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Introduction and Background
Chronic lymphocytic leukemia (CLL) is a common B-cell malignancy with an incidence of
7.95/100 000 in Manitoba.1 The median age at diagnosis is 71.5 years and the strongest
aetiological factor is genetics, with most patients being of European ancestry and 10% having a
first degree relative with CLL or another hematological disorder.2 The majority of patients are
diagnosed when a routine blood test shows an isolated increased lymphocyte count with
smudge cells. However, with disease progression there is lymphadenopathy, splenomegaly and
marrow failure. At early stages, the most typical symptom is fatigue, but some patients develop
anorexia and night sweats. Most patients die from progressive CLL, infections or second
malignancies.3
CLL is diagnosed by a monoclonal B-cell count of >5x109/L in the blood, with the cells being
CD5+ and CD23+. Rai staging assesses the degree of involvement of lymph nodes, spleen, and
marrow and is the best prognostic marker (Table 1).4 However, as most patients have Rai stage
0/I disease at diagnosis, biological markers are required to predict disease progression (Table
2).4 The mutational status of the immunoglobulin gene in the heavy chain variable region (IGVH)
identifies the different types of CLL, with mutated IGVH CLL (memory B cell) being associated
with an inactive B-cell receptor (BCR) pathway and good prognosis while unmutated IGVH CLL
(naïve B cell) is associated with BCR activation, increased proliferation and poor prognosis.5
Fluorescence in situ hybridization (FISH) studies are important for prognosis and to predict
response to therapy. A deletion 17p is associated with loss of the p53 gene activity and
resistance to chemotherapy, being present in 50% of refractory patients. Deletion 11q is seen in
20% of patients and is associated with loss of the ataxia telangiectasia mutated (ATM) gene and
predicts for early relapse. One-third of these cases will have a mutation of the ATM gene on the
other allele with complete loss of the functional gene.6
Interactions between CLL cells and their microenvironment play an important role in cell
signalling and survival. Chemokines in the blood lead to the accumulation of CLL cells in lymph
nodes where they can associate with stromal cells, T cells, and lymphoma associated
macrophages within “proliferating centres”.5,7,8 Here, CLL cells are exposed to various factors
which lead to increased BCR signalling with elevated levels of Mcl-1 and other antiapoptotic
proteins. It has been shown that contact with stromal cells reduces spontaneous apoptosis of
CLL cells, and increases resistance to chemotherapy.8 Similarly, treating cultures of primary CLL
cells with IL-4 and CD40 ligand (CD40L) leads to a reduction in spontaneous apoptosis of
cells.9,10 IL-4 is secreted by T-cells and activates the Janus kinase/STAT pathway in CLL cells
while CD40L on the T cell activates AKT and the BCR pathway.5
Although CLL patients often have stable disease for many years, the presence of progressive
disease or the development of CLL related anemia/thrombocytopenia are indications to begin
treatment.7,11–13 The common first-line treatment is chemoimmunotherapy, using a combination
of fludarabine, cyclophosphamide, and rituximab (FCR) for fit patients, and chlorambucil or
bendamustine +/- an anti CD20 antibody (rituximab or obinutuzumab) for less fit patients.5,7,8,11–13
Novel inhibitors of the BCR pathway are used in the second-line setting or in patients with a
deletion 17p who are often resistant to chemotherapy. Among these agents are ibrutinib, an
inhibitor of Bruton Tyrosine Kinase (BTK), and idelalisib, which inhibits PI3Kδ.5,7,11,12 Both these
agents inhibit the BCR pathway, preventing loss of stromal adhesion in the microenvironment
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and are directly toxic to the CLL cells.7,8,11,13,14 As these agents are oral and highly effective,
they are being more frequently used in the front-line setting.
Functioning p53 is required for the induction of apoptosis and loss of this gene is responsible for
50% of drug resistant cases of CLL. However, other factors, such as increased DNA repair,
contribute to resistance in the remaining cases. Mutations in one or multiple DNA damage repair
pathways is often seen in CLL.15 Mutations in the ATM gene are common.16 Sensors of double
stranded DNA breaks (DSBs) recruit ATM to the site of damage, and ATM then activates
downstream targets that are involved in DNA repair, apoptosis and survival.16,17 ATM
phosphorylates p53 which can either induce apoptosis or cause cell cycle blockage, permitting
DNA repair.17 ATM is also the main protein responsible for phosphorylating histone protein
H2AX to γH2AX, which leads to amplification of the DNA damage signal.17 It is generally
accepted that the presence of γH2AX reflects the development of DSBs while the
disappearance of γH2AX indicates repair of DSBs.18 Germline ATM mutations result in
hypogammaglobulinemia and immunodeficiency, secondary to lymphocyte loss, as well as
neurodegeneration and cerebellar ataxia.16,17 In addition, these patients have a higher risk of
developing various cancers, including leukemias and lymphomas.16,17 Heterozygous mutations in
ATM as well as point mutations may also increase the risk for various cancers.16
One of the main sensors of DNA single stranded break (SSB) repair is the poly(ADP-ribose)
polymerase (PARP) protein, which is also involved in base excision repair and has a limited role
in DSB repair.17,19 PARP1 moves to the site of DNA damage and produces poly-ADP ribose
chains which leads to recruitment of repair proteins to the site of damage.17,19,20 It has been
shown that in patients with mutations in the ATM pathway, treatment with PARP inhibitors can
create a synthetic lethality, a phenomenon seen in the treatment of BRCA mutated breast and
ovarian cancers.19,20 Olaparib is a PARP1 inhibitor which has been clinically approved for
treatment of the above mentioned BRCA deficient cancers.17 PARP inhibitors have been shown
to produce synergy in CLL cells in vitro, when combined with the alkylating agent,
bendamustine.19
Preliminary studies in our laboratory have shown that ibrutinib may increase γH2AX
phosphorylation in CLL cells, suggesting the induction of DSBs through inhibition of the BCR
pathway. In the present study we have extended these observations and examined the effects of
combining ibrutinib with ATM or PARP inhibitors in primary CLL cells, either alone or in
conditions to simulate the microenvironment. This study found that ibrutinib with ATM inhibitors
may be a useful drug combination as the inhibitors enhance the antitumor activity of ibrutinib in
the microenvironment.
Materials and Methods
Culture of Primary CLL Patient Samples
Isolated B cells were obtained from CLL patients by the Manitoba CLL Tumor Bank using
protocols previously described.21 Donors provided informed consent, approved by the human
research ethics board at the University of Manitoba. Samples were resuspended in Serum Free
Hybridoma media (SFM, Life Technologies) to a concentration of 5x106 cells/ml in 96-well plates
for flow cytometry, or 1x107 cells/ml in 24-well plates for Western blots. When used, IL-4 and
CD40L (reconstituted in PBS, R&D Systems) were added to the CLL cells at a concentration of
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50 ng/ml each and PBS alone was used as a negative control. All drugs used (except AZD 0156
(Selleck Chemicals), which was reconstituted in 100% ethanol) had been reconstituted in DMSO
and stored at -80°C. These included ibrutinib (Selleck Chemicals), idelalisib (Selleck Chemicals),
chlorambucil (Sigma), ATM inhibitor (ATMi)- KU55933 (Selleck Chemicals), and olaparib
(Cedarlane). All drugs were diluted in SFM to the desired concentrations and the range of
concentrations was chosen to obtain the exponential phase of cell death for each drug. Drugs
were added to the plated cells either alone or in combination. Control wells contained an equal
percentage of DMSO (or ethanol for AZD0156) as the drug treated samples, to compensate for
DMSO toxicity. All drug concentrations included an equal percentage of DMSO/ethanol. Drugtreated cells were incubated for either 24 or 72 hours at 37°C and 5% CO2.
Non-Malignant Peripheral Mononuclear Blood Samples
Whole blood was obtained from healthy donors at Cancer Care Manitoba. This blood was
processed according to methods previously described, except that the B-cell selection was
excluded.21 Peripheral mononuclear blood cells (PBMCs) were used to determine the potential
toxicity to non-malignant cells. B cells alone could not be used as the number of B-cells that
could be extracted from one donor would be too small. After the PBMCs were obtained, they
were treated in parallel with the CLL patient samples.
Lymphoblastoid Cell Line Studies
Lymphoblastoid cell lines (LCL) were maintained in 10% RPMI media (10% FBS, streptomycin,
penicillin, and Glutamax) at a concentration of 1-1.5x106 cells/ml. Two distinct lines – a wild-type
(WT) line (6889) and an ATM-null line (1526) were used. The cells were treated as the CLL cell
culture, except all drugs and inhibitors were resuspended in 10% RPMI media instead of SFM.
Cell Death Assays
Cell death assays were carried out using annexin V- FITC and 7-Aminoactinomycin D (7AAD)
(BD Pharmingen). The annexin V dye binds to phosphatidylserine outside the plasma
membrane on cells that are in the process or have completed apoptosis.22 The 7AAD binds to
DNA in permeable dead cells.23 In combination, these stains detect cells that have died via
apoptosis or necrosis. Stains were added 24 hours or 72 hours post drug treatment. Control
wells including unstained cells, and cells with each single stain alone were used in each
experiment. A volume of 2 µl of each stain were added in a solution containing a 1x Binding
Buffer (diluted from 10x in double distilled H2O, BD Pharmagen) to the 100 µl of cultured cells
and incubated for 15 minutes at room temperature in the dark. After 15 minutes, 30 µl of
phosphate-buffered saline was added to stop the staining reaction. These assays were run on
the Novocyte Flow Cytometer (ACEA Biosciences). Single stained and unstained samples were
used to draw quadrant gates and determine the threshold of a positive signal for each dye.
DMSO only control samples (or ethanol only) were used to normalize all cell death data, in order
to compensate for the potential toxicity of the solvent. Cells were considered alive if they were
double negative for annexin V and 7AAD, all others were considered dead.
yH2AX DNA Damage Assays
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CLL cells were cultured and drug-treated as above for 24 hours. Positive controls for DNA
damage were obtained by irradiating cells at 20 Gy using a RS-2000 Rad Source (Rad Source
Technologies, Inc.), while negative controls included DMSO only treated cells. Cells were
allowed to recover for 30 minute post-irradiation and then immediately after this, anti-γH2AX
immunostaining was performed (BD Biosciences Immunostaining Kit) as per the manufacturer’s
instructions. Samples were then run on the Novocyte Flow Cytometer. DMSO treated cells were
used to normalize the % γH2AX positivity in each sample to compensate for the possible
baseline DNA damage in the cell. Fold change in γH2AX was calculated by comparing γH2AX
expression in the DMSO control to each sample.
Western Blotting
Fresh CLL cells were obtained from the Manitoba CLL Tumor Bank, cultured and drug treated as
outlined above. After 24 hours, cultured cells were collected, washed with PBS, pelleted, and
frozen at -80°C. Irradiated samples were obtained by irradiating cells at 20 Gy prior to collection,
and allowing a 30 minute to one-hour post irradiation period before pelleting. Protein extracts
were prepared using a lysis buffer ((50 mM Tris-HCl, 200 mM NaCl, 0.2% NP-40 (vol/vol), 1%
Tween-20 (vol/vol), 1 mM NaF, 1 mM sodium vanadate, 50 mM β-glycerophosphate, 2 mM
PMSF, and protease inhibitor cocktail (Roche)) and quantified by Bradford assay (Bio-Rad).
Proteins were loaded (25 μg) per lane and separated through a 4–12% Bis-Tris SDS
polyacrylamide gel (Invitrogen) and transferred onto nitrocellulose membrane (Bio-Rad). Blots
were immunostained with antibodies to ATM (rabbit, 1:1,000, Cell Signaling), pATMS1981
(rabbit, 1:1,000, Cell Signaling), TIF1β (rabbit, 1:1,000, Cell Signaling), phospho-TIF1β (rabbit,
1:1,000, Cell Signaling), BTK (rabbit, 1:1000, Cell Signalling), p-BTK (1:1000, Cell Signalling),
Pp42-44 (mouse, 1:1000, Cell Signalling) and P42-44 (rabbit, 1:1000, Cell Signalling). This was
followed by appropriate horseradish peroxidase–conjugated secondary antibodies (1:2,000, BioRad) and detected using Clarity Western ECL substrate (Bio-Rad). Antibody to vinculin (rabbit,
1:2000, Sigma) and Ponceau staining of the transferred membrane were used as proteinloading controls. Blots were visualized using LAS 500 (GE Healthcare). Densitometric analysis
was performed using ImageJ.
Clinical Patient Information
Clinical information was obtained from the Manitoba CLL Tumor Bank records. All information
acquired was current as to when the sample was requested and processed, with the exception
of Zap70 and CD38 status which were performed at time of diagnosis. Zap70 and CD38 were
considered positive if they had counts ≥20% cells positive.8 Two patients (632 and 1257) were
currently on ibrutinib at the time of samples collection. The extent of time they had been on the
drug is indicated in Table 3. Lymphocyte doubling time (LDT) was categorized as either greater
than or less than 12 months.
Bliss Statistical Analysis
The Bliss method of analysis was used to assess the synergy, additivity, or antagonism of drug
combinations. The Bliss model was chosen over others due to the limited number of ATMi
concentrations that were assessed.24 Bliss score was calculated by taking the normalized
percent cell death caused by each drug alone, then calculating the expected cell death if the
drugs acted completely independently in the cell (additive effect).25 This number was then
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compared to the actual amount of cell death when these two drugs were combined at a
particular concentration, and a Bliss score was calculated indicating the percent above or below
the expected amount of cell death.24 A positive Bliss score indicated synergy, a Bliss score of
zero would indicate that the drugs worked additively, and a negative Bliss score indicated that
there was antagonism. Two tailed T-tests were run to determine if cell death was significantly
synergistic or antagonistic at each concentration (p < 0.05 was considered significant).
Results
CLL cells are sensitive to ibrutinib, while normal PBMCs and LCLs are not sensitive:
When CLL cells were treated with increasing doses of ibrutinib, a sigmoidal dose-response
curve of cell death was seen (N=18) (Figure1-A). An LD50 value was calculated at 24 hours for
each individual patient sample and ranged from 1.914 µM to 19.425 µM (median 9.97 µM, mean
9.99 µM (Table 3). There was a high level of variation amongst CLL sample responses to
ibrutinib and they were more sensitive to ibrutinib than PBMCs and LCLs.
In studies with LCL cells, the ATM null cells exhibited higher levels of cell death when treated
with ibrutinib after 24 hours, as compared to the wild type cells (Figure 1-B). However, overall
cell death was low in these two non-cancerous B cell lines. Cell death normalized to a DMSO
control was below ~20%, even at the highest dose (20 µM) of ibrutinib. Similar experiments with
normal PBMCs were done in order to determine potential harm to normal cells from healthy
individuals. Ibrutinib was only toxic to approximately 30% of cells at the highest dose used (20
µM) (Figure 1-C). PBMCs were also tested against a related BCR inhibitor, idelalisib; no
cytotoxicity was observed at any dose (data not shown).
Ibrutinib treatment leads to increased expression of γH2AX:
Once DNA is damaged, alternative histone protein H2AX is phosphorylated (serine-139) to
γH2AX, which can be detected via a specific antibody against this phosphorylated protein.
Therefore, γH2AX signal/expression can be quantified via flow cytometry. It was observed that
increasing ibrutinib concentrations resulted in moderately increased γH2AX expression (Figure
2). Expression increased to nearly 3-fold higher than baseline (DMSO-treated cells) in the 10 µM
ibrutinib treatment group.
CLL patients have variable sensitivity to ATM inhibitors, while LCL cells and normal PBMCs are
not sensitive:
An ATM inhibitor (ATMi) (KU55933) was assessed on its impact on CLL cells. Although previous
reports indicate that ATMi is generally well-tolerated in cells, we found that ATMi had a
significant effect on CLL patient samples and exhibited a sigmoidal dose response curve of cell
death (N=4) (Figure 3). However, much variation was seen. At lower concentrations (1 µM), the
ATMi ranged from having no effect on some samples, to nearly 30% normalized cell death. At a
higher concentration (10 µM), cell death ranged from 10%- 83% (Table 3). In the LCL cells,
ATMi did not have any effect on either line, regardless of the ATM status. Similarly, ATMi had
virtually no effect on normal PBMCs (data not shown).
Cross resistance is seen between ibrutinib and ATMi:
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In co-treatment studies, we found a correlation between a patient sample’s sensitivity to ibrutinib
and ATMi-KU55933 indicating cross-resistance. The LD50 for ibrutinib at 24 hours was compared
to the % of cells remaining alive when treated with 10 µM ATMi for 24 hours in 19 patients, and
a moderate correlation (r=0.5285, p=0.02) was observed (Figure 4).
The combination of ATMi and ibrutinib increases γH2AX expression:
CLL cells treated with increasing concentrations of ATMi resulted in increased levels of γH2AX
expression indicating the accumulation of DNA damage. Furthermore, γH2AX expression
amongst CLL cells co-treated with ibrutinib and ATMi were also examined (Figure 5). This
combination showed increasing γH2AX expression up until a point at which the expression was
observed to decrease. This drop-off in γH2AX expression was related to excessive cell death by
the drug combination.
Ibrutinib and ATMi are synergistic in select CLL patients:
CLL cell death results from treatment with either ibrutinib or ATMi. We investigated potential
synergism between these two agents (N=18) (Figure 6). The Bliss method described above was
used to elucidate possible drug combinations that may elicit synergistic cell death. The values
used to calculate synergy were those concentrations that fell on the exponential phase of the
logarithmic dose-response curve for that particular patient. The results were variable with this
drug combination at 24 hours. Some patients showed synergy in nearly all possible
combinations, while some had scores around the 0% mark (additive). In contrast to this, some
patients displayed antagonism between drug combinations. There were also patients which
displayed synergy at specific combination concentrations while showing antagonism at other
concentrations. In general, each patient fell into one of three categories: overall synergistic,
overall additive, or overall antagonistic. (Table 3, Figure 7). Median Bliss scores for each
concentration combination ranged from -3% to 6% (Table 4-A), but with much variation. As such,
no concentration had significant overall synergy amongst the 18 patients. Normal PBMCs were
not sensitive to this drug combination until the highest levels of ibrutinib were reached, and no
synergy was apparent (Figure 8). For some patients, synergy was tested at the 72-hour mark as
well as the 24-hour mark (N=3). In most patients, synergy increased at the 72-hour mark at the
lower drug concentrations (1 µM ATMi and 0.625-5 µM ibrutinib). Median Bliss scores at these
concentrations ranged from 21% to 43%, but due to the low N number, no concentrations were
significantly synergistic (Table 4-A).
Another ATMi (AZD0156), currently in clinical trial following tolerability and safety studies for use
in advanced cancers, was tested as well (N=3).26 CLL cells were sensitive to this inhibitor and
early results suggest similar effects as the original ATMi inhibitor (KU55933; Figure 6 insert).
Addition of IL-4 and CD40L to CLL cells results in relative drug resistance to ibrutinib and ATMi,
but an increase in synergy with 10 µM ATMi and ibrutinib:
IL-4 and CD40L were added to CLL cells in order to mimic the CLL microenvironment. In
general, IL-4 and CD40L-conditioned media increased the viability of the patient samples, with a
higher degree of relative resistance to ibrutinib and ATMi compared to the cells in unconditioned
media (N=9, Table 3, Figure 9-10). The LD50 values for ibrutinib (at 24 hours) increased in all
patients except one (N=9) upon addition of these factors. IL-4 and CD40L also increased
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synergy between the two drug agents at 24 hours (Table 4-A). The combination of 10 µM
ibrutinib with 10 µM ATMi had the highest levels of synergy, with median Bliss scores at 26% (p=
0.008) and was used to compare the Bliss scores with or without IL4 and CD40L (Figure 10).
The observation of synergy with ATMi may be unique to ibrutinib and is not seen with other BCR
inhibitors or alkylating agents:
We also examined whether this synergism is unique to ibrutinib, to BCR inhibitors in general, or
to chemotherapy. Idelalisib, a related BCR inhibitor, was combined with ATMi for 24 hours
(N=10), and synergy was not seen (data not shown). Median Bliss scores for combinations of
idelalisib and 1 µM ATMi ranged from additive to somewhat antagonistic (-6% to 1%) while
combinations with 10 µM ATMi were almost all significantly antagonistic (Bliss scores range from
-19% to -11%, p values < 0.02 for all combinations except 2.5 µM idelalisib and 10 µM ATMi)
(data not shown).
ATMi co-treatment with the alkylating agent chlorambucil (24 hours; N=3), showed additive Bliss
scores at lower chlorambucil concentrations, while values became more antagonistic as doses
of both ATMi and chlorambucil increased (range= -14% to 4%) (Table 4-B). Chlorambucil was
also tested at 72 hours, as past studies have shown its peak action to be at this time point.27
Median Bliss scores at this time point ranged from -8% to -1% (Table 4-B).
CLL cells are not sensitive to PARP1 inhibitors, and ibrutinib is not synergistic with PARP1
inhibitors:
To determine whether cell death due to inhibition of DNA repair was unique to the ATM pathway,
we co-treated CLL patient cells with a clinically-relevant PARP1 inhibitor, Olaparib, and ibrutinib
for 24 hours (N=3) (Figure 11). Median Bliss scores for this drug combination ranged from -16%
to 2% (Figure 4-C). Chlorambucil was also combined with olaparib (n=2), and most
combinations resulted in additive or synergistic amounts of cell death at nearly all concentrations
(median Bliss scores range from 1% to 16% at 24 hours and 0% to 20% at 72 hours, Figure 4D). The combination of 1 µM olaparib and 5 µM chlorambucil displayed significant synergy
(p=0.04). Combined, these results suggest that the BTK-ATM synergistic interaction is unique in
CLL.
ATMi reduces ATM and BTK signalling (Figure 12):
Inhibition of ATM kinase was achieved at 10 µM ATMi as indicated by reduced ATM
phosphorylation (compare lanes 8 to 10). Inhibition of BTK was achieved at 5 µM ibrutinib as
indicated by reduced phosphorylation of BTK and ERK (compare lanes 1 to 2 and 3 to 4).
Interestingly, irradiation induced BTK phosphorylation (compare lanes 1 to 5) while BTK/ERK
activation was reduced upon co-treatment with ATMi (compare lanes 8 to 10). This data
indicates that in addition to ibrutinib’s role in inhibiting BTK-dependent activity, ATM kinase also
regulates the BTK signaling axis.
Correlation of drug sensitivity to clinical patient characteristics:
By correlating the results above (particularly the ibrutinib and ATMi sensitivity and synergy
scores) to available clinical data, we hoped to elucidate a reason for the observed patient to
7

B.Sc. Med Final Report

Jennifer Brown

patient variability. Demographic information, CLL stage, and other clinical and genetic markers
were obtained (Table 3). T-tests were performed (for the 24-hour ibrutinib and ATMi data) to
determine if synergy was significant amongst specific cohorts of patients. No correlations were
seen between the clinical characteristics shown in Table 3 with the sensitivity to the different
drugs alone, or in combination. However, the mutational status (IGVH) and FISH studies are still
pending, at the writing of this report, for several patients.
Discussion and Significance
Variation in CLL patient responses to ibrutinib is commonly seen in the clinic. Ibrutinib is
primarily metabolized by cytochrome P450 CYP3A in the liver, and alterations in this metabolic
pathway provide one explanation for varying sensitivities to this medication.28 Drugs considered
to be CYP3A inhibitors have been shown to increase serum concentrations of ibrutinib by almost
30 fold, while drugs that are inducers of this pathway decrease serum concentrations by 10
fold.28 Up to 2/3 of CLL patients who are started on ibrutinib, are concurrently on a drug that falls
into one of the above categories. Therefore, drug interactions play an important role in ibrutinib
response.28 In the present study, where drug metabolism is not a factor, we have demonstrated
differences in the sensitivity of CLL cells to ibrutinib, although they are all substantially more
sensitive than either normal PBMCs or the LCL cell line (Table 3, Figure 1). It is likely that this
difference is due to the dependency of CLL cells on the BCR pathway, which is not required in
PBMCs (primarily T cells) or LCL cells (an Epstein-Barr infected B cell line). Surprisingly, drug
sensitivity appeared unrelated to the CLL cell IGHV mutational or ZAP-70 status; as the BCR
pathway is more active in unmutated patients who are ZAP-70 positive, these cases would have
been predicted to be most sensitive to ibrutinib.29 Genetic mutations in BTK at the binding site
for ibrutinib have been shown to prevent inhibition by the drug leading to resistance.30 Gain of
function mutations in the phospholipase Cγ2 can also increase the activity of BCR independent
of BTK inhibition.30 Both of these may lead to resistance to the drug. These mutations seem to
be common in those who have relapsed following ibrutinib therapy, but these or other mutations
may affect an ibrutinib-naïve patient’s response as well. Further studies are needed to assess
these samples for BCR mutations. The patient’s treatment history is also likely important. Two
patients of this cohort (CLL#632 and 1257) were currently undergoing clinical ibrutinib therapy at
the time samples were donated. They were both among the more resistant patients, with LD50s
of 12.4 µM and 17.9 µM respectively (median=9.97 µM). This may indicate that resistance was
developing in these cells, but, more likely, BTK was already inhibited by clinical treatment and
the addition of further ibrutinib in vitro had little additional effect. However, an important feature
of these studies was that patients who had previously had chemotherapy (some multiple
courses) and were likely resistant to it, retained sensitivity to ibrutinib, confirming different
mechanisms of antitumor activity.
Cells cultured in IL4/CD40L were much more resistant to ibrutinib, and this was likely related to
the induction of the BCR pathway. A similar effect has been observed when CLL cells are
treated with the PI3Kδ inhibitor, idelalisib.9
Interestingly, ibrutinib was found to increase the production of γH2AX in CLL cells, which
generally is associated with DSB formation, suggesting either a direct effect of ibrutinib on DNA
break formation or repair (Figure 2). In addition to inhibiting BTK, ibrutinib also inhibits 22 other
kinases.31 Among these are epidermal growth factor receptor (EGFR), and inducible T-cell
kinase (ITK). It is possible that one of the “off-target” effects of the drug either directly or
8
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indirectly leads to DNA damage. In support of this concept is the observation that EGFR tyrosine
kinase inhibitors can also inhibit DNA repair, specifically DNA-PK, a molecule involved in
another pathway of DSB repair.32 Thus, inhibition of DNA repair via EGFR inhibition could have
explained the increased expression of γH2AX. Alternatively, effect on DNA break formation or
repair could be an indirect effect through BTK inhibition by ibrutinib.
As ATM plays a key role in DNA repair, we examined the effect of ATM inhibition on γH2AX
formation and cell viability in CLL cells. As with ibrutinib, ATMi was found to increase the levels
of γH2AX, indicating that the inhibitor was preventing the repair of spontaneously formed DNA
breaks, which are known to occur in CLL cells.33 Interestingly, the combination of ibrutinib and
ATMi led to progressively higher levels of DNA damage, followed by a decline as cell death
occurred with the higher drug concentrations (Figure 5). This is supported by the matched cell
death data that shows when 10-20 µM ibrutinib was combined with the inhibitor, it resulted in
approximately 70% or more overall cell death (raw values, not normalized). Another cause for
the decrease in γH2AX may be that ATM is the primary kinase that is responsible for the
phosphorylation of H2AX to γH2AX in cells with damaged DNA.17 With ATM inhibited, γH2AX
expression is greatly reduced.
When assessed against CLL cells in vitro, ATMi was found to be cytotoxic and cross-resistance
was observed between ATMi and ibrutinib, suggesting that both drugs had a similar mechanism
of action (Figures 3 & 4). As with ibrutinib, the ATMi was also less active against cells grown with
IL4/CD40L (Figure 9). While ibrutinib is an inhibitor of BTK, data in this study suggest that the
KU55933 ATMi also inhibits BTK (Figure 12). Thus, there is a potential dual-pronged approach
to regulating BTK/ERK. As ibrutinib and ATMi are each effective at reducing BTK signaling and
ERK phosphorylation independently, this may explain the observed synergistic cell death in CLL
patients upon co-treatment with ibrutinib and ATMi (Figure 6). It is interesting to note that CLL
progression often results in deletion of one allele of 11q22 with loss of the ATM gene locus,
while one-third of these cases also have a mutation on the other allele.34 In light of our data, dual
inactivation of ATM would be expected to severely negate BTK signaling thus impacting CLL cell
survival. However, these cells can survive and are highly drug resistant, suggesting the
development of compensatory pathways.6
As both ibrutinib and ATMi caused an increase in γH2AX production, we assessed whether
these agents produced an antagonistic, additive or synergistic antitumor effect when combined
in CLL cells, both in isolation or in the presence of IL4/CD40 (to simulate the microenvironment)
(Table 3, Figure 10). While no significant synergy was seen in the CLL cells alone, significance
was seen in the cells with IL4/CD40L. Although it is not clear why synergy was more marked for
cells grown with IL4/CD40L, the increase in synergy with conditioned media is partly due to the
lower baseline cell death for ibrutinib and ATMi separately, making an increase in cell death
more obvious with the combination. To determine whether the synergy was specific for ibrutinib
or would be seen in cells treated with other BCR pathway inhibitors, similar studies were carried
out with ATMi and idelalisib. However, significant antagonism was actually displayed with the
idelalisib and ATMi combination. We also assessed whether synergy might be seen between
ATMi and chlorambucil, a DNA crosslinking agent. However, no synergy was observed between
chlorambucil and ATMi. These results suggest that synergy between ibrutinib and ATMi cannot
be generalized to inhibitors of the BCR pathway or DNA damaging chemotherapeutic agents,
but is either a specific effect of BTK inhibition or an off-target effect of ibrutinib. As discussed
above, the latter appears most likely.
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Likewise no synergy was seen between the PARP1 inhibitor, olaparib, and ibrutinib in the CLL
cells. PARP is responsible for detection and repair of DNA SSBs, and base excision repair.17
The γH2AX data from ibrutinib-treated cells suggest that it is double stranded DNA breaks that
are accumulating with treatment, rather than SSBs (as γH2AX is a marker of double stranded
breaks). The lack of effect from the PARP inhibitor is consistent with these findings. In contrast,
significant synergy was observed between olaparib and chlorambucil, as has been observed
between other PARP1 inhibitors and alkylating agents.19 Base excision repair is shut down by
PARP inhibitors, resulting in damage from alkylating agents accumulating and leading to cell
death.
The minimal effect that was seen with ibrutinib and ATMi cotreatment on the normal PBMCs
indicates a targeted toxicity to cancer cells with increased therapeutic index. Thus, reduced
doses of these drugs may be efficacious in causing cell death in cancer cells at levels in which
the drugs are non-toxic to normal cells. However, PBMCs consist primarily of T cells, and further
studies need to be carried out in purified B cells. Although ibrutinib is usually well tolerated, side
effects do occur and may be in part dose dependant. This is supported by the higher rates of
adverse events leading to cessation of use in higher doses. Also those on higher doses that
discontinued the drug, were able to continue on lower doses with the same efficacy of
treatment.35 If we are able to produce synergism at these lower doses, we may increase
tolerability and efficacy.
Future Directions
Future directions of this project will include validation of DNA damage assays (γH2AX) with other
methods such as the comet assay. This will confirm the role of ibrutinib in DNA damage repair.
Further studies will also be done with the clinical ATMi (AZD0156) to assess its efficacy versus
the KU55933 ATM inhibitor. In addition, we are completing the clinical data for our patients, with
IGHV mutational analysis and FISH studies on stored cells. Finally, as the effects of ibrutinib on
H2AX and the subsequent synergy with ATMi may be related to off-target effects, we are going
to repeat these studies with the pure BTK inhibitor, acalabrutinib.
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