the immunomodulatory effects of lenalidomide on T cells is complicated
by the multitudinous and context dependent effects of treatment. |karos degradation
and subsequent upregulation of IL-2 undoubtedly contributes to the T cell activation
effects of lenalidomide. However it has also been suggested that lenalidomide increases
co-stimulation through CD28 phosphorylation®>. As such, differences in culture systems
and stimulants may explain the variation in reported T cell responses to lenalidomide.
The data herein was derived in a culture system that contained both strong CD28 co-
stimulation and exogenous IL-2. As such this system may not demonstrate the full
capacity for lenalidomide to increase T cell proliferation. Furthermore, the effects of
lenalidomide presented in this chapter likely substantially different to the in vivo effect in

which these exogenous factors are not present.

160



6.4 CONCLUSION

How the data presented in this chapter relates to the in vivo efficacy of these
immunotherapies in patients, especially in combination with ibrutinib, remains unclear.
This in vitro system may not be the most effective for showing the effect of anti-PD-1
therapy on reversing T cell exhaustion, however it does suggest that the upregulation of
co-inhibitory receptors is not prevented by blocking PD-1 interactions. Interpreting these
in vitro findings on the effect of lenalidomide is more complex. As previously noted, the
clinical efficacy of lenalidomide in CLL may be due to the combination of direct leukaemia
cells effects, immune modulation and effects on the microenvironment. While these
findings do support the immune activating effect of lenalidomide, further investigation
of the effect of in vivo lenalidomide and ibrutinib on T cell function is required to better

understand if these drugs can be effectively combined.
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7/ CONCLUSION

The treatment landscape in CLL has dramatically changed over the last 5 years, moving
away from chemotherapy-based treatment to an increased reliance on targeted
therapies. While FCR remains the standard of care for first-line treatment of fit patients,
the incorporation of small molecule inhibitors into routine clinical practice has provided
new highly effective options for particularly high risk and relapsed or chemo-
immunotherapy refractory patients. This thesis focused on the two most successful
targeted therapies in CLL, ibrutinib and venetoclax, each of which have provided
significant improvements in survival for R/R CLL patients. The time to progression in

ibrutinib responsive patients has been reported as 37.6 months3°°

and in an analysis of
four clinical trials of R/R CLL patients the time to progression on venetoclax was 36.9
months®’. However, high risk cohorts, especially those with del17p, remain at a greater
risk of relapse on both ibrutinib®® and venetoclax®’. Furthermore, targeted therapies
usually have continuous dosing schedules which increases the likelihood that patients will
acquire resistance exemplified by the BTK“*®1> and Bcl-261°V mutations in ibrutinib and
venetoclax treated patients respectively®*3>°. New therapeutic options are still needed
for patients who do not respond or become resistant to these combinations of targeted

therapies.

Both BTK and Bcl-2 inhibitors are at also the forefront of combination treatment
strategies that prove high response rates. Recent trials using combination targeted
therapies, such as ibrutinib and venetoclax combination regimens that have impressive
response rates of approximately 90%, including more than 50% of patients with
undetectable disease after 1 year on treatment3®%36! However, it is too early to
demonstrate the durability of these responses and there remain some patients who do

not respond to the combination3®?

. As such, the challenge moving forward is to
determine optimal treatment combinations that will result in deep and durable

responses which are maintained after treatment cessation.

There are many indications that immunotherapy holds promise for CLL. CLL is an
immunologically relevant disease demonstrated by the success of alloHSCT and anti-
CD20 antibodies which both suggest that CLL cells are susceptible to immune mediated
killing. However, the application of immunotherapies in CLL has been far from straight
forward. Despite sporadic success, such as promising CAR-T cell clinical trial results,
checkpoint blockade and immunomodulatory therapies such as lenalidomide have yet
proven to have the efficacy and tolerability that warrant inclusion in routine CLL
treatment. The expansion of targeted therapies from the setting of relapsed disease to
use as font-line therapy represents a new opportunity for treatment regimens that
combine immunotherapy with targeted therapies without the potent
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immunosuppressive effects of prior chemotherapy. This study was conceived under the
principle that an improved understanding of the immunological impacts of targeted
therapies would elucidate how they can be most successfully combined with
immunotherapy.

This thesis hypothesised that treatment with targeted therapies would allow for the
normalisation of the immune profile of patients. Using both flow cytometry and gene
expression profiling a comprehensive analysis of the immune system of treated patients
demonstrated that the targeted therapies investigated had limited effects on the
immune system and may allow for the normalisation of the immune profile of treated
patients (Figure 4.2). However, while they are substantially less immunosuppressive than
chemotherapy, targeted therapies are far from immunologically inert. In order to further
understand the effect of targeted therapies on T cells and NK cells in vitro functional
assays were performed. This study demonstrated that ibrutinib, which is the most
commonly used BTK inhibitor, is broadly immunosuppressive. lbrutinib, and to some
extent the more selective BTK inhibitor zanubrutinib, perturbs cellular cytotoxicity (Figure
5.2), cytokine production (Figure 5.5) and proliferation (Figure 5.8). These results may
help explain the notable risk of significant infections in ibrutinib treated patients3433 gs
well as the lack of efficacy of combination with anti-CD20 antibodies??>2%4. Together
these findings suggest that more selective BTK inhibitors such acalabrutinib may be a
better option for combination with immunotherapies that aim to enhance T cell and NK
cell activation.

This study also explored the link between the effect of ibrutinib on T cell activation and
the expression of exhaustion markers. This data suggested that while ibrutinib reduced
the expression of exhaustion markers, this was linked to a lack of T cell activation (Figure
5.14) and may not translate to greater functional capacity or greater responsiveness to
immunotherapy (Figure 6.2). The optimal strategies for combining targeted therapies and
immunotherapies has proven more complex than initially understood. Indeed, ibrutinib
in particular should be thought of as an immunomodulatory therapy in its own right.
However, this thesis did not find the expected immunomodulatory effect of ibrutinib on
CD4 T cells. The inconsistent changes to Tyl and Tu2 CD4 T cell populations in CLL patients
during long term ibrutinib treatment (Figure 4.14) and the increased IL-4 production of
ibrutinib treated T cells (Figure 5.4) provides contradictory evidence to the proposed
helper T cell skewing of ibrutinib?®. Indeed, this study highlighted that inhibition of Tec
family kinases other than ITK by more selective BTK inhibitors also contributes to
significant changes in T cell and NK function (Figure 5.1 and Figure 5.17). Unlike ibrutinib,
venetoclax did not alter the function of immune effector cells, rather this study found
subtle changes in the abundance of terminally differentiated NK cells (Figure 4.7 and
Figure 5.17). The significance of this finding as it relates to the efficacy of anti-CD20
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monoclonal antibody therapy require further investigation. This study also found that
venetoclax treated patients had a significant increase in the frequency of y3T cells (Figure
4.12) which suggests that this subset in particular may be an attractive target for

immunotherapy in combination with venetoclax.

This thesis contributes to our understanding of the immunological effects of prominent
targeted therapies used to treat CLL. These findings provide a mechanistic explanation
for the failure of some combination targeted therapies and immunotherapy regimens
and provides insights into new opportunities for more effective therapy combinations. As
the use of the targeted therapies investigated expands from CLL to other malignancies
and diseases states, this thesis provides a basis from which to consider the immunological
implications and future use in combination with immunotherapy.
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FIGURE A1 EFFECT OF HS-5 CO-CULTURE ON CLL PBMC CYTOKINE PRODUCTION

CLL PBMC and HS5 bone marrow stromal cells were cultured either separately or co-

cultures together for 24 hours. Supernatant cytokine concentration was quantified using

a CBA. Levels of IL2, IL17A, and IL4 were undetectable in all groups.
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FIGURE A2 EFFECT OF CO-CULTURE ON CLL CELL EXPRESSION OF ACTIVATION MARKERS
CLL cells were in media (red) or co-cultured with HS-5 stromal cells (blue) for 24 hours

and then analysed by flow cytometry.
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