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ABSTRACT 

BACKGROUND: Chronic Lymphocytic Leukemia (CLL) is a B-cell malignancy driven by a 

hyperactive B-cell receptor pathway (BCR-P). BCR signalling includes Bruton’s tyrosine kinase 

(BTK) activation of extracellular signal-regulated kinase 1 and 2 (ERK1/2)-mediated 

proliferation via phospholipase C gamma 2 (PLCγ2), and phosphatidylinositol-3-Kinaseδ-Protein 

Kinase B (PI3Kδ-AKT) signalling promoting cell survival. The BTK inhibitor ibrutinib 

revolutionized CLL treatment; unfortunately, resistance is now on the rise, creating the need for 

a better understanding of the effects of long-term ibrutinib use. This project aims to establish and 

characterize a cell line model of ibrutinib resistance in order to identify cell signalling events and 

other changes induced by long-term ibrutinib use. 

METHODS: The BJAB cell line known to partly mimic CLL cell responses in vitro, was used 

for all investigations. Ibrutinib-resistant BJAB (IBR102) cells were created via a chronic dose-

escalation approach. BJAB and IBR102 cells were treated with the BCR-P inhibitors ibrutinib 

(BTK), idelalisib (PI3Kδ), copanlisib (PI3Kα/β/δ/γ) and ravoxertinib (ERK1/2) alone and in 

combinations for 72 hours. Combinations were assessed for synergistic/additive/antagonistic cell 

death via flow cytometry and western blot was used for protein expression analyses. 

RESULTS: IBR102 cells were resistant to all BCR-P inhibitors used. Synergism in cell viability 

reduction was observed in ibrutinib-idelalisib/copanlisib combinations. Ravoxertinib displayed 

antagonism in both BJAB and IBR102 cells (to a lesser extent) when combined with all inhibitors 

used. Protein analysis showed PI3K-AKT-mediated ERK activation and 45% less baseline 

activity of ERK in IBR102 relative to BJABs; BTK activation was abolished in IBR102 cells. 

Ibrutinib-idelalisib combination resulted in a statistically significant synergistic reduction in 

ERK activation in both cell lines, but also AKT activation in BJAB cells. Notably, ibrutinib-
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idelalisib was shown to be synergistic in patient-derived CLL cells, and transcriptomic analysis 

showed that IBR102 cells expressed reduced levels of BCR, PI3K-AKT and MAPK pathway 

targets. 

CONCLUSION: Our work on IBR102 cells shows a new mechanism of ibrutinib resistance 

characterized by BCR pathway rewiring. We also provide evidence for an additional benefit on 

combining ibrutinib and a PI3K inhibitor in primary CLL cells. In summary, we propose a novel 

mechanism of ibrutinib resistance and define combination therapies against this resistance. 
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INTRODUCTION 

Chronic Lymphocytic Leukemia (CLL) overview 

 Chronic lymphocytic leukemia (CLL) is B-cell malignancy characterized by monoclonal 

leukemic cells, with a prevalence of 5.0 and 7.9 per 100,000 in the United States and Manitoba, 

Canada respectively1,2. The median age at diagnosis for CLL is 72 years and it is typically 

diagnosed during routine bloodwork2. CLL cells are small, mature-looking lymphocytes, with a 

dense nucleus, narrow cytoplasm and indiscernible nucleoi, mixed with other immature 

lymphocytes with abundant cytoplasm and discernible nucleoli, called prolymphocytes, which 

can make up to 55% of the lymphocytes in a patient’s blood3. In order for a CLL diagnosis to be 

made, there has to be greater than 5x109 B-cells per litre in the blood for at least three months 

and these cells have to be monoclonal (kappa or lambda positive), be cluster of differentiation 5 

(CD5), CD19 and CD23 positive, while expressing low levels of CD20 and no CD104–7. Also, 

CLL cells are CD200 positive and this helps rule out Mantle Cell Lymphoma (MCL)8. At 

diagnosis, CLL patients range from asymptomatic to having disease-related symptoms like 

fatigue, night sweats and increased frequency of infections, with possibly enlarged lymph nodes 

(lymphadenopathy) and/or spleen (splenomegaly)9. 

Other related/similar conditions ruled out in the diagnosis of CLL include monoclonal B-

lymphocytosis (MBL), prolymphocytic B-leukemia (B-PLL) and small lymphocytic lymphoma 

(SLL). MBL is defined as having less than 5x109 monoclonal B-cells per litre in the blood, in 

addition to an absence of clinical lymphadenopathy, splenomegaly or disease-related 

symptoms10. However, MBL patients may go on to develop CLL, SLL or other lymphomas. B-

PLL is diagnosed if the percentage of prolymphocytes in the blood exceeds 55%; a B-PLL 

diagnosis comes with a poor prognosis because it is a more aggressive leukemia than CLL3. 
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Finally, SLL is a disease biologically identical to CLL that prominently involves the lymph node 

and spleen, but with a peripheral B-cell count less than 5x109 cells per litre11.  

Clinical classification/staging 

 CLL patients are classified into different disease stages/risk groups using two systems: 

The Rai and Binet systems, predominantly used in North America and Europe respectively12,13. 

The Rai system has been modified to include only three prognostic groups instead of five and 

both systems categorize patients into different disease stages, based on results from physical 

examination and basic laboratory tests. For the modified Rai stratification, the low-risk group 

(Rai stage 0) of patients will present with lymphocytosis in the blood and/or bone marrow9. 

Patients with lymphocytosis, lymphadenopathy and/or splenomegaly, with or without 

hepatomegaly (enlarged liver), are classified as having intermediate-risk disease (Rai stages I 

and II). Finally, patients who present with lymphocytosis, enlarged nodes and anemia (low red 

blood cell count) or thrombocytopenia (low platelet count), have high-risk disease (Rai stages III 

and IV)9. Median survival decreases with increased Rai stage, with low-risk patients projected to 

have a much better prognosis than intermediate and high risk disease patients. For reference, Rai 

stage 0 patients have a median survival >10 years and stage III and IV patients, 1.5 to 5 years 

(Table 1). 

 The Binet system stratifies patients into three groups (A, B and C) based on the number 

of involved areas (i.e. splenomegaly, hepatomegaly and lymphadenopathy in the cervical, 

axillary and inguinal regions), platelet count and hemoglobin levels13. Stage A patients present 

with less than three involved areas (out of the five outlined above) with hemoglobin greater than 

or equal to (≥) 100 g/L and platelets counts ≥ 100x109 per litre (Hgb ≥ 100 g/L, platelets ≥ 

100x109 /L). Stage B patients have three or more involved areas with Hgb ≥ 100 g/L and 
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platelets ≥ 100x109 /L. Lastly, Binet Stage C patients have Hgb < 100 g/L and/or platelets < 

100x109 /L, with any number of involved areas. For the Binet system, Stage A patients have the 

longest median survival and Stage C patients, the shortest median survival13. Table 1 shows both 

Rai and Binet staging systems. 

 

CLL pathogenesis 

There are two currently accepted ways CLL may arise: from a hematopoietic stem cell 

(HSC) precursor, or from B-cells with different immunoglobulin heavy chain variable region 

(IGHV) gene mutation status (Figure i). CLL may arise from a HSC precursor which gets 

mutated into a CLL HSC, because xenografts of HSC from CLL patients result in B-cells with a 

CLL-like phenotype14. Nonetheless, these cells harbour different chromosomal abnormalities and 

express a unique IGHV, different from that of the original clone. As a result, it is suspected that 

these B-cells arise from precursors that underwent an independent IGHV re-arrangement. In 

normal B-cell development, naïve B-cells (CD5+, CD27–) may undergo T-cell dependent 
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germinal center (GC) differentiation with IGHV hypermutation (CD5+, CD27+), or may become 

mature B-cells in a GC-independent fashion without IGHV somatic hypermutation (CD5+, 

CD27–)15–17. Alternatively, a CD5+CD27– memory-like B-cell could arise from a CLL HSC or 

other non-naïve B-progenitor cells; all three paths lead to antigen-experienced B-cells, which 

undergo multiple cell divisions and acquire genetic mutations that make them malignant. Clonal 

expansion of these cells leads to MBL, which may progress to CLL15–17 (Figure i). Given the 

possibilities above, whether a patient develops IGHV mutated (M-CLL) or IGHV unmutated (U-

CLL) depends on the cell of origin. CLL that originates from B-cells that underwent GC 

maturation (CD5+, CD27+) become M-CLL and those that arise from pre-GC B-cells (CD5+, 

CD27–), U-CLL. Studies have shown that patients with M-CLL have predominantly anergic 

(inactive) B-cell receptor (BCR) signalling and a better prognosis, while patients with U-CLL are 

more likely to have active BCR signalling, a more aggressive disease and worse prognosis18. 

CLL is typically called an indolent leukemia because only about 0.39% of CLL cells 

divide daily19. Nevertheless, so-called “proliferation centers” (PCs) exist in patients’ lymph 

nodes, bone marrow and spleen, and are known to drive disease progression and affect how 

patients respond to treatment20. CLL cells cycle through PCs, where they come into contact with 

a host of other cell types and cellular signals, that promote proliferation, survival and inhibit 

apoptosis20–22. The sustenance supplied by the tumour microenvironment formed in the PCs 

allow CLL cells to survive. Additionally, CLL cells in these PCs are protected from traditional 

CLL treatments by some of these cell types, and it is likely that resistant clones to all types of 

CLL treatments arise and expand in the PCs, while other cells in the peripheral blood not 

receiving these survival signals, perish. Peripheral blood CLL cells are not as resilient as those in 

the PCs because they are simply not protected by the plethora of survival-promoting signals and 
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the physical protection provided by the PCs. The PC microenvironment in CLL is discussed in 

greater detail in an upcoming section on the CLL tumour microenvironment. 

F
ig

u
re

 i
. 
T

h
e 

ce
ll

u
la

r 
o

ri
g
in

 o
f 

ch
ro

n
ic

 l
y
m

p
h

o
c
y
ti

c 
le

u
k

e
m

ia
 a

n
d

 d
ev

el
o
p

m
en

t 
o
f 

cl
in

ic
a

l 
ib

ru
ti

n
ib

 r
es

is
ta

n
ce

. 

C
h
ro

n
ic

 l
y
m

p
h
o
cy

ti
c 

le
u
k
ae

m
ia

 (
C

L
L

) 
m

a
y
 o

ri
g
in

at
e 

at
 t

h
e 

st
em

 c
el

l 
st

ag
e,

 a
s 

su
g
g
es

te
d
 b

y
 t

h
e 

ca
p
ac

it
y
 o

f 
C

L
L

-d
er

iv
ed

 

h
ae

m
at

o
p

o
ie

ti
c 

st
em

 c
el

ls
 (

H
S

C
s)

 t
o
 e

n
g
ra

ft
 a

ft
er

 x
en

o
tr

an
sp

la
n
ta

ti
o
n
 i

n
to

 i
m

m
u
n
o
d
ef

ic
ie

n
t 

m
ic

e,
 g

iv
in

g
 r

is
e 

to
 a

n
 i

n
cr

ea
se

d
 

p
ro

p
o
rt

io
n
 o

f 
p
o
ly

cl
o
n
al

 p
ro

-B
 c

el
ls

, 
an

d
, 

ev
en

tu
al

ly
, 

to
 m

o
n
o
cl

o
n
al

 o
r 

o
li

g
o
cl

o
n
al

 C
D

5
+
 B

 c
el

l 
p
o
p
u
la

ti
o

n
s 

w
it

h
 f

ea
tu

re
s 

re
se

m
b

li
n

g
 

m
o
n
o
cl

o
n
al

 B
 c

el
l 

ly
m

p
h
o
cy

to
si

s 
(M

B
L

).
 I

m
m

u
n
o
g
lo

b
u
li

n
 h

ea
v
y
 c

h
ai

n
 v

ar
ia

b
le

 r
eg

io
n
-m

u
ta

te
d
 (

IG
H

V
-M

) 
C

L
L

s 
se

em
 t

o
 o

ri
g
in

at
e 

fr
o
m

 p
o
st

-g
er

m
in

al
 c

en
tr

e 
(G

C
) 

C
D

5
+
C

D
2
7

+
 B

 c
el

ls
, 
w

h
ic

h
 a

re
 t

ra
n
sc

ri
p
ti

o
n
al

ly
 s

im
il

ar
 t

o
 m

em
o
ry

 B
 c

el
ls

 a
n

d
 a

re
 m

o
st

 l
ik

el
y
 t

o
 b

e 

d
er

iv
ed

 f
ro

m
 C

D
5

+
C

D
2
7

−
 B

 c
el

ls
 t

h
a
t 

h
a
v
e 

u
n

d
er

g
o

n
e 

th
e
 G

C
 r

ea
ct

io
n
. I

G
H

V
-U

M
 C

L
L

 s
ee

m
 t

o
 a

ri
se

 f
ro

m
 p

re
-G

C
 C

D
5

+
C

D
2

7
−
 B

 

ce
ll

s,
 w

h
ic

h
 m

a
y
 d

er
iv

e 
fr

o
m

 n
ai

v
e 

B
 c

el
ls

 o
r 

fr
o
m

 a
 s

ep
a
ra

te
 l

in
ea

g
e 

o
f 

p
re

cu
rs

o
r 

B
 c

el
ls

. 
A

d
d
it

io
n
al

 g
en

et
ic

 a
n

d
 e

p
ig

en
et

ic
 

ab
n
o
rm

al
it

ie
s,

 B
 c

el
l 

re
ce

p
to

r 
(B

C
R

) 
st

im
u
la

ti
o
n
 a

n
d
 m

ic
ro

en
v
ir

o
n

m
en

ta
l 

fa
ct

o
rs

 w
il

l 
co

n
tr

ib
u
te

 t
o
 g

iv
e 

ri
se

 t
o
 t

h
e 

p
re

cu
rs

o
r 

o
f 

C
L

L
, 

M
B

L
, 
an

d
, 

u
lt

im
a
te

ly
, 
to

 f
ra

n
k
 m

o
n
o
cl

o
n
al

 C
L

L
. 

U
p
o
n
 t

re
at

m
en

t 
w

it
h
 i

b
ru

ti
n
ib

, 
p
at

ie
n
ts

 r
es

p
o
n
d
 w

it
h
 a

 r
ed

u
ct

io
n
 i

n
 p

al
p
ab

le
 n

o
d
es

 

co
n
co

m
it

an
t 

w
it

h
 l

y
m

p
h
o
cy

to
si

s.
 O

v
er

 t
im

e,
 w

it
h
 c

lo
n
al

 e
x
p
an

si
o
n
, 

ib
ru

ti
n
ib

 r
es

is
ta

n
ce

 u
lt

im
at

el
y
 o

cc
u
rs

, 
m

ai
n
ly

 v
ia

 B
T

K
 a

n
d
/o

r 

P
L

C
G

2
 m

u
ta

ti
o

n
s 

(8
5
%

).
 T

D
, 

T
 c

el
l-

d
ep

en
d
en

t 
an

ti
g
en

; 
T

I,
 T

 c
el

l-
in

d
ep

en
d
en

t 
a
n
ti

g
en

. 
Il

lu
st

ra
ti

o
n
 a

n
d
 c

a
p
ti

o
n
 m

o
d
if

ie
d
 f

ro
m

: 

F
a
b
b
ri

, 
G

.,
 D

a
ll

a
-F

a
ve

ra
, 
R

. 
T

h
e 

m
o
le

cu
la

r 
p
a
th

o
g
en

es
is

 o
f 

ch
ro

n
ic

 l
ym

p
h
o
cy

ti
c 

le
u
ka

em
ia

. 
N

a
t 

R
ev

 C
a

n
ce

r 
1
6

, 
1

4
5

–
1

6
2

 (
2

0
1

6
).

 

 



P a g e  | 6 

Prognostic markers and risk factors 

 Although the Rai and Binet staging systems help stratify patients into general risk groups, 

with increasing diagnostic and treatment technologies, today, much more is known about CLL 

and the risk factors/markers that can better predict a patient’s disease course and their response 

to specific treatments. Information can be obtained from cytogenetic tests, which determine 

chromosomal abnormalities (if any) possessed by CLL patients. Typically, Fluorescence in situ 

Hybridization (FISH) tests provide cytogenetic data on CLL patients, which can be used to infer 

vital prognostic information. Important chromosomal abnormalities in CLL include a deletion in 

the p-arm of chromosome 17 (del(17p13)), deletion in the q-arm of chromosome 11 (del(11q22; 

23)), a deletion in the q-arm of chromosome 13 (del(13q)) and trisomy of chromosome 1223. 

Approximately 80% of CLL patients harbor at least one of the four cytogenetic abnormalities 

above24. Del(17p) is associated with a deletion of the tumour suppression gene TP53, which 

encodes the p53 protein important to DNA repair and genomic stability25. Unfortunately, in 

about 80% of patients with del(17p), there is a mutation in the second allele of the TP53 gene26. 

Patients with del(17p) have a terrible prognosis, with genomic complexities and a more 

aggressive disease leading to earlier relapse/resistance to therapy than the other abnormalities9. 

Del(11q) is associated with a deletion of the gene encoding the Ataxia Telangiectasia 

Mutated (ATM) protein, which is important for DNA double-strand break repair (DSBR)27,28. 

Del(11q) is seen in 25% of advanced-stage patients and 10% of patients with early stage CLL29. 

ATM deletion is associated with reduced overall survival with chemotherapy, rapid disease 

progression and patients are often middle-aged men with bulky lymphadenopathy27. About 40% 

of del(11q) patients also have a mutation in the other ATM allele27,30,31. Trisomy 12 is observed 

in 10-20% of CLL patients but the specific genes and prognostic impact of the chromosomal 
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alteration are unclear26. Del(13q) is the most common chromosomal abnormality in CLL, present 

in about 55% of all patients24. Del(13q14) is of prognostic importance because the micro-

ribonucleic acids (mi-RNAs) 15a (miR-15a) and 16-1 (miR-16-1) were found to be in the 

chromosomal region of the deletion32. MiR-15a and 16-1 function to repress expression of the B-

cell lymphoma 2 (BCL-2) and Zeta-chain-associated protein kinase 70 (ZAP-70) proteins, which 

are involved in cell death and BCR signalling, respectively33,34. In about 70% of CLL patients, 

these mi-RNAs are altered; when deleted or expressed at lower levels, they allow the expression 

of genes that confer resistance to cell death (BCL-2) and increased BCR signalling (ZAP-70). 

The BCR pathway is an important signalling cascade that leads to increased cell 

proliferation and survival in CLL. Thus, patients who have 20% of cells positive for ZAP-70 

were shown to experience worse disease outcome compared to patients who are ZAP-70 

negative (<20%)35. However, ZAP-70 is no longer used as a prognostic marker because it is hard 

to reproducibly measure. In addition to disease stage, FISH results/mutation status and IGHV 

mutation status, CLL severity has been shown to progress with age and sex, with men having 

worse prognosis than women23. Patients aged 65 and younger have a better prognosis than 

patients older than 65 years. Moreover, the 10-year overall survival of CLL patients have also 

been shown to be favourably influenced by unmutated NOTCH1 and SF3B1, serum β2-

microglobulin ≤3.5mg/L and negative CD38 expression. 

The B-cell Receptor (BCR) pathway 

BCR Activation 

B-cells can possess a receptor called the B-cell receptor (BCR), which is a surface 

immunoglobulin (Ig), typically IgM. Igs are proteins made up of two heavy chains and two light 

chains; the heavy chains are connected by a disulfide bond and each associate with a light chain 
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on their extracellular N-terminus to form the ligand (called antigen for the BCR)-binding site36. 

On the cytoplasmic end, each Ig heavy chain contains ITAM (Immunoreceptor Tyrosine-based 

Activation Motif) segment with which they non-covalently bind to a heterodimer consisting of 

Igα and Igβ (also called CD79a and b)37. Upon antigen binding to the BCR, spleen tyrosine 

kinase (SYK) and LYN (both Src family kinases) phosphorylate Igα and Igβ on their ITAM 

segments to initiate BCR signalling38,39. SYK and LYN phosphorylation of Igα and Igβ results in 

the recruitment of important signalling players consisting of kinases (SYK, LYN and BTK – 

Bruton’s Tyrosine Kinase), adaptor proteins (BLNK – B-cell linker and GRB2-growth factor 

receptor-bound protein 2) and VAV, a guanine exchange factor37. The kinases listed above are 

responsible for amplifying the BCR signal; SYK phosphorylates Igα and Igβ and LYN recruits 

tyrosine kinases and forms a complex with CD19 and other co-stimulatory molecules that 

promote BCR activation via threshold reduction38,40. 

CD19 and BTK promote BCR aggregation and microcluster formation in lipid rafts41,42. 

Microclusters are multiple BCRs coming together, possibly on lipid rafts, in order to amplify the 

signalling effect induced by an antigen43. Lipid rafts are special parts of the plasma membrane 

(PM) rich in glycosphingolipids that are organized and floating in the plasma membrane, 

allowing protein complexes of pathways to dock and be in close proximity for optimal 

signalling44. Upon promotion of signal activation, the BCR signal is propagated and 

phospholipase C γ2 (PLCγ2), Phosphatidylinositol-3-Kinase (PI3K) and BTK play very 

important roles (Figure ii). 

BCR signal propagation 

After recruitment of SYK and LYN to the phosphorylated ITAM of the BCR, BLNK is 

recruited to the non-ITAM portion of CD79a, binds to CD79a via its Src homology 2 (SH2) 
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domain and gets phosphorylated by SYK45,46. Upon SYK phosphorylation, BLNK functions as a 

scaffold protein, binding to BTK and PLCγ2 via its SH2 domain47,48. BLNK’s scaffolding 

function brings BTK and PLCγ2 closer to SYK, allowing PLCγ2 to be phosphorylated by both 

BTK and SYK49. Once phosphorylated, PLCγ2 converts phosphatidylinositol 4,5-biphosphate 

(PIP2) from the plasma membrane (PM) to inositol 1,4,5-triphosphate (IP3) and Diacylglycerol 

(DAG): PIP2 + PLCγ2  IP3 + DAG. DAG activates protein kinase C (PKC) which goes on to 

induce the Mitogen-Activated Protein Kinase-Extracellular signal-regulated kinases 1/2 (MAPK-

ERK) pathway 49. IP3 binds to its receptor on the endoplasmic reticulum (ER), IP3R, leading to 

calcium (Ca2+) release from ER stores. 

The BTK protein is a tec family kinase important to BCR signal amplification37. Upon 

BCR activation, BTK gets phosphorylated by SYK and LYN at the tyrosine 551 (Y551) site of 

its kinase domain and afterwards, autophosphorylates at the tyrosine 223 (Y223) site in its SH3 

domain to increase its own activation50.  BTK activation is further augmented via its connection 

to the PI3K pathway. By acting as a scaffold protein, BTK recruits phosphatidylinositol-4-

phosphate 5 (PIP5) kinases (PIP5Ks), which synthesize PIP2; PIP2 gets phosphorylated by PI3K 

to generate PIP3 (phosphatidylinositol-3,4,5-triphosphate), which recruits more BTK for 

activation51. IκB kinase (IKK) has been shown to be activated by BTK, enabling it to 

phosphorylate I-κBα, an inhibitor of NF-κB52. I-κBα phosphorylation frees NF-κB to translocate 

to the nucleus and activate genes involved in inflammation, proliferation and B-cell survival52. 

BTK role as an important protein in intermediate BCR signal transduction is highlighted in a 

condition called X-linked agammaglobulinemia (XLA). The BTK gene is on the X chromosome 

and BTK loss of function results in XLA, a condition characterized by significant BCR 
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signalling defects53. In XLA, a mutation in BTK’s pleckstrin domain prevents membrane 

recruitment by PIP3 and blunts Ca2+ flux induced by the BCR pathway37 (Figure ii).  

Antigen binding to the BCR also activates the PI3K pathway. The PI3Ks have different 

classes with different functions; the class most relevant to BCR signalling are the class I PI3Ks54. 

Class I PI3Ks have a catalytic and regulatory subunit. Normally, the p85 protein (a regulatory 

PI3K subunit) complexes with the p110 catalytic subunit, inactivating it55. Upon antigen binding 

to the BCR, LYN phosphorylates CD19 and p85 gets recruited to the PM, where it associates 

with CD1949,56. CD19-p85 co-association results in the activation of the p110 catalytic subunit57. 

P110 has four isoforms: p110α, p110β, p110δ and p110γ54. The p110α (PI3Kα) isoform has been 

shown to be partially redundant with PI3Kδ in B-cell development and tonic (low-level, 

constitutive) BCR pathway signalling, while PI3Kδ is primarily responsible for antigen-

dependent activation of B-cells58. PI3Kγ has been shown to be important in CLL cell migration 

and microenvironment interactions, while PI3Kβ has not been implicated in B-cell development, 

BCR signalling or CLL58,59. Once activated, PI3K (p110) phosphorylates PIP2 to PIP337. The 

presence of PIP3 in the PM leads to the recruitment of BTK and other pleckstrin homology 

domain-containing kinases like BTK and AKT (also called protein kinase B – PKB), further 

activating the BCR60 (Figure ii). 

Cellular signalling pathways activated by the BCR 

Depending on the bound antigen, maturation stage of the cell and other factors, multiple 

downstream pathways are activated by the BCR37. The AKT pathway is important for B-cell 

survival via the BCR. After PI3K phosphorylates PIP2 to produce PIP3, PIP3 phosphorylates 

and activates AKT and recruits it to the PM61. Once activated, AKT promotes survival by 

phosphorylating (in activation or inhibitory manner) multiple downstream targets. AKT inhibits 
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the pro-apoptotic proteins Bad and FOX03a (Forkhead box O3), and inhibits glycogen synthase 

kinase 3-alpha and beta (GSK-3α and β) to promote nuclear translocation of nuclear factor of 

activated T-cells (NFAT), a transcription factor (TF)62,63. Classical NF-kB signalling is important 

for B-cell survival via the BCR; in this pathway, NF-κB is inactive in the cytoplasm as a dimer, 

typically of the p50/p65 and p50/p50 proteins, bound to IκB64. Upon BCR-mediated stimulation 

by BTK, PI3K and AKT, the IKK complex phosphorylates IκB. IκB phosphorylation eventually 

leads to its proteasomal degradation, freeing NF-κB to translocated to the nucleus and induce 

gene transcription. NF-κB activates genes responsible for survival, inflammation and 

proliferation of B-cells, but requires upstream BTK, Ca2+ and VAV protein activity65–67. 

The MAPK-ERK pathway is activated after antigen binding to BCR via DAG signalling 

through PKC, but also by VAV and GRB268. MAPK regulates TFs including Elk1 and c-Myc 

(via ERK1/2), ATF2 (via p38 MAPK) and c-Jun (via JNK – c-Jun N-terminal Kinase)69. These 

TFs can induce B-cell survival, proliferation or apoptosis, depending on cell maturation stage 

and activation status. After BCR-mediated activation, Ca2+ can activate TFs like NF-kB, Jun and 

NFAT, depending the potency and duration70 (Figure ii). 

Regulation of BCR pathway activation 

If the BCR pathway is not regulated, it can be activated uncontrollably, leading to 

autoimmune disorders and malignancies. Inhibitory regulators like FcγRIIB, SH2 domain-

containing inositol 5’-phosphatase (SHIP), SH2 domain-containing phosphatase (SHP-1) and 

kinases with differential activation and inhibitory properties like LYN, are responsible for BCR 

regulation37,49. FcγRIIB is a transmembrane receptor that transmits signals via an 

Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM) on its cytoplasmic tail. FcγRIIB 

inhibits BCR pathway activation by co-ligating with the BCR then recruiting SHIP to the PM; 
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SHIP hydrolyses PIP3, eliminating membrane binding of BTK, AKT and PLCγ2 71–74. By 

inhibiting BTK’s PM-binding ability, SHIP inhibits the formation of BCR microclusters on lipid 

rafts. This is because BTK’s activating signal is important to the actin remodelling required for 

microcluster formation42. The above roles implicate SHIP in initial BCR activation regulation 

and the regulation of Ca2+ flux required for downstream protein activation. SHP-1 can associate 

with ITIM-containing molecules and BCR-FcγRIIB co-ligation leads to the stoppage of SHP-1 

autoinhibition. This allows an activated SHP-1 to dephosphorylate multiple substrates like BTK 

and SYK75. Finally, LYN has been shown to be required for FcγRIIB and SHIP phosphorylation, 

making it crucial to BCR regulation76,77. LYN’s dual role in activating and inhibiting the BCR is 

an example of why understanding and targeting the BCR pathway in disease can be difficult, 

resulting in unexpected effects. 

BCR pathway signalling and interactions with integrins 

Integrins are transmembrane receptors that can transfer signalling information across the PM 

in either direction. There are two types of integrin-mediated signalling: outside-in and inside-out 

signalling78. Outside-in signalling involves a ligand binding to an integrin on its extracellular 

domain, activating a signalling cascade in the cell leading to differentiation, apoptosis, survival 

or growth 78. The chemokine SDF-1 (stromal cell-derived factor 1), also called CXCL12 (C-X-C 

motif chemokine 12), has been shown to activate BTK and PLCγ2 via outside-in signalling, 

leading to an integrin-mediated migration towards SDF-179. Alternatively, inside-out signalling 

involves activation from the cytoplasmic side of integrins (mediated by BTK and PLCγ2 in the 

BCR pathway), leading to a conformational change in the integrin into the active form, which 

promotes a higher affinity binding of ligand80. BTK and PLCγ2-mediated inside-out integrin 

signalling promotes cell adhesion and migration in B-cells. Specifically, PLCγ2 produces IP3 
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and DAG, which go on to activate integrins via inside-out signalling. This BCR-mediated inside-

out integrin adhesion signalling requires the activation of LYN, PI3K, BTK and PLCγ2. 

 

 

The BCR pathway in CLL 

LYN and SYK, important factors in BCR activation, are dysregulated in CLL. SYK has been 

shown to be overexpressed in CLL at the transcription and protein levels; LYN has been shown 

to be overexpressed at the protein, but not transcription level81,82. Both LYN and SYK kinase 

Figure ii. The B-cell receptor pathway. A schematic and legend for a simplified outline 

of the B-cell receptor pathway, highlighting some signalling cascades important to B-cells 

and CLL cells. 
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activity have been shown to be hyperactive in CLL. In vitro, LYN is constitutively active in CLL 

and baseline SYK phosphorylation is higher in CLL compared to normal B-cells. Like its 

activation pathways, BCR amplification and propagation are altered in CLL at the BTK and 

PI3K levels. BTK signalling is amplified in CLL, promoting survival via PLCγ2, NF-kB and 

PI3K interactions; also, BTK gene expression is elevated in CLL83. Using the BTK inhibitor 

ibrutinib in CLL leads to caspase-dependent apoptosis and the inhibition of BTK 

phosphorylation and its downstream activation targets (ERK, NF-kB and AKT)83. Ibrutinib also 

inhibits CLL cell proliferation via CpG and microenvironment stimulation84. Another difference 

between normal B-cells and CLL cells, is that CLL cells express high nuclear levels of NF-kB 

and have exaggerated responses to CD40 ligand (CD40L) stimulation, which promotes 

prolonged cell survival via the PI3K-AKT pathway85. Furthermore, high NF-kB levels result in 

the overexpression of anti-apoptotic proteins. Expectedly, the MAPK pathway is also 

dysregulated in CLL. Some CLL patients exhibit constitutive ERK1/2 phosphorylation, 

associated with decreased responsiveness to BCR stimulation; these cells are similar to 

anergic/inactive B-cells86. Expression of the TF Myc has been shown to be dependent on 

ERK1/2 activation after BCR stimulation, providing evidence that this pathway is important to 

CLL cell proliferation and survival87. 

PI3Kδ protein expression is similar in normal B-cells and CLL cells, but PI3K is 

constitutively active in CLL cells, increasing their survival88. For this reason, PI3Kδ inhibitors 

induce apoptosis in CLL cells in a caspase-dependent manner; also, PI3Kα inhibitor use leads to 

a decrease in stromal cell protection of CLL cells, ultimately leading to apoptosis89,90. 

Downstream of PI3K, the AKT pathway is constitutively active in CLL. Therefore, using a 

PI3Kδ inhibitor results in a reduction in AKT activation, MCL-1 (induced myeloid leukemia cell 
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differentiation protein) expression and inhibition of BAX (BCL-2-associated X protein) and 

XIAP (X-linked inhibitor of apoptosis protein; an anti-apoptotic protein) protein expression88,90. 

BAX and MCL-1 are both members of the BCL-2 family of apoptotic proteins. 

The BCR signalling pathways described above are altered in CLL, leading to disease 

progression, second malignancies and death. Overall, there is an upregulation of BCR-related 

genes in CLL cells in the bone marrow and lymph nodes compared to peripheral blood, 

independent of ZAP-70 and IGHV mutation status22. In practice, patients’ CLL cells can either 

have a somatic hypermutated or unmutated IGHV gene as described above. IGHV mutation is 

strongly associated with an overexpression of ZAP-7037. ZAP-70 promotes CLL cell migration 

towards chemokines, amplifies cell response to survival stimuli in the tumour microenvironment 

and enhances BCR signalling in blood-derived CLL cells91,92.  In contrast, some other B-cell 

malignancies are defined by the presence of a translocation involving the immunoglobulin gene, 

seen in the majority of cases, such as in MCL, Burkitt’s lymphoma and Follicular lymphoma93,94. 

Although, for some of these lymphomas, BCR signalling still plays an important role, especially 

in activated B-cell diffuse large B-cell lymphoma (ABC DLBCL)95.  

BCR signalling, integrins and adhesion molecules in CLL 

The CLL tumour microenvironment in the peripheral blood, lymph nodes, spleen and bone 

marrow) has been shown to promote cell proliferation and survival, partially via augmentation of 

BCR signalling96. In the bone marrow and lymph nodes, CLL cells encounter T-cells, nurse-like 

cells (NLCs) and bone marrow stromal cells (BMSCs), all of which are accessory cells that 

promote CLL cell survival and proliferation96. Gene expression analysis identified genes 

associated with the BCR as being the most differentially expressed when comparing CLL cells 

from the lymph node to peripheral blood-derived CLL cells (genes upregulated in the lymph 
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nodes)22. CLL cell co-culture with stromal cells showed activation of SYK and AKT, providing 

evidence of tumour microenvironment cell-cell interactions upregulating the BCR pathway21,97. 

Inhibitor work in vitro showed the general effects of the following BCR pathway inhibitors: In 

CLL-stromal cell co-culture, the SYK inhibitor R406 induced a block in AKT activation, a 

reduction in CXCL12-mediated homing signals and lower stromal cell-induced MCL-1 

expression97. Using the PI3Kδ inhibitor idelalisib resulted in lower CLL cell viability and a 

reduction of amplified chemokines and cytokines in CLL-NLC co-culture98. Finally, the BTK 

inhibitor ibrutinib blocked cell survival induced by stromal cell co-culture with CLL cells and 

the protective effects of pro-survival microenvironment signals induced by tumour necrosis 

factor α (TNFα) and BAFF (B-cell activating factor), both members of the TNF superfamily of 

cytokines83. 

The CLL tumour microenvironment 

 Since CLL cells do not exist in a vacuum, their interactions with other cell types and 

molecules found in the peripheral blood, lymph nodes, spleen and bone marrow have various 

effects on their survival and viability21,22. Although cell-cell interactions may occur at any of the 

aforementioned sites, the lymph node, spleen and marrow comprise the proliferation centers 

(PCs) because the interactions engaged in by CLL cells in these environments have been shown 

to induce significant survival and proliferation effects, compared to the peripheral blood21,22. The 

following sections will separate CLL cell interactions based on cell types and provide 

information based on in vitro and in vivo studies. 

CLL cells. CLL cells communicate with each other and this cell-cell interaction is very important 

in CLL. CLL cells express CD40L and CD40 (TNF superfamily member)99,100. CD40L binds to 

normal B-cells and promotes proliferation and survival and has the same effect on CLL cells101–
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103. In addition, CD40L stimulates cytokine release in CLL and prevents chemotherapy-induced 

apoptosis102. CLL cells also express BAFF and APRIL (A Proliferation-Inducing Ligand) and 

their respective receptors BAFF-R (BAFF-receptor), TACI (transmembrane activator and CAML 

interactor) and BMCA (B-cell maturation antigen)104. Like CD40L and CD40, BAFF and APRIL 

on CLL can bind to their receptors on other CLL cells, potentiating survival. Other survival-

promoting activities of CLL cells include interleukin-7 (IL-7) and TNF-α production and 

VEGFR (vascular endothelial growth factor-receptor) expression105–108. IL-7 is a lymphoid stem 

cell growth factor which can prevent apoptosis via the JAK-STAT (Janus Kinase – Signal 

transducer and activator of transcription) pathway signalling through β2 integrin105. CLL cells 

can produce TNF-α in vitro and it decreases apoptosis by generating BCL-2; furthermore, serum 

TNF-α levels are higher in CLL patients and increase with advanced disease106,109. VEGF is 

secreted by CLL cells, which also express the VEGF receptors, VEGF1R and VEGF2R; high 

protein levels of VEGF2R have been associated with advanced disease and elevated lymphocyte 

counts 110,111. VEGF also activates the JAK-STAT pathway to promote CLL cell survival110. In 

addition to the above receptors, CLL cells express higher levels of IL-4 receptor (IL-4R) 

compared to normal B-cells and IL-4R signalling increases CLL cell survival112. IL-4 signalling 

through the IL-4R in CLL cells has been shown to increase CLL cells’ expression of CD79b at 

the RNA and protein levels and also increase sIgM expression and subsequently, BCR signalling 

through BTK and PI3K, resulting in ERK and NF-κB activation113–115.  Nonetheless, IL-4 can 

also result in ERK activation independent of the BCR signalosome (BTK, PI3K, etc.) in CLL116. 

IL-4-mediated increase in sIgM expression was observed to be greater in patients with U-CLL 

than in those with M-CLL, and IL-4 stimulation of CLL cells reduced their expression of 
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CXCR4 and CXCR5113,114. In the PCs, T-cells secrete IL-4, which induces the above effects via 

the JAK3/STAT6 pathway. 

Nurse-like cells (NLCs).  NLCs are large, adherent tumour-associated macrophages that mostly 

interact with CLL cells by directly binding to them in the peripheral blood, but these cells can 

also be found in secondary lymphoid tissues and the spleen117. NLC-CLL co-culture has been 

found to reduce CLL cell spontaneous apoptosis and promotes drug resistance and proliferation, 

via cell-to-cell contact117. NLCs exert their effects on CLL cells by expressing factors and cell 

surface markers which interact with receptors expressed on CLL cells to promote or induce 

proliferation and/or survival. These factors and markers include CD40L, BAFF, APRIL, plexin 

B1, CXCL12 and CXCL13118. 

Stromal cells (SCs). Like NLCs, CLL-stromal cell interactions result in a reduction in 

spontaneous apoptosis, survival and drug-resistance promotion117. SCs produce CD54 and 

CD106 which bind to β1 and β2 integrins on CLL cells, promoting survival119. BCR pathway 

activation leads to CLL secretion of chemokine C-C motif ligand 3 (CCL3), which attracts SCs 

and T-cells to the CLL cells120. SCs also secrete the chemokines CXCL12 and CXCL13 which 

bind to CXCR4 and CXCR5 (C-X-C chemokine receptor 4 and 5) on CLL cells to promote cell 

migration towards SCs121. Once in contact with SCs, CLL cells can produce IL-6 and IL-8, 

which enhance CLL-SC adhesion, promoting survival122. CLL cells also interact with BMSC by 

releasing microvesicles that can activate the AKT pathway in CLL-BMSC123. BMSCs play an 

important role in normal B-cell development by providing a safe haven for B-cells to attach to 

and receive survival and growth signals121,124. Like NLC-CLL and CLL-CLL cell interactions, 

SCs also support CLL cells through CD40-CD40L mediated pathways125. Finally, all NOTCH 
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receptors and ligands are upregulated in CLL and BMSCs; NOTCH signalling terminates in 

various cellular functions including proliferation, differentiation and survival126. 

T-cells. CLL patients with early disease have increased number of circulating T-cells; however, 

this number decreases with disease progression127. This is because the T-cells can either promote 

or prevent CLL cell proliferation. Evidence exists for the former because T-cells have been 

found to co-localize with CLL cells; hence, they presumably support CLL cell proliferation20. T-

cells may interact with CLL cells in the bone or lymphoid tissues, but also in the peripheral 

blood121. With respect to IL-4 signalling, CLL patients with more aggressive disease have been 

observed to express higher levels of T-cells that spontaneously produce IL-4 and IL-2, compared 

to patients with steady disease and age-and-sex-matched controls128. This highlights the 

importance of IL-4 signalling in the CLL tumour microenvironment to disease progression 

and/or severity, via mechanisms outlined above. Finally, T-cells are attracted to CLL cells and 

SCs by the cytokine CCL3 as described above. 

 It is important to state that there is a plethora of other interactions and factors influencing 

CLL cell survival and disease course, in addition to the cell-cell and ligand-receptor interactions 

listed above. The complexity and importance of the proliferation center tumour 

microenvironment to CLL progression and pathogenesis is evident when agents targeting 

pathways in this niche are utilized129. 

Other pathways important to CLL pathogenesis and survival 

 In addition to the BCR pathway, interactions in the CLL tumour environment stimulate or 

inhibit other pathways that are important to CLL cell survival. Two such pathways are 

highlighted below. 
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Apoptotic pathways 

 Apoptosis is a type of programmed cell death and is a normal process used to eliminate 

sick cells or during development, typically cells that are no longer needed130. Apoptotic cell 

death is characterized by cell shrinkage and disintegration of the cell into smaller membrane-

bound components called apoptotic bodies, which are phagocytosed typically by macrophages130. 

There are two major pathways by which apoptosis may occur; the intrinsic or caspase-dependent 

pathway, and the extrinsic pathway. The intrinsic pathway involves mitochondrial outer 

membrane permeabilization (MOMP) that is induced by cellular stressors like DNA damage or 

endoplasmic reticulum stress, leading to the release of proteins like cytochrome c, Smac (also 

known Diablo) and Omi into the outer mitochondrial membrane from the intermembrane 

space130. Normally, XIAP binds to and inhibits the caspase proteins (caspase 3, 7 and 9) to 

prevent apoptosis; however, once released, Smac and Omi bind to XIAP and antagonize it, 

allowing potentiation of caspase-dependent apoptosis. Importantly, MOMP is tightly controlled 

by the BCL-2 family of proteins which are responsible for inducing MOMP in response to 

cellular stressors130. Important members of the Bcl-2 family include the pro-apoptotic proteins 

Bax and Bak, anti-apoptotic proteins Bcl-2, Bcl-XL and Mcl-1, and the BH3 (Bcl-2 homology 3) 

proteins Bad, Bim, Bid and Noxa. Bax and Bak induce MOMP, Bcl-2 and Mcl-1 block MOMP 

(by inhibiting Bad, Bax, Bim and Bid), and Bid/Bim activate Bax/Bad and/or inhibit Bcl-2/Mcl-

1130. The delicate balance between the activities of the different members of the Bcl-2 family of 

proteins regulates MOMP and therefore intrinsic apoptosis. 

 The extrinsic apoptosis pathway involves the activation of death receptors, which are a 

subset of TNFR (TNF receptor) family of receptors. The death receptors share a common 

domain of approximately 80 amino acids called the death domain (DD), located in the 
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cytoplasmic region of these receptors131. In the extrinsic pathway, death ligands like TNF or 

TRAIL (TNF-related Apoptosis inducing ligand) bind to their receptors (TNFR/TRAIL-R) 

leading to the formation of complexes that activate caspase-8 via different mechanisms, leading 

to caspase-dependent cell death signalling. However, the different subdivisions of the extrinsic 

pathway are also suspected to induce cell death via other mechanisms131. 

 In CLL, intrinsic apoptotic signalling is dysregulated. This is because CLL cells are 

known to express high levels of Bcl-2 and Mcl-1, giving them a survival advantage as these 

proteins inhibit apoptosis in these cells with high genomic instability121,132,133. Specifically, Mcl-

1 levels are upregulated in CLL cells via BCR signalling in the tumour microenvironment, as 

described above134. It is important to state that the expression and regulation of the Bcl-2 family 

proteins are altered by CLL cell interactions in the microenvironment but also in response to 

treatment regimens employed to treat the disease121. Also, the extrinsic apoptotic pathway is 

important to CLL, but will not be discussed in this thesis. 

DNA damage repair 

 DNA damage occurs constantly in normal cells and CLL cells are no different. Various 

mechanisms exist to repair damaged DNA, depending on the type of DNA damage incurred and 

the phase of the cell cycle a cell is in (Figure iii). To list a few, different types of DNA repair 

include base excision repair, single-strand break repair and double-strand break repair135. The 

following section will focus on DNA double-strand break repair due to the importance of certain 

proteins involved in this process and their relevance to CLL. DNA double-strand break repair 

(DSBR) is further subdivided into two major types of repair: non-homologous end-joining 

(NHEJ) and homologous recombination repair (HRR)25,135. NHEJ is a quick, error-prone method 

of DSBR in which the cell induces single-strand excisions in each direction from the DNA break 



P a g e  | 22 

site and uses these excised strands to search for regions of homology to mediate strand 

annealing136. NHEJ can be used by cells in any phase of the cell cycle, though it is typically used 

in the G1 phase135,136. On the other hand, HRR is only active during the late S and G2 phases of 

the cell cycle, because it is reliant on the presence of sister chromatids (Figure iii). Unlike NHEJ, 

HRR is slower and error-free because the DSB is cut out and a 3’ overhang is used to invade the 

sister chromatid to identify an intact copy, which is used to repair the break136. 

 NHEJ is used mostly for simple DSBR whereas HRR is typically employed for more 

complex DSBs (Figure iii)136. ATM is important in sensing DSBs, initiating the recruitment of 

important repair factors (dependent on type of break) but also specifically, HRR resection25. 

Likewise, p53 is important in DNA DSBR as it is involved in the fate of the cell after the break; 

cell cycle arrest for repair, senescence or apoptosis. P53 is phosphorylated and activated by ATM 

in response to DNA DSBs137. In CLL, the frequencies of mutations and deletions in P53 and 

ATM have been addressed above with regards to their effect on patient prognosis9.  P53 deletion 

Figure iii. DNA damage repair pathways and relevance to CLL. A schematic of 

DNA damage repair pathways highlighting important proteins. Illustration modified 

from: Morgan MA, Lawrence TS. Molecular Pathways: Overcoming Radiation 

Resistance by Targeting DNA Damage Response Pathways. Clin Cancer Res. 

2015;21(13):2898-2904. 
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or mutation is associated with chemoresistance due to a lack of p53-mediated apoptosis9,138. This 

is because p53 is required for most CLL-relevant chemotherapeutics (fludarabine, chlorambucil) 

to induce cell death121,138,139. Given the reliance of chemotherapy on DNA damage and ATM’s 

role as a DNA damage repair initiator, it is easy to see why ATM deletion and/or mutations in 

CLL might confer a poor response to chemoimmunotherapy. 

CLL Treatment 

 Like most cancers, CLL was traditionally treated with chemotherapeutic agents including 

DNA alkylating agents like cyclophosphamide or chlorambucil, and nucleoside analogs like 

fludarabine (Figure iv) 25,121,140. Other single-agent treatments for CLL in the past also included 

the use of antibodies (immunotherapy) targeting CLL cell surface markers. Recently, there have 

been significant advances in CLL treatment with combinations of chemotherapy and 

immunotherapy (chemoimmunotherapy), but most importantly, the introduction of targeted 

therapies using small molecule inhibitors of kinases and other factors important to CLL 

pathogenesis and progression9. Analysis of response to treatment in clinical trials is typically 

assessed using the following parameters: overall response (OR) rate, complete response (CR), 

partial response (PR), overall survival (OS) and progression free survival (PFS) 9,141. However, 

recent studies have customized these responses to better fit the CLL treatment response 

landscape, including PR with lymphocytosis (for ibrutinib) and investigating minimal residual 

disease (MRD) in the blood and/or bone marrow, a predictor of long-term prognosis and relapse 

(for Venetoclax) 142,143. For an outline of CLL treatment paradigms, see Figure iv below. 

Chemoimmunotherapy 

 For younger, fit CLL patients with M-CLL and no del(11q)/del(17p), the current 

recommended treatment is combination chemoimmunotherapy with fludarabine, 
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cyclophosphamide and rituximab (FCR)140. Fludarabine is a nucleoside analog that induces CLL 

apoptosis by inhibiting DNA synthesis, but also RNA synthesis, killing both resting (limited 

activity) cells and CLL cells undergoing active DNA synthesis 144,145. Cyclophosphamide like 

most DNA alkylating agents, kills CLL cells by forming DNA interstrand and intrastrand 

crosslinks by binding to the N-7 position on guanines25. Rituximab is a monoclonal antibody 

against the CD20 cell surface marker found on B-cells and CLL cells. In a randomized Phase III 

study of 817 young (median age 61 years), fit, treatment-naïve CLL patients, 409 patients 

received fludarabine-cyclophosphamide (FC) combination and 408 patients, FCR140. At 3 years 

post-randomization, FCR treatment led to a higher OR (90% versus 80%), CR (44% versus 

22%), OS (87% versus 83%) and PFS (65% to 45%) than FC. Toxicities reported for FCR and 

FC treatments included neutropenia, leukocytopenia, infections and thrombocytopenia. 

Unfortunately, there was no survival benefit to FCR treatment in patients with TP53 deletion140. 

The reasoning behind combining DNA-damaging agents like cyclophosphamide with nucleoside 

analogs like fludarabine is that the nucleoside analogs inhibit DNA repair that is induced by the 

alkylating agent146. 

A second chemoimmunotherapy combination used in CLL treatment is the 

bendamustine-rituximab (BR) combination; although, obinutuzumab is the most common 

monoclonal antibody used in the clinic. Bendamustine is an alkylating agent that demonstrated 

better activity as a single agent, compared to fludarabine147. However, in a study of fit CLL 

patients that compared FCR to BR, FCR treatment yielded longer PFS and higher CR, although 

BR resulted in a better toxicity profile148. Hence, FCR remains the treatment of choice in fit CLL 

patients without del(17p). In addition to FCR and BR there are other chemoimmunotherapy 

treatment regimens like chlorambucil-obinutuzumab and chlorambucil-ofatumumab. 
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Chlorambucil is another DNA alkylating agent while ofatumumab and obinutuzumab are both 

anti-CD20 monoclonal antibodies. A major limitation of chemotherapy and 

chemoimmunotherapy comes from the lack of significant improvements in the long-term 

prognoses of patients with high risk disease (del(11p), del(17p), etc.)9. Hence, in recent years, 

small molecule inhibitors have been investigated and approved for patients with high-risk disease 

at diagnosis and patients with chemoimmunotherapy-refractory disease. 

Small molecule inhibitors 

 Small molecule inhibitors for CLL were developed based on knowledge of pathways 

contributing to CLL pathogenesis. These inhibitors have overall proven to be better alternatives 

for patients with historically dire prognoses with chemoimmunotherapy. 

Ibrutinib 

 Ibrutinib is a first-in-class orally available irreversible inhibitor of BTK that functions by 

covalently binding to a cysteine residue (Cys-481) in the protein’s ATP-binding/activation 

pocket, rendering the protein inactive149,150. Ibrutinib-mediated inhibition of BTK inhibits BTK 

autophosphorylation, a process critical to BTK’s central role as a propagator of the BCR signal 

and this is evident in the inhibition of downstream proteins like ERK1/2 and the NF-kB pathway 

after ibrutinib treatment83,150. Ibrutinib is cytotoxic to CLL and other BCR-dependent 

lymphomas, although it is important to state that ibrutinib is known to also inhibit other kinases 

with sequence homology to BTK like EGFR (epidermal growth factor receptor), BLK (B-

lymphocyte kinase) and ITK (IL-2-inducible T-cell kinase)149,150. Ibrutinib induces cell death in 

CLL cells via caspase-dependent apoptosis83. 
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In CLL, ibrutinib was first evaluated in patients with refractory high-risk disease in a 

study of patients with a median of 4 previous therapies, unmutated IGHV, bulky nodes, del(11q) 

Figure iv. Chronic lymphocytic leukemia (CLL) treatment guidelines. An outline of the 

CLL treatment approach used in Manitoba, obtained from: CancerCare Manitoba disease 

management consensus recommendations for CLL (2015). 
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and del(17p)129. In these patients, the OR was 71%, with reported reductions in nodal sizes with 

a concomitant lymphocytosis; nonetheless, lymphocyte counts eventually declined. Furthermore, 

the 2-year data showed a PFS and OS in 75% and 83% of patients, providing evidence for the 

durability of patient response to ibrutinib. This study demonstrated ibrutinib’s potent activity in 

CLL, even in heavily pre-treated patients and this eventually led to ibrutinib being approved as a 

first-line of treatment for patients with high-risk disease9. 

Overall, the response of CLL patients on ibrutinib can be classified based on certain 

characteristics. Data from an 8-year follow-up study of single agent ibrutinib in first-line and 

relapsed/refractory CLL show that patient response is influenced by chromosomal 

abnormalities151. The OR rate was similar in first-line (89%) and relapsed/refractory (87%) CLL, 

with first-line treatment having a higher CR rate (35%) than relapsed/refractory disease (10%). 

Furthermore, estimated 7-year PFS was 83% in the first-line arm and 34% in the refractory 

setting151. Estimated 7-year OS was 84% (median follow-up of 87 months, median OS not 

reached) for first-line treatment and 55% (median follow-up of 82 months, median OS of 92 

months) for relapsed/refractory disease. Despite wide and overlapping hazard ratios, the 7-year 

OS varied by the presence of chromosomal abnormalities. The order of the 7-year OS from 

highest to lowest were for patients with del(13q), patients without chromosomal abnormalities, 

del(11q), trisomy 12 and del(17p), respectively. The same trend was observed with PFS at 7-

years, albeit with trisomy 12 patients having a higher PFS than del(11q) patients. Although 

responses were better than with chemoimmunotherapy, this study showed that patients with 

del(17p) have a poorer prognosis with ibrutinib treatment, relative to other factors. 

 Ibrutinib as monotherapy or in combination with other agents like rituximab has been 

shown to be superior in comparison to other therapies, both as first-line treatment and in 
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refractory cases9,152. Upon administration of ibrutinib, patients experience a rapid lymphocytosis 

concurrent with reductions in nodal size129,153,154. This is known to be due to ibrutinib-mediated 

disruptions of important CLL tumour microenvironment interactions like the chemokine 

CXCR4, forcing CLL cells out to the protected proliferation centres154,155. Side effects of 

ibrutinib include diarrhea, upper respiratory tract infections, arthralgia, fatigue and rashes129. 

Over time, patients may discontinue ibrutinib due to side effects, a transformation of their 

disease to the rapidly proliferating diffuse large B-cell lymphoma (Richter’s transformation), or 

drug resistance. 

Idelalisib 

 Idelalisib is an oral inhibitor of PI3Kδ, the class 1 PI3K upregulated and important to 

CLL cell proliferation and survival. Idelalisib induces caspase-dependent apoptosis in CLL cells, 

along with disruption of important survival signals from the tumour microenvironment such as 

CXCR4 and CXCR5-mediated signalling, and the important interactions between CLL cells, SCs 

and NLCs90,98. Due to idelalisib-mediated inhibition of CLL homing signals via the 

aforementioned receptors, like ibrutinib, idelalisib treatment results in rapid lymphocytosis and 

nodal reduction in CLL patients after treatment156. Moreover, idelalisib inhibits downstream 

BCR signalling through AKT and ERK98. In a phase I study of relapsed/refractory CLL, patients 

with a median of 5 previous treatments, bulky nodes, unmutated IGHV and TP53 

deletion/mutation, were treated with idelalisib156. For these high-risk patients, the OR was 72%, 

median PFS was approximately 16 months and OS at 3 years was 75%. Moreover, a nodal 

response was observed in 81% of the patients. Importantly, severe adverse effects after idelalisib 

treatment included pneumonia, neutropenic fever and diarrhea. Idelalisib has been combined 

with other agents like rituximab and ofatumumab and compared against monotherapy; both 
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combinations proved to be more efficacious than rituximab and ofatumumab monotherapy 

respectively157,158. Idelalisib is approved for both frontline and refractory treatment of CLL, but 

is rarely used because of toxicity. 

Venetoclax 

 CLL cells express elevated levels of BCL-2, an anti-apoptotic protein, conferring a 

survival advantage to these cells. The elevated levels of BCL-2 in CLL cells is partly explained 

by their requirement of this protein to sequester the pro-apoptotic protein BIM159. Venetoclax is 

an oral inhibitor of the BCL-2 protein that induces apoptosis in CLL cells. In an initial study in 

refractory CLL, a single oral dose of venetoclax resulted in tumour lysis syndrome and a 

reduction of lymphadenopathy within 24 hours in all three patients enrolled in the study160. This 

finding led to the institution of a dose-escalation approach for oral venetoclax treatment. 

Stilgenbauer et al.161 administered venetoclax to patients with treatment-refractory del(17p) CLL 

in a phase II study. At a median follow-up of 1 year, the OR was 79.4% with an OS of 86.7% 

and PFS of 72%. Significant (grade 3) adverse effects reported included anemia, neutropenia and 

thromobocytopenia, while grade 1 and 2 adverse events included diarrhea, nausea, fatigue and 

infections like nasopharyngitis. Venetoclax has been approved for refractory CLL and in patients 

with del(17p). 

Other inhibitors 

 Other inhibitors being investigated or that have been recently approved for the treatment 

of CLL include acalabrutinib and duvelisib. Acalabrutinib is a second generation oral inhibitor of 

BTK, developed in attempt to mitigate the off-target-mediated adverse effects experienced by 

CLL patients taking ibrutinib. A preclinical study showed that acalabrutinib and ibrutinib 

exhibited similar characteristics in vitro, when administered to CLL cells162. Acalabrutinib and 
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ibrutinib were shown to: inhibit BTK and downstream BCR targets like PLCγ2 and ERK, inhibit 

chemokine production and migration of CLL cells, induce caspase-dependent apoptosis and 

inhibit total protein levels of the anti-apoptotic proteins BCL-2 and MCL-1162. However, when 

compared to ibrutinib, acalabrutinib did not exhibit significant activity against the SRC family 

kinases LCK (lymphocyte-specific protein tyrosine kinase) and SRC, or against the ITK and 

EGFR proteins162,163. Ibrutinib was found to inhibit all of the aforementioned proteins in vitro. 

These findings suggested that acalabrutinib may not induce off-target adverse events like 

bleeding and atrial fibrillation, induced by ibrutinib treatment. 

 Currently, clinical trials with acalabrutinib have reported very positive findings. An early 

study of acalabrutinib in relapsed, high-risk CLL reported an OR of 95% in all patients and an 

OR of 100% in del(17p) patients, with only one patient out of 61 progressing on the drug, after a 

median follow-up of 14 months164. An expansion of this study reported an OR of 94% that was 

not influenced by high-risk disease characteristics like del(17p) and IGHV mutation status165. 

Also, PFS was 36 months and 33 months for patients with del(17p) and a complex karyotype 

(greater than 3 chromosomal abnormalities) respectively. Most importantly, the occurrence of 

treatment-associated severe adverse events in these studies were low, compared to those reported 

with ibrutinib. These results in addition to other studies of acalabrutinib monotherapy and 

combination with agents like obinutuzumab, paint an promising picture of CLL treatment 

targeting BCR inhibition with acalabrutinib166,167. 

 Duvelisib is an oral dual inhibitor of PI3Kδ and γ. PI3Kγ inhibition by duvelisib may be 

desired due to migration and stromal cell-adhesion functions of PI3Kγ59.  In CLL, duvelisib has 

been shown to unsurprisingly induce similar adverse effects as idelalisib, but also importantly, 

duvelisib was effective in resistant/refractory CLL and in patients with high-risk disease features, 
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compared to agents like ofatumumab168,169. Duvelisib has been approved for resistant/refractory 

CLL after more than two prior therapies, based on its significant improvement of PFS, compared 

to ofatumumab monotherapy, albeit with a warning of possibly fatal toxicities169.  

Ibrutinib resistance in CLL 

 Despite the positive responses to ibrutinib treatment seen in CLL patients, as the inhibitor 

is increasingly used in the clinic and as more patients are observed over longer periods of time, 

resistance is being observed. An early study by Furman et al.170 described ibrutinib resistance in 

a patient who initially responded to ibrutinib but developed resistance after 21 months. 

Sequencing data from samples collected before ibrutinib treatment, during response and at 

relapse, identified a mutation (C481S) in the ibrutinib-binding pocket of BTK. Furman et al. 

showed that C481S mutation resulted in a disruption of ibrutinib’s covalent binding to BTK, 

resulting in a protein only reversibly bound by ibrutinib and this was demonstrated by the higher 

concentration (400-fold) required to inhibit BTK autophosphorylation in the mutant protein170. 

Importantly, this mutation was not present before ibrutinib treatment or during the period when 

the patient was responding to the inhibitor, showing that the C481S mutation was acquired 

during ibrutinib treatment. 

 Taking the initial study one step further, Woyach et al.171 performed whole exome 

sequencing on six patients with samples collected at baseline and upon relapse, after ibrutinib 

treatment. This study reported the BTK C481S mutation in five of the six patients and three 

mutations in BTK’s direct downstream target, PLCγ2 (R665W, L845F, S707Y). These mutations 

were not detected at baseline, but were present at relapse. As expected, functional analyses 

showed that the C481S mutation resulted in a protein bound reversibly by ibrutinib, but also that 
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ibrutinib demonstrated a lower affinity for the mutant BTK, leading to less effective inhibition of 

BTK autophosphorylation and downstream BCR pathway signalling (p-ERK and p-AKT)171. 

The PLCγ2 mutants R665W and L845F, displayed enhanced IgM-mediated calcium flux 

that was resistant to ibrutinib inhibition, suggesting that these mutants exhibit BTK-independent 

BCR signalling. Interestingly, in one patient at relapse, BTK was still inhibited by ibrutinib, but 

PLCγ2 phosphorylation was enhanced and in another patient with both BTK and PLCγ2 

mutations, neither protein was inhibited by ibrutinib at relapse. Of importance, for all patients, no 

mutations were detected in other kinases (e.g. ITK, EGFR or BLK) with C481-homologous 

cysteines that are also irreversibly inhibited by ibrutinib171. In a follow-up study, PLCγ2 R665W-

mediated ibrutinib resistance was shown to involve a BTK-bypass mechanism that depended 

SYK and LYN for PLCγ2 phosphorylation172. Taken together, these studies showed that 

ibrutinib resistance is mediated by mutations in BTK and/or PLCγ2 developed during ibrutinib 

therapy, that confer alternative BCR signalling. 

 Using patient samples and data from four different clinical trials of ibrutinib monotherapy 

or in combination with ofatumumab (combined n=308), Woyach et al.173 showed that with 

longer follow-up (4 years), the estimated cumulative incidence of disease progression while on 

ibrutinib was 19%. BTK and/or PLCγ2 mutations were detected in 85% of patients progressing 

on ibrutinib, at a median of 9.3 months before clinical relapse. Negative independent risk factors 

for relapse while on ibrutinib included complex karyotype at baseline or del(17p). Interestingly, 

for patients 65 years or older without complex karyotype or del(17p), the risk of disease 

progression on ibrutinib was extremely low (1.9% at 4 years), while younger patients (< 65 

years) with both complex karyotype and del(17p), had a higher risk of progression (44% at 4 

years)173. Moreover, 53% of patients who discontinued ibrutinib therapy in these studies did so 
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because of disease progression while on the drug. This was a pivotal study because it examined 

the incidence of ibrutinib resistance, BTK and/or PLCγ2-mediated resistance and risk factors for 

ibrutinib resistance in a large enough cohort of patients with long follow-up. This study also 

reported in a large patient cohort, an important finding: BTK and/or PLCγ2 mutations are present 

before clinical relapse and are clonally selected for by ibrutinib therapy, a finding also reported 

in another study173,174. The presence and detectability of these mutations before clinical relapse in 

some patients provides a window of opportunity for alternative treatment plans, before disease 

progression. 

Finally, although BTK and PLCγ2 mutations have been shown to be important in the 

majority of CLL progressions on ibrutinib, and are generally accepted as the main mechanisms 

driving ibrutinib resistance in CLL, other mutations and/or mechanisms are known and have 

been hypothesized to play a role. These include ibrutinib-mediated selection of CLL subclones 

with del(8p), which results in TRAIL-R haploinsufficiency (and subsequent TRAIL 

insensitivity) and aberrant FOXO3a nuclear/cytoplasmic subcellular localization in 

CLL/lymphoma cell lines175,176. 
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PROJECT AIMS AND RATIONALE 

 Given the possibility of other mechanisms mediating ibrutinib resistance in CLL and the 

increasing incidence of patients progressing on the inhibitor, it is important to identify other 

mechanisms (if any) mediating ibrutinib resistance. Furthermore, it is important to state that the 

clinical course of CLL is known to be heterogeneous; therefore, more than one mechanism of 

resistance may be observed in a patient, e.g. the occurrence of both BTK and PLCγ2 mutations. 

For the above reasons, this project aimed to develop and characterize a cell line model of 

ibrutinib resistance, with the hope of identifying and integrating multiple mechanisms of 

resistance in a cell line. 

 Moreover, ibrutinib resistant cell line models developed and characterized were to be 

tested using current rescue therapies for ibrutinib-resistant CLL patients in order to evaluate 

clinical relevance. Also, the cell line models were to be tested with an array of CLL-relevant 

agents in hopes of identifying novel treatment strategies to overcome ibrutinib resistance. 

Finally, the mechanisms and treatment strategies identified using the cell line model of ibrutinib 

resistance were to be tested on freshly isolated CLL cells from patients. 

Hypotheses 

 Upon continual/long-term treatment with ibrutinib in either a dose-escalation or constant 

dose regimen, cell lines will develop resistance to ibrutinib, which will be identified as cells 

growing normally in ibrutinib at concentration (s) toxic to parental cells. Ibrutinib-resistant cells 

will exhibit differences compared to their ibrutinib-sensitive counterparts, at the genomic, 

transcription, translation and/or signalling levels, that may or may not be directly linked to their 

mechanism of resistance to ibrutinib. 
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MATERIALS AND METHODS 

Cell culture 

Cell lines: Cell lines utilized and their diseases of origin are as follows: BJAB and RAJI cells 

(Burkitt’s lymphoma), MEC-1 and I83 cells (CLL). All cells were cultured in RPMI 1640 media 

(R0883, Sigma Aldrich) supplemented with 10% fetal bovine serum, 1% volume/volume 

GlutaMax (L-glutamine substitute) and Penicillin-Streptomycin. Cells were split at a 1:5 or 1:7 

ratio and cultured at 37ºC and 5% CO2 until confluence. Cultured cells at confluence (1.5x106 – 

2x106 cells/mL) were counted (Bio-Rad cell counter) and resuspended at 1x106 cells/mL in fresh 

media, for all experiments conducted. 

Patient samples: Patient-derived chronic lymphocytic leukemia (CLL) B-cells isolated from 

whole blood and counted by the Manitoba CLL Tumour Bank as previously described177, were 

received and resuspended at 1x107 cells/mL in fresh serum-free hybridoma media (Life 

technologies™) and allowed to recover overnight. After recovery, cells were treated for 72 hours 

at 5x106 and 1x107 cells/mL for flow cytometry and western blot experiments, respectively. 

B-cell receptor pathway inhibitors 

Inhibitors of the B-cell receptor pathway were used in all studies conducted. The 

inhibitors used and their targets are as follows: ibrutinib (BTK), idelalisib (PI3Kδ), copanlisib 

(PI3K α,β,δ,γ) and ravoxertinib (ERK1/2). All inhibitors were purchased from Selleckchem, 

except copanlisib (APExBIO). Catalog numbers for all agents are outlined in Table 2, and a 

schematic of the inhibitors in the context of the BCR can seen in Figure vii. 

Flow cytometry 

Cell viability and total cell death were investigated via flow cytometry analysis of 

annexin V and 7-Aminoactinomycin D (7-AAD), markers of apoptosis and total cell death 
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respectively, in a previously established protocol 178.  Cells negative for both annexin V and 7-

AAD were deemed live/viable cells, while total cell death was defined as cells positive for both 

annexin V and 7-AAD. The fraction of dead cells (FDC) was determined by subtracting the 

percentage of cells alive (annexin V and 7-AAD negative) from 100 and making the resulting 

value a fraction of 100 (dividing by 100). 

Synergy-antagonism studies 

 Synergy-antagonism studies were conducted in order to determine the relationship 

between agents being combined in cell lines and patient samples. Inhibitors were serially diluted 

(six to seven total concentrations, including zero) and arranged in the horizontal or vertical axis 

of 96-well plates for combination studies, as outlined in the image below (Figure v-B). After 

treatment, cells were stained with annexin V and 7-AAD and run on the flow cytometer. Results 

were analyzed using the Combenefit software179. 

Combenefit: Combenefit is a free bioinformatics software developed by the Cancer Research 

UK Cambridge Institute that enables visual presentation and statistical analysis of the effect of 

drug combinations, using different established models like BLISS and LOEWE179. All drug 

combinations were analyzed using the Loewe model of synergy. Briefly, the Loewe model 

determines synergy and antagonism in a drug combination by comparing the effect observed 

with the drug combination to linear portions of individual agent dose-response (D-r) curves to 

determine any shifts (D-r shift) or differences, relative to a theoretical additive effect expected. If 

a drug combination effect is greater than additive, it is deemed synergistic and if a drug 

combination exerts an effect less than additive, it is deemed antagonistic180. Combenefit exports 

images depicting synergy and/or antagonism and increases the intensity of the designated colour 
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in relation to the magnitude of the observed effect. Sample combenefit-generated images using 

the Loewe model are outlined below (Figure v). 

 

Development of an ibrutinib-resistant BJAB cell line (IBR102 cells) 

 An ibrutinib-resistant BJAB cell line was developed via a dose-escalation approach. A 

target concentration of 20µM ibrutinib was chosen based on data from multiple ibrutinib-treated 

patient-derived CLL cells, which show a median EC50 (effective concentration to kill 50% of 

cells) of 10µM at 72 hours (BJAB 72-hour EC50 = 1.6µM; data not shown). Hence, cells growing 

at a concentration two-fold greater than CLL cell EC50 and 12-fold greater than BJAB EC50, 

were considered ibrutinib-resistant. 

BJAB cells were cultured as described above until confluence then counted and 

resuspended at 5x105 or 1x106 cells/mL. After resuspension, ibrutinib was added to these cells at 

Figure v. Sample combenefit-generated 

images using the Loewe synergy model. A. 

Synergy-antagonism mapped to dose-

response. B. Synergy-antagonism matrix for 

map outlined in (A) C. Single-agent dose-

response curves with EC50 values. 

A B 

C 



P a g e  | 38 

different concentrations (5, 10 or 20µM), and the cells were then incubated. Upon confluence (if 

reached), the cells were washed and resuspended either at the same concentration (if starting at  

 

1x106 cells/mL), or split into the two different cell concentrations specified above, then treated 

again with ibrutinib at the same, or double the initial concentration. This multifactorial process of 

creating ibrutinib-resistant BJAB cells is outlined in the diagram below (Figure vi). Upon 

creation of seven different ibrutinib-resistant BJAB cell lines, the IBR102 clone was chosen for 

further analysis, based on a pilot study examining BTK, AKT and ERK signalling in three of the 

seven cell lines (see results below). IBR102 cells are BJAB cells treated at 1x106 cells/mL with 

10µM ibrutinib twice (IBR102) before being exposed to the target concentration of 20µM 

ibrutinib, until resistance (confluence after at least two rounds of 20µM ibrutinib) was achieved. 

Protein expression studies 

 Protein expression studies were conducted via western blot. Briefly, after drug treatment, 

cells were mixed and transferred to appropriate tubes, centrifuged, washed with PBS and 

pelleted. These pellets were processed on the same day, or stored at -80°C for processing at a 

later time. Cell pellets were treated with a NP-40-containing protein lysis buffer, with trituration 

to promote lysis, followed by incubation at 4ºC. Post-incubation, the lysate-pellet solution was 

centrifuged at a high speed (13,000 RPM) at 4ºC to obtain a protein lysate. Protein lysates were 
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quantified using the Bradford’s method and an equal mass of protein (40µg/well for cell lines 

and 15-20µg/well for patient-derived cells) mixed with Lithium Dodecyl Sulfate (LDS)-

containing loading dye and heated at 97°C. This mixture was then loaded to pre-cast bis-tris plus 

gels and run at 150 Volts (V) for 75-120 minutes. Gels were transferred onto nitrocellulose 

membranes via wet transfer overnight at 20V or for 1.5 hours at 110V. Successful transfer was 

determined via Ponceau S staining. Nitrocellulose membranes were blocked with 5% milk before 

probing with primary antibodies (diluted in 5% milk) overnight at 4°C. Membranes were treated 

with appropriate secondary antibodies (also diluted in 5% milk) for 1 hour at room temperature, 

washed, treated with ECL substrate then exposed to reveal bands. Information on all antibodies 

used, along with full compositions of buffers utilized can be found in Table 3 below. 

Analysis of western blot results 

 Upon completion of western blots, images of bands were analyzed using the free National 

Institutes of Health (NIH) software, imagej181. Imagej was used to analyze the intensity of 

desired protein bands (determined by appropriate ladder size) across different wells/treatments. 

The raw values obtained from imagej were analyzed as follows, for the sample protein BTK. For 

proteins with activated counterparts e.g. phosphorylated/activated BTK (p-BTK), the values 

Figure vi. Schematic of the 

creation of an ibrutinib-

resistant BJAB cell line. 

BJAB cells were treated with 

5, 10 or 20µM ibrutinib in 

sequential order (for cells 

starting at 5 and 10µM), while 

cell density was manipulated at 

each junction (confluence), 

generating multiple clones. 
Illustration from: 

http://www.clker.com/cliparts/V/8/M/H/l/F/cho-cell-

petri-dish-hi.png 



P a g e  | 40 

obtained from p-BTK are normalized relative to total BTK protein levels (i.e. p-BTK/BTK). In 

situations where BTK and p-BTK were obtained from different membranes, each protein was 

normalized to its loading control (Vinculin, VINC) first, before normalizing activated protein to 

total protein levels (i.e. [p-BTK/VINC1]/[BTK/VINC2]). After normalization for loading and 

total protein, each value was then normalized to untreated control for each experiment and 

comparisons made between treatment groups.  

 

 

Microarray studies 

BJAB and IBR102 cells were treated with 5µM ibrutinib, 80µM idelalisib and 

combination, then incubated for 24 hours for microarray analysis. RNA was extracted from these 

cells using the Qiagen RNeasy #74134 kit, according to the manufacturer’s protocol. Extracted 

RNA was sent out for processing and Clariom S microarray by ThermoFisher Scientific in the 
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United States. ThermoFisher’s Transcriptome Analysis Console (TAC) Software was used to 

analyze the expression data, comparing BJAB to IBR102 cells. 

Data and Statistical analyses 

Inhibitor single dose-response curves. Comparisons of inhibitor dose-response curves between 

BJAB and IBR102 cells was done via unpaired two-tailed T-tests at every concentration. P-

values were corrected for multiple comparisons using the Holm-Sidak method. 

Cell viability/death experiments. Cell viability/death was compared across groups using a two-

way ANOVA with Sidak’s multiple comparisons tests conducted across all treatment groups and 

time points for sensitive and resistant cells, with multiplicity-adjusted P-values reported. 

Combination index analyses. Combination index (CI) calculations and accompanying analyses 

were conducted as previously described182,183. 

Protein expression analyses. For every protein analyzed, single agent treatments were compared 

to combination and untreated controls for sensitive and resistant cells, using a two-way ANOVA 

with Sidak’s correction for multiple comparisons. Multiplicity-adjusted P-values were generated. 

For all studies and analyses described above, P-values generated were interpreted at an alpha of 

5% (α = 0.05), using the GraphPad Prism® 6 software.  

Microarray data analysis. The TAC software provides information on each gene/target available 

in the Clariom S with enough reads for expression analysis in the cells. Information provided 

include a fold change from BJAB relative to IBR102 cells, as well as, pathways in which these 

targets are players in. The pathway analysis also provides the most important pathways based on 

count (number of altered targets per pathway) and a Fisher’s test-based significance value. TAC 

conducts a Fisher’s Exact Test, using the number of overlapping and non-overlapping genes that 
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pass the filtering criteria in a pathway, then provides a significance value. The significance value 

is the negative log base 10 of the p-value (-Log10(p-value)) obtained from the Fisher’s Exact 

Test. For reference, a p-value of 0.05 gives a significance value of 1.301; therefore, using an 

α<0.05 significance level, TAC significance values greater than 1.301 were deemed statistically 

significant. For this thesis, only the analysis of untreated BJABs compared to IBR102 cells was 

conducted. The top 20 BCR pathway/CLL/cancer-related hits based on count were recorded, 

then these hits were re-analyzed after including a filter for fold change of greater than 1.5 or less 

than -1.5. For the second analysis, the pathway significance value provided by TAC was also 

recorded. An unbiased top 20 pathways were also analyzed in like manner. 

 

Figure vii. The B-cell receptor pathway highlighting inhibitors used. A simplified schematic of the 

B-cell receptor pathway highlighting the inhibitors used for the studies conducted. The inhibitors and 

their targets are as follows: Ibrutinib (BTK), Idelalisib (PI3Kδ), Ravoxertinib (ERK1/2), Copanlisib 

(PI3Kα, β, δ, γ). Illustration modified from Chavez, J.C., Sahakian, E., & Pinilla-Ibarz, J. (2013). 

Ibrutinib: an evidence-based review of its potential in the treatment of advanced chronic lymphocytic 

leukemia. Core Evidence, 8, 37 - 45. 
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RESULTS 

IBR102 cells have the best resistance profile out of three ibrutinib-resistant BJAB cell lines 

 As described above, multiple ibrutinib-resistant cell lines were created, but only one 

could be chosen for further analysis and characterization. This decision was made based on the 

resistant cell lines readily available for a pilot study. These cell lines were IBR51/2, IBR51 and 

IBR102. IBR51/2 are BJAB cells treated with 5µM ibrutinib before exposure to 20µM ibrutinib 

(at 5x105 cells/mL, ½ of 1x6 cells/mL), IBR51 are BJAB cells treated with 5µM ibrutinib once 

before exposure to 20µM ibrutinib (at 1x6 cells/mL) and IBR102 are BJAB cells treated with 

10µM ibrutinib twice before exposure to 20µM ibrutinib (at 1x106 cells/mL). The afore-

mentioned cell lines were treated with ibrutinib (5 and 20µM) and idelalisib (80µM) for 24 

hours, after which cell viability and western blot were performed and compared to sensitive 

BJAB cells. Strikingly, cell viability data showed IBR51 and IBR102 having a distinct, more 

resistant profile compared to IBR51/2, which had a viability profile closer to BJAB cells (Figure 

1B). The percentage of cells alive after 20µM ibrutinib treatment were 56% (BJAB), 54% 

(IBR51/2), 87% (IBR51) and 93% (IBR102; Figure 1B). These responses clearly showcased 

IBR102 cells as the most resistant to ibrutinib; idelalisib treatment was included in this study to 

see how the cells responded to another BCR pathway inhibitor. IBR102 cells had the highest 

percentage of cells alive after 80µM idelalisib treatment (65%), although, the differences 

between all four cell lines was lower (≤18%) compared to their responses to ibrutinib (≤39%; 

Figure 1B). 

 Western blot analysis of BCR pathway proteins in the three ibrutinib-resistant cell lines 

above supported the cell viability data reported. As expected, only BJAB cells expressed p-BTK, 

which was completely inhibited by ibrutinib at both concentrations, with idelalisib having 
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virtually no effect on ibrutinib signalling (Figure 1A). Analysis of p-AKT signalling showed an 

increase in baseline AKT phosphorylation in IBR51 and IBR102 cells but reduced AKT 

activation at baseline in IBR51/2 cells. 

Furthermore, IBR102 cells were most resistant to AKT inhibition as they start lower than 

IBR51 cells (highest baseline AKT activation), but are inhibited to a lower extent after idelalisib 

use (Figure 1A). At the level of p-ERK, all three resistant cell lines had lower levels of ERK 

A 

Figure 1. IBR102 cells are most resistant to ibrutinib and idelalisib treatment. A. Effect 

of BTK and PI3Kδ inhibition on sensitive (BJAB) and ibrutinib-resistant (IBR51/2, IBR51 and 

IBR102) BJAB cells. Sensitive and resistant cells were treated with ibrutinib (5 and 20μM) 

and 80μM idelalisib for 24 hours, then run on a western blot. For densitometry, all values 

were normalized to BJAB DMSO; N=1. B. Cell viability data for the experiment described in 

(A). N=1, n=3, error bar = mean ± SEM. Cell line responses were normalized to their 

respective DMSO. 

B 
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activation at baseline, compared to sensitive cells (Figure 1A). However, IBR51/2 cells had the 

lowest levels of ERK phosphorylation at baseline, and IBR102 cells had the most. Importantly, 

after inhibitor use, IBR102 cells maintained higher levels of ERK signalling compared to IBR51/2 

and IBR51 cells. Together, the cell viability and western blot data suggested that IBR102 cells had 

the best resistance profile because they were most resistant to cell death and BCR pathway 

inhibition at the p-AKT and p-ERK levels. 

IBR102 cells are resistant to B-cell receptor pathway inhibition 

 BJAB and IBR102 cells were treated with inhibitors of the B-cell receptor (BCR) 

pathway for 72 hours and compared to respective untreated cells. The inhibitors used and their 

targets are as follows: ibrutinib (BTK), idelalisib (PI3Kδ), copanlisib (PI3K α,β,δ,γ)  and 

ravoxertinib (ERK1/2). For ibrutinib treatment, IBR102 cells were completely resistant to cell 

death relative to BJAB cells, for every concentration evaluated (Figure 2A). The EC50 for 

ibrutinib at 72 hours was 1.6µM for BJABs and 20.6µM for IBR102 cells (p<0.001; Figure 2A). 

Ravoxertinib treatment resulted in a similar trend as IBR102 cells had a higher EC50 (23.8µM) 

than BJAB cells (7.98µM; Figure 2C). Specifically, the difference in cell death response was 

larger at higher concentrations (p<0.0001) than at lower concentrations (p<0.01) investigated 

(Figure 2C). Although IBR102 cells displayed higher EC50 values overall, the difference in EC50 

(∆EC50) was lower (0.49µM ≤ ∆EC50 ≥ 0.04µM) with PI3K inhibitor treatment relative to 

ibrutinib and ravoxertinib (19µM ≤ ∆EC50 ≥ 15.8µM; Figure 2A, B). For idelalisib, the EC50 for 

IBR102 and BJAB cells were 7.12µM and 6.63µM respectively, with statistical significance 

achieved only at 2.5µM (p = 0.002; Figure 2B). Copanlisib treatment led to statistically 

significant differences in cell death at 0.025µM and 0.05µM (p≤0.0004), with EC50 for BJAB 

and IBR102 cells of 0.03µM and 0.07µM respectively (Figure 2D). Taken together, the above 
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results confirm IBR102 resistance to BTK signalling (ibrutinib and ravoxertinib resistance), 

while suggesting a sensitivity of IBR102 cells to PI3Kδ inhibition, given the similarity in the 

dose response curves for idelalisib between sensitive and resistant cells. 

 

 

The PI3K-AKT pathway is crucial to IBR102 and BJAB cell survival 

 A washout experiment was conducted to investigate the mechanism of resistance and 

expression levels of BCR pathway proteins in IBR102 cells. Woyach et al., 2014 showed in a 

patient with both the BTK C481S and a PLCγ2 mutation, that ibrutinib treatment did not result in 

Ibrutinib 

Ravoxertinib 

Idelalisib 

Copanlisib 

*** **** 
**** **** **** 

* 
**** 

**** 

**** 
**** 

** 

*** 

**** 

A 

C 

B 

D 

Figure 2. IBR102 cells show resistance to B-cell receptor (BCR) pathway inhibitors. 

Dose-response curves show IBR102 resistance to the following BCR pathway inhibitors 

after 72-hour treatment: A. Ibrutinib (BTK), B. Idelalisib (PI3Kδ), C. Ravoxertinib 

(ERK1/2), D. Copanlisib (PI3Kα, β, δ, γ). 13≤ N ≥3, error bars = mean ± SEM. * = 

p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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a reduction of BTK, ERK or PLCγ2 activation; rather, these cells had consistent BCR 

signalling171. IBR102 cells cultured at 20µM ibrutinib until confluent were put on ibrutinib-free 

media and allowed to grow normally for 5 days, with pellets sampled for protein analysis every 

24 hours; BJAB cells were also taken at confluence and treated in the same manner then samples 

from both cell lines were compared to each other. At confluence on 20µM ibrutinib, IBR102 cells 

displayed no p-BTK and identical p-AKT (none) and p-ERK levels as BJAB cells (Figure 3). In 

contrast, BJAB cells expressed low levels of p-BTK at confluence. In IBR102 cells, this baseline 

changed, with a 100-fold increase in p-AKT at 24 hours, with levels reaching a peak around 200-

fold at 48 hours, followed by a decline at 72 hours then a plateau at about the same level as at 24 

hours on days 4 and 5 (Figure 3).  

Figure 3. B-cell receptor signalling is downregulated in IBR102 cells. A. Baseline 

BJAB (sensitive) and IBR102 (resistant) cell signalling. IBR102 cells were cultured at 

20µM ibrutinib till confluence then resuspended in ibrutinib-free media for 5 days for a 

western blot. BJAB cells were cultured till confluence then resuspended at the same cell 

concentration as IBR102 cells in fresh media. B. Densitometry data for the western blot 

described in (A). All values were normalized to sensitive BJAB DMSO at day 0, N=1. 

A B 
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BJAB p-AKT followed the same pattern as IBR102 cells, albeit with higher levels, but 

also, p-AKT levels never plateaued in BJABs but decreased continually till the last day, which 

had expression levels 63.5-fold greater than day 0 (Figure 3). With BJAB day 0 expression as a 

starting point, p-ERK activation in IBR102 cells increased steadily to 11.4 times day 0 levels at 

72 hours; after this, p-ERK levels decreased on day 4, then increased again on day 5 to 12-fold 

day 0 levels (Figure 3). It is important to state that IBR102 cells at confluence (day 0) on 20µM 

ibrutinib expressed 2.85-fold more p-ERK than BJAB cells at confluence. For BJAB cells, p-

ERK followed exactly the same pattern as IBR102 cells, but at higher expression levels with the 

day 3 levels being 14.75-fold and day 5 peak of 20.9-fold day 1’s (Figure 3). This study provided 

some support to the dose-response studies suggesting an importance of the PI3K-AKT pathway 

in IBR102 resistance mechanism, given the fact that p-AKT levels plateaued instead of 

continually decreasing. Also, the p-ERK data adds an important bit of information because it 

showed that IBR102 cells overall, express lower levels of important BCR pathway proteins. 

However, the findings made above should be interpreted with the knowledge that this is only one 

repetition. 

Taking the above study further, BJAB and IBR102 cells were treated with ibrutinib, 

idelalisib, copanlisib and combinations (ibrutinib-idelalisib, copanlisib-idelalisib) for 24, 48 and 

72 hours. Viability and total cell death were measured in these cells relative to untreated BJAB 

cells at 24 hours. At 24 hours, there were no significant changes in the number of live cells in 

both BJAB and IBR102 cells across all treatments, save for idelalisib single treatment in IBR102 

cells (29% decrease in viability, p = 0.03; Figure 4B). Other results are reported below. 

BJAB cells. Single and combination treatments as described above resulted in a minimum 55% 

increase (90% in copanlisib-idelalisib) in total cell death relative to untreated controls at 24 hours 
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(p<0.001 in all cases; Figure 4C). In the untreated control, the number of viable BJAB cells 

increased sequentially from 24 to 72 hours (p<0.0001), while total cell death was stable from 24 

to 48 hours, and decreased by 27% at 72 hours (non-significant, n.s.; Figure 4A, C). Ibrutinib 

treatment blunted the increase in cell viability from 24 to 48 hours four-fold (p<0.0001), while 

resulting in a daily increase in total cell death from 24 to 72 hours (p<0.0001 for all comparisons; 

Figure 4A, C). There was no change in viability from 48 to 72 hours in ibrutinib-treated BJAB 

cells. With idelalisib treatment, there was no increase in the number of live BJAB cells at 24 and 

48 hours; the number of live cells increased slightly at 72 hours, albeit to 51% below untreated 

cells at 72 hours (p<0.0001; Figure 4A). Idelalisib treatment resulted in a 38% increase in total 

cell death from 24 to 48 hours (p = 0.021); however, total cell death decreased 55% from 48 to 

72 hours on idelalisib (p<0.0001), consistent with the increase in live cells (Figure 4C). 

 Similar to idelalisib treatment, there was a 30% reduction in the number of live BJAB 

cells from 24 to 48 hours (p = 0.0012) and a 50% increase in live cells from 48 to 72 hours 

(p<0.0001) with copanlisib treatment (Figure 4A). Furthermore, BJAB cells treated with 

copanlisib experienced an 83% increase in total cell death from 24 to 48 hours (p<0.0001) and 

total cell death remained unchanged from 48 to 72 hours (Figure 4C). The ibrutinib-idelalisib 

combination resulted in a 43% reduction in the number of live BJAB cells from 24 to 48 hours 

(p<0.0001) and an 8% further reduction from 48 to 72 hours (n.s.; Figure 4A). At 72 hours, the 

ibrutinib-idelalisib combination reduced BJAB cell viability by 8% (n.s.) and 120% (p<0.0001) 

relative to ibrutinib and idelalisib single treatments, respectively (Figure 4B). Also, ibrutinib-

idelalisib combination increased total BJAB cell death by 113% from 24 to 48 hours and 115% 

from 48 to 72 hours (p<0.0001). At 72 hours, ibrutinib-idelalisib combination resulted in 100% 
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and 250% more total cell death compared to ibrutinib and idelalisib alone respectively, in BJAB 

cells (p<0.0001; Figure 4B).  

The cellular responses to the single agents in each combination was compared to the 

combination effect at every time point, in order to show the benefit (if any) of combination 

treatment relative to single agents. Ibrutinib-idelalisib combination induced 7% (n.s.), 39% and 

Figure 4. IBR10
2

 cells rely on the PI3K-AKT pathway for survival. BJAB and IBR102 cells 

were treated with ibrutinib (IBR), idelalisib (IDE) and copanlisib (COPAN) alone and in 

combination for 24, 48 and 72 hours. Cell viability in BJAB (A) and IBR102 cells (B) and total 

cell death after treatment in BJAB (C) and IBR102 cells (D) are reported. All treatments were 

normalized to untreated BJAB cells at 24 hours. Error bars = mean ± SEM. * = p<0.05, ** = 

p<0.01, *** = p<0.001, **** = p<0.0001, for every bar compared to the time point before it. 
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121% (p<0.0001) more reduction in the number of live BJAB cells at 24, 48 and 72 hours 

respectively, relative to idelalisib treatment alone (Figure 4A). In contrast, ibrutinib-idelalisib 

combination did not exert any additional benefit compared to ibrutinib treatment at any time 

point. Total cell death was increased by 4% (n.s.), 40% (p = 0.011) and 101% (p<0.0001) 

relative to ibrutinib single treatment at 24, 48 and 72 hours, respectively (Figure 4C). Relative to 

idelalisib, ibrutinib-idelalisib combination increased total cell death by 4% (n.s.), 79% and 249% 

(p<0.0001) at 24, 48 and 72 hours, respectively (Figure 4C). Copanlisib-idelalisib combination 

decreased BJAB cell viability by 6% (n.s.), 16% (n.s.) and 58% (p<0.0001) relative to copanlisib 

alone at 24, 48 and 72 hours respectively (Figure 4A). Compared to idelalisib alone, copanlisib-

idelalisib reduced BJAB cell viability by 6% (n.s.), 23% (p = 0.045) and 89% (p<0.0001) at 24, 

48 and 72 hours respectively (Figure 4A). 

Total cell death was further increased by copanlisib-idelalisib combination relative to 

copanlisib alone by 32% (n.s.), 14% (n.s.) and 61% (p<0.0001) at 24, 48 and 72 hours 

respectively (Figure 4C). Increases of 35% (p=0.054), 62% and 162% (p<0.0001) were observed 

in total cell death with copanlisib-idelalisib combination compared to idelalisib treatment alone 

at 24, 48 and 72 hours respectively (Figure 4C). 

In summary, the above results show that ibrutinib induces cell death in BJAB cells in a 

time-dependent manner. Also, BTK-PI3K inhibition resulted in significant cell death compared 

to either agent alone at 48 and 72 hours, highlighting a combination effect that may be 

synergistic or additive in nature. 

IBR102 cells. In the study described above for BJAB cells, the number of live untreated IBR102 

cells increased approximately 80% every day from 24 to 72 hours (p<0.0001) and total cell death 

remained constant during this time period (Figure 4B). At 24 hours, single and combination 
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treatments induced a minimum of 48% increase in total cell death (range 48% to 147%; p<0.001) 

relative to untreated controls, with copanlisib-idelalisib treatment inducing the most increase in 

cell death (Figure 4D). Importantly, the number of live IBR102 cells increased by a minimum of 

50% every day from 24 to 72 hours (p<0.0001), while total cell death did not change 

significantly during the same period with ibrutinib treatment (Figure 4B). With idelalisib 

treatment, IBR102 cell viability reduced non-significantly from 24 to 48 hours, and rebounded to 

approximately baseline at 72 hours (p=0.046; Figure 4B). Idelalisib increased IBR102 total cell 

death by 53% from 24 to 48 hours (p=0.0002) and cells recover 56% from 48 to 72 hours 

(p<0.0001; Figure 4D). 

The number of live IBR102 cells after copanlisib treatment did not change from 24 to 48 

hours, then increased 83% from 48 to 72 hours (p<0.0001; Figure 4B). Copanlisib treatment did 

not result in any significant changes in the number of dead IBR102 cells over time, although, 

total IBR102 cell death relative to untreated control at 24 hours was 116%, 140% and 109% 

greater with copanlisib at 24, 48 and 72 hours respectively (p<0.0001; Figure 4D). In order to 

best outline the effects of combination treatments, total cell death relative to single agents alone 

will be reported. Relative to single treatment, ibrutinib-idelalisib combination resulted in 52%, 

208% and 195% more cell death than ibrutinib (p ≤ 0.0002) and 1% (n.s.), 78% and 107% 

(p<0.0001) more cell death than idelalisib alone at 24, 48 and 72 hours respectively (Figure 4D). 

Likewise, relative to single agent treatment at 24, 48 and 72 hours, copanlisib-idelalisib 

combination induced 31% (n.s.), 64% and 73% (p<0.0001) more cell death than copanlisib and 

46%, 54% and 84% (p ≤ 0.0017) more cell death than idelalisib alone respectively (Figure 4D). 

Finally, apart from 24 hours where copanlisib-idelalisib treatment resulted in 47% more total cell 
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death (p = 0.0012), ibrutinib-idelalisib and copanlisib-idelalisib combination treatments resulted 

in approximately the same amount of total cell death (Figure 4D). 

Taken together, the above results confirm IBR102 resistance by showing an increase in 

viable cells over time on ibrutinib, but also outline IBR102 sensitivity to PI3K inhibition. In 

addition, IBR102 cells were shown to be extremely sensitive to ibrutinib-idelalisib and 

copanlisib-idelalisib combinations, suggesting that an additive or synergistic effect is occurring. 

PI3K inhibitors sensitize IBR102 cells to ibrutinib treatment 

Synergy-antagonism analyses 

 Given the cell death and viability results from the time course experiments above, the 

specific relationship observed in ibrutinib-idelalisib, ibrutinib-copanlisib and copanlisib-

idelalisib combination treatments were investigated further using synergy-antagonism studies. 

For these studies, BJAB and IBR102 cells were treated with varying concentrations of ibrutinib, 

idelalisib and copanlisib in dose-response grids for 72 hours and synergism, antagonism or 

additivity was determined relative to single agent dose-response curves, using the Loewe 

synergy model. Firstly, although the ibrutinib dose-response scales were four-fold different, the 

same range of concentrations was used for idelalisib in both BJAB and IBR102 cells (Figure 5A). 

When combined, ibrutinib and idelalisib were slightly synergistic in BJAB cells, but in IBR102 

cells, idelalisib at low concentrations (1.25µM) completely sensitized the cells to ibrutinib 

treatment, resulting in more than 50% cell death (p<0.05) at 5µM ibrutinib (normal EC50 = 

20.6µM, Figure 5A, B). 

 Similarly, ibrutinib-copanlisib combination was mildly synergistic in BJAB cells but 

significantly synergistic in IBR102 cells, with 5µM ibrutinib killing more than 50% of cells when 

combined with 25nM copanlisib (p<0.05; Figure 5A, B). 
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Finally, copanlisib-idelalisib combination was investigated in both BJAB and IBR102 

cells. Copanlisib-idelalisib combination was more synergistic in cell killing in BJAB than in 

A 

B 

Figure 5. IBR102 cells are sensitive to PI3K inhibitor treatment. A. Synergy-antagonism 

analyses of the effect of BTK-PI3Kδ and pan-PI3K-PI3Kδ inhibition on BJAB and IBR102 

cells. BJAB and IBR102 cells were treated with the specified ranges of the different B-cell 

receptor pathway inhibitors (ibrutinib, idelalisib and copanlisib) for 72 hours. Brackets 

indicate drug EC50 for (sensitive, resistant) cells. B. Combenefit-generated Loewe synergy-

antagonism matrices of significant concentration combinations of inhibitors investigated in 

(A). 4≤ N ≥3 for all combinations. * = p<0.05, ** = p<0.01. 
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IBR102 cells, although, the most significant synergistic relationship was observed with ibrutinib-

idelalisib combination in IBR102 cells (Figure 5A). It is important to state that for every 

combination reported above, antagonism was expected, not additivity nor synergy, given 

previous data in our laboratory, using patient-derived CLL cells. 

Protein expression analyses of BCR signalling 

 To explain the above findings, protein analyses via western blot were performed to assess 

the BCR signalling events resulting in the observed synergy in BJAB and IBR102 cells. BJAB 

and IBR102 cells were treated with ibrutinib, idelalisib, copanlisib and combinations (ibrutinib-

idelalisib, ibrutinib-copanlisib and copanlisib-idelalisib) for 48 hours. The 48-hour time point 

was chosen because synergistic cell death was observed at 72 hours; therefore, relevant 

signalling events should be observed 24 hours prior, before the cells die. BTK, AKT and ERK 

activation levels were the focus on these analyses, given the inhibitors in use. Protein analyses 

showed that all inhibitors led to reductions in their target proteins p-BTK (ibrutinib) and p-AKT 

(idelalisib, copanlisib) in BJAB cells (Figure 6A). For p-AKT, idelalisib and copanlisib 

treatment resulted in 40-50% lower levels relative to control in IBR102 cells (n.s.), but only 20-

40% in BJAB cells (n.s.), separating these cell lines with respect to PI3K inhibition sensitivity 

(Figure 6B). Furthermore, ibrutinib-idelalisib combination resulted in 85% and 65% (p = 0.0002, 

0.0075) greater reduction in p-AKT than ibrutinib and idelalisib alone respectively, in BJAB 

cells (Figure 6A, B). For IBR102 cells, ibrutinib-idelalisib combination resulted in 63% greater 

reduction in p-AKT than ibrutinib alone (p=0.011), but no additional benefit relative to idelalisib 

single treatment (Figure 6B). 

 The ibrutinib-copanlisib combination yielded similar results as ibrutinib-idelalisib in 

BJAB cells, leading to 71% and 29% (p = 0.0027, n.s.) greater reduction in p-AKT than ibrutinib 
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and copanlisib alone, respectively (Figure 6A, B). In IBR102 cells, ibrutinib-copanlisib 

combination induced 64% and 5.6% (p = 0.0089, n.s.) more reduction in p-AKT than ibrutinib 

and copanlisib single treatments, respectively (Figure 6A, B). Finally, there was additional 

benefit in reducing AKT activation with the combination of idelalisib and copanlisib for both 

BJAB and IBR102 cells, but the results did not reach statistical significance.  

 

 

Figure 6. Ibrutinib-idelalisib combination inhibits ERK activation in BJAB and IBR102 

cells. A. Effect of BTK-PI3Kδ and pan-PI3K-PI3Kδ inhibition on BJAB and IBR102 cells. 

BJAB (sensitive) and IBR102 (resistant) cells were treated with 1.25μM ibrutinib (IBR), 2μM 

idelalisib (IDELA), 0.01μM copanlisib (COPAN) and combination for 48 hours for a western 

blot. B. Densitometry data for the western blot described in (A). All values were normalized 

to sensitive BJAB DMSO, N=3, error bars = mean ± SEM. * = p<0.05, ** = p<0.01, *** = 

p<0.001, **** = p<0.0001. 
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Since ERK activation is important to both BTK and PI3K signalling, p-ERK levels were 

also assessed. Notably, IBR102 cells displayed 45% less baseline activation of ERK (p = 0.001) 

compared to BJAB cells, consistent with an absence of BTK signalling (Figure 6B). Ibrutinib 

treatment resulted in a 46% reduction in p-ERK in BJAB cells (p = 0.025), but had no effect on 

IBR102 cells (Figure 6B). Importantly, idelalisib and copanlisib single treatment did not induce 

any significant reductions in p-ERK for both BJAB and IBR102 cells. However, ibrutinib-

idelalisib combination led to 51% and 84% (p = 0.0084, p<0.0001) greater reduction in p-ERK 

relative to ibrutinib and idelalisib single treatments respectively, in BJAB cells (Figure 6A, B). 

In IBR102 cells, ibrutinib-idelalisib combination induced 62% and 25% (p = 0.0007, n.s.) more 

reduction of p-ERK compared to ibrutinib and idelalisib alone, respectively (Figure 6A, B). 

 The ibrutinib-copanlisib combination induced a 44% and 66% (p = 0.036, 0.0003) greater 

reduction in p-ERK relative to ibrutinib and copanlisib alone respectively, in BJAB cells (Figure 

6). Surprisingly, ibrutinib-copanlisib did not confer any statistically significant additional benefit 

in p-ERK reduction compared to single agents in IBR102 cells. Lastly, idelalisib-copanlisib 

combination did not result in any significant reductions in p-ERK in comparison to the single 

agents alone in either cell line (Figure 6). Collectively, the above data offer some insight into the 

observations previously made in cell death and synergy studies, showing a combined effect 

especially with ibrutinib-idelalisib combination, in both BJAB and IBR102 cells in BCR pathway 

protein activation. Additionally, these results highlight an important cellular event at the centre 

of the observed differences between BJAB and IBR102 response to PI3K inhibition: ERK 

activation.  
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BTK and PI3K-AKT signalling terminate with ERK activation in BJAB cells 

 ERK activation was shown to be important to BJAB and IBR102 cell survival; hence, 

ibrutinib, idelalisib and copanlisib were combined with the ERK inhibitor ravoxertinib for 72 

hours. Antagonism was expected in all combinations for both cell lines. 

Synergy-antagonism analyses 

As hypothesized based on the findings in figure 6, in BJAB cells, a combination of 

ravoxertinib and idelalisib was strongly antagonistic. In contrast, IBR102 cells only displayed 

minor antagonism and surprisingly, synergy at certain concentration combinations, which 

allowed more than 50% of cells to be killed at 10µM ravoxertinib (normal EC50 = 23.8µM) in 

combination with only 0.625µM idelalisib (p<0.05; Figure 7B). Combining ravoxertinib with 

copanlisib resulted in strong antagonism in BJAB cells as well, and like with idelalisib, this 

antagonism was greatly reduced in IBR102 cells, which also displayed synergy. Ravoxertinib-

copanlisib combination was antagonistic at lower concentrations of ravoxertinib (5µM, p<0.05) 

but synergistic at other concentrations (p<0.05, Figure 7B). Lastly, ravoxertinib combined with 

ibrutinib was strongly antagonistic in BJAB cells, but also the most antagonistic combination in 

IBR102 cells (Figure 7A). Once again, low concentrations of ravoxertinib (5µM, 0.05<p<0.01) 

were antagonistic with ibrutinib, while 80µM ravoxertinib was synergistic with all 

concentrations of ibrutinib (0.05<p<0.01); however, given the high concentration, the observed 

synergy might be ERK-independent (Figure 7B). Taken together, the above results confirm ERK 

as a common effector protein in the BTK and AKT pathways in BJAB cells, but show a biphasic 

effect when ERK is inhibited along with upstream BCR proteins BTK and AKT in IBR102 cells, 

warranting further investigation into relevant signalling events. 
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Protein expression analyses 

 Ravoxertinib combined with ibrutinib, idelalisib and copanlisib was shown above to be 

biphasic in synergy-antagonism studies; therefore, protein analysis via western blot was 

performed to assess signalling changes responsible for this effect. Unfortunately, a sufficient 

number of experiments could not be completed to confidently investigate this question. 

B 

A 

Figure 7. Inhibition of ERK activation is biphasic in IBR102 cells. A. Synergy-antagonism 

analyses of the effect of ERK-PI3Kδ, ERK-pan-PI3K, and BTK-ERK inhibition on BJAB 

and IBR102 cells. BJAB and IBR102 cells were treated with the specified ranges of the 

different B-cell receptor pathway inhibitors (ravoxertinib, ibrutinib, idelalisib and copanlisib) 

for 72 hours. Brackets indicate drug EC50 for (sensitive, resistant) cells. B. Combenefit-

generated Loewe synergy-antagonism matrices of significant concentration combinations of 

inhibitors investigated in (A). 5≤ N ≥3 for all combinations. * = p<0.05, ** = p<0.01. 
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Idelalisib-ibrutinib/copanlisib combination leads to cooperative cell death in CLL cells 

 Results obtained above were cell line-based, so freshly isolated CLL patient cells were 

needed to investigate the relevance of the current model of ibrutinib resistance. Initial studies 

with all patient cells examined showed an expected pattern: upon stimulation with CD40L/IL-4, 

CLL cells become completely resistant to the PI3K-AKT pathway inhibitors idelalisib and 

copanlisib (data not shown). However, in order to mimic the CLL microenvironment in vivo, all 

results reported below were obtained from stimulated cells. The combination of all patient cells 

used showed an inability of idelalisib and copanlisib to kill 100% of cells, even at high 

concentrations (Figure 8A). On the other hand, ibrutinib treatment resulted in sufficient cell 

death at the concentrations used, irrespective of stimulation. To investigate the findings made 

with the IBR102 cell line, CLL cells were treated with idelalisib in combination with ibrutinib or 

copanlisib. Since it was determined in Figure 6 that PI3Kδ was important to IBR102 survival as 

seen with ibrutinib-idelalisib combination, and given the limited availability of patient samples, 

the ibrutinib-copanlisib combination was not investigated in CLL cells. 

 Preliminary studies combining the above three agents showed a greater combined effect 

with idelalisib-ibrutinib/copanlisib combinations. Moreover, the combined effect was greater at 

concentrations where idelalisib single treatment resulted in more cell death (Figure 8B). 

Specifically, when combined with 10µM ibrutinib, 100µM and 200µM idelalisib resulted in 58% 

(p<0.0001) and 34% (p = 0.0198) more cell death respectively (Figure 8B). Also, 5µM ibrutinib 

combined with 200µM idelalisib resulted in 56% more cell death than ibrutinib alone 

(p<0.0001). Idelalisib-copanlisib combination also yielded promising results in CLL cells. 20µM 

copanlisib combined with 100 and 200µM idelalisib induced 25% (p = 0.0045) and 55% 

(p<0.0001) more cell death respectively, than copanlisib alone (Figure 8B). Furthermore, 
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addition of 20µM copanlisib to 100 and 200µM idelalisib yielded 27% (p = 0.0005) and 24% 

(p=0.0037) more cell death respectively, than idelalisib single treatment. 

 

EC50 > 20µM 
N=8, median ± IQR 

EC50 = 173µM 
N=13, median ± IQR 

EC50 = 6.81µM 
N=13, median ± IQR 

N=8, median ± IQR 

*** 
** 

**** 

** 

N=13, median ± IQR 

**** 

**** 
* 

A 

B 

Figure 8. Idelalisib-ibrutinib/copanlisib combination results in greater cell death in 

CLL cells. A. Combined dose-response curves for copanlisib, idelalisib and ibrutinib. CLL 

cells were treated with the aforementioned agents for 72 hours. N numbers and error bars 

specified above. B. Effects of idelalisib-copanlisib/ibrutinib combinations in CLL cells. CLL 

cells were treated with the specified concentrations of idelalisib in combination with 

copanlisib (20µM) or ibrutinib (5 and 10µM), for 72 hours. N and error bars specified above. 

FDC: Fraction of dead cells* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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 The preliminary results reported above with idelalisib-ibrutinib/copanlisib combinations 

on CLL cells show that the findings made with IBR102 cell line may be clinically relevant, given 

the greater cytotoxicity achieved with the combinations. However, the exact nature of the 

combination effect (synergy or antagonism) cannot be determined from these studies.  

Ibrutinib-idelalisib combination leads to synergistic cell death in CLL cells  

 Further analysis of the results obtained from Figure 8 above, revealed that ibrutinib-

idelalisib combination resulted in synergistic cell death in CLL cells. Using the patient cells 

above, the combination index of two concentrations of ibrutinib over a range of idelalisib was 

examined. At 50, 100 and 200µM idelalisib, 10µM ibrutinib resulted in a median combination 

index (CI) of 0.80, 0.70 and 0.52 respectively, suggesting an increasing synergistic effect (Figure 

9). Also, 5µM ibrutinib resulted in a median CI of 0.68 and 0.50 at 100 and 200µM idelalisib, 

Figure 9. Ibrutinib-idelalisib combination is synergistic in CLL. Graph of median combination 

index (CI) for ibrutinib-idelalisib combinations in stimulated (CD40L/IL-4) CLL cells, treated for 

72 hours at the specified concentrations. 9≥N≤10, blue and red lines = median CI values for 5 and 

10µM ibrutinib respectively. Error bars = IQR, CI = 1= additive, CI < 1=synergy, 

CI>1=antagonism. For comparison, the ibrutinib-idelalisib 72-hour synergy previously reported 

using the Loewe synergy method, is represented using the CI method (N=3). 8 data points cut off 

from CLL cell graph (CI>1.5). 

 

Antagonism 

Synergism 

Additivity 

CLL cells IBR10
2
 cells 
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respectively. Like with the viability study, the CI decreased with increasing idelalisib 

concentrations; this is important because the proposed synergy was only evident in CLL cells at 

concentrations of idelalisib that induced enough cell death as single treatments. Unfortunately, a 

similar analysis could not be conduced for idelalisib-copanlisib combinations because copanlisib 

never induced enough cell death for a linear portion of the dose-response curve to be reached. 

However, the data also suggests synergy, given the magnitude of the effect seen with the 

combination. For the purposes of having a direct comparison, the most synergistic concentrations 

of the ibrutinib-idelalisib combination in IBR102 cells were also analyzed using the CI method. 

As expected, the synergistic combinations resulted in CI values well below 1, reaching as low as 

0.23 when 2.5µM ibrutinib was combined with 2.5µM idelalisib. Information on the patients 

whose cells were utilized in the above studies can be found on table 4 below.  

Finally, the effect of ibrutinib-idelalisib combination was evaluated in ibrutinib resistant 

CLL cells in the same manner as described above. There were cells from a total of five ibrutinib-

resistant patients; unfortunately, for two of these patients, the individual agents did not meet the 

isobologram requirement for CI analyses to be conducted by the algorithm used. Therefore, these 

patient cells were not utilized in the final dose-response curves or CI graphs below (Figure 10 A 

and C). After removing data for the ibrutinib-treated patients, in all CD40L/IL-4 stimulated 

patients, there was a shift in the dose-response curves from the previous data; ibrutinib-resistant 

patients had a higher EC50 of 10.69µM compared to 7.12µM for ibrutinib, and for idelalisib, 

resistant patients’ EC50 was 224.4µM compared to 136.8µM (NS; Figure 10A). 

Ibrutinib-idelalisib combination was also found to elicit a statistically significant increase 

in cell death in ibrutinib-resistant CLL cells. At 200µM idelalisib, the addition of either 5µM or 

10µM ibrutinib resulted in a statistically significant reduction in cell viability by 40% (p=0.007) 



P a g e  | 64 

and 56% (p=0.0001) respectively (Figure 10B). Also, the addition of 10µM ibrutinib resulted in 

a significant reduction in cell viability at 50µM and 100µM idelalisib by 64% (p=0.0002) and 

65% (p<0.0001) respectively (Figure 10B). On the flip side, the addition of idelalisib only led to 

statistically significant reductions in cell viability by 72% (p<0.0001) and 53% (p=0.006) at 

5µM and 10µM ibrutinib respectively, when combined with 200µM idelalisib (Figure 10B). The 

above reductions in cell viability with ibrutinib-idelalisib combination translated to synergy with 

CI analysis in ibrutinib resistant CLL. 

 

Table 4: CLL Patient responses to ibrutinib, idelalisib and copanlisib, with patient 

information. 

FISH: Fluorescence-in-situ hybridization, M: Mutated, U: unmutated, CLB: Chlorambucil, FCR: Fludarabine-cyclophosphamide-
rituximab, IB: ibrutinib, IDE: idelalisib, FR: fludarabine-rituximab, BR: bendamustine-rituximab, flu: fludarabine, RCD: 
rituximab-cyclophosphamide-dexamethasone, WBC: white blood cell count, LDT: lymphocyte doubling time, no fish: FISH not 
done. Patients are numbered according to sampling date; patient numbers in yellow are patient sampled more than once. NOTE: 
two ibrutinib-resistant patients are missing from the above list, due to late sampling. 
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Although the CI analysis from stimulated ibrutinib resistant CLL cells followed a similar 

trend as ibrutinib-naïve cells, the interquartile range could not be calculated, given the small 

sample size of three, resulting in larger error bars (Figure 10C). 

The PI3K-AKT and MAPK-ERK pathways are altered at the RNA level in IBR102 cells 

 Microarray analysis conducted as detailed in the methods section provided crucial 

information on changes at the RNA expression level in IBR102 cells relative to BJABs. TAC 

pathway analysis showed that the PI3K-AKT pathway and larger signalling cascades it is 

connected to, are altered in IBR102 cells. Specifically, the RNA expression of targets in these 

pathways are significantly reduced in these cells. Some of these pathways (in order of decreasing 

significance) include the JAK-STAT pathway (4.69), Toll-like receptor pathway regulation 

(3.45), AXL signalling pathway (3.39), IL-4 signalling (2.44), the MAPK-ERK signalling 

pathway (2.36) and PTEN (phosphatase and tensin homolog) regulation (2.27; Table 5). This 

data, although only N=1, provides more support for the results presented above on the 

importance of the PI3K and MAPK-ERK pathways to IBR102 cell survival. Specifically, it 

shows that even though ERK1/2 are not directly inhibited at the RNA level (less than 1.5-fold 

change), the expression of other targets in that pathway (e.g. MAP3K8 and NF-kB1/2) is 

reduced. Furthermore, the microarray data provide other pathways that might complete the 

picture on mechanism (s) driving ibrutinib resistance in IBR102 cells. Additionally, although its 

significance level is lower than all other pathways highlighted above and below, the BCR 

pathway was identified in the expression analysis as being significantly reduced in IBR102 cells 

relative to BJABs (Table 5). This is of extreme importance because the targets identified not only 

support the data above but also provide evidence that boosts the probability of the currently 

proposed mechanism of IBR102 cell resistance. 
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EC50 = 224.4µM 
N=3, median ± range 

EC50 = 10.69µM 
N=3, median ± range 

A 

B 
N=5, median ± IQR 

**** 
** 

**** 

*** 

** 

*** 

N=3, median ± range C 

Figure 10. Ibrutinib-idelalisib combination is synergistic in ibrutinib resistant CLL. A. 

Combined dose-response curves for idelalisib and ibrutinib. CLL cells were treated with the 

aforementioned agents for 72 hours. N numbers and error bars specified above. B. Effects of 

ibrutinib-idelalisib combination in ibrutinib resistant CLL cells. CLL cells were treated with the 

specified concentrations of idelalisib in combination with ibrutinib (5 and 10µM) for 72 hours. 

N number and error bars specified above. C. Graph of median combination index (CI) for 

ibrutinib-idelalisib combinations in stimulated (CD40L/IL-4) ibrutinib resistant CLL cells, 

treated for 72 hours at the specified concentrations. N=3, blue and red lines = median CI values 

for 5 and 10µM ibrutinib respectively. Error bars = range, CI = 1= additive, CI < 1=synergy, 

CI>1=antagonism. FDC: Fraction of dead cells* = p<0.05, ** = p<0.01, *** = p<0.001, **** = 

p<0.0001. 
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 The top five BCR pathway players identified by the TAC software to be expressed at 

lower levels in IBR102 cells in decreasing order were: CD19 (2.29), FOXO1 (2.22), TEC (2.11), 

LCK (1.87) and SYK (1.81; Table 6). Of the 9 total targets listed in Table 6, five of them 

function upstream (CD19) or downstream (FOXO1, MALT1, NFKB1, RPS6KA1) of PI3K-AKT 

pathway, cementing this pathway as being at the center of IBR102 cells’ ibrutinib resistance. Of 

note, the other differentially expressed BCR pathway genes are connected to the regulation of 

signal initiation. SYK is a major player in initiating the BCR signalling cascade and its 

expression levels are reduced in IBR102 cells. Moreover, LCK and SHP-1 (PTPN6) are involved 

with SYK regulation and their expression is also reduced in IBR102 cells. LCK and SYK 

inhibition would theoretically reduce overall BCR signalling, but more so BTK-ERK signalling. 

The reduced expression of SHP-1 is likely related to modifying the BCR signal initiating to 

match the already reduced expression of SYK, allowing for lower levels of signalling. 

Altogether, the BCR pathway genes with reduced expression in IBR102 cells, highlight changes 

to BCR pathway initiation, but also to PI3K-AKT signalling. As expected, all the genes related 

to the PI3K-AKT pathway that appear on this list, are also on the specific list of genes altered 

within the PI3K-AKT pathway (Table 7). 

Other pathways with significantly reduced expression of targets included: cell cycle 

checkpoints (4.17), autophagy (2.74) and TNF-related weak inducer of apoptosis (TWEAK) 

signalling pathways (2.57; Table 5). These pathways suggest that downstream PI3K-ERK 

signalling might not be the only way IBR102 cells evade ibrutinib-induced apoptosis. This is 

because all three pathways listed above are related to cell death and might explain other ways 

IBR102 cells survive at high ibrutinib concentrations. 
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Just as important, pathways containing targets with increased expression in IBR102 cells 

were observed. Only three pathways achieved statistical significance and they were: cell cycle 

checkpoints, miR-targeted genes in lymphocytes and the PKC-gamma calcium signalling in 

ataxia (Table 5). The significant alteration of cell cycle checkpoint highlights it for further study 

because certain targets were upregulated and others downregulated. Also, it is important to state 

that PKC activity is crucial to BTK-PLCγ2-ERK1/2 signalling and could add to the current 

evidence for altered ERK signalling. The above analysis notwithstanding, when analysing all 

genes with increased IBR102 expression, other statistically significant pathways were identified 

and outlined in Supplementary table 7. Interestingly, with a few exceptions like cell cycle 

checkpoints and miR-targeted genes, most of these pathways were not as obviously connected to 

CLL, ibrutinib treatment or the BCR pathway as the reduced pathways were. For this reason, the 

top 100 genes upregulated in IBR102 cells are outlined in Supplementary Table 9 and all 60 

genes from pathways identified in Supplementary Table 7 were sorted in Supplementary Table 8 

by fold change. Overall, these pathways were essential cellular pathways not unique to CLL or 

B-cells, such as metabolism, cell cycle regulation and cell-to-cell/cell-to-extracellular matrix 

communication (Supplementary Table 7). Taken together, the results obtained from the 

microarray analysis provide support for the cell death/viability and protein expression studies 

that show a crucial role for the PI3K-AKT and MAPK-ERK pathways in IBR102 resistance 

mechanism. However, the expression data also provide alternative pathways that could 

individually or in tandem with the PI3K-AKT-ERK pathways, influence IBR102 cells response 

to various BCR pathway inhibitors, including ibrutinib and idelalisib. 
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Pathway 
Overall 

Significance 
Targets 

Fold 

change 

Brief description of function/roles in B-cells or 

otherwise 

B-cell 

receptor 

(BCR) 

pathway 

1.35 CD19 2.29 PI3K-AKT signalling; B-cell proliferation, survival37,184 

  

FOXO1 2.22 

FOXO1 is a transcription factor that plays a role in 

apoptosis (involved with FasL, TRAIL, transactivates 

pro-apoptotic protein bim). Involved in cell cycle 
regulation, inhibited by AKT and ERK185. 

  

TEC 2.11 

Tec-deficient B-cells display enhanced survival, 

proliferation and p-AKT expression (BTK-dependent), 

when stimulated with anti-CD40 and rIL-4, compared to 

wild-type B-cells186. TEC and BTK expression levels are 

also positively correlated in CLL cells186. 

  

LCK 1.87 

LCK mediates SYK phosphorylation and proximal BCR 

signalling in CLL cells; LCK inhibition or reduction 

reduces BCR-mediated increases in p-AKT, p-ERK and 

IKK (IκB kinase) 187. LCK levels correlate with BCR 

signal strength in CLL cells187. 

  

SYK 1.81 

BCR signal activation (CD79a/b phosphorylation), 

amplification and activation of important downstream 

targets like BTK37. 

  

MALT1 1.69 

MALT1 is a proto-oncogene and the human paracaspase. 
MALT1 mediates the BCR pathway, downstream of the 

PI3K-AKT pathway188. MALT1 induces NF-kB 

activation188. 

  

NFKB1 1.68 

NFKB1 translation produces a DNA-binding subunit of 

the NF-kB complex (p105). The NF-kB pathway is an 

effector involved in BCR-mediated apoptosis in B-

cells189,190. 

  

RPS6KA1 1.64 

RPS6KA1 encodes a ribosomal S6 kinase (RSK) family 

member (p90RSK). This kinase is phosphorylated and 

activated by ERK1/2 and can turn activate IκB, to 

mediate cellular functions including apoptosis and 

survival191,192. 

  

PTPN6 1.51 

PTPN6 is also known as SHP-1, a phosphatase important 

to BCR pathway negative regulation37. In the absence of 

SHP-1 phosphatase activity, SYK was hyper-
phosphorylated and hyperactive; therefore, SHP-1 is a 

negative regulator of SYK and therefore, BCR 

activation193. SHP-1 has also been shown to de-

phosphorylate LCK194. 

Table 6: Genes within the B-cell receptor pathway with reduced expression in IBR102 cells 

relative to BJABs. 
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Abbreviations: PI3K (Phosphatidylinositol-3-kinase), AKT (Protein kinase B), FOXO1 (Forkhead box protein O1), 

FasL (Fas ligand), TRAIL (TNF-related apoptosis-inducing ligand), ERK (extracellular signal-regulated kinase), TEC 

(tyrosine-protein kinase), BTK (Bruton’s tyrosine kinase), CD40 (cluster of differentiation 40), IL-4 (interleukin-4), 

LCK (lymphocyte-specific protein tyrosine kinase), SYK (spleen tyrosine kinase), MALT1 (mucosa-associated 

lymphoid tissue lymphoma translocation protein 1), RPS6KA1 (ribosomal protein s6 kinase alpha-1), PTPN6 

(tyrosine-protein phosphatase non-receptor 6), SHP-1 (src homology region 2 domain-containing phosphatase-1). 
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Pathway 
Overall 

Significance 
Targets 

Fold 

change 
Brief description of function/roles 

PI3K-

AKT 

pathway 
2.47 IRS1 4.14 

IRS1 is an adapter protein and a substrate for the insulin 

receptor (INSR). IRS1 overexpression has been shown to 

enhance the anti-apoptotic function of bcl-2 and it also 

associates with bcl-XL195. IRS1 stimulation also activates the 

PI3K-AKT pathway195. 

  

SGK1 4.13 

SGK1 is a kinase downstream of the PI3K-AKT pathway that 

has been shown to regulate FOXO1196. SGK1 has also been 

shown to promote cell survival by phosphorylating the 

downstream PI3K-AKT substrate FOXO3a197. 

  

CREB5 3.52 

CREB5 is a transcription factor in the cAMP-Responsive 

Element binding protein (CREB) family. CREBs have been 

implicated in the proliferation and survival of B and T-cells by 

modulating the expression of genes like Mcl-1 and NF-kB 

activation198. CREB is activated by PKC in a BTK/PLCγ2-
dependent manner, PI3K-AKT signalling (via the BCR 

pathway) and possibly the MAPK protein p38199–202. 

  
JAK3 2.83 

JAK3 belongs to the JAK family of kinases. JAK3 has been 

shown to enhance IL-4 signalling in B-cells203. 

  

CDKN1A 2.79 

CDKN1A is also known as p21. P21 is an inhibitor of cyclin-

dependent kinases and PCNA, and is transcriptionally 

regulated by p53 to induce growth (G1) cell cycle arrest in 

response to exogenous or endogenous DNA damage204,205. 

  

IL4R 2.44 

IL-4R encodes the IL-4 receptor, which when ligated in CLL 

cells, signals through the PI3K-AKT pathway206. IL-4 (along 

with CD40) stimulation has been shown to increase 

expression levels of the receptors of the pro-survival TNF 

superfamily members BAFF and APRIL in CLL cells206. This 

increase correlated with an increase in CLL cell viability. 

  CD19 2.29 PI3K-AKT signalling; B-cell proliferation, survival37,184 

  

JAK2 2.29 

JAK2 plays an important role in the JAK/STAT pathway, 

which is important to CLL cell survival. BCR ligation 

activates JAK3 and its downstream target STAT3; STAT3 is 

constitutively phosphorylated in CLL cells207,208. JAK 

inhibition has been shown to activate SHP-1 and boost 

ibrutinib’s apoptotic activity in CLL-BMSC co-culture208. 

Finally, JAK2 has been shown to activate BTK and contribute 

to integrin activation in CLL cells, after CXCL12 treatment209. 

  

IL2RG 2.25 

IL2RG encodes the γ chain of the IL-2 receptor, which 

associates with IL-4R, upon IL-4 binding210. IL-2 signalling 
has been shown to promote B-cell proliferation and to signal 

through the PI3K-AKT, MAPK-ERK and JAK-STAT 

pathways211,212. 

  LPAR1 2.19  

  PRKAA2 1.9  

  COL4A6 1.85  

Table 7: Genes within the PI3K-AKT pathway with reduced expression in IBR102 cells relative to 

BJABs. 
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SYK 1.81 

BCR signal activation (CD79a/b phosphorylation), 

amplification and activation of important downstream targets 

like BTK37. 

  PRKAA1 1.79  

  ITGA7 1.69  

  

NFKB1 1.68 

NFKB1 translation produces a DNA-binding subunit of the 

NF-kB complex (p105). The NF-kB pathway is an effector 

involved in BCR-mediated apoptosis in B-cells189,190. 

  TLC1A 1.67  

  NTRK2 1.66  

  CSF1R 1.62  

  

PIK3CD 1.62 

PIK3CD encodes the δ isoform of p110 PI3K. CLL cells 

signal through p110δ-AKT pathway upon BCR activation or 

IL-4/CD40L stimulation to promote survival213,214. 

  NOS3 1.6  

  PDGFD 1.58  

  LPAR5 1.58  

  IFNA2 1.56  

  HSP90B1 1.55  

  TLR4 1.53  

  THEM4 1.52  

Abbreviations: PI3K (Phosphatidylinositol-3-kinase), AKT (Protein kinase B), FOXO1 (Forkhead box protein O1), 

ERK (extracellular signal-regulated kinase), BTK (Bruton’s tyrosine kinase), CD40 (cluster of differentiation 40), IL-4 

(interleukin-4), SYK (spleen tyrosine kinase), RPS6KA1 (ribosomal protein s6 kinase alpha-1), SHP-1 (src homology 

region 2 domain-containing phosphatase-1), IRS1 (insulin receptor substrate-1), bcl-1 (b-cell lymphoma 2), bcl-XL (b-

cell lymphoma-extra large), serine/threonine-protein kinase-1), cAMP (cyclic adenosine monophosphate), Mcl-1 

(induced myeloid leukemia cell differentiation protein), PKC (protein kinase C), PLCγ2 (phospholipase Cγ2), MAPK 

(mitogen-activated protein kinase), JAK (Janus kinase), PCNA (proliferating cell nuclear antigen), TNF (tumour 

necrosis factor), BAFF (B-cell activating factor) APRIL (a proliferation-inducing ligand), STAT (signal transducer 

and activator of transcription), BMSC (bone marrow stromal cell), CXCL12 (C-X-C motif chemokine 12). 
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DISCUSSION 

  A hyperactive BCR pathway is known to be pivotal for CLL cell growth and survival in 

the microenvironment; for this reason, small molecule inhibitors targeting key BCR proteins 

have been highly effective in CLL treatment. The approval of ibrutinib for refractory disease 

treatment changed the prognostic landscape of CLL. This is because patients previously thought 

to have no other options, such as those with high-risk disease (e.g. del (17p)) and refractory for 

multiple treatments, responded to the drug129. However, years into ibrutinib approval, resistance 

is now a concern because ibrutinib-resistant patients have very limited options that they may or 

may not respond to. The currently accepted mechanism of ibrutinib resistance, present in about 

85% of resistant patients, involves mutations in BTK and/or PLCγ2173. Nevertheless, a human 

cell line model of ibrutinib resistance that encapsulates this resistance mechanism, or one that 

may account for the remaining 15% of patients does not exist. The current study using BJAB 

cells provides one such possible model to allow for better understanding of the signalling events 

underlying ibrutinib resistance, the BCR pathway in CLL and how CLL cells may alter it in 

response to long-term treatment. 

Identification of a novel cell line model of ibrutinib resistance 

 The ibrutinib-resistant cell line developed here, IBR102 cells, appear to overcome 

ibrutinib treatment by limiting BCR pathway signalling at the protein and RNA levels and rely 

primarily on PI3Kδ-AKT signalling for their survival (Figure 5, table 6). Additionally, IBR102 

cells limit the expression of a myriad of other cell death-related pathways and increase the 

expression of essential cellular pathways in order to survive ibrutinib treatment (Table 5, 

supplemental tables 1-9). Specifically, we show that IBR102 cells cultured on ibrutinib for 

extended periods of time exhibit no BTK activation and consequently only activate ERK1/2 at 
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about 50% of levels exhibited by parental sensitive cells (Figure 6). We also provide evidence 

that BTK signalling through the BCR pathway accounts for approximately 50% of ERK1/2 

activation in BJAB cells. At the RNA expression level, microarray analysis at baseline showed 

that IBR102 cells inhibit overall BCR pathway signalling but also express lower levels of key 

PI3Kδ-AKT and MAPK-ERK pathway players, while altering essential cellular processes like 

cell cycle and metabolism (Tables 6 and 7, supplementary tables 6 and 7). Finally, from the 

standpoint of treatment, we provide evidence for combining ibrutinib and idelalisib, as this 

combination led to synergistic cell death in IBR102 cells and synergistically inhibited p-ERK in 

sensitive cells (Figures 5 and 6). Also, ibrutinib-idelalisib combination was shown to be 

synergistic in ibrutinib-naïve and ibrutinib-resistant CLL cells (Figures 9 and 10). The key 

findings guiding the mechanism (s) of resistance proposed above are discussed below. 

Initial protein expression analyses showed a complete ablation of BTK activation, 

suggesting a resistance mechanism involving BTK-independent BCR signalling in IBR102 cells 

(Figure 3). IBR102 cells’ baseline response to BCR pathway inhibitors showed a sensitivity to 

PI3K-AKT inhibition as they did not significantly differ from the sensitive cell line. Further 

investigation into this response demonstrated a statistically significant increase in cell death with 

ibrutinib-idelalisib combination, in both ibrutinib-sensitive and resistant cells, in a time-

dependent manner (Figure 4). More importantly, at 48-hours post-treatment in IBR102 cells, this 

combined effect on cell death was 208% and 78% (p<0.01) greater than ibrutinib and idelalisib 

single treatments respectively (Figure 4D). At 72 hours, the effect remained and was still 

significant. Firstly, this finding was counter-intuitive because current research and BCR pathway 

knowledge suggests cross-resistance to idelalisib in ibrutinib-resistant patients. Therefore, 

finding a combined effect this great was unexpected and the signalling events had to be 
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elucidated. In order to discern the true nature of the above combined effect, synergy-antagonism 

studies were conducted and at best, we expected ibrutinib-idelalisib combination to be additive. 

This is because our work using unstimulated CLL patient cells shows antagonism when these 

agents are combined. However, these studies demonstrated in IBR102 cells, profound statistically 

significant synergy with ibrutinib-idelalisib combinations at very low concentrations of both 

agents (Figure 5). Just as important, synergy was also observed in BJAB cells, but the synergistic 

effect was less than that observed in IBR102 cells. This difference in response further suggested 

an alteration in PI3K signalling in IBR102 cells. Using targeted low concentrations derived from 

the synergy-antagonism studies, western blots were performed to investigate signalling events in 

IBR102 cells compared to sensitive BJABs. 

At a signalling level, we found that ERK1/2, an effector downstream of both BTK and 

PI3K-AKT, was likely responsible for the differences in response observed. This is because 

IBR102 cells expressed about 45% less p-ERK at baseline (p=0.001) compared to BJAB cells 

(Figure 6). Interestingly, after treatment with ibrutinib at a concentration that completely ablates 

BTK expression, we found that sensitive BJAB cells expressed 46% less p-ERK (p=0.025; 

Figure 6). Based on these findings, we concluded that in BJAB cells, BTK signalling was 

responsible for about 45% of baseline ERK phosphorylation. Moreover, we hypothesized that 

IBR102 cells at least partly developed resistance to ibrutinib by permanently inhibiting BTK-

mediated ERK signalling, which explains their baseline p-ERK levels. This study also shed light 

on the signalling events mediating the ibrutinib-idelalisib combination effect in both sensitive 

and resistant cells. In sensitive BJAB cells, 2µM idelalisib inhibited AKT activation by 

approximately 17% (n.s.) but inhibited AKT activation by 45% (n.s.) in IBR102 cells, 

demonstrating IBR102 cells’ heightened sensitivity to PI3K-AKT inhibition (Figure 6). Also, this 
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concentration of idelalisib reduced p-ERK by 13% and 23% (n.s.) in BJAB and IBR102 cells 

respectively, despite IBR102 cells expressing 45% less p-ERK at baseline (Figure 6). In 

combination, ibrutinib-idelalisib resulted in 97% (p<0.0001) and 44% (p=0.015) reduction in 

ERK activation in BJAB and IBR102 cells respectively, compared to their corresponding 

untreated controls (Figure 6). This ablation of ERK in BJAB cells confirmed at a signalling level 

that ibrutinib-idelalisib combination is synergistic. It is important to state that the combination 

effect on p-ERK inhibition was greater in BJAB cells because of their intact baseline p-ERK 

levels. Nevertheless, a combined effect was also observed in IBR102 cells and was significantly 

greater than ibrutinib but not idelalisib single treatment (Figure 6). 

The above protein expression study also shed light on IBR102 cell signalling response to 

various inhibitors and combinations. On this note, there was a combined effect on ERK 

signalling with ibrutinib-idelalisib combination, but not ibrutinib-copanlisib combination (Figure 

6). This showed that inhibition of PI3Kδ specifically, in combination with ibrutinib use was 

responsible for the synergistic effect observed in these cells. Additionally, in IBR102 cells, 

idelalisib-copanlisib combination had a combined inhibitory effect on ERK signalling (Figure 6). 

Of importance, in BJAB cells, ibrutinib-copanlisib and ibrutinib-idelalisib combinations 

inhibited p-ERK almost identically; however, idelalisib-copanlisib combination had no effect on 

ERK signalling (Figure 6). These findings highlighted that in addition to the baseline differences 

in BTK-ERK signalling, there may exist relevant PI3K isoform-specific differences in signalling 

between BJAB and IBR102 cells. Furthermore, these PI3K isoform differences could play roles 

in other aspects of IBR102 cell signalling not explored in our studies. Finally, this protein 

expression study showed a statistically significant combined inhibition of AKT activation in 

BJAB but not IBR102 cells, with ibrutinib-idelalisib combination treatment (Figure 6). This 



P a g e  | 78 

finding solidified ERK signalling as the likely culprit responsible for the observed synergy in 

IBR102 cells. 

Another synergy-antagonism study performed confirmed ERK as a downstream target of 

both BTK and PI3K-AKT signalling. In these studies, the combination of ibrutinib or idelalisib 

with the ERK inhibitor ravoxertinib was antagonistic in BJAB cells and to a lesser extent in 

IBR102 cells (Figure 7). In order to assess the relevance of the findings discussed above, we 

examined the efficacy of ibrutinib-idelalisib combination on CD40L/IL-4-stimulated CLL cells 

from treatment-naïve, ibrutinib-treated and ibrutinib-resistant patients. When all patient-derived 

cells were analyzed together, synergy was observed with ibrutinib-idelalisib combination (Figure 

9). Also, synergy could not be assessed in copanlisib-idelalisib combination because copanlisib 

elicited less than 50% cell death at the maximum concentration used. In a separate analysis, cells 

derived from three ibrutinib-resistant CLL patients were treated as described above for the other 

CLL cells. Cell viability analyses confirmed a statistically significant reduction in cell viability 

with ibrutinib-idelalisib combination at different concentrations (Figure 10B). Although our 

current data shows a trend towards synergy, the trend was not statistically determined in cells 

obtained from CLL patients presenting with clinical ibrutinib resistance, because only three 

patients were sampled. Nevertheless, our results show a combined effect with ibrutinib-idelalisib 

combination in both ibrutinib-naïve and ibrutinib-resistant CD40L/IL-4 stimulated CLL cells. 

 In addition to inhibiting survival signals from the BCR pathway, ibrutinib treatment also 

disrupts the survival-promoting microenvironment in CLL PCs in the lymph nodes. The 

microarray data mentioned above revealed an important finding regarding IBR102 cells: they 

have reduced expression of important CLL tumour microenvironment-related pathways and 

respective targets. In particular, IBR102 cells expressed CCL5, IL4R, JAK2 and 3 among others, 
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at levels lower than in BJAB cells (Supplementary tables 1 and 5). This finding was interesting 

because it suggested that ibrutinib action in the CLL tumour microenvironment may be captured 

at the gene expression level in this model. The BCR pathway induces the expression of CCL3 

and 4 and is involved in crosstalk with multiple microenvironment cytokines and other stimuli215. 

Ibrutinib and idelalisib treatment disrupt the BCR pathway; for this reason and via other actions 

in the tumour microenvironment, ibrutinib and idelalisib administration result in rapid 

lymphocytosis in CLL patients. Essentially, these agents force CLL cells out of their protective 

environments in the PCs, leading to CLL cell death. Unfortunately, this aspect of ibrutinib (and 

idelalisib) function cannot be captured with the current single cell culture model. Even so, 

reduced TNF and TRAF1 expression levels, in addition to the other genes and pathways outlined 

in the appendix, signify that long-term ibrutinib treatment may alter the expression of important 

CLL tumour microenvironment survival signals in cell line models, even in the absence of co-

culturing (Supplementary table 5). 

Other pathways identified by the TAC software analysis of the microarray data that could 

contribute to the model of ibrutinib resistance described above, include the IL-4, JAK-STAT, 

AXL, TNF Weak Inducer of Apoptosis (TWEAK) and Autophagy signalling pathways 

(Supplementary tables 1-5). This finding is supported by Landau et al., 2017216, as they found 

most of the pathways and the expression of some of the targets (CCL5, DUSP2, LCK and IL4R) 

identified in our resistant cell line to be reduced when comparing CLL patient cells during 

ibrutinib treatment to cells sampled at baseline. Landau et al. also describe the phenotype of CLL 

cells on ibrutinib as having overall reduced BCR signalling, activation and proliferation. This 

phenotype in addition to alterations in cell cycle identified in both their study and ours, show that 

the phenotype and mechanism of resistance we report is observed in some patients during 
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ibrutinib therapy and at resistance. Providing further support for our expression study, Palma et 

al., 2018217 found two genes from our dataset (TNF and DUSP2) to be upregulated in CLL cells 

sampled from the lymph nodes of patients, compared to cells from the peripheral blood. Notably, 

ibrutinib treatment led to a reduction of transcription levels of these genes as we have reported. 

To close this section, it is imperative to state that while the two studies referenced above only 

found the expression of a few of our gene targets to be altered, both studies identified the same 

pathways we identified and sometimes a different subunit of the same protein. 

The microarray analysis also identified some genes and pathways that are upregulated in 

IBR102 cells relative to BJABs. These pathways were not obviously connected to ibrutinib 

treatment, the BCR pathway or CLL. Nonetheless, these findings were important because from a 

pathway point-of-view, they showed that IBR102 cells also display alterations of basic cellular 

processes including cell cycle regulation and metabolism (Supplementary table 7). Looking 

closer at the upregulated genes individually made it clearer that some of these targets may 

actually influence drug resistance and be of relevance to CLL. Examples of targets that stood out 

include: MAP2K6 (MAPK kinase – MAPKK6/MKK6/MEK6), MAP2K5 (MEK5), MAPK7 

(ERK5), TAB1 (MAPKK kinase-7-interacting protein-1), CASP9 (caspase 9), CYP3A4 

(cytochrome P450 3A4), CYP2E1, IKBKG (IκK-γ) and DEPTOR (DEP domain containing 

mTOR-interacting protein), amongst many others (Supplementary tables 8 and 9). MKK6 is a 

known activator of the p38 MAPK pathway, which is constitutively active in CLL and 

contributes to their survival in stromal cell co-culture218–220. In relation, TAB1 is a known 

activator of p38; since both MKK6 and TAB1 expression are increased, this suggests a role for 

the p38 MAPK pathway in IBR102 resistance221. On the other hand, MEK5 is the direct activator 

of the ERK5 pathway and both genes are upregulated in IBR102 cells; the ERK5 pathway has 
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been implicated in various cellular responses like proliferation, differentiation and 

apoptosis222,223. 

CYP3A4 is the known metabolizer of ibrutinib in the body and ibrutinib has been shown 

to be an inhibitor of CYP3A4; there is no known connection between CYP2E1 and ibrutinib 

metabolism224,225. Even so, it was difficult to determine from the literature the extent (if any) of 

B-cells (malignant or otherwise) expressing the CYP3A4 protein. Nonetheless, CYP3A4 and 

CYP2E1 gene expression levels were increased in IBR102 cells, possibly once again showing 

clinical implications in a preclinical model, but also that CYP3A4 and maybe CYP2E1 

upregulation contribute to IBR102 cells’ increasingly multifaceted mechanism of evading 

ibrutinib-mediated cell death. Interestingly, IBR102 cells express higher levels of caspase 9, the 

apoptotic protein; the purpose and possible contribution of this effect cannot be determined at 

this time, because caspase-9 is needed to initiate the apoptotic pathway. Finally, IKK-γ is a part 

of the IKK complex and is important for NF-kB activation; DEPTOR is an inhibitor of mTOR 

that also activates AKT, and its expression is deregulated in malignancies226–228. Taken together, 

the above targets and their distinct but connected pathways highlight other mechanisms that may 

underlie or aid IBR102 cells in their acquired resistance to long-term ibrutinib treatment. 

Limitations and applicability of findings 

Given the importance of the BCR pathway to CLL and the use of a Burkitt’s lymphoma 

cell line (BJAB) for our investigations, it is necessary to discuss some important points. Firstly, 

BJAB cells were derived from a patient with EBV-negative Burkitt’s lymphoma and the cell line 

harbours a TP53 mutation229,230. Although, it is unclear if the cells have a functional p53 protein 

because they still have two alleles present. These factors are important to know because they 

potentially influence how the cells respond to various treatments and determine their similarity to 
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both clinical Burkitt’s lymphoma and CLL, given the importance of p53 mutation/deletion status 

in CLL treatment response in patients. Secondly, the B-cells in Burkitt’s lymphoma (BL) are 

driven by a mechanism different from what is seen in CLL. BL cells from most patients are 

known to harbour a translocation (t(8;14) (q24;q32)) that allows expression of the oncogenic 

transcription factor Myc, to be mediated by enhancer elements associated with immunoglobulin 

genes, which are highly active in B-cells231. This deregulation of Myc expression drives the 

lymphoma; thus, if the mechanism driving the malignancy is different at baseline, how the cells 

respond to chronic ibrutinib treatment may be different, which may hamper the applicability of 

our findings to CLL. In contrast, the driving mechanisms for other lymphomas involve 

translocations but also altered BCR signalling, DNA damage and apoptosis pathways93,94.  

Thirdly, it is important to state that studying a cell line for drug resistance is different 

from studying a primary tumour. Importantly, a CLL-derived cell line was not used for our 

investigations because the EC50 for ibrutinib in CLL cell lines available to us (MEC-1 and I83), 

were much higher than our desired concentration for resistance (20µM). This observation put the 

potential resistant cell lines farther from the clinically-relevant concentration of ibrutinib 

(0.3µM) and at higher risks for off-target effect-mediated ibrutinib resistance232. Moreover, 

preliminary studies we conducted showed that I83 cells did not express BTK and had very low 

levels of p-ERK. Finally, after establishing the IBR102 cell line, we attempted to develop similar 

cell lines using MEC-1 and I83, but all efforts proved unsuccessful. As a result of the origin of 

the cell line used, our studies must be interpreted with caution, as baseline signalling differences 

between Burkitt’s lymphoma and CLL, may render our findings more relevant to other B-cell 

lymphomas than CLL. 



P a g e  | 83 

Another category of factors affecting the applicability of our findings in the clinic 

involves the limitations of studying drug resistance in vitro. Firstly, IBR102 cells must be 

described in contrast to CLL cells derived from ibrutinib-resistant patients. On this note, one 

similarity between our findings on IBR102 cells and western blots done on ibrutinib-resistant 

CLL patient cells, is that ibrutinib no longer has an effect on p-ERK levels on both cell types. 

However, CLL patients with BTK and/or PLCγ2 mutations do not express reduced baseline ERK 

activation as was reported here171,172. Furthermore, these patient cells still have BTK activation, 

whereas IBR102 cells have ablated their BTK signalling. The above differences notwithstanding, 

it is important to highlight that studies investigating the effect of BTK and/or PLCG2 mutations 

in CLL, typically use cell lines like HEK293 and DT40 to investigate downstream signalling 

effects171,172. Therefore, there may be aspects of our findings that are applicable to clinical CLL 

ibrutinib resistance. It is also necessary to state that none of the studies assessed investigated p-

AKT expression on CLL cells from ibrutinib-resistant patients, but their cell line models appear 

to match our findings with respect to ibrutinib treatment having no effect on p-AKT levels171.  

Secondly, for a complicated disease like CLL where the microenvironment heavily 

influences disease, it is difficult to approximate clinical disease in vitro. To combat this, we used 

CD40L/IL-4 stimulation on the CLL cells sampled from patients in our studies. For in vitro 

studies, CLL cells are typically stimulated using CD40L/IL-4 or IgM. IgM stimulates the BCR 

pathway by ligating the BCR, which leads to SYK, LYN and BTK activation; CD40L/IL-4 

stimulation primarily stimulates the PI3K-AKT pathway, promoting CLL cells’ resistance to cell 

death via BCR pathway inhibitors, especially PI3K inhibitors. CD40L/IL-4 stimulation was 

chosen for our investigations because of convenience, as our laboratory primarily uses this 

method but more importantly, because IBR102 cells display altered PI3K-AKT signalling. As a 
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result, CD40L/IL-4 was used in order to test the synergism between ibrutinib and idelalisib, 

using stimulation that leads to significant upregulation of PI3K-AKT signalling. As a result of 

this choice in reagents, it is unclear if the synergism we observed will occur with IgM 

stimulation, although the current literature suggests that it may not. 

  In relation to the above, another limitation of the studies reported here is the use of 

clinically-relevant concentrations. The concentrations of idelalisib used in our studies of CLL 

cells that showed synergy, were significantly higher (up to 200µM) than the reported clinically-

relevant maximum plasma concentration of idelalisib (5.18µM)232. The reason for this difference 

in idelalisib concentration used, was the stimulation of the CLL cells with CD40L/IL-4 before 

treatment. It was observed early on in our studies that upon stimulation with CD40L/IL-4, CLL 

cells were completely resistant to PI3K-AKT inhibition, requiring very high concentrations 

(>100µM) for cell death to be induced. This was expected because CD40L/IL-4 is known to 

stimulate the PI3K-AKT pathway, the same pathway inhibited by idelalisib. For this reason, 

CD40L/IL-4 stimulation increased the EC50 of idelalisib in CLL cells (EC50 = 173µM in this 

study). This observation meant that in order to investigate the effects of ibrutinib-idelalisib 

combination in CLL cells, the use of clinically relevant concentrations was no longer an option. 

Nevertheless, the synergy we report between ibrutinib and idelalisib may still be a true effect. In 

support of our model, we observed synergy with ibrutinib at concentrations of idelalisib that 

were half the clinically relevant maximum concentration in IBR102 cells, and all signalling 

studies were conducted at 2µM idelalisib, a concentration also lower than the clinically-relevant 

maximum concentration (5.18µM). 

Secondly, although the set concentration to establish ibrutinib resistance (20µM) was 

based on in vitro findings, it is still much higher than the maximum clinically-relevant 
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concentration of ibrutinib in the blood (0.3µM)232. This difference, coupled with the promiscuous 

receptor-binding nature of ibrutinib may have resulted in a cell line model of resistance that is 

very different from what is observed in the clinic. This factor notwithstanding, preclinical 

models and clinical findings are rarely in sync with respect to concentrations used, because in 

vitro studies sometimes require higher concentrations of inhibitors to achieve a comparable level 

of cell death as is observed in vivo. Therefore, a deeper characterization of this cell line model 

will determine its clinical applicability. Thirdly, the response of CLL cells in vitro for our 

ibrutinib studies must be addressed. This is because cells from patients who display clinical 

resistance to ibrutinib responded to ibrutinib in vitro (at a higher concentration) and it has not 

escaped our attention that this may be due to an off-target effect. Additionally, cells from 

patients currently responding on ibrutinib, when given additional ibrutinib in vitro, responded. 

This also may be due to an off-target effect, given ibrutinib’s receptor-binding nature. Finally, 

off-target effects may also account for the synergy observed in CLL cells in our studies, due to 

the high (>100µM) concentrations of idelalisib used. 

Unfortunately, we were unable to determine the mutation status of BTK and PLCγ2 in 

IBR102 cells, for the purpose of this thesis. Nonetheless, we infer based on current literature that 

these cells likely do not harbour a BTK or PLCγ2 mutation. This is because patient cells with 

BTK mutations still exhibit BTK activation (express p-BTK) and those with PLCγ2 mutations 

have been shown to have increased ERK activation (high p-ERK)171,172. Neither of these findings 

were made in our cell line model. Nevertheless, the results presented above show that it is 

possible for malignant B-cells to alter sub-pathways within the BCR pathway, in response to 

long-term drug-induced selection. This phenomenon may apply to either CLL or other B-cell 

malignancies. In conjunction with the above limitation, some major conclusions about IBR102 
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resistance mechanism were drawn from data with insufficient replications (N=1 data). These 

conclusions were drawn from the microarray data and the washout protein expression 

experiment, both showing reduced BCR pathway signalling in IBR102 cells. In order to increase 

confidence in the proposed model, these studies must be repeated and appropriate statistical 

analyses conducted. 

 In summary, our cell line model provides evidence of a novel pathway of ibrutinib 

resistance involving PI3Kδ-AKT and altered ERK signalling, that is susceptible to ibrutinib-

idelalisib combination treatment. We also report similar findings in patient-derived CLL cells. 

However, the applicability of our findings is limited by our use of a Burkitt’s lymphoma cell line 

to investigate CLL ibrutinib resistance, the use of high concentrations of ibrutinib and idelalisib 

in our studies, and the dissimilarity between our model and clinical CLL ibrutinib resistance. 

Nevertheless, Kapoor et al.176 provide some evidence for the applicability of our findings, as they 

conducted a study very similar to ours and described a mechanism of ibrutinib resistance 

involving deregulated PI3K signalling in both CLL and ABC DLBCL cells. Also, another study 

by de Rooij et al.233, showed that ibrutinib and idelalisib synergistically inhibited BCR-mediated 

adhesion interactions in MCL and CLL patient-derived cells. These studies provide support for 

different aspects of our findings in the IBR102 cell line and show its potential applicability 

beyond CLL. Of note, other studies investigating BTK and PI3K dual inhibition in CLL and 

other lymphomas also exist234–236. 
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SUMMARY OF FINDINGS 

 With an array of cell death, synergy-antagonism, protein expression and transcriptomic 

studies, we have done preliminary characterization of a novel ibrutinib-resistant BJAB-derived 

cell line, IBR102. IBR102 cells display an ibrutinib resistance mechanism characterized by 

overall reduced signalling through the BCR pathway. IBR102 cells have been shown to be 

completely resistant to ibrutinib via cell death and protein expression analyses and have also 

been shown to have a unique sensitivity to PI3K inhibition. We show here the importance of 

ERK activation to traditional BTK and PI3K-AKT signalling within the BCR pathway, in the 

context of ibrutinib resistance in these cells. Overall, our results show that IBR102 cells have 

ablated BTK activation, express 50% less ERK activity at baseline compared to sensitive BJAB 

cells, are highly sensitive to PI3K inhibition and that ibrutinib-idelalisib combination is 

synergistically cytotoxic to these cells in an ERK-dependent manner. In support of our proposed 

mechanism of resistance, transcriptomic analyses showed reduced expression of BCR, PI3K-

AKT and MAPK pathway targets; although, we acknowledge that other basic cellular pathways 

likely play a role in IBR102 cells resistance mechanism. We also show that ibrutinib-idelalisib is 

synergistically cytotoxic to CD40L/IL-4-stimulated CLL cells. In summary, we introduce a new 

model of CLL ibrutinib resistance, identify a combination treatment to overcome this resistance 

and provide data on ibrutinib-idelalisib cross-reactivity that could prove vital in the future. 

Nonetheless, studies determining the BTK and PLCγ2 mutation status, and investigations into 

IBR102 cell response to current treatments used by ibrutinib-refractory CLL patients are 

warranted. 
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SIGNIFICANCE 

 The development and current characterization of IBR102 cells revealed a novel 

mechanism of ibrutinib-resistance, developed in response to long-term treatment with ibrutinib. 

This model joins other studies that report a role for the PI3K-AKT pathway in the development 

of resistance to ibrutinib. However, the specific mechanism described here involves downstream 

ERK signalling and an apparent rewiring of the traditional BCR signalling pathway, in response 

to ibrutinib, in addition to ibrutinib-mediated reduction in the expression of BCR pathway 

proteins at the mRNA level. Unfortunately, it is unlikely that these mechanisms of resistance co-

exist with the currently accepted mechanism of resistance driving up to about 90% of all 

ibrutinib-resistant CLL patients (BTK and/or PLCγ2 mutations)173. Nevertheless, this mechanism 

may account for some of the remaining patients who do not present with mutations in either BTK 

or PLCγ2. Despite the above statements, it is yet to be determined whether BJAB or IBR102 cells 

possess a mutation in PLCγ2 or BTK. In summary, the model of ibrutinib-resistance presented 

here contributes to the growing field of studies on ibrutinib resistance in CLL and other B-cell 

malignancies, and holds promise as a model that can be interrogated in future preclinical studies 

to hopefully validate and identify new rescue therapies for patients presenting with ibrutinib 

resistance. 
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FUTURE DIRECTIONS 

 As has been alluded to in the results and discussion segments, characterization of the 

IBR102 cell line is far from complete, and there are still many questions left to be answered with 

respect to how these cells respond to ibrutinib, PI3K and ERK inhibition. Specifically, protein 

expression studies in BJAB and IBR102 cells treated with ravoxertinib-ibrutinib/ idelalisib/ 

copanlisib combinations need to be conducted to determine how signalling changes in response 

to ERK-BTK/PI3K inhibition. Furthermore, the mutation status of BTK and PLCγ2 need to be 

determined and if possible, transcriptomic and genomic analyses of BJAB and IBR102 cells at 

baseline and in response to ibrutinib, idelalisib, copanlisib and combination need to be done to 

see what changes (if any) exist at the gene and transcription levels with statistically evaluable 

repetitions. 

Specifically, given the results discussed above, the contributions of the p38, ERK5, cell 

cycle (checkpoints and the G2/M phases), JAK-STAT and AXL pathways and the effects of 

miR-mediated gene expression should be investigated in the context of the BCR and PI3K-AKT 

pathways, in order to determine if there is a connection between the alterations in gene 

expression observed. Taking things forward, the individuality of the upregulated gene expression 

profile of IBR102 cells should be exploited as it makes the assessment of the use of inhibitors 

possible. This is because identifying an upregulated gene central to IBR102 resistance 

mechanism and inhibiting it may provide another avenue for combination therapies akin to 

ibrutinib-idelalisib that sensitize the cells to ibrutinib treatment. Another opportunity that the 

above approach provides, is the identification of novel applications of drugs already approved. 

This is because identification of say a transporter central to IBR102 cells’ resistance might allow 
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for the use of an already approved blocker in addition to ibrutinib; this could be an inexpensive 

solution that is needed, given the high cost of using small molecule inhibitors in the clinic. 

With respect to the clinical applicability of the IBR102 cell line model, upon 

establishment of the above parameters and a better understanding of the model, the cells need to 

be treated with current rescue therapies used for ibrutinib-resistant patients, including Venetoclax 

and duvelisib, to see how they respond. Also, novel combination therapies using current and 

proposed agents for the treatment of CLL should be utilized to isolate the inhibitors/group of 

inhibitors the cells are sensitive to, so that data-driven alternative treatments for ibrutinib-

refractory CLL patients may be devised. Finally, given that the IBR102 cell line was developed 

from a Burkitt’s lymphoma patient and Burkitt’s lymphoma has a different driving mechanism 

than CLL, our findings should be investigated for their relevance to Burkitt’s and other 

lymphomas. 
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APPENDIX 

 

 

Pathway 
Overall 

Significance 
Targets 

Fold 

change 
Brief description of function/roles 

IL-4 

signalling 

pathway 
2.44 IRS1 4.14 

IRS1 is an adapter protein and a substrate for the insulin 

receptor (INSR). IRS1 overexpression has been shown to 

enhance the anti-apoptotic function of bcl-2 and it also 

associates with bcl-XL195. IRS1 stimulation also activates the 

PI3K-AKT pathway195. 

  
JAK3 2.83 

JAK3 belongs to the JAK family of kinases. JAK3 has been 

shown to enhance IL-4 signalling in B-cells203. 

  

IL4R 2.44 

IL-4R encodes the IL-4 receptor, which when ligated in CLL 

cells, signals through the PI3K-AKT pathway206. IL-4 (along 

with CD40) stimulation has been shown to increase 

expression levels of the receptors of the pro-survival TNF 

superfamily members BAFF and APRIL in CLL cells206. This 

increase correlated with an increase in CLL cell viability. 

  

JAK2 2.29 

JAK2 plays an important role in the JAK/STAT pathway, 

which is important to CLL cell survival. BCR ligation 
activates JAK3 and its downstream target STAT3; STAT3 is 

constitutively phosphorylated in CLL cells207,208. JAK 

inhibition has been shown to activate SHP-1 and boost 

ibrutinib’s apoptotic activity in CLL-BMSC co-culture208. 

Finally, JAK2 has been shown to activate BTK and contribute 

to integrin activation in CLL cells, after CXCL12 

treatment209. 

  

IL2RG 2.25 

IL2RG encodes the γ chain of the IL-2 receptor, which 

associates with IL-4R, upon IL-4 binding210. IL-2 signalling 

has been shown to promote B-cell proliferation and to signal 

through the PI3K-AKT, MAPK-ERK and JAK-STAT 

pathways211,212. 

  

NFKB1 1.68 

NFKB1 translation produces a DNA-binding subunit of the 
NF-kB complex (p105). The NF-kB pathway is an effector 

involved in BCR-mediated apoptosis in B-cells189,190. 

  

PIK3CD 1.62 

PIK3CD encodes the δ isoform of p110 PI3K. CLL cells 

signal through p110δ-AKT pathway upon BCR activation or 

IL-4/CD40L stimulation to promote survival213,214. 

  

PTPN6 1.51 

PTPN6 is also known as SHP-1, a phosphatase important to 

BCR pathway negative regulation37. In the absence of SHP-1 

phosphatase activity, SYK was hyper-phosphorylated and 

hyperactive; therefore, SHP-1 is a negative regulator of SYK 

and therefore, BCR activation193. SHP-1 has also been shown 

to de-phosphorylate LCK194. 

Supplementary Table 1: Genes within the IL-4 pathway with reduced expression in IBR102 cells 

relative to BJABs. 
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Pathway 
Overall 

Significance 
Targets 

Fold 

change 

JAK/STAT pathway 4.69 TIMP1 12 

  IRS1 4.14 

  IL1RN 2.33 

  JAK2 2.29 

  FOXO1 2.22 

  TEC 2.11 

  ROCK2 1.93 

  FOS 1.9 

  PRKAA2 1.9 

  PDE3B 1.86 

  PRKAA1 1.79 

  NFKB1 1.68 

  RPS6KA1 1.64 

  NOS3 1.6 

  FLNA 1.52 

  PTPN6 1.51 

Abbreviations: PI3K (Phosphatidylinositol-3-kinase), AKT (Protein kinase B), ERK (extracellular signal-regulated 

kinase), BTK (Bruton’s tyrosine kinase), CD40 (cluster of differentiation 40), IL-4 (interleukin-4), SYK (spleen 

tyrosine kinase), SHP-1 (src homology region 2 domain-containing phosphatase-1), IRS1 (insulin receptor substrate-

1), bcl-1 (b-cell lymphoma 2), bcl-XL (b-cell lymphoma-extra large), serine/threonine-protein kinase-1), Mcl-1 

(induced myeloid leukemia cell differentiation protein), MAPK (mitogen-activated protein kinase), JAK (Janus 

kinase), TNF (tumour necrosis factor), BAFF (B-cell activating factor) APRIL (a proliferation-inducing ligand), 

STAT (signal transducer and activator of transcription), BMSC (bone marrow stromal cell), CXCL12 (C-X-C motif 

chemokine 12). 

Supplementary Table 2: Genes within the JAK-STAT pathway with reduced expression in IBR102 

cells relative to BJABs. 
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Pathway 
Overall 

Significance 
Targets 

Fold 

change 

AXL pathway 3.39 TIMP1 12 

  SNAI2 4.26 

  TNF 3.65 

  ANXA2 3.07 

  CDKN1A 2.79 

  PRKACA 2.5 

  LTB 2.44 

  SMO 2.42 

  PPARG 2.29 

  FOXO1 2.22 

  ADGRE1 1.78 

  GLI1 1.66 

  ADAM11 1.56 

  VIM 1.52 

  CD274 1.51 

Supplementary Table 3: Genes within the AXL pathway with reduced expression in IBR102 cells 

relative to BJABs. 
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Pathway 
Overall 

Significance 
Targets 

Fold 

change 

Autophagy 2.74 PRKAA2 1.9 

  PRKAA1 1.79 

  ATK101 1.63 

  PIK3C3 1.57 

  ATG16L1 1.55 

  UVRAG 1.5 

Supplementary Table 4: Genes within the autophagy pathway with reduced expression in IBR102 

cells relative to BJABs. 
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Pathway 
Overall 

Significance 
Targets 

Fold 

change 

TWEAK signalling pathway 2.57 CCL5 5.27 

  TRAF1 3.91 

 TNF 3.65 

  NFKB2 2.87 

  RELB 2.15 

  NFKB1 1.68 

  CASP7 1.57 

Supplementary Table 5: Genes within the TWEAK (TNF-related weak inducer of apoptosis) 

pathway with reduced expression in IBR102 cells relative to BJABs. 
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Pathway 
Overall 

Significance 
Targets 

Fold 

change 

MAPK pathway 2.36 TNF 3.65 

  DUSP6 3.53 

  NFKB2 2.87 

  MAP3K8 2.54 

  PRKACA 2.5 

  DUSP2 2.33 

  RELB 2.15 

  DUSP10 2.02 

  FGF16 1.97 

  HSPB1 1.91 

  FOS 1.9 

  NRKA1 1.87 

  PTPN7 1.81 

  DUSP16 (2) 1.75 

  NFKB1 1.68 

  NTRK2 1.66 

  SRF 1.65 

  JUND 1.62 

  CACNG7 1.61 

  PPM1B 1.56 

  DUSP16 1.56 

  FLNA 1.52 

Supplementary Table 6: Genes within the MAPK pathway with reduced expression in IBR102 cells 

relative to BJABs. 
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Supplementary Table 7: Transcriptome Analysis Console (TAC)-generated significant 

(>1.301) pathways upregulated in IBR102 cells relative to BJABs, with additional pathways 

provided. 

 

Pathway 

number 
Pathways 

Overall 

Significance 

Number of 

genes 

upregulated 

1 Glycosaminoglycan metabolism 4.35 1 

2 O-linked glycosylation 3.83 2 

3 Felbamate metabolism 3.09 2 

4 Deubiquitination 3.04 2 

5 Splicing factor NOVA-regulated synaptic proteins 2.93 6 

6 Cell cycle checkpoints 2.9 1 

7 miR-targeted genes in lymphocytes 2.76 4 

8 PKC-γcalcium signalling pathway in ataxia 2.49 4 

9 Cell surface interactions at the vascular wall 2.41 1 

10 Signalling by ROBO receptors 2.24 1 

11 Class A/1 (Rhodopsin-like receptors) 2.06 5 

12 TCF-dependent signalling in response to WNT 1.84 2 

13 miR-targeted genes in epithelium 1.82 3 

14 Olfactory bulb development and olfactory learning 1.73 3 

15 Aflatoxin B1 metabolism 1.69 2 

16 C-type lectin receptors (CLRs) 1.63 1 

17 Complement cascade 1.63 1 

18 Interleukin-1 family signalling 1.63 1 

19 IL-18 signallling pathway 1.56 2 

20 
Acrylamide biotransformation and exposure 

biomarkers 1.54 1 

21 Metabolism of dichloroethylene by CYP450 1.54 1 

22 Colchicine metabolism pathway 1.54 1 

23 Olfactory receptor activity 1.54 4 

24 
Nucleotide-binding oligomerization domain (NOD) 

pathway 1.54 4 

25 Integrin cell surface interactions 1.48 1 

26 miR-targeted genes in muscle cells 1.43 5 

27 Mitotic G2-G2/M phases 1.43 2 

28 Airway smooth muscle cell contraction 1.42 2 
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29 Intraflagellar transport proteins binding to dynein  1.39 3 

30 Interferon gamma signalling 1.33 1 

31 Cannabinoid receptor signalling 1.31 3 

32 Signal transduction through IL1R 1.17 3 

33 PTEN regulation 1.17 1 

34 Integrin-mediated cell adhesion 1.16 6 
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Supplementary Table 8: Genes from all pathways identified in supplementary table 7 above 

sorted according to fold change (BJAB – IBR102). 

 

Targets 
Fold 

change 

Pathway 

number 

SEMA3A -3.00 14 

MAP2K6 -2.38 18, 32, 34 

PTAFR -2.28 11, 30 

GNAQ -2.25 8, 28 

CEP250 -2.24 27 

ITGA6 -2.11 34 

DYNC2H1 -1.96 29 

IKBKG -1.91 24 

GRIA2 -1.87 8, 26 

OPRL1 -1.85 11 

CARD8 -1.82 24 

PRKACB -1.80 31 

MECOM -1.79 33 

ATP2B2 -1.77 8 

ITGB7 -1.75 34 

NPSR1 -1.74 11 

CARD9 -1.74 16, 24 

OR10P1 -1.73 23 

AKR7A2 -1.71 15 

IFT27 -1.71 29 

MAP2K5 -1.71 34 

LUM -1.67 25 

ZNF385A 2 -1.65 6 

OR2A4 -1.65 23 

USP34 -1.64 4, 12 

GRIN1 -1.63 5, 14 

NCDN -1.63 5 

TAB1 -1.62 32 

ZNF385A 1 -1.60 6 

TSPAN7 -1.60 9 

CASP9 -1.60 24 

CYP3A4 -1.59 3, 15, 22, 31 

PLCB2 -1.59 8 

NCF2 -1.59 19 

POMGNT2 -1.58 2 

CYP2E1 -1.58 3, 20, 21 

CNR2 -1.58 31 
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C3AR1 -1.57 11, 17 

FOXM1 -1.57 27 

CHST4 -1.55 2 

CSN3 -1.55 5 

DAB1 -1.54 5 

CAPG -1.54 7, 13, 26 

FFAR2 -1.54 11 

MET -1.54 7, 13, 26 

CEMIP -1.53 1 

BPGM -1.53 19 

OR9G1 -1.53 23 

OR51L1 -1.53 23 

IFNB1 -1.53 32 

NEO1 -1.52 5 

MAPK7 -1.52 7, 26, 34 

ITGAM -1.52 34 

STXBP2 -1.51 5 

PGM1 -1.51 7, 13, 26 

SLIT2 -1.51 10, 14 

KAT5 -1.51 12 

USP13 -1.50 4 

MYLK -1.50 28 

IFT122 -1.50 29 
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Supplementary Table 9: An outline of the top 100 genes upregulated in IBR102 cells relative to 

BJABs, sorted based on fold change (BJAB – IBR102). 

 

 

Gene Fold change

FYB -6.75

TNNI1 -6.36

HBD -4.75

FOXI1 -3.96

HPGDS -3.64

JAKMIP2 -3.51

MCTP1 -3.27

CKMT1A -3.24

HEPACAM2 -3.13

SEMA3A -3.00

HIST1H1B -2.76

CHRNA6 -2.75

CLVS1 -2.74

LOC728485; CTD-2162K18.4 -2.67

TNFSF8 -2.59

FAM46C -2.55

IGSF11 -2.50

MYBPH -2.45

TBC1D9 -2.45

SERPINA9 -2.44

NRSN2 -2.41

MGLL -2.41

GAREM1 -2.41

CNGA4 -2.39

MAP2K6 -2.38

BTBD8 -2.38

SLA -2.36

HYPK -2.35

FRRS1 -2.33
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