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Abstract
Introduction:
Chronic lymphocytic leukemia (CLL) is the most common form of leukemia in adults caused by
a gradual clonal expansion of B-cells in the bone marrow. Bruton’s Tyrosine Kinase (BTK) plays
a role in the signalling of immune cells such as B-cells and platelets and has been implicated in
the survival pathways of cancer. The BTK inhibitors, ibrutinib and acalabrutinib, are used to
treat CLL; however, a significant bleeding risk has been observed in patients taking these
inhibitors that is not seen in people with BTK-mutation (X-lined agammaglobulinemia (XLA)).
CLL patients using ibrutinib and acalabrutinib have platelet dysfunction characterised by
impaired response to collagen-related peptide (CRP; a specific glycoprotein VI (GPVI) agonist)
and collagen. A disease factor may potentiate the antiplatelet effects of BTK inhibitors to cause
significant bleeding issues in CLL patients. The CLL microenvironment is characterised by high
levels of CD73-generated adenosine, which plays a role in suppressing immune responses such
as platelet aggregation. Thus, it is hypothesized that adenosine amplifies the effect of ibrutinib
and acalabrutinib to inhibit platelet function, which would explain the associated increased
bleeding risk.
Methods:
Plasma was collected from stable, untreated CLL patients (n = 24) and age-matched healthy
controls (n = 10). Using ELISA and the Malachite green assay, soluble CD73 levels and activity
were determined. For ex vivo platelet activation studies, blood was collected from healthy
volunteers into sodium citrate for whole blood assays (n=2), or ACD anticoagulant (n=6) for
washed platelet tests. Flow cytometry, light transmission aggregometry, and Western blotting
were used to delineate the impact of adenosine on the antiplatelet activities of ibrutinib and
acalabrutinib.

iii

Results:
Soluble CD73 was detected in the plasma of CLL patients, and its activity was confirmed by
measuring phosphate generation from AMP using the Malachite green assay and a selective
CD73 inhibitor. In whole blood platelet activation assays, adenosine potentiated the
antiplatelet effect of ibrutinib and acalabrutinib. In washed platelets, using clinically relevant
concentrations, ibrutinib and acalabrutinib inhibited CRP (P < 0.0001) but not collagen-induced
platelet aggregation as single agents (P > 0.05). When combined with the adenosine derivative,
2-Hexynyladenosine-5'-N-ethylcarboxamide (HENECA), both inhibitors managed to reduce
collagen-induced platelet aggregation, although Ibrutinib’s effect was stronger (P < 0.0001).
The combination of HENECA with ibrutinib or acalabrutinib broadens the antiplatelet activity
of these inhibitors as evidenced by changes in collagen-mediated phosphorylation of the
downstream kinases: ERK, AKT, VASP, BTK and SYK.
Conclusion:
The results of this study provide initial evidence that increased bleeding risk present in the CLL
microenvironment might be caused by the synergy between the BTK inhibitors and high levels
of adenosine. Furthermore, the synergistic effect was more pronounced with ibrutinib rather
than acalabrutinib. Future studies should focus on examining the association between plasma
adenosine levels, CD73 and platelet activation in CLL patients.
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1. Introduction
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1.1 Background
Cancer is a devastating and complex set of diseases and one of the leading causes of death in
the world. Due to aging populations, the incidence of cancer is increasing in developed
countries, although mortality rates are higher in undeveloped countries due to differences in
lifestyle and healthcare [1]. Despite the abundant research, cancer continues to challenge the
scientific community as it is a complex disease with various forms which require different
treatments. Cancer usually occurs because of a mutation in genes and cell receptors that
causes altered signalling transduction resulting in aberrant cell activity that prevents apoptosis
and promotes cell growth [2]. Normal functions are altered, and cells’ numerous methods of
surviving are used against the individual.
Leukemia is one of the most common causes of cancer-related deaths in Australia, with a
higher incidence in Caucasian persons and males than in other groups [3]. Leukemias are a
complex set of diseases resulting from the neoplastic proliferation of lymphoid or
haemopoietic cells, impairing the immune system and predisposing leukemia patients to
infection [4-6]. Indeed, infection is commonly the first symptom of acute leukemia [6].
Leukemia is commonly caused by mutations originating in a single stem cell, which affect and
alter DNA damage response, cell cycle, NOTCH and NF-kB signalling [5, 7]. The common
mutations found in leukemia are listed and briefly described in Table 1.
It is thought that leukemia cells invade hematopoietic stem cell (HSC) supportive
microenvironments by hijacking vital signalling pathways, thus shifting the equilibrium of
microenvironments to favour expansion of leukemia cells leukemogenesis, and evolution of
chemoresistance [8-10]. There are four broad types of leukemia: acute lymphocytic leukemia
(ALL), acute myelogenous leukemia (AML), chronic lymphocytic leukemia (CLL), and chronic
myelogenous leukemia (CML). They are differentiated by the stage of maturity at which the
stem cell mutated and how quickly the disease progresses, with the acute forms developing
quickly and killing the patient in a matter of weeks or months while the chronic forms progress
2

slowly and often take years to kill the afflicted. While there are multiple forms of leukemia,
this review will focus predominantly on CLL.

FUNCTIONAL
CLASS
TRANSCRIPTION
FACTOR

SIGNALING AND
KINASE
PATHWAY

MUTATED
ROLE DESCRIPTION
GENE
Inherited mutation that disrupts DNA-binding and
CEBPA

REFERENCES

RUNX1

[13, 14]

FLT3
KRAS
NRAS
KIT
PTPN11

NF1
DNA
METHYLATION
AND CHROMATIN
MODIFICATION

BIRC3
DNMT3A

IDH1/2
TET2
ASXL1

TUMOR
SUPRESSOR

TP53

CELL
NOTCH1
DIFFERENTIATION

dimerization. Presence of mutation is characteristic
of early myeloid cells, involved in numerous
granulocyte-specific genes.
Essential for hematopoietic stem cell (HSC)
generation and differentiation, as well as
homeostasis. Mutations result in early HSC
exhaustion.
Involved in B and T cell development. Confers a
poor prognosis.
Involved in differentiation and proliferation.
Upregulates GLUT1, thus contributes to the
Warburg effect.
Mutation causes constitutive activation of the RAS
protein. Suggested to inactivate TP53.
Involved in proliferation and survival. Mutations
result in lethal anaemia, HSC defects and mast cell
deficiency.
Regulates the RAS/MAPK signalling pathway.
Mutations result in increased oncogenic KRAS
activity and downstream signalling in
carcinogenesis.
Mutations result in proliferative RAS/RAF/MEK
signalling
Inhibits apoptosis. Upregulated in leukemia.
Responsible for de novo DNA methylation essential
for cellular differentiation and heterochromatin
formation. Thought to be involved in methylation
of tumour suppressor genes.
Catalyses the generation of α-ketoglutarate (α-KG).
Mutations reduce α-KG and activate the HIF1α
pathway.
Depletion results in skewed differentiation of
hematopoietic precursors and amplification of
hematopoietic/progenitor cell renewal.
Regulates epigenetic marks and transcription. Has
a major impact on disease outcome. Associated
with aggressive phenotype and poor overall
survival.
Involved in regulation/progression, of the cell
cycle, apoptosis, and genomic stability. Usually a
missense mutation, results in a loss of function.
Been implicated in clinical resistance to rituximab.
Results in a more aggressive disease.

[11-13]

[13, 15]
[13, 16]
[13, 17]
[13, 18]
[13, 19]

[13]
[20, 21]
[13, 22]

[13]
[13, 23]
[13, 24]

[13, 25]
[20, 26]

Table 1. Common mutations in leukemia and brief descriptions of their normal and oncogenic
roles by functional class.
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CLL is one of the most common types of leukemia, especially among adults, with 15,000 cases
diagnosed every year in the USA alone and comprises 22-30% of leukemia cases worldwide
[27-30]. By the end of 2015, there were 12,930 Australians with CLL, with a higher incidence in
males [31]. CLL is a gradual clonal expansion of mature B-cells in peripheral blood, bone
marrow and secondary lymphoid organs caused by constitutive B-cell receptor signalling and
maintained via overexpression of antiapoptotic protein B-cell lymphoma 2 (BCL2), which
results in a high lymphocyte count in circulating blood [29, 30, 32-34]. The lymphocytes are
small with a fine border of cytoplasm, aggregated chromatin and a dense nucleus lacking
nucleoli [27, 30]. They are regularly accompanied by smudge cells due to the lymphocyte
debris as the peripheral smear is prepared, which is thought to reflect the intrinsic membrane
fragility of CLL cells and cytoskeleton abnormalities, possibly due to a decrease in vimentin [27,
30, 35-37]. The B-cells produced are mature but non-functional, ultimately compromising the
immune system [33]. Granulocytes, which are the major defence against infection, are
overwhelmed by the prevalence of functionally impaired blast cells [6].
Though it is unclear at exactly what stage in lymphocyte maturation the CLL cell originates,
there are thought to be two subsets of CLL: the unmutated type and the mutated type [30].
The unmutated type is believed to originate from a naïve B-cell that had insufficient stimulus
by antigen to form a germinal centre and commonly characterised by ZAP-70 expression as
well as the use of IgHV-69 [30]. This subtype usually has a poorer prognosis than those with
the mutated subtype. The mutated subtype is derived from a memory B-cell that mutated
somatically following stimulation with antigen and antigen selection at the germinal centre
[30]. Gene sequencing studies finding approximately 60 genes that are most often mutated in
CLL, primarily related to cell cycle, response to DNA damage, NOTCH and NF-kB signalling [7,
38, 39]. These mutations occur at a higher frequency in the later stages of CLL, which suggests
these mutations may play a role in disease progression [7, 40]. Because CLL is a relatively slowgrowing cancer, it can take years to progress and consequently can go unnoticed by patients
4

until it is diagnosed during a routine blood exam [33]. It mostly afflicts the elderly, with
approximately 70% of patients diagnosed at 65 years of age or older [41, 42]. Most CLL
patients have a lower platelet count than normal and a reduced platelet response to
adenosine diphosphate (ADP), which is only exacerbated by BTK inhibitor treatment [43].

1.2 Treatments
Treatment therapies are usually withheld until patients show symptoms, as they usually
develop comorbidities that often involve the use of antiplatelet/anticoagulant agents [41, 42].
Methods of treatment of CLL include chemotherapy, bone marrow transplants, adoptive
immunotherapy, targeted therapy, and the use of oral BTK inhibitors, some of which are used
in combination with each other.
Chemotherapy is a standard treatment for cancers, and it has been known to improve
remission duration as well as overall survival rate among most CLL patients; however, relapse
is almost inevitable [28]. Multi-agent combination chemotherapy is used to treat leukemia,
resulting in survival rates ranging from 35-50% [44, 45]. However, as chemotherapy is a type of
cytotoxic therapy, simply intensifying the regimes will do more harm than good, prompting a
need for new, less toxic treatments [44]. Because it is not a targeted therapy and affects fastgrowing cells, cancerous or otherwise, there are a variety of side effects. These include
modification of appetite and behaviour, nausea, abdominal pain, vomiting, spontaneous
bleeding, infection, leg weakness, , loss of hair, oral mucositis, and modification of gut bacteria
[46-48]. These side effects often prolong hospital stays and increase the cost of therapy
through their additional treatment [46]. This, along with the significant chance of relapse, is
the motivation behind the intense research effort into new, more effective treatments for CLL
[28].
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Bone marrow transplants (BMTs) are an effective treatment when the donor is an HLAidentical sibling, though this efficacy is thought to be associated with the high doses of drugs
and radiation the patients undergo before the transplant [49]. Before the development of
tyrosine kinase inhibitors (TKIs), BMTs were the accepted therapeutic option, as it is
potentially curative for cancers such as CML [50]. However, TKIs have mostly replaced BMTs as
first-line treatment [50]. Although BMTs are an effective treatment, there are some side
effects, such as an increased risk of infection and chronic graft-versus-host disease (GvHD),
where the transferred T cells attack the host tissues and can result in death [50]. Further
research into methods of preventing GvHD while keeping the immune system as intact as
possible to fight off infection would improve prognosis, though immunotherapies may be able
to achieve a similar effect with a reduced if not no risk of transferred T cells attacking the host
[51, 52].
Adoptive immunotherapy is a form of treatment involving the culture and transfer of tumourreactive T cells into the patient, thus allowing the immune system to fight cancer [51, 52]. For
a while, it was heavily debated whether the immune system was capable of targeting tumours
[53]. We now have compelling evidence that illustrates the vital role of the immune system in
tumour suppression and its tumour-targeting capabilities [54]. This includes the increased rate
of cancer in immunocompromised people while immunocompetent people occasionally
undergo spontaneous remission, the greater susceptibility of mice with immunological defects
to develop spontaneous or induced tumours compared to wild-type mice, and the
accumulation of immune cells at tumour sites correlating with improved prognosis [53].
However, despite the observed response of immune cells to tumours, the establishment of a
tumour means that cancer managed to evade or overwhelm the immune response. Developing
tumours have a plethora of strategies that promote immune evasion, such as reduction of the
expression of major histocompatibility complex (MHC) or costimulatory proteins resulting in
inadequate immune responses, disruption of natural killer (NK) and natural killer T (NKT) cell
6

recognition, and physical exclusion of immune cells from the site of the tumour [55]. Tumours
can also inhibit inflammatory responses, lose targeted antigens, induce regulatory T cells, or
delete responding T cells [56, 57]. Due to these responses, adoptive immunotherapy has
limited benefits, as the transferred T cells are often deleted before they are able to react [52].
There is still hope for this treatment, as recent studies looking into blocking negative signalling
pathways as well as or instead of providing pro-activation signals has been successful, and has
even been exploited clinically [58-60]. However, before adoptive immunotherapy can reach its
full potential, further research into maximising T cell activation and effector function, as well
as preventing deletion of the tumour-reactive T cells is needed.
CD73 (also known as ecto-5’-nucleotidase) is becoming an increasingly popular target as it is
overexpressed in a variety of cancers and has been found to play a significant role in cancer
cell proliferation, metastasis, invasion, tumour angiogenesis and tumour immune escape [61].
This is because the balance of adenosine 5’-triphosphate (ATP)/adenosine diphosphate (ADP),
adenosine monophosphate (AMP) and adenosine is vital in regulating the progression of
cancer [61, 62]. CD73 is a 70 kDa glycosylphosphatidylinositol (GPI)-anchored cell surface
molecule responsible for hydrolysing AMP into adenosine [61, 62].
Small molecules that directly inhibit tyrosine kinases (TKs) have been investigated as possible
cancer chemotherapeutics, and previous studies have had success with well-studied TKs such
as EGFR and ERBB2 [63-65]. Bruton’s Tyrosine Kinase (BTK) inhibitors such as ibrutinib are also
used. Ibrutinib is a first-in-class, highly potent small molecule that irreversibly and covalently
binds to the Cys481 residue within the ATP binding pocket of BTK [28, 34, 43, 66]. BTK is
important in downstream signalling of immunoreceptor tyrosine-based activation motifs
(ITAM) in hematopoietic cells, and mutations in BTK are associated with reduced B-cell
maturation [67-70]. It has garnered particular interest due to its role in platelet activation
through the effector protein phospholipase Cγ2, which is downstream of the platelet
membrane glycoprotein VI (GPVI) receptor, suggesting that BTK may be needed for multiple
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platelet activation pathways [67, 71, 72]. Ibrutinib works against CLL cells by directly
preventing cell proliferation, with recent ex vivo studies suggesting that ibrutinib causes
apoptosis of CLL cells, though it is still unclear whether this activity is the main reason behind
ibrutinib’s effectiveness [34, 66]. However, despite ibrutinib’s marked clinical activity, patients
have been known to gain resistance to these drugs through mutation of the BTK gene [34, 73].
The most common mutant of BTK is BTK-C481S, which is induced by ibrutinib treatment, and
causes resistance to ibrutinib by disrupting the covalent binding between BTK and ibrutinib
[66, 73]. Development of other, more effective BTK inhibitors is underway, with some studies
showing promising results, demonstrating the effects of drugs that are able to effectively
inhibit both wild type and mutant forms of BTK with no observed toxicity in AML mouse
models [73]. In addition to drug resistance, the side effects of ibrutinib can also make patients
cease treatment [50].
Side effects of ibrutinib not seen in BTK-deficient patients include diarrhea, rash, atrial
fibrillation, myalgias, arthralgias, ecchymosis and major haemorrhaging as a result of platelet
dysfunction, with a clinical study claiming an increased bleeding risk with an incidence rate of
40% and a significant bleeding incidence of 3-4% [28, 42, 43, 74-76]. These side effects are
likely due to the unspecific binding of ibrutinib to kinases other than BTK, such as epidermal
growth factor receptor (EGFR), T-cell X chromosome kinase (TXK), interleukin-2-inducible T-cell
kinase (ITK) and tyrosine kinase expressed in hepatocellular carcinoma (TEC) [28]. A recent
study of CLL patients in the US Veterans Health Administration found that within the follow-up
period after diagnosis of CLL (4.1 years), 9.1% developed a major haemorrhage [42]. The
general pattern of bleeding is consistent with primary haemostatic failure (subcutaneous
bleeding or bruising following minimal trauma). The fact that this bleeding occurs despite
improved platelet counts during ibrutinib treatment suggests that bleeding is a result of
platelet dysfunction [76]. It has also been shown that inhibition of BTK results in a
predisposition for infections, as well as a B-cell dysfunction with a reduction in serum
8

immunoglobin levels [28]. Thus, in some patients, the risk of using therapeutic concentrations
of ibrutinib could outweigh the benefits [28].
Acalabrutinib is another commonly used irreversible BTK inhibitor. It is second-generation and
has improved pharmacological characteristics such as selective binding, preventing it from
binding to similar kinases such as EGFR, TXK, ITK and TEC, a short half-life, favourable plasma
exposure and rapid absorption [28]. Recent studies, however, have suggested that this
selectivity for BTK over TEC is not significant [74, 77]. However, acalabrutinib could possibly
have less of an effect on platelet function due to its binding specificity. Previous studies found
evidence of a possible redundancy in the ITAM- and G protein-coupled receptor signalling
pathways that allow Tec kinase to partially compensate for BTK deletion [67, 78]. In an
uncontrolled, multicentre study by Byrd et al., patients receiving ibrutinib had a reduction of
platelet reactivity at sites of vascular injury [28]. This was not the case in patients treated with
acalabrutinib, which could explain why there were no major bleeding events nor cases of atrial
fibrillation for the duration of the study [28]. However, low grade bleeding, such as petechiae
and contusions, still occurred at a significant rate of incidence [74]. Headaches were also more
common with acalabrutinib treatment than ibrutinib, though the headaches developed during
early treatment and commonly resolved in time [28].

1.3 Bruton’s Tyrosine Kinase Signalling
Tyrosine kinases (TKs) are enzymes capable of transferring phosphates from ATP to tyrosine
residues of specific proteins inside cells, functioning as ‘on’ and ‘off’ switches for a variety of
cell functions [64]. TKs are known to regulate cell proliferation and contribute to cell
sensitivity to apoptotic stimuli [79]. Dysregulation of TKs often results in serious diseases such
as cancer and, consequently, they have been found to be the most common dominant
oncogenes [64]. Several studies have found that inhibitors of a variety of TKs are successful
9

anticancer agents, which demonstrates the significance of this class of proteins in cancer
progression as well as the development of targeted therapies [64].
TKs exist as receptor and non-receptor tyrosine kinases. Receptor tyrosine kinases (RTKs) are
high-affinity surface receptors involved in regulating vital cellular functions, including cell-tocell communication, cell growth, motility, differentiation [80]. Non-receptor tyrosine kinases
(nRTKs), unlike RTKs, are cytosolic enzymes [81, 82]. The different families of nRTKs include the
ABL, ACK, CSK, FAK, FES, FRK, JAK, SRC, SYK and TEC kinases [81-84]. They are involved in cell
growth, signal transduction, proliferation, differentiation, adhesion, apoptosis, and migration
and are vital components of the immune system [68, 81, 83, 85].
Bruton’s tyrosine kinase is a tyrosine kinase in the Tec family encoded by the BTK gene in
humans and is vital for downstream signalling of ITAM-coupled receptors in hematopoietic
cells such as B cells, natural killer cells, monocytes, neutrophils and platelets [67, 86]. BTK is
immediately downstream of the B-cell receptor and has been found to be vital for a variety of
cancer cell survival pathways and chemokine mediated homing and adhesion of CLL cells to the
microenvironment, which contributes to cell proliferation and maintenance, and thus is a
promising target for new therapies [28].
BTK plays a crucial role in platelet activation. Platelets are the key player in thrombosis and
haemostasis [87]. BTK is involved in von Willebrand factor (vWF) signalling and collageninduced platelet aggregation [67, 88]. Collagen-mediated platelet aggregation occurs when
circulating vWF binds to collagen and undergoes a conformational change. This new shape
allows vWF to bind to the GPIb receptor in platelets, which then allows platelet integrin α2β1 to
bind to collagen [67]. Further platelet recruitment and activation are regulated by GPVI, which
is noncovalently linked to a disulphide-linked homodimer of Fc receptor γ-chains which each
contain an ITAM [67]. When exposed collagen binds to the GPVI, it forms cross-links which
allow Src kinases GPVI-bound Fyn and Lyn to phosphorylate the Fc receptor γ ITAM unit’s
tyrosines [67]. Then the tyrosine kinase SYK binds the phosphorylated ITAMs, enabling Src
10

kinases to phosphorylate SYK in turn and triggering autophosphorylation [67]. The activation of
SYK then triggers the construction and consequent activation of a signalosome composed of
the transmembrane adapter protein LAT, the TEC kinases BTK and TEC in association with the
effector protein PLCγ2, as well as the cytosolic adaptor proteins SLP-76 and Gads [67]. This
signalosome enables the phosphorylation of BTK by SYK and Lyn, which in turn activates PLCγ2
[67, 89]. PLCγ2 then hydrolyses phosphatidylinositol 4,5-bisphosphate into the secondary
messengers 1,4,5-trisphosphate and diacylglycerol, consequently triggering platelet activation
via activation of protein kinase C, synthesis of thromboxane A2, the release of intracellular Ca2+
stores, and the resulting platelet granule secretion [67, 89].

Figure 1: The signalling pathways of platelet aggregation and activation. Reused from
Andrews R.K., Arthur J.F., and Gardiner E.E.’s ‘Targeting GPVI as a novel antithrombotic
strategy’ under the creative commons licence (CC BY-NC 3.0) [36].

Figure 1 illustrates several other pathways of platelet aggregation that also rely on PLCγ2. As a
result, these pathways may require BTK for activation due to their role in the signalling cascade
[67, 90]. Fibrinogen-induced platelet aggregation through the binding of fibrinogen to the
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fibrinogen receptor integrin αIIbβ3 activates the Gα protein G13 [67]. G13 then triggers c-Src
activation of SYK, which results in the activation of BTK and phosphatidylinositol 3-kinase to
phosphorylate PLCγ2 [67]. Shear-dependent binding of the platelet membrane complex GPIbGPIX-GPVI to vWF induces Lyn to phosphorylate phosphatidylinositol 3-kinase (PI3K), which
also requires BTK to activate PLCγ2 [67]. Thus, BTK is pivotal to proper platelet response and
aggregation, meaning aberrant BTK activity can result in bleeding risks and immune system
dysfunction through its role in B-cell maturation.
In haematological malignancies, BTK plays a vital pathogenic role due to its significance in
hematopoietic signalling [73]. Consequently, BTK has attracted a lot of attention as a possible
target for the treatment of mantle cell lymphoma (MCL) and CLL. Inhibiting BTK has
hematopoietic consequences due to its significant role in the B-cell receptor signalling cascade,
which commonly results in mild bleeding, with a Common Toxicity Criteria (CTC) of grade 1 or
2, usually due to spontaneous bruising or petechiae [66, 88]. However, approximately 8% of
patients experience more severe bleeding, with roughly 5% of patients suffering CTC grade 3
or 4 bleeding, commonly after trauma [88]. Because a large portion of patients (approximately
50%) are undergoing anticoagulant treatment for comorbidities, managing bleeding risk is
vital, as it increases the risk of mortality or a major haemorrhaging event that could lead to
death [88]. A study by Rigg et al. recently found that although inhibition of BTK significantly
reduces GPVI-induced platelet aggregation, activation and spreading, prolonged bleeding has
not been observed in the used bleeding models [67]. Standard of care platelet function assays
like light transmission and multiplate aggregometry could safeguard the use of ibrutinib in CLL
patients [88].

1.4 Adenosine in cancer
In 1929, Alan Drury and Albert Szent-Gyrgyi from the University of Cambridge proposed the
idea that purines not only formed the building blocks for the genetic code and the universal
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energy currency ATP, but also functioned as extracellular signalling molecules [91, 92]. They
proceeded to investigate by injecting extracts from cardiac tissues intravenously into a whole
animal, after which they observed a transient slowing of the heart rate [91, 93]. Following
several purification steps, it was determined that the biologically active component of the
extract was an adenine compound [93]. Now we have genetic evidence that the abnormal
heart rate induced by the intravascular adenosine injection is mediated via the activation of
adenosine receptors: A1, A2A, A2B, and A3 [91, 94-96]. A1 and A3 receptors trigger a decrease
in intracellular cyclic AMP (cAMP) production and activate PI3K and protein kinase C (PKC),
while A2A and A2B receptors activate adenylate cyclase, which consequently increases
intracellular cAMP levels [96]. Adenosine is an essential metabolite involved in many signalling
pathways that regulate anti-inflammatory response, ischemic pre- and postconditioning,
oxygen supply/demand ratio, trauma, and angiogenesis to maintain haemostasis [62, 97-101].
Under normal physiological conditions, adenosine is constitutively present at nanomolar
concentrations and exerts an immunosuppressive effect to protect tissues against excessive
immunoreactions and initiate tissue repair following injury [96, 100, 102, 103]. This is
necessary to mediate the level of ATP and the consequent proinflammatory responses it
induces, as adenosine is generated via the degradation of ATP catalysed by the concerted
efforts of the enzymes CD39 and CD73 (Figure 2) [101, 102]. Adenosine is produced through
the metabolic processing of ATP to ADP to AMP via CD39, then from AMP to adenosine via
CD73 (Figure 2) [62, 98, 104-107]. It can also be generated intracellularly through the
hydrolysis of AMP by the action of an intracellular 5-nucleotdase or hydrolysis S-adenosylhomocysteine [108]. Consequently, ATP is needed to produce adenosine extracellularly. ATP is
predominantly generated via the tricarboxylic acid (TCA) cycle but can also be generated
through the malate-aspartate shuttle (MAS). Most ATP remains in the cell where it can be
used; however extracellular ATP also exists at a concentration of approximately 10 nM under
normal physiological conditions, but spikes as stressed cells or damaged tissue release more
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ATP [109, 110]. The balance between ATP and adenosine is carefully regulated to ensure
optimal immune response against infection, injury or disease, while simultaneously restricting
collateral tissue or cell damage from extended immune reactions [111, 112].
In cancer, this balance is disturbed by an influx of ATP generated via the tumour
microenvironment (TME) [113, 114]. In response, the expression of the enzymes necessary to
degrade ATP is upregulated, resulting in a significant increase in adenosine concentrations
[102]. Adenosine’s suppressive effect has been shown to promote tumour growth and
significantly impair immunosurveillance, allowing cancer to proliferate undetected [102].
Adenosine accumulates in the TME due to hypoxia and the related metabolic stresses and cell
damage, which causes an increase in extracellular adenosine and signalling through adenosine
receptors [101-103, 115]. Hypoxia and its transcription factors hypoxia-induced factor 1a/2a
(HIF-1a/2a) increase adenosine concentrations and cell response to adenosine by reducing the
expression of adenosine kinase, which is responsible for catalysing the phosphorylation of
adenosine into adenosine monophosphate (AMP) and increasing the expression of the
adenosine receptors A2A and A2B (Figure 2) [102]. It increases the expression of CD39 and
CD73, directly influencing adenosine levels in the microenvironment by increasing the cells’
capacity to generate adenosine [102].

1.5 CD73-generated adenosine in cancer
CD73 has recently been investigated as a possible target for treatments of haematological
malignancies and cancers, such as leukemia, due to its involvement in the adenosine pathway
and the consequent effect it has on tumour progression and metastasis [116]. CD73 (also
known as ecto-5’-nucleotidase) is a molecule found anchored to the cell surface by GPI and is
responsible for converting AMP to adenosine [62, 98, 104-106]. CD73 is highly expressed on
the vascular endothelium, though it is found on the surface of many cell types and even has a
soluble form upon shedding of the GPI anchor [97, 104, 105, 117]. In addition to its
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immunosuppressive effects via its mediation of adenosine concentrations, studies have
revealed that CD73 has a role in cancer proliferation, invasion, metastasis, and differentiation
[118-120]. It induces cancer cell invasion and migration through the release of matrix
metalloproteinases (MMPs) that degrades the extracellular matrix (ECM) [118]. CD73
promotes proliferation and differentiation by potentiating EGFR/AKT and VEGF/AKT pathways
[118]. Because of its involvement in a multitude of cancer pathways, CD73 has become a
popular biomarker and a prominent target for cancer therapies [97, 118, 121].
Many cancers, both with solid tumours and without, create hypoxic TMEs [122, 123]. Hypoxia
refers to a condition in which oxygen is limited which is governed by the HIF1α transcription
factor. This factor is known to influence signalling pathways important to leukemia
proliferation and maintenance [122]. Under hypoxic conditions, extracellular ATP and ADP are
accumulated, and CD73 expression is increased via HIF1- α, resulting in the production of
adenosine [1-3]. Adenosine is a signalling molecule that acts through adenosine receptors.
Platelets express the adenosine receptors A2A and A2B. Through binding to A2A, adenosine
can dampen platelet activation. The association between adenosine and platelet activation in
vivo has been previously reported in cardiovascular diseases [7, 124]. However, to our
knowledge, there has been no study to explore the role of CD73-generated adenosine in
haemostasis in cancer.
CD73 is generally associated with a poor prognosis in most cancer patients and is found
overexpressed in a variety of cancers, especially hypoxic cancerous tissues, though some
studies have produced conflicting results where high CD73 indicates a good prognosis in
bladder cancer [118, 119, 121]. Adenosine produced by CD73 can be either taken up by the
cells to replenish the nucleotide pool, or it induces immunosuppression and anti-inflammatory
effects [118, 120, 121, 125]. In CLL cells, CD73 is expressed in proliferation centres and is
characterised by high enzymatic activity [118, 125]. CD73-generated adenosine activates type
1 purinergic A2A receptors that are also constitutively active in CLL cells and thus exacerbates
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proliferation of neoplastic cells [125]. Activation of adenosine receptors results in an increase
of cAMP in the cytoplasm, ultimately reducing drug-induced apoptosis in CLL cells [125].
Moreover, extracellular adenosine generated as a response to TME hypoxia is known to play a
pivotal role in the inhibition of anticancer immune responses [118]. Recent studies have shown
that downregulation of extracellular adenosine generated by tumours via oxygen
supplementation significantly improved the cytotoxic capacity of both NK and T cells, further
demonstrating the importance of adenosine in cancer survival [118]. Therefore, targeting the
adenosinergic pathway, in which CD73 is vital, has the potential to be an incredibly effective
cancer treatment with the ability to improve adoptive immunotherapy and therefore enhance
survival rates [118].

1.6 CD73-generated adenosine in haemostasis and thrombosis
Normally, the concentration of ATP in the intracellular space is in the millimolar range (1-10
mM); however, injury, damage from chemotherapy or radiotherapy, inflammation or hypoxia
can compromise membrane integrity and result in a severe increase in ATP concentration [98,
117]. This triggers the initiation of the haemostatic process. Damage to the endothelium
exposes circulating platelets to subendothelial surfaces and serine proteases associated with
the coagulation cascade [126]. Platelets are activated via two independent pathways: the
collagen-dependent pathways and the thrombin-dependent pathways [126]. Vascular injury
results in exposure of circulating platelets to collagen-bound vWF and thrombin generation.
Through cleaving PAR1 receptor in platelets, thrombin initiates more platelet activation.
Activated platelets release a myriad of biological factors (e.g. thromboxane A2, serotonin, ATP
and ADP), which attract and activate more platelets [126].
ADP binds to P2Y12 receptor which cause platelets to release their dense granules, further
increasing the level of ATP and ADP [98, 106, 117]. This results in continued activation and
recruitment of platelets, which forms a thrombus at the site of vascular injury, thus
maintaining haemostasis by preventing blood loss [106, 126]. CD39/CD73 are primarily
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responsible for degrading levels of ATP and ADP into adenosine to prevent uncontrolled
clotting and thrombosis by inhibiting platelet aggregation [127]. This was demonstrated in a
2004 study where CD73-/- mice were found to have shorter bleeding time after tail tip
resection than the wild-type mice, suggesting that the absence of CD73 prevents inhibition of
platelet aggregation [62].
Adenosine is also rapidly released into the extracellular space upon cell damage and metabolic
stress [115]. In this way, it has a dual effect on homeostasis by not only inducing organ and
vascular protective immune responses but also acting as an alarm molecule that warns the
surrounding tissue of injury in a paracrine and autocrine manner [115]. Which effect adenosine
triggers mostly depends on the concentration of adenosine, as the different adenosine
receptors have varying affinities, resulting in different adenosine concentrations required for
their activation [128]. Consequently, adenosine plays a vital role in homeostasis and
haemostasis, and therefore the enzymes responsible for adenosine generation are also
essential to maintain this balance.
Thrombosis occurs when a clot forms within a blood vessel and blocks it, which can be fatal
depending on where the blockage occurs. Adenosine and its analogues have been shown to
inhibit platelet aggregation via the generation of cAMP through the activation of the
adenosine receptor A2A (Figure 2) [62, 98]. Through this signalling pathway, adenosine can
inhibit platelet activation and thus induce an antithrombotic effect [62, 98]. ADP activates the
platelet receptors P2Y1 and P2Y12 to gather more platelets and activate them via degranulation
induced by activation of αIIbβ3, resulting in aggregation and the formation of a clot (Figure 1).
The aggregation will continue until ATP and ADP are degraded, meaning enzymes such as CD39
and CD73 are vital for not only haemostasis but for preventing thrombosis as well [106].
Indeed, the generation of AMP and adenosine has been shown to prevent thrombosis via
limiting the size of the haemostatic plug through the mediation of platelet aggregation and
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recruitment [105, 129]. Knockout of CD73 was found to reduce the time to thrombosis in mice,
illustrating this effect in vivo [106].

Figure 2: Purinergic signalling and the generation of adenosine. ATP can be released into
the induce a pro-inflammatory response by binding to P2 receptors, or it can be converted
to adenosine by the rapid processing of CD39 and CD73 and bind to adenosine receptors
which mostly trigger anti-inflammatory or immunoregulatory effects. Extracellular
adenosine can also be transported into targets cells through adenosine transporters or can
be processed further into inosine. Figure reused from de Leve, Wirsdörfer, and Jendrossek’s
‘The CD73/Ado System – A New Player in RT Induced Adverse Effects’, 2019, under the
Creative Commons License CC BY 4.0 [43].

1.7 Aims
Firstly, considering the significant increase in bleeding risk during BTK inhibitor treatment that
is not found in BTK-deficient people and therefore cannot be explained by the inhibition of
BTK, this study aimed to investigate the cause of the increased bleeding risk in CLL patients.
Secondly, as previous studies found that only a third of CLL patients’ B-cells express CD73, this
study aimed to determine whether there was a soluble form of CD73 in the plasma of CLL
patients at higher concentrations than in healthy people. Thirdly, we sought to investigate the
effect of BTK inhibitors with and without adenosine on platelet activation and aggregation in
response to different platelet agonists. Fourthly, this study aimed to elucidate the signalling
pathways triggered in platelets after exposure to both BTK inhibitors and adenosine. Lastly, it
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is hypothesized that there is a synergy between the elevated levels of adenosine characteristic
of CLL and the BTK inhibitors that results in the inhibition of platelet aggregation. Investigation
of the platelet activity in response to clinically relevant doses of ibrutinib and acalabrutinib and
the agonists ADP, collagen, and CRP supported this hypothesis.
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2. Methods
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2.1 Materials and reagents
Collagen was obtained from Helena Labs (Melbourne, Australia), and Collagen-related peptide
(CRP) was a kind gift from Professor Elizabeth Gardiner, Australian National University.
Ibrutinib and acalabrutinib were obtained from Apexbio (Houston, USA). 2-Hexynyl-5'-Nethylcarboxamidoadenosine (HENECA) was obtained from Abcam (Cambridge, UK). The

antibodies used for Western blotting were all rabbit antibodies, specific for p-SYK (Tyr 352), pBTK (Tyr 223), p-Plcγ2 (Tyr 759), p-AKT (Ser 473), p-VASP (Ser 239), p-ERK1/2 (Thr 202/ Tyr 204)
and α-actinin, and were all purchased from Cell Signalling Technology (Danvers, USA).

2.2 Participants
This study was approved by the Curtin University Human Research Ethics Committee
(HRE2020-0384). Healthy, age-matched volunteers (n = 10) recruited from Curtin Health
Innovation Research Institute were used as controls. Plasma was collected from stable,
untreated CLL patients (n = 24).

2.3 Preparation of washed human platelets
Blood was obtained from healthy donors and collected in a 50 mL syringe containing acidcitrate-dextrose (ACD) with informed consent as required by the Curtin University Human
Research Ethics Committee (HRE2020-0384). After collection, washed platelets were prepared
as previously described [130]. Briefly, blood was centrifuged for 20 minutes at 150 x g, after
which the platelet rich plasma (PRP) fraction was carefully collected and then centrifuged for
10 minutes at 800 x g. The supernatant was disposed of and the platelet pellet was
resuspended in CGS buffer (33.33 mM glucose, 123.2 mM NaCl and 14.7 mM trisodium citrate,
pH 7) and then centrifuged for another 10 minutes at 800 x g. This was repeated for a total of
three washes. Prostaglandin E1 (PGE1, 1 µM) was added before each centrifugation to prevent
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early activation of the platelets. The platelets were then resuspended in calcium free Tyrode
buffer (5.5 mM glucose, 12 mM NaHCO3, 0.49 mM MgCl2, 2.6 mM KCl, 5 mM HEPES, 0.36 mM
NaH2PO4 and 138 mM NaCl, pH 7.4) at a concentration of 1 x 109/mL. Prior to experimentation,
platelets were supplemented with 1.8 mM CaCl2 to provide a better environment for platelet
activation for the aggregation assay.

2.4 Human CD73 ELISA
Human blood from CLL patients (n = 24) and age-matched healthy controls (n = 10) was
collected into 3.2% sodium citrate Vacutainer tubes and plasma was prepared by centrifuging
the samples for 15 minutes at 1,500 x g. Samples were then aliquoted and stored at -20˚C until
further analysis. The levels of human CD73 was measured using the Human CD73 ELISA Kit
NT5E (Abcam, Cambridge, UK). CD73 concentrations in the samples were calculated from a
standard curve generated at 450 nm using a plate reader, as described in the manufacturer’s
protocol (Appendix A).

2.5 Malachite Green Phosphate Assay
Plasma from 5 CLL patients was examined for soluble CD73 (sCD73) activity. Plasma was
preincubated with PBS or CD73 inhibitor AB680 (2 nM). The CD73 substrate AMP (100 µM) or
PBS was added, and the plasma was further incubated for 1 h at 37˚C. Levels of free
phosphate in samples were measured using the Malachite Green Phosphate assay kit MAK307
(Sigma-Aldrich, St. Louis, USA) following the manufacturer’s instructions (Appendix B).
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2.6 Flow Cytometry
Human blood was collected from healthy donors into sodium citrate, then diluted 1:20 in
Tyrode HEPES buffer. The diluted blood was then incubated with either DMSO or ibrutinib (0.5
µM) for 15 minutes at 37˚C, after which adenosine (10 µM) or vehicle was added and left to
incubate for a further 5 minutes. ADP (2 µM) or PBS were then added to the relevant reactions
and left to incubate for a further 15 minutes. The samples were stained with the antibodies PECD62 (P-selectin) and FITC-PAC1 (active-form αIIbβ3). The reactions were left to incubate in
the dark for another 15 minutes, then 1 mL of ice-cold 1% PFA/PBS was added. Samples were
analysed using a BD LSRFortessa™ Flow Cytometer.

2.7 Platelet Aggregation Assay
Washed platelets at a concentration of 3 x 108/mL were incubated in Tyrode-HEPES buffer
supplemented with 1.8 mM CaCl2 with either PBS, inhibitors, or inhibitors in combination with
HENECA for 1 hour. Where HENECA was used, the reactions were incubated for 55 minutes,
then HENECA was added 5 minutes before the agonist (either collagen or CRP), after which the
platelet aggregation was measured. Platelet aggregation was recorded for at least six minutes
using a light transmission aggregometer (Model 700 Aggregometer, Chrono-Log Corporation,
Havertown, USA) at 37˚C with constant stirring at 1200 rpm.

2.8 Western Blot and Antibodies Used
After aggregation assaying, the reactions were lysed using Laemmli sample buffer in
combination with Protease/Phosphatase Inhibitor Cocktail (Cell Signalling Technology,
Danvers, USA) and β-mercaptoethanol. The samples were then heated at 95˚C for five
minutes. Forty-five microlitres of the samples were loaded in each lane and separated using
sodium dodecyl sulphate-polyacrylamide gel electrophoresis. After separation, the protein was
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transferred to a polyvinylidene difluoride (PVDF) protein blotting membrane by submerging it
in transfer buffer at 40 volts for two hours. Non-specific binding was then blocked by covering
the membrane with 5% non-fat powdered milk in Tris-buffered saline with 0.1% Tween 20
(TBS-T) at room temperature for one hour. After washing the membrane with TBS-T 3 times
for five minutes each, the relevant antibody (at a dilution of 1:1000) was added to the
membrane, which was then left to incubate overnight at 4˚C. The secondary antibody,
horseradish peroxidase-conjugated anti-rabbit antibody at a dilution of 1:20,000 (Jackson
ImmunoResearch, West Grove, USA), was used to detect the primary antibody. After the
secondary antibody was left to incubate for 3 hours at room temperature, Amersham ECL
Western Blotting Detection Reagent (GE Healthcare Life Sciences, Chicago, USA) was used to
develop the membrane, and the resulting chemiluminescence was then recorded using the
ChemiDoc imaging system (Bio-Rad, Hercules, USA).

2.9 Statistical Analysis
Each experiment was conducted at least 3 times, and GraphPad PRISM 9 software was used to
analyse the data using One-Way ANOVA to examine statistical differences between the means.
Results are expressed as the mean ± standard error. Any differences found were considered
statistically significant at P < 0.05.
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3. Results
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3.1 The expression and activity of soluble CD73 in plasma from CLL
patients.
Previous studies have examined the expression of membrane-bound CD73 on B-cells in CLL
patients and found that one-third of CLL patients express CD73 on B-cells. However, it is
unknown whether a soluble form of CD73 also exists in the plasma of CLL patients. Therefore,
we sought to examine the levels of soluble CD73 expression and activity in CLL patients and
determine whether there were any significant differences between soluble CD73 in CLL
patients and healthy volunteers.

Figure 3. The expression and activity of soluble CD73 in plasma from CLL patients. A)
Plasma was collected from citrated blood obtained from CLL patients (n=24) and agematched healthy controls (n=10). Soluble CD73 was measured using Human CD73 ELISA Kit
(ABCAM) following the manufacturer’s instructions. B) Plasma from 5 CLL patients were
examined for sCD73 activity. Samples were chosen to include patients with the highest and
lowest sCD73 level. CD73 activity was measured using Malachite Green Phosphate assay
(Sigma-Aldrich) following manufacturer’s instructions. AMP was used as the CD73
substrate. Phosphate generation was reduced when the plasma was preincubated with the
CD73 inhibitor AB680 (2 nM). CD73i: CD73 inhibitor AB680, OD: optical density.
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No significant difference was found in sCD73 level between CLL patients and age-matched
healthy controls. CD73 activity in patients with high sCD73 was reduced by the CD73 inhibitor,
as indicated by the decrease in phosphate generation (Figure 3B). A similar trend was observed
in patients with low sCD73.

3.2 The effect of adenosine on Ibrutinib-mediated inhibition of ADPinduced platelet activation in whole blood.
In the CLL microenvironment, ADP is generated at a higher concentration than is normal. ADP
is known to induce platelet activation, and activation consequently causes platelets to release
their dense granules, further increasing the level of ADP. This should trigger sustained platelet
aggregation; however, this is not observed in ibrutinib treated CLL patients. Thus, the level of
platelet activation was examined via the measurement of the platelet activation markers
CD62P and PAC1 to determine whether ibrutinib inhibited platelet activation. Levels of PAC1
and CD62P were slightly reduced in response to ibrutinib alone; however, there was a more
reduction in both CD62P and PAC1 when ibrutinib and adenosine were combined (Figure 4A).
By itself, ibrutinib lowered the median level of PAC1 but not CD62P (Figure 4B). When
combined with adenosine, the median levels of both PAC1 and CD62P were reduced (Figure
4B). A similar reduction was observed in both PAC1 and CD62P in response to adenosine alone
(Figure 4B).
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Figure 4: Preliminary data showing the effect of adenosine on Ibrutinib-mediated
inhibition of ADP-induced platelet activation in whole blood. Blood was collected from
healthy volunteers in sodium citrate, then diluted 1:20 in Tyrode-HEPES buffer. Diluted
blood was then incubated with Ibrutinib (0.5 µM) for 15 min at 37˚C, after that adenosine
(10 µM) or vehicle was added for 5 minutes. ADP (2 µM) or PBS was then added, and the
blood was further incubated for 15 minutes at 37˚C. The samples were stained with PECD62P (P-selectin) and FITC-PAC1 (active-form αIIbβ3) for 15 minutes in the dark, then
washed in stain buffer (BD) and fixed in ice-cold 1% PFA in PBS and kept at 4˚C. Samples
were examined using BD LSRFortessa™ Flow Cytometer. Platelets were identified by their
small size using forward scatter area (FSC-A), side scatter area (SSC-A) and then plotted
between the two activation markers CD62P (Y-axis) and PAC1 (X-axis). B) The columns
represent the median of PE-CD62P and FITC-PAC1 fluorescence intensity as measured
using FlowJo (BD). The data are a representative sample of two independent experiments
with similar results.
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3.3 Ibrutinib inhibits CRP-induced platelet aggregation but not collageninduced platelet aggregation.
A few studies have examined the impact of BTK inhibitors on the aggregation of washed
platelets before; however, these used higher concentrations than was clinically relevant [131,
132]. Using the concentration that platelets in CLL patients are exposed to is vital in
understanding what is causing the dysfunction of platelets in these people. Thus, the effect of
low clinically relevant concentrations (10-50 nM) of the inhibitors on platelet aggregation was
investigated.
The representative collagen traces for ibrutinib, acalabrutinib and the vehicle showed no
significant inhibition of aggregation, though ibrutinib appeared to inhibit some platelet
aggregation compared to acalabrutinib and vehicle (Figure 5C). In the representative CRP
traces, however, ibrutinib inhibited platelet aggregation significantly, having a similar amount
of aggregation as resting platelets even in response to the high concentration of CRP (Figure
5A-B). Figure 5D shows that ibrutinib was found to significantly inhibit CRP-induced platelet
aggregation, reducing aggregation by 70.06% (± 9.4, n = 6). Acalabrutinib, on the other hand,
was unable to inhibit aggregation significantly, only reducing aggregation by 5.86% (± 5.26, n =
6). The phosphorylation of BTK was completely inhibited in the presence of ibrutinib in
response to both CRP and collagen (Figure 5E). Acalabrutinib, on the other hand, partially
inhibited BTK phosphorylation in response to collagen but not CRP. Ibrutinib consistently
inhibited the phosphorylation of PLCγ2 in response to CRP and collagen. While acalabrutinib
effect was only noticeable on collagen-induced PLCγ2 phosphorylation.
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Figure 5. Ibrutinib inhibits CRP- but not collagen-induced platelet aggregation. (A-C)
Washed platelets (WP) were incubated with clinically relevant doses of ibrutinib (10 nM) or
acalabrutinib (20 or 50 nM) for 1 hour at 37°C before the addition of the agonist; A) CRP
(10 µg/ml) B) CRP (50 µg/ml) C) collagen (10 µg/ml). All traces were representative of 8
repeated experiments. D) Bar graphs depict % of platelet aggregation treated with CRP (50
µg/ml) alone or with ibrutinib (10 nM) or acalabrutinib (50 nM). Percentage platelet
aggregation was measured at 6 min n=4-5, ****P < 0.0001. E) Ibrutinib and acalabrutinb
decreases CRP and collagen-mediated phosphorylation of PLCγ and BTK. WP (3 × 108/mL)
were incubated with ibrutinib or acalabrutinib for 1h at 37˚C. The aggregation reaction was
set up using Chrono-log aggregometer and CRP (50 μg/mL), Collagen (10 μg/mL), or vehicle
(PBS) was added. The reaction was stopped by Laemmli sample buffer supplemented with
Protease/Phosphatase Inhibitor Cocktail (Cell Signalling Technology) and βmercaptoethanol. Forty-five μl of total cell lysate was then analysed by sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted for PLCγ Y759
and p-BTK Y223. Equal loading was verified by α-actinin. The immunoblots are
representative of 3 independent experiments.
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3.4 The adenosine derivative HENECA amplifies the antiplatelet effects of
ibrutinib and acalabrutinib.
Having determined that clinically relevant concentrations of BTK inhibitors on their own did
not inhibit collagen-induced platelet aggregation, it was determined that ibrutinib on its own is
not responsible for the bleeding risk observed. Considering this bleeding risk is specific to CLL
patients treated with ibrutinib, it was thought that a characteristic of the disease (such as
adenosine, which is found in higher concentrations than in healthy people) interacts with
ibrutinib and amplifies its effect. Therefore, this study sought to examine the effect of
adenosine on the inhibition of collagen-induced platelet aggregation via ibrutinib and
acalabrutinib.
Light transmission aggregometry found that the ibrutinib only trace showed some inhibition of
collagen-induced platelet aggregation. However, the ibrutinib and HENECA trace stayed
around the level of resting platelets. This demonstrated a significant reduction in aggregation
(Figure 6A). Acalabrutinib alone was unable to inhibit collagen-induced platelet aggregation,
with the acalabrutinib trace following the same pattern as the vehicle trace; however, when
combined with HENECA, there was a significant decrease in platelet aggregation (Figure 6B).
The trace in Figure 6C showed a significant reduction in collagen-induced platelet aggregation
in response to HENECA. Resting platelets remained at a constant level of inactivity, and the
aggregation of collagen alone was continuous and was like the other vehicle traces. As shown
in Figure 6D, ibrutinib and acalabrutinib by themselves did not inhibit platelet aggregation in
response to collagen, with a mean aggregation of 104% (± 5.98, n = 8) and 114.8% (± 1.95, n =
6), respectively. However, aggregation was significantly reduced by each drug when combined
with the adenosine derivative HENECA, with ibrutinib and HENECA inhibiting aggregation by
76.51% (± 5.03, n = 6), while acalabrutinib in combination with HENECA inhibited aggregation
by 24.84% (± 5.89, n = 6). HENECA by itself was also found to cause a significant reduction in
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platelet aggregation (35.68% ± 10.97, n = 6). The photo demonstrates the striking differences
in aggregation that can even be detected by observation with the naked eye.

E

Coll 10 µg/ml

Ibru 10 nM Ibru/HENECAAcala 20 nM Acala/HENECA

Figure 6. The adenosine derivative HENECA amplifies the antiplatelet effects of ibrutinib
and acalabtrutinib. (A-B) WP were incubated with clinically relevant doses of ibrutinib (10
nM) or acalabrutinib (20 nM) for 1 hour at 37°C. HENECA (10 µM) or vehicle (buffer) was
added, before the addition of collagen (10 µg/ml). C) Aggregation traces showing the
impact of HENECA as a single agent on collagen-induced platelet aggregation. D) Bar graphs
depict % of platelet aggregation treated with collagen (10 µg/ml) ± ibrutinib (10 nM) or
acalabrutinib (20 nM) ± HENECA. Percentage platelet aggregation was measured at 6 min
n=5-7, ****P < 0.0001. E) Aggregation tubes showing platelet aggregation in response to
collagen + ibrutinib or acalabrutinib ± HENECA. Aggregates of platelets significantly
disappear when HENECA is added to either ibrutinib or acalabrutinib.
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3.5 Adenosine engages several signalling kinases when combined with BTK
inhibitors.
Adenosine appeared to amplify the inhibitive effect of both ibrutinib and acalabrutinib on
collagen-induced platelet aggregation. The signalling pathways inhibited by the BTK inhibitors,
particularly ibrutinib, and adenosine were thought to inhibit the alternate signalling pathways
of platelet aggregation, thus causing this significant bleeding risk phenotype in CLL patients.
Therefore, this study measured the phosphorylation of some of the major signalling molecules
involved in these pathways.
HENECA alone showed only a slight reduction in p-VASP in response to collagen. In contrast,
phosphorylation of AKT remained at the level of collagen alone in response to the inhibitors.
This change was stopped by the addition of HENECA (Figure 7). ERK was found to be
phosphorylated in all tests save for the control; however, there was some inhibition with
ibrutinib in combination with HENECA. BTK phosphorylation was entirely stopped by the tests
with ibrutinib, and significantly reduced by acalabrutinib, though the addition of HENECA
improved the inhibition caused by acalabrutinib even further. HENECA alone also reduced BTK
phosphorylation, however not as much as the BTK inhibitors by themselves or in combination
with HENECA (Figure 7). Ibrutinib inhibited phosphorylation of SYK slightly, and ibrutinib with
HENECA inhibited it significantly, while the other tests had a level of SYK phosphorylation like
that induced by collagen alone.
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Figure 7. Adenosine engages several signalling kinases when combined with BTK
inhibitors. WP (3 × 108/mL) were incubated with ibrutinib or acalabrutinib for 1h at 37˚C.
The adenosine derivative HENECA (10 µM) was then added. The aggregation reaction was
set up using Chrono-log aggregometer and collagen (10 μg/mL) or vehicle (PBS) was added.
The reaction was stopped by Laemmli sample buffer supplemented with
Protease/Phosphatase Inhibitor Cocktail (Cell Signalling Technology) and βmercaptoethanol. Forty-five μl of total cell lysate was then analysed by sodium dodecyl
sulphate–polyacrylamide gel electrophoresis and immunoblotted for p-AKT Y473, p-VASP
S239, p-ERK1/2, p-BTK Y223 and p-SYK Y352. Equal loading was verified by α-actinin. The
immunoblots are representative sample of 3 independent experiments.
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4. Discussion
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BTK inhibitors such as ibrutinib and acalabrutinib are used to treat CLL because of BTK’s role in
B-cell signalling and proliferation [66]. BTK is also crucial in the signalling and function of
hematopoietic cells such as platelets [67, 86]. Platelets play a vital role in haemostasis and
thrombosis [87, 133, 134]. Numerous studies have observed a significant bleeding risk
associated with patients using ibrutinib and acalabrutinib [28, 42, 43, 74]. BTK is downstream
of the platelet GPVI receptor. However, patients with a genetic defect in GPVI or BTK are not
known to present with significant bleeding issues such as those seen in CLL patients using BTK
inhibitors. Therefore, this study hypothesized that a CLL related factor might synergise with
BTK inhibitors to cause broad inhibition of platelet activation, and consequently, increased risk
of bleeding. CD73-generated adenosine is enriched in the CLL microenvironment and is a
known inhibitor of platelet function. This study explored the impact of the interaction of BTK
inhibitors and adenosine on platelet function via light transmission aggregometry, ELISA,
malachite green assay, flow cytometry and Western blotting [28, 43, 88].
First, we examined the presence of soluble CD73 in the plasma of CLL patients. As shown in
figure 3, a soluble functionally active form of CD73 was present in CLL patients, though
expression appeared to be lower in the CLL group than in healthy individuals. This coincides
with previous reports of elevated sCD73 levels in cancer patients compared to healthy controls
[135]. No other studies to date have measured levels of sCD73 in CLL specifically, though many
have investigated the level of sCD73 in other cancers and found a significant increase [136138]. Because of this, sCD73 has been proposed to be a prognostic marker [138, 139]. It is
important to note that CLL cells are characterised by hypoxia, increased expression of CD39
and production of ATP/ADP. Therefore, the production of adenosine will depend on not only
the expression of CD73 but also the increased amounts of the substrate (ATP/ADP

CD39

AMP), which is higher in CLL compared to healthy controls [125].
Next, we examined the impact of adenosine on the antiplatelet activity of ibrutinib in whole
blood. Since this experiment was carried out in whole blood, we used 0.5 µM of ibrutinib,
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which corresponds to maximum plasma concentration in CLL patients [140]. The preliminary
data indicate that adenosine can potentiate the antiplatelet effect of ibrutinib. A previous
study of ibrutinib on platelet aggregation in whole blood from CLL patients by Lipsky et al.
found that ibrutinib improved platelet activation in response to ADP, contradicting the partial
inhibition observed in this study [141]. However, this discrepancy may be because the whole
blood from this study was collected from healthy volunteers instead of CLL patients and that
the sample size was so small (n = 2). CLL patients have higher expression of CD39 and CD73 in
both soluble and membrane-bound forms, which affects the concentration of ADP in the
blood, which could cause the difference in the results of this study and Lipsky et al.’s [125].
Other studies have reported no significant impact on ADP-induced aggregation, most likely
because of BTK lacking a role in G protein-coupled receptor signalling in response to ADP [142].
Adenosine has a short half-life in blood; therefore, future work should focus on replicating this
experiment using either CD73, a stable derivative of adenosine, or blood from CLL patients
with a high level of sCD73.
We next examined the effect of ibrutinib and acalabrutinib as single agents, and in
combination with adenosine, on platelet aggregation. This study shows, for the first time, that
clinically relevant nanomolar concentrations of ibrutinib and acalabrutinib inhibit GPVIinduced platelet aggregation. This is consistent with previous clinical data demonstrating
reduced CRP-induced platelet aggregation in ibrutinib treated CLL patients, and the data from
this study showing similar inhibition in healthy donors as well (Figure 3) [132]. However, a
recent study by Nicholson et al. found that ibrutinib delayed but did not inhibit CRP-induced
platelet activation, thus demonstrating a lack of ibrutinib effect on GPVI-mediated platelet
aggregation in CLL patients [131]. The concentrations used in the Nicholson et al. study,
however, were chosen on the basis that the concentrations of “free”, unbound maximum
plasma concentrations for ibrutinib and acalabrutinib in CLL patients are 0.5 and 1.3 µM,
respectively, as was described in previous studies [132]. These concentrations are unlikely, as
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it is well known that at physiological pH ibrutinib and acalabrutinib are basically insoluble in
water and readily bind to the plasma proteins, making 97% biologically inactive [66]. Thus, only
the unbound concentration of the inhibitors is pharmacologically active and therefore suitable
for plasma free in vitro studies [143]. The study by Nicholson et al. based their inhibitor
concentrations on a pharmacokinetic study of ibrutinib conducted by Advani et al. that stated
the total plasma concentration of ibrutinib was 150 ng/mL, or 0.34 µM [144]. The total plasma
concentration of acalabrutinib, according to a study by Byrd et al., was found to be 700 ng/ml
or 0.7 µM [28]. Both total plasma concentrations are suitable for platelet studies in PRP, but
not washed platelets, as only 3% is biologically active due to the binding of 97% to the plasma
proteins.
In CLL patients, it was found that the free unbound maximum plasma concentrations of
ibrutinib and acalabrutinib achieved at a steady-state was in the low nanomolar range, and
these concentrations (≤ 50 nM) have been shown to successfully inhibit in vitro and in vivo BTK
signalling in cancer cells [89, 145-147]. However, there is a significant gap in knowledge in BTK
inhibition in different cell types. Low nanomolar concentration of BTK inhibitors has been
shown to inhibit BTK in cancer cells but not in platelets [148]. This discrepancy can be
explained from a few points. First, incubation time does affect the potency of inhibition.
Longer incubation times have been noticed in cancer cells studies compared to platelets (≥ 30
minutes in cancer cells, a few minutes in platelets) [149]. Another reason could be the
variation of the presence and activity of drug membrane transporters across cell types, which
affects the drug’s ability to fully occupy its intracellular target via changes in the drug
concentration [150, 151].
A study by Levade et al. reported that ibrutinib dose-dependently (0, 0.015, 0.025, 0.05, 0.5, 1
µM) inhibited collagen-induced platelet aggregation [132]. The results of this study suggest
that ibrutinib, at a low, clinically relevant concentration, does not significantly inhibit collageninduced platelet aggregation as a single agent (Figure 6) [132]. Previous studies have shown
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that CLL patients have impaired platelet aggregation in response to collagen, which is
exacerbated by ibrutinib [76, 141]. Washed platelets obtained from healthy volunteers were
not inhibited by ibrutinib alone; however, significantly inhibited collagen-induced platelet
aggregation in the presence of HENECA (Figure 6). HENECA by itself also managed to inhibit
collagen-induced aggregation to a degree, but when combined with ibrutinib inhibited even
more. This explains the impaired platelet function of CLL before and after treatment with
ibrutinib. Levels of adenosine are elevated in CLL due to the increased expression of CD39 and
CD73. The high concentration of adenosine interacts with ibrutinib and results in further
decrement reported previously [76, 141]. This investigation demonstrated that this could occur
even at low nanomolar concentrations of ibrutinib.
This study found that ibrutinib, as well as acalabrutinib, still inhibited collagen-induced BTK
phosphorylation, even though platelet aggregation was not significantly inhibited (Figure 7).
This suggests signalling redundancy allowing continued downstream signalling of the GPVI
pathway, most likely relying on another Tec family kinase, TEC, to regulate the
phosphorylation of PLCγ2 and maintain platelet function [78]. Despite ibrutinib being known to
also inhibit TEC in an off-target manner, at low nanomolar concentrations, there is not enough
TEC inhibition to overcome the signalling redundancy. Acalabrutinib, which is more specific for
BTK, had no significant impact on platelet aggregation but still inhibited BTK phosphorylation,
though not as thoroughly as ibrutinib due to its lower potency [131]. This can be seen in
figures 6A, 6B and 7, where ibrutinib inhibits platelet aggregation (but not significantly) while
acalabrutinib reaches normal levels of platelet aggregation.
This study used the incubation time (1 hour) from previous BTK studies in cancer cells and
exposed washed platelets to low clinically relevant inhibitor concentrations. Under these
conditions, ibrutinib and acalabrutinib inhibited GPVI-mediated platelet aggregation (Figure 5).
Ibrutinib, but not acalabrutinib, continued to inhibit platelet aggregation at a high
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concentration of CRP (50 µg/mL). This supports the known potency of ibrutinib over
acalabrutinib [28, 74, 131].
In ibrutinib-treated patients, collagen-induced platelet aggregation is inhibited, despite this
study demonstrating that clinically relevant concentrations of ibrutinib do not affect collageninduced platelet aggregation [75, 76]. The contradiction between these two in vitro results
could be due to a disease factor. This factor could synergise with ibrutinib and acalabrutinib to
amplify their inhibitive effects to overcome collagen-induced platelet aggregation. This study
was designed on the suspicion that adenosine was this disease factor, as multiple studies have
described the CLL microenvironment as rich in adenosine, thought to be a result of high levels
of abnormally active or expressed CD39 and CD73 [2, 3, 118, 120, 121, 125]. Our results clearly
show that the adenosine derivative HENECA amplified the antiplatelet effects of ibrutinib and
acalabrutinib to cause significant inhibition of collagen-induced platelet aggregation.
Activation of the A2A receptor by HENECA increased p-VASP, which is known to keep platelet
in resting form. HENECA also potentiated ibrutinib and acalabrutinib mediated inhibition of
AKT and ERK phosphorylation. The data clearly show that the presence of adenosine engages
more signalling kinases beyond GPVI/BTK. This result supports our hypothesis that a diseaserelated factor may potentiate the antiplatelet spectrum of ibrutinib and acalabrutinib to cause
broad inhibition of platelet function.
Recently, an inverse relationship between plasma adenosine level and platelet activation was
found [106, 152, 153]. However, this relationship has yet to be examined in cancer. In this
study, adenosine was found to reduce phosphorylation of AKT and increase phosphorylation of
VASP in response to collagen-induced platelet aggregation, most likely through the activation
of the A2A receptor (Figure 5). This amplified the effect of ibrutinib and acalabrutinib (to a
lesser extent), with a significant change in phosphorylation of AKT, ERK, BTK, VASP and SYK
being observed in comparison to the BTK inhibitors and adenosine as single agents (Figure 5).
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This synergy enabled ibrutinib to inhibit collagen-induced platelet aggregation, and inhibited
aggregation more than adenosine as a single agent.
The present study shows a novel interaction between adenosine and BTK inhibitors that
significantly inhibits platelet aggregation. This interaction could be clinically relevant to CLL
patients. However, several limitations arose during the execution of the study. First, the
sample size is not powerful enough to detect a correlation between CD73, plasma adenosine
level, and platelet function. To be able to confidently draw conclusions and overcome the large
amount of variation between individuals, the sample size should be increased. This would also
make the sampled population more representative of the target population. The pilot data
generated in this study could provide the basis for sample size calculations to occur and
predict the number of patients and controls needed for a more extensive study. Second, the
study only examined the in vitro effects of ibrutinib and acalabrutinib on washed platelets and
whole blood and would benefit from further investigation in vivo. Nonetheless, this
investigation provides insight into the bleeding risk found in ibrutinib and acalabrutinib treated
CLL patients.
In conclusion, the results of this study suggest that the significant bleeding risk found in CLL
patients being treated by BTK inhibitors, but not observed in BTK-deficient people, is most
likely caused by the high levels of adenosine in the CLL microenvironment. The high levels of
adenosine synergise with the BTK inhibitors, particularly ibrutinib, and prevents platelet
aggregation, resulting in bleeding events. Future work should examine the correlation
between CD73 (soluble and membrane-bound), plasma adenosine level, platelet activation,
and bleeding issues in CLL patients. Moreover, the impact of CD73 and adenosine on platelet
function in the presence or absence of BTK inhibitors can be further studied in transgenic mice
of CLL. Overall, these studies will yield new insight into how an immune regulatory pathway
(CD39/CD73-adenosine) may be utilised as a biomarker and therapeutic target in CLL.
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Appendix A
The Manufacturer’s Instructions for the Human CD73 ELISA Kit
Version 5e Last updated 15 April 2021

ab213761 –
Human CD73 ELISA Kit
(NT5E)

For the quantitative detection of Human CD73 in cell culture supernatants, cell lysates, serum
and plasma (heparin, EDTA).

This product is for research use only and is not intended for diagnostic use.
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1.

Overview

The Human CD73 Enzyme-Linked Immunosorbent Assay (ELISA) kit
(NT5E) (ab213761) is designed for the quantitative measurement of Human CD73 in cell
culture supernatants, cell lysates, serum and plasma (heparin, EDTA).
The ELISA kit is based on standard sandwich enzyme-linked immunosorbent assay technology.
A polyclonal antibody from sheep specific for CD73/NT5E has been pre-coated onto 96-well
plates. Standards (Expression system for standard: CHO; Immunogen sequence: W27-K547)
and test samples are added to the wells, a biotinylated detection polyclonal antibody from
sheep specific for CD73/NT5E is added subsequently and then followed by washing with PBS or
TBS buffer. Avidin-Biotin-Peroxidase Complex is added and unbound conjugates are washed
away with PBS or TBS buffer. HRP substrate TMB is used to visualize HRP enzymatic reaction.
TMB is catalyzed by HRP to produce a blue color product that changed into yellow after adding
acidic TMB Stop Solution. The density of yellow is proportional to the Human CD73/NT5E
amount of sample captured in plate.
5'-nucleotidase (5'-NT), also known as ecto-5'-nucleotidase or CD73 (Cluster of Differentiation
73), is an enzyme that in humans is encoded by the NT5E gene. Ecto-5-prime-nucleotidase
catalyzes the conversion at neutral pH of purine 5-prime mononucleotides to nucleosides, the
preferred substrate being AMP. The enzyme consists of a dimer of 2 identical 70-kD subunits
bound by a glycosyl phosphatidyl inositol linkage to the external face of the plasma
membrane. The enzyme is used as a marker of lymphocyte differentiation. Consequently, a
deficiency of NT5 occurs in a variety of immunodeficiency diseases. Other forms of 5-prime
nucleotidase exist in the cytoplasm and lysosomes and can be distinguished from ecto-NT5 by
their substrate affinities, requirement for divalent magnesium ion, activation by ATP, and
inhibition by inorganic phosphate. Rare allelic variants are associated with a syndrome of
adult-onset calcification of joints and arteries (CALJA) affecting the iliac, femoral, and tibial
arteries reducing circulation in the legs and the joints of the hands and feet causing pain.

6. Protocol Summary
Prepare all reagents, samples, and standards as instructed
Add 100 µL standard or sample to appropriate wells Incubate at 37°C for 90
minutes
Discard plate content. Do not wash.
Add 100 µL biotinylated Antibody into all wells Incubate at 37°C for 60 minutes
Wash each well three times with 300 µL 0.01M PBS (or TBS)
Add 100 µL ABC working solution Incubate at 37°C for 30 minutes
Wash each well five times with 300 µL 0.01M PBS (or TBS)
Add 90 μL of prepared TMB
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Incubate at 37°C in dark for 15-20 minutes

Add 100 µL TMB Stop Solution and read OD at 450 nm within 30 minutes

7. Precautions
Please read these instructions carefully prior to beginning the ELISA assay.






All kit components have been formulated and quality control tested to function
successfully as a kit.
We understand that, occasionally, experimental protocols might need to be modified to
meet unique experimental circumstances. However, we cannot guarantee the
performance of the product outside the conditions detailed in this protocol booklet.
Reagents should be treated as possible mutagens and should be handled with care and
disposed of properly. Please review the Safety Datasheet (SDS) provided with the product
for information on the specific components.
Observe good laboratory practices. Gloves, lab coat, and protective eyewear should always
be worn. Never pipette by mouth. Do not eat, drink, or smoke in the laboratory areas.
All biological materials should be treated as potentially hazardous and handled as such.
They should be disposed of in accordance with established safety procedures.

8. Storage and Stability
Store ELISA kit at -20ºC immediately upon receipt.
Refer to list of materials supplied for storage conditions of individual components. Observe the
storage conditions for individual prepared components in the Materials Supplied section.
Aliquot components in working volumes before storing at the recommended temperature.

9. Limitations



ELISA kit intended for research use only. Not for use in diagnostic procedures.
Do not mix or substitute reagents or materials from other kit lots or vendors. Kits are QC
tested as a set of components and performance cannot be guaranteed if utilized
separately or substituted.

10. Materials Supplied
Quantity

Storage
Condition
(Before
prep)

Storage
Condition
(After prep)

1 x 96 well
plate

-20ºC

-20ºC

2 x 1 vial

-20ºC

-20ºC

Biotinylated anti- Human CD73 antibody

100 µL

-20ºC

-20ºC

Avidin-Biotin-Peroxidase Complex (ABC)

100 µL

-20ºC

-20ºC

Sample Diluent Buffer

30 mL

-20ºC

-20ºC

Antibody diluent buffer

12 mL

-20ºC

-20ºC

Item
Anti-Human CD73 coated Microplate
(12 x 8 wells)
Lyophilized recombinant Human CD73 standard
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ABC Diluent Buffer

12 mL

-20ºC

-20ºC

TMB Color Developing Agent

10 mL

-20ºC

-20ºC

TMB Stop Solution

10 mL

-20ºC

-20ºC

Adhesive Plate Seal

4

-20ºC

-20ºC

11. Materials Required, Not Supplied
These materials are not included in the kit, but will be required to successfully perform this
assay:








Microplate reader capable of measuring absorbance at 450 nm.
Automated plate washer.
Multi- and single-channel pipettes.
Clean tubes and Eppendorf tubes.
Washing buffer (neutral 0.01M PBS or 0.01M TBS).
Preparation of 0.01M TBS: Add 1.2 g Tris, 8.5 g NaCl; 450 μL of purified acetic acid or 700
μL of concentrated hydrochloric acid to 1,000 mL distilled water and adjust pH to 7.2~7.6.
Finally, adjust the total volume to 1 L.
Preparation of 0.01 M PBS: Add 8.5 g sodium chloride,
1.4 g Na2HPO4 and 0.2 g NaH2PO4 to 1,000 mL distilled water and adjust pH to
7.2~7.6. Finally, adjust the total volume to 1 L.

12. Technical Hints














Samples generating values higher than the highest standard should be further diluted in
the appropriate sample dilution buffers.
Avoid foaming or bubbles when mixing or reconstituting components.
Avoid cross contamination of samples or reagents by changing tips between sample,
standard and reagent additions.
Ensure plates are properly sealed or covered during incubation steps.
Don’t let the 96-well plate dry, for a dry plate will inactivate active components on plate.
Complete removal of all solutions and buffers during wash steps is necessary to minimize
background.
All samples should be mixed thoroughly and gently.
Avoid multiple freeze/thaw of samples.
When generating positive control samples, it is advisable to change pipette tips after each
step.
Before using the kit, spin tubes and bring down all components to the bottom of tubes.
In order to avoid marginal effect of plate incubation due to temperature difference
(reaction may be stronger in the marginal wells), it is suggested that the diluted ABC and
TMB solution will be pre-warmed in 37ºC for 30 minutes before using.
To avoid high background always add samples or standards to the well
before the addition of the antibody cocktail.
This kit is sold based on number of tests. A ‘test’ simply refers to a single
assay well. The number of wells that contain sample, control or standard will
vary by product. Review the protocol completely to confirm this kit meets
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your requirements. Please contact our Technical Support staff with any
questions.

13. Reagent Preparation



Equilibrate all reagents to room temperature (18-25°C) prior to use. The kit
contains enough reagents for 96 wells.
Prepare only as much reagent as is needed on the day of the experiment.
9.1 Anti-human CD73 coated Microplate (12 x 8 wells) One plate of 96
wells. Ready to use. Store at -20ºC.
Lyophilized recombinant Human CD73 standard (2 x 10 ng)
CD73 standard solution should be prepared no more than

9.2

9.2.1

2 hours prior to the experiment. Two tubes of CD73 standard (2 x 10 ng) are included
in each kit. Use one tube for each experiment.
9.2.2

Add 1 mL sample diluent buffer into one tube to create 10,000 pg/mL of Human CD73
stock solution. Keep the tube at room temperature for 10 minutes and mix thoroughly.

9.3 Biotinylated anti- Human CD73 antibody
The solution should be prepared no more than 2 hours prior to the experiment.
9.3.1 The total volume should be: 100 µL/well x (the number of wells). (Allowing 100

µL – 200 µL more than total volume)

9.3.2 Biotinylated anti-Human CD73 antibody should be diluted in 1:100 with the

antibody diluent buffer and mixed thoroughly. (i.e. Add 1 μL Biotinylated antiHuman CD73 antibody to 99 μL antibody diluent buffer.)

9.4 Avidin-Biotin-Peroxidase Complex (ABC)
Before use, briefly centrifuge the tubes in case any of the contents are trapped in the lid
or sticking to the tube walls. The solution should be prepared no more than 1 hour prior
to the experiment.
9.4.1 The total volume should be: 100 µL/well x (the number of wells). (Allowing 100 µL 200 µL more than total volume) 9.4.2 Avidin- Biotin-Peroxidase Complex (ABC) should be
diluted in 1:100 with the ABC dilution buffer and mixed thoroughly. (i.e. Add 1 μL ABC to 99
μL ABC diluent buffer.)
9.5 Sample diluent buffer
30 mL. Ready to use. Store at -20ºC.
9.6 Antibody diluent buffer
12 mL. Ready to use. Store at -20ºC.
9.7 ABC diluent buffer
12 mL. Ready to use. Store at -20ºC.
9.8

TMB
10 mL. Ready to use. Store at -20ºC.

9.9 TMB Stop Solution
10 mL. Ready to use. Store at -20ºC.
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10.Standard Preparation
10.1

Add 1000 µL of the above 10,000 pg/mL CD73 stock solution into a tube and mix
thoroughly.

10.2

To prepare standards, label 7 Eppendorf tubes with 5,000 pg/mL, 2500 pg/mL,
1250 pg/mL, 312 pg/mL, 156 pg/mL and 0 pg/mL respectively.

10.3

Aliquot 300 µL of the sample diluent buffer into each tube.

10.4

Add 300 µL of the above 10,000 pg/mL CD73 solution into 2nd tube and mix.

10.5

Transfer 300 µL from 2nd tube to 3rd tube and mix. Transfer 300 µL from 3rd tube to 4th
tube and mix, and so on.
Concentratio
n

Tube
#

Volume to dilute

Volume of
diluent

1

1000 μL of 10,000 pg/mL
stock solution

0 μL

10,000

2

300 μL of 10,000 pg/mL stock
solution

300 μL

5,000

3

300 μL of tube #2

300 μL

2500

4

300 μL of tube #3

300 μL

1250

5

300 μL of tube #4

300 μL

625

6

300 μL of tube #5

300 μL

312

7

300 μL of tube #6

300 μL

156

8

0 μL

300 μL

0

(pg/mL)

 Note: The standard solutions are best used within 2 hours. The
10,000 pg/mL standard solution should be stored at 4°C for up to 12 hours, or at -20°C for up
to 48 hours. Avoid repeated freeze-thaw cycles.

11.Sample Preparation
Store samples to be assayed within 24 hours at 4°C. For long-term storage, aliquot and freeze
samples at -20°C. Avoid repeated freeze-thaw cycles.




Cell lysates: After sufficient splitting, there should be no obvious cell sediment. Centrifuge
cell lysates at approximately 10,000 x g for 5 minutes. Collect the cell lysate supernatants
to go ahead.
Serum: Allow the serum to clot in a serum separator tube (about
4 hours) at room temperature. Centrifuge at approximately 1,000 x g for 15 minutes.
Analyze the serum immediately or aliquot and store samples at -20°C.
Cell culture supernatant: Remove particulates by centrifugation, assay immediately or
aliquot and store samples at -20°C.
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Plasma: Collect plasma using heparin or EDTA as an anticoagulant. Centrifuge for 15
minutes at 1,500 x g within 30 minutes of collection. Assay immediately or aliquot and
store samples at -20°C.

It is recommended to estimate the concentration of the target protein in the sample and
select a proper dilution factor so that the diluted target protein concentration falls near the
middle of the linear regime in the standard curve. Dilute the sample using the provided diluent
buffer. The following is a guideline for sample dilution. Several trials may be necessary in
practice. The sample must be well mixed with the diluents buffer.






High target protein concentration (20,000 pg/mL200,000 pg/mL). The working dilution is
1:100. i.e. Add 1 μL sample into 99 μL sample diluent buffer.
Medium target protein concentration (2,000 pg/mL20,000 pg/mL). The working dilution is 1:10. i.e. Add 10 μL sample into 90 μL sample
diluent buffer.
Low target protein concentration (31.2 pg/mL-2,000 pg/mL). The working dilution is 1:2.
i.e. Add 50 μL sample to 50 μL sample diluent buffer.
Very Low target protein concentration (0 pg/mL-31.2 pg/mL). No dilution necessary, or the
working dilution is 1:2.

12.Assay Procedure



It is recommended to assay all standards, controls and samples in
duplicate.
The ABC working solution and TMB color developing agent must be kept
warm at 37°C for 30 minutes before use. When diluting samples and
reagents, they must be mixed completely and evenly. Standard CD73
detection curve should be prepared for each experiment. The user will
decide sample dilution fold by crude estimation of CD73 amount in samples.
12.1 Aliquot 100 µL per well of the 10,000 pg/mL , 5,000 pg/mL, 2500 pg/mL, 1250

pg/mL, 625pg/mL, 312 pg/mL, 156 pg/mL and 0 pg/mL. Human CD73 standard
solutions into the precoated 96-well plate.
12.2 Add 100 µL of the sample diluent buffer into the control well (Zero well).
12.3 Add 100 µL of each properly diluted sample of Human cell culture supernatants,
cell lysates, tissue homogenates, serum or plasma (heparin, EDTA) to each
empty well. See “Sample
Preparation” above for details. It is recommended that each Human CD73 standard
solution and each sample be measured in duplicate.
12.4 Seal the plate with a new adhesive cover provided and incubate at 37°C for 90

minutes.

12.5 Remove the cover, discard plate content, and blot the plate onto paper towels

or other absorbent material. Do NOT let the wells completely dry at any time.

12.6 Add 100 µL of biotinylated anti-Human CD73 antibody working solution into

each well, seal the plate with a new adhesive cover provided and incubate at
37°C for 60 minutes.
12.7 Wash plate 3 times with 0.01M TBS or 0.01M PBS; and each time let washing
buffer stay in the wells for 1 minute. Discard the washing buffer and blot the
plate onto paper towels or other absorbent material. (Plate Washing Method:
Discard the solution in the plate without touching the side walls. Blot the plate
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onto paper towels or other absorbent material. Soak each well with at least 300
µL PBS or TBS buffer for 1~2 minutes. Repeat this process two additional times
for a total of three washes. Note: For automated washing, aspirate all wells and
wash three times with PBS or TBS buffer, overfilling wells with PBS
or TBS buffer. Blot the plate onto paper towels or other absorbent material.)
12.8 Add 100 µL of prepared ABC working solution into each well, seal the plate with

a new adhesive cover provided and incubate at 37°C for 30 minutes.
12.9 Wash plate 5 times with 0.01M TBS or 0.01M PBS; and each time let washing
buffer stay in the wells for 1-2 minutes. Discard the washing buffer and blot the
plate onto paper towels or other absorbent material. (See Step 12.7 for plate
washing method.)
12.10 Add 90 μL of prepared TMB color developing agent into each well, seal the plate
with a new adhesive cover and incubate at 37°C in dark for 15-20 minutes.
 Note: For reference only, the optimal incubation time should be determined by end user.
And the shades of blue can be seen in the wells with the four most concentrated Human CD73
standard solutions; the other wells show no obvious color.
12.11 Add 100 µL of prepared TMB Stop Solution into each well. The color changes

into yellow immediately.

12.12 Read the O.D. absorbance at 450 nm in a microplate reader within 30 minutes

after adding the TMB Stop Solution.

13.Calculations
The standard curve can be plotted as the relative O.D.450 of each standard solution (Y) vs. the
respective concentration of the standard solution (X). The Human CD73 concentration of the
samples can be interpolated from the standard curve.
(the relative O.D.450) = (the O.D.450 of each well) – (the O.D.450 of Zero well).
 Note: if the samples measured were diluted, multiply the dilution factor to the
concentrations from interpolation to obtain the concentration before dilution.
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14.Typical data
Typical standard curve – Data provided for demonstration purposes only. A new standard
curve must be generated for each assay performed.
Sample

Human CD73
(pg/mL)

O.D.

1

0

0.055

2

156

0.125

3

312

0.169

4

625

0.299

5

1,250

0.545

6

2,500

0.956

7

5,000

1.437

8

10,000

2.064

Figure 1. Human CD73 ELISA Kit (NT5E) (ab213761) Standard Curve.

15.Typical sample values
Sensitivity –
The biological sensitivity of the assay is <10 pg/mL.
The range is 156 pg/mL – 10,000 pg/mL.
Precision –
Intra-assay precision: (Precision within an assay) Three samples of known concentration
were tested on one plate to assess intra-assay precision.
Sample

Number of
measures

Mean
(pg/mL)

Standard
Deviatio
n

CV%

1

16

230

15.41

6.7

60

2

16

1,941

79.58

4.1

3

16

5,361

387.29

7.2

Inter-assay precision: (Precision between assays) Three samples of known concentration
were tested in separate assays to assess interassay precision.
Sample

Number of
assays

Mean
(pg/mL)

Standard
Deviatio
n

CV%

1

24

222

18.64

8.4

2

24

1,912

101.33

5.3

3

24

4,929

359.81

7.3

Specificity:
Natural and recombinant Human CD73.
Cross-reactivity:
There is no detectable cross-reactivity with other relevant proteins.

16.Troubleshooting
Problem

Cause
Inaccurate Pipetting

Poor standard curve

Low Signal

Low sensitivity

Check Pipettes

Incubation times too
brief

Prior to opening, briefly spin the
stock standard tube and
dissolve the
powder thoroughly by gentle
mixing
Ensure sufficient incubation
times
standard/sample incubation

Inadequate reagent
volumes or
improper dilution

Check Pipettes and ensure
correct
preparation

Improper standard
dilution

Incubation times with
TMB too brief

Large CV

Solution

Plate is insufficiently
washed

Ensure sufficient incubation
time until blue color develops
prior
addition of TMB Stop
Solution
Review manual for proper wash
technique. If using a plate
washer, check all
ports for obstructions.

Contaminated wash
buffer

Prepare fresh wash buffer

Improper storage of
the ELISA kit

All components 4°C. Keep
TMB substrate solution
protected from light.

17.Notes
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ab213761 Human CD73 ELISA Kit (NT5E)
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Appendix B
The Manufacturer’s Instructions for the Malachite Green Phosphate Assay Kit

Malachite Green Phosphate Assay Kit

Catalog Number MAK307
Storage Temperature 2–8 C

TECHNICAL BULLETIN
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Product Description
The Malachite Green Phosphate Assay Kit is based on quantification of the green complex formed
between Malachite Green, molybdate, and free orthophosphate. The rapid color formation from
the reaction can be conveniently measured on a spectrophotometer (600–660 nm) or on a plate
reader.
This kit may be used to measure the liberation of free orthophosphate in the following
applications:
Phosphatase Assays: liberation of phosphate from peptide, protein, or small molecule substrate.
Lipase Assays: liberation of phosphate from phospholipids
Nucleoside Triphosphatase Assays: liberation of phosphate from nucleoside triphosphates (ATP,
GTP, TTP, CTP etc).
Quantitation of phosphate in phospholipids, proteins and DNAs, etc.
Drug Discovery: high-throughput screen for phosphatase inhibitors.
The non-radioactive colorimetric assay kit has been optimized to offer superior sensitivity and
prolonged shelf life. The assay is simple and fast, involving a single addition step for phosphate
determination. Assays can be executed in tubes, cuvettes, or multiwell plates. The assays can be
conveniently performed in 96 and 384 well plates for high-throughput screening of enzyme
inhibitors.
Key Features:
Reagent is very stable: Due to the innovative formulation, no precipitation of reagent occurs.
Therefore no filtration of reagent is needed prior to assays, as is often required with other
commercial kits.
High sensitivity and wide detection range: detection of as little of 1.6 pmoles of phosphate
and useful range between 0.02–40 M phosphate.
Fast and convenient: homogeneous “mix-andmeasure” assay allows quantitation of free
phosphate within 30 minutes.
Compatible with routine laboratory and HTS formats: assays can be performed in tubes,
cuvettes, or microplates, on spectrophotometers and plate readers.
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Robust and amenable to HTS: Z factors of 0.7–0.9 are observed in 96 and 384 well plates.
Can be readily automated on HTS liquid handling systems.

Components
The kit is sufficient for 2,500 assays in 96 well plates.
Reagent A

50 mL

Catalog Number MAK307A
Reagent B

1 mL

Catalog Number MAK307B
1 mM Phosphate Standard

1 mL

Catalog Number MAK307C
Reagents and Equipment Required but Not Provided.
96 well flat-bottom plate – It is recommended to use clear plates for colorimetric assays.
Spectrophotometric multiwell plate reader.

Precautions and Disclaimer
This product is for R&D use only, not for drug, household, or other uses. Please consult the Safety
Data Sheet for information regarding hazards and safe handling practices.
2

Preparation Instructions
Briefly centrifuge vials before opening. Use ultrapure water for the preparation of reagents. To
maintain reagent integrity, avoid repeated freeze/thaw cycles.
Working Reagent: Each 96 well plate assay requires
20 L of Working Reagent. Prepare a sufficient volume of Working Reagent by mixing 100 volumes
of Reagent A and 1 volume of Reagent B (e.g., 5 mL of
Reagent A and 50 L of Reagent B). Working Reagent is stable for at least 1 day at room
temperature. Notes: The reagent must be brought to room temperature before use. Before each
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assay, it is important to check that all enzyme preparations and assay buffers do not contain free
phosphate. This can be conveniently done by adding 20 L of the Working Reagent to 80 L of
sample solution.
The blank OD values at 620 nm should be 0.2. If the OD readings are 0.2, check water phosphate
level.
Double distilled water usually has OD readings 0.1.
Lab detergents may contain high levels of phosphate. Make sure labware is free from
contaminating phosphate after thorough washes.

Storage/Stability
The kit is shipped at ambient temperature. Store all components at 2–8 C upon receiving.

Procedure
All samples and standards should be run in duplicate.

Assay Reaction
1. Preparation of phosphate standards. Prepare a Premix solution containing 40 M phosphate by

pipetting 40 L of the 1 mM phosphate standard into 960 L of ultrapure water or enzyme
reaction buffer. Number the tubes (see Figure 1).

Figure 1.
Preparation of Standards

#

Premix + water

1
2
3
4
5
6
7
8

200 L + 0 L
160 L + 40 L
120 L + 80 L
80 L + 120 L
60 L + 140 L
40 L + 160 L
20 L + 180 L
0 L + 200 L

Final
Vol
( L)
200
200
200
200
200
200
200
200

Phosphate
Conc ( M)
40
32
24
16
12
8
4
0

pmoles
Phosphate in
50 L
2,000
1,600
1,200
800
600
400
200
0

2. Transfer 80 L of test samples into separate wells of the plate.

Notes: In the case of enzyme reactions, the reaction may be terminated by adding a specific
inhibitor, or can be stopped directly by the addition of the Working Reagent. Dilution of reaction
mixture may be necessary prior to the assay.
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Because any exogenous free phosphate would interfere with the assay, it is important to ensure
the protein preparation, the reaction buffer, and labware employed in the assay do not contain
free phosphate. This can be conveniently checked by adding the Working Reagent to the buffer
and measuring the color formation.
Precipitation may occur at high concentrations of phosphate ( 100 M), or in the presence of high
concentrations of proteins and metals. If precipitation occurs, perform a serial dilution of sample
with ultrapure water, run the assay, and determine the dilution factor from wells with no
precipitation. Repeat assays using diluted samples.
For ATPase or GTPase assays, the ATP or GTP concentration should be 0.25 mM. If the reaction
mixture contains 0.25 mM ATP or GTP, dilute samples with ultrapure water. For example, if the
ATPase reaction contained 1 mM ATP, at the end of reaction, dilute reaction mixture 4-fold with
water prior to the assay.
3. Add 20 L of Working Reagent to each well. Mix gently by tapping the plate.
4. Incubate for 30 minutes at room temperature for color development.
5. Measure absorbance at 600–660 nm (620 nm) on a plate reader.

For assays in 384 well plates, the procedures are the same, except the volume of the standard and
sample solution should be 40 L and that of the Working Reagent should be 10 L.

Results
Calculation
Plot OD620 nm versus phosphate standard concentrations. Determine sample phosphate
concentrations from the standard curve.
3
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4

Troubleshooting Guide
Problem

Assay not working

Possible Cause

Suggested Solution

Cold assay buffer

Assay Buffer must be at room temperature

Omission of step in procedure

Refer and follow Technical Bulletin precisely

Plate reader at incorrect wavelength

Check filter settings of instrument

Type of 96 well plate used

For colorimetric assays, use clear plates

Samples prepared in different buffer

Use the Assay Buffer provided or refer to Technical Bulletin for
instructions

Cell/Tissue culture
homogenized
Samples with
erratic readings

samples

were

incompletely

Samples used after multiple freeze-thaw cycles

Aliquot and freeze samples if samples will be used multiple times

Presence of interfering substance in the sample

If possible, dilute sample further

Use of old or inappropriately stored samples

Use fresh samples and store correctly until use
Thaw all components completely and mix gently before use

Improperly thawed components
Use of expired kit or improperly stored reagents
Lower/higher
readings in samples
and standards

Non-linear standard
curve

Check the expiration date and store the components appropriately

Allowing the reagents to sit for extended times on ice

Prepare fresh Reaction Mix before use

Incorrect incubation times or temperatures

Refer to Technical Bulletin and verify correct incubation times and
temperatures

Incorrect volumes used

Use calibrated pipettes and aliquot correctly

Use of partially thawed components

Thaw and resuspend all components before preparing the
reaction mix

Pipetting errors in preparation of standards

Avoid pipetting small volumes

Pipetting errors in the Reaction Mix

Prepare a Reaction Mix whenever possible
Pipette gently against the wall of the plate well

Air bubbles formed in well
Standard stock is at incorrect concentration

Refer to the standard dilution instructions in the Technical Bulletin
Recheck calculations after referring to Technical Bulletin

Calculation errors
Substituting reagents from older kits/lots

Use fresh components from the same kit

Samples measured at incorrect wavelength
Unanticipated
results

Repeat the sample homogenization, increasing the length and
extent of homogenization step.

Check the equipment and filter settings

Samples contain interfering substances

If possible, dilute sample further

Sample readings above/below the linear range

Concentrate or dilute samples so readings are in the linear range
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