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Abstract

Purpose—B-cell chronic lymphocytic leukemia (CLL) is an incurable disease despite aggressive
therapeutic approaches. We previously found that AxI receptor tyrosine kinase (RTK) plays a
critical role in CLL B-cell survival. Here, we explored the possibility of using a high-affinity Axl
inhibitor as a single agent or in combination with Bruton’s tyrosine kinase (BTK) inhibitors for
future clinical trial to treat CLL patients.

Experimental Design—Expression/activation status of other members of the TAM (Tyro3,
Axl, MER) family of RTKSs in CLL B-cells was evaluated. Cells were treated with a high-affinity
orally bioavailable Axl inhibitor TP-0903 with or without presence of CLL bone marrow stromal
cells (BMSCs). Inhibitory effects of TP-0903 on Axl signaling pathway was also evaluated in
CLL B-cells. Finally, cells were exposed to TP-0903 in combination with BTK inhibitors to
determine any synergistic/additive effects of the combination.

Results—CLL B-cells overexpress Tyro3, but not MER. Of interest, Tyro3 remains as
constitutively phosphorylated and form a complex with Axl in CLL B-cells. TP-0903 induces
massive apoptosis in CLL B-cells with LDsg values of nanomolar ranges. Importantly, CLL
BMSCs could not protect the leukemic B-cells from TP-0903 induced apoptosis. A marked
reduction of the anti-apoptotic proteins Mcl-1, Bcl-2, XIAP and upregulation of the pro-apoptotic
protein BIM in CLL B-cells were detected as a result of AxI inhibition. Finally, combination of
TP-0903 with BTK inhibitors augments CLL B-cell apoptosis.

Conclusion—Administration of TP-0903 either as a single agent or in combination with BTK

inhibitors may be effective in treating CLL patients.
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Introduction

CLL is the most common form of leukemia in the Western hemisphere and accounts for
~11% of all newly diagnosed hematologic neoplasms, and given its chronic nature, there are
estimated to be over 100,000 individuals in the United States living with CLL(1). Initial
therapy of progressive CLL is effective, but when a patient relapses the treatment options
are limited. Since we do not routinely cure CLL patients, we are therefore frequently faced
with second-line therapies that have very inferior levels of deep clinical responses and
durability. In addition, the current therapies for upfront treatments utilize agents that are
toxic to the marrow/immune system and are difficult to use in older patients (=65). Thus,
any insights into drugs with unique mechanism(s) of action with less severe toxic profiles
are needed. Given this we have been focused on developing insights into CLL B-cell
biology that relate to disease progression events and provide unique therapeutic targets.

In our recent studies we reported a previously undefined RTK Axl, a member of the TAM
family of RTKSs (2, 3), expressed in CLL B-cells and is likely playing a critical role in
regulating CLL B-cell survival(4, 5). We found that CLL B-cells from majority of CLL
patients express constitutively active (phosphorylated) Axl and that it is physically
associated with multiple non-receptor cellular kinases including P13K, Syk/ZAP70 and
Lyn(4). Most recently, we have detected that p53 functionality is linked to AxI expression in
CLL B-cells(5). Importantly, we have also found that inhibition of AxI induces apoptotic
cell death in CLL B-cells(4, 5).

B-cell receptor (BCR) signaling plays a critical pathogenic role in CLL. In normal B-cells,
ligation of the BCR results in a signaling cascade that can lead to proliferation, apoptosis, or
anergy depending on the stage of development and antigen ligated(6). In CLL B-cells,
however, the BCR is dysregulated, and activation through antigen ligation or auto-
stimulation results in the progression of proliferative and prosurvival signals(7, 8). Although
multiple agents are in clinical development that target BCR, one of the most exciting is the
BTK inhibitor, ibrutinib which has emerged as an attractive agent in CLL therapy(9). Early
phase 2 or 3 trials show that oral therapy with BTK inhibitors is very potent in relapsed/
refractory CLL. With the single agent BTK inhibitor, the majority of the treated cohort only
experienced a partial response(9, 10). However, this agent is not curative and resistance
develops. Thus it is likely that combination of other drugs with BTK inhibitors will be
needed to improve the clinical responses seen with this single agent.

Given this, we further defined the role of the TAM family RTKs in CLL B-cell survival and
apoptosis resistance. Our studies show that CLL B-cells express higher levels of Tyro3, but
not MER, as compared to normal B-cells and that it is constitutively phosphorylated. We
also found that combined treatment of CLL B-cells with AxI and certain BTK inhibitors
augmented apoptosis levels.
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Materials and Methods

B-cell isolation and cell culture

Reagents

All patients provided written informed consent according to the Declaration of Helsinki to
the Mayo Clinic Institutional Review Board, which approved these studies. Primary CLL B-
cells were isolated and purified from blood of the CLL patients with the use of RosetteSep
B-cell enrichment kit (Stem Cell Technologies). The typical purification range of CD5*/
CD19" CLL B-cells for this work was >95-99%. Peripheral blood mononuclear cells
(PBMC) from healthy individuals were included as normal controls wherever appropriate.
Normal B-cells were also purified from healthy control individuals(4). Cells were cultured
in serum-free AIM-V (GIBCO) medium as needed. Primary bone marrow stromal cells
(BMSCs) were isolated from the bone biopsy materials and were maintained in vitro as
previously described(11, 12). MDA-MB-231 breast epithelial carcinoma cells (American
Type Culture Collection, Rockville, MD) were maintained in DMEM/F12 medium (Life
Technologies) supplemented with 10% fetal bovine serum (FBS).

A high-affinity orally bioavailable AxI inhibitor TP-0903 and a reversible BTK inhibitor
TP-4216 were obtained from Tolero Pharmaceuticals Inc., PCI-32675 (ibrutinib) was
purchased from Selleck Chemical LLC. Bcl-2 antibody was purchased from BD Pharmingen
and antibodies to Actin, Axl, and BIM were purchased from Santa Cruz Biotechnologies.
Antibody to poly (ADP-ribose) polymerase (PARP) and phosphotyrosine mouse monoclonal
antibody (4G10) were purchased from BIOMOL and Millipore, respectively. All other
antibodies were obtained from Cell Signaling Technology.

Treatment of CLL B-cells with inhibitors and flow cytometric analysis

CLL B-cells (2 x 106 cells/ml) from CLL patients with low-risk FISH (13q14- deletion,
trisomy 12 or no chromosomal abnormalities; n=20) or with high-risk FISH (17p13.1-
deletion; n=8, and 11g22.3-deletion; n=10) were treated with increasing doses of TP-0903
(0.01-0.25uM) for 24 hours. Normal PBMC cultured in serum-free AIM-V media were also
treated with TP-0903 (0.01-0.5uM) for 24 hours. Cells were harvested, and induction of
apoptosis was determined by flow cytometry (FACScan, Becton Dickinson) after staining
with annexin/propidium iodide (PI). Of note, we did not supplement FBS to CLL B-cell
culture as prior study found that FBS induces spontaneous apoptosis in CLL B-cells(13),
instead, we used serum-free AIM-V basal media which contains human serum albumin to
support primary CLL B-cell growth. Therefore, for comparison, we cultured PBMC isolated
from healthy, normal individuals in serum-free AIM-V media, instead of RPMI+10% FBS.

In separate experiments, CLL B-cells (2 x 106 cells/ml) were treated with increasing doses
(0.05-0.15 uM) of TP-0903 as a single agent or in combination with increasing doses (0.25—
0.75uM) of ibrutinib or a reversible BTK inhibitor TP-4216 at a constant dose ratio (1:5) for
24 hours. Cells were harvested and apoptosis induction was determined as described above.
Combination effects of the two drugs were analyzed using the CalcuSyn software program,
which uses the method of Chou and Talalay(14). A combination index (CI) value of 1

Clin Cancer Res. Author manuscript; available in PMC 2015 June 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sinha et al.

Page 4

indicates an additive effect; values >1 indicate an antagonistic effect and values <1 indicate
a synergistic effect of combined treatment.

AxI expression on CLL B-cells or normal immune cells (B-/T-/NK-cells) was determined by
flow cytometry using a specific antibody to Axl (Cell Signaling) as described previously(4,
5). For the detection of B-cells and T-cells, chromogen-conjugated antibody to CD19 or
CD3 was used respectively to stain the cells prior analysis on flow cytometer.

Treatment of CLL B-cells with TP-0903 in co-culture with stromal cells

CLL BMSCs were plated in 24-well tissue-culture plates (5.0 x 104 cells/well) and cultured
until the cells were ~80% confluent. After washing, CLL BMSCs were co-cultured with
CLL B-cells at a cell density of 2.0 x 108 cells/well in serum-free AIM-V medium. Cells
were subsequently treated with TP-0903 (0.1 and 0.175uM) or DMSO. For comparison,
CLL B-cells cultured alone were treated similarly with TP0903 or DMSO. After 24 hours,
CLL B-cells and CLL BMSCs were harvested and apoptosis induction in both the cell types
was determined by flow cytometry as described above.

Transfection, immunoprecipitation and Western blot analysis

Results

Purified CLL B-cells (4.0 x 108/ml) treated with DMSO or TP-0903 (0.1uM) or ibrutinib/
TP-4216 (0.75 uM) for 20-24 hours were lysed in NP40-lysis buffer, and whole cell extract
was prepared as described previously(4, 5). Normal B-cell lysates were also prepared in
NP40-lysis buffer as control. For immunoprecipitation (IP) experiments, 0.2-0.3mg of total
protein from CLL B-cell lysates was used to IP specific RTKSs using appropriate antibodies
as described elsewhere(4). The precipitated immune complex was electrophoresed on SDS-
polyacrylamide gels, transferred onto nitrocellulose membranes, followed by detection of
proteins of interest using specific antibodies. MDA-MB-231 cells were transfected with a
specific sSiRNA to Axl (Santa Cruz) or scrambled (sc) siRNA (Santa Cruz) using
Lipofectamine2000 (Invitrogen) according to manufacturer’s instructions. Cells were
harvested after 48 hours, lysed and analyzed for the expression of Axl, XIAP, Bcl-2, Mcl-1
and phosphorylation status of AKT using specific antibodies by Western blots as described
above.

CLL B-cells overexpress constitutively phosphorylated Tyro3

We have reported earlier that CLL B-cells express higher levels of constitutively
phosphorylated Axl as compared to normal B-cells(4) however; expression status of other
members of the TAM RTK family including Tyro3 and MER in CLL B-cells is not defined.
Therefore, to more completely define the expression/activation status of the TAM family
members, CLL B-cell lysates were analyzed for the expression of Tyro3 and MER by
Western blots using specific antibodies. While MER RTK expression was undetectable (data
not shown), Tyro3 expression was substantially elevated in CLL B-cells as compared to
normal B-cells (Fig. 1A).
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Next, we determined the phosphorylation status of Tyro3 in CLL B-cells as we found earlier
for AxI(4). For this, we immunoprecipitated tyrosine-phosphorylated proteins from CLL B-
cell lysates, followed by Western blot analysis to detect Tyro3 or Axl. As shown in Fig. 1B
we detected phosphorylation on Tyro3 in CLL B-cells. Further analysis demonstrates that
both Tyro3 and AxI remain as constitutively phosphorylated RTKs in these leukemic B-cells
(Fig. 1C).

Do Axl and Tyro3 exist in the same complex?

To further explore the role of Tyro3 in the TAM RTK signaling, we interrogated whether
AxI and Tyro3 heterodimerize or coexist in the same molecular complex in CLL B-cells. To
address this, Tyro3 was immunoprecipitated from CLL B-cell lysates and examined the
immune complex to detect AxI in Western blot analysis. Indeed, our findings demonstrate
that Axl and Tyro3 are physically associated or exist in the same complex (Fig. 1D).

CLL B-cells are sensitive to Axl inhibition

To address whether AxI expression is positively correlated with its phosphorylation levels,
AxI was immunoprecipitated from lysates of CLL B-cells expressing low levels (<20%) or
high levels (=60%) of AxI on cell surface as determined by flow cytometry prior cell lysis.
Immunoprecipitated Axl was analyzed for phosphorylation levels by Western blots using
4G10 antibody. Indeed for CLL B-cells with higher AxI expression (=60%) there was much
more evident phosphorylation as compared to those expressing low levels of Axl (Fig. 2A).
We hypothesized that CLL B-cells expressing constitutively phosphorylated Axl even at low
levels can be impacted when exposed to a very high-affinity Axl inhibitor TP-0903(15). To
address this, CLL B-cells from previously untreated CLL patients with low-risk FISH
(n=20) were treated with increasing doses of TP-0903 for 24 hours and induction of
apoptosis was determined. Indeed, TP-0903 induced robust levels of apoptosis in CLL B-
cells from all the CLL patients (Fig. 2B) irrespective of their disease stages or prognostic
factors (Supplementary Table 1) with a mean LDsq dose of 0.14uM. Most recently, we
detected that CLL B-cells with 17p13.1 defects expressed increased levels of AxI(5).
Therefore, to test whether TP-0903 exerts cytotoxic effects on these high-risk leukemic B-
cells, CLL B-cells (Supplementary Table 1) with 17p13.1-deletion or 11g22.3-defects
(confer heterologous deletion of the ATM gene) were treated with increasing doses of
TP-0903 and apoptosis induction was determined after 24 hours as described above. A dose-
dependent induction of massive apoptosis was noted in these high-risk CLL B-cells
following TP-0903 treatment (Fig. 2C). The mean LDgq doses of both the CLL cohorts
(17p13.1 and 11g22.3) were comparable and very close to that obtained for the low-risk
CLL B-cells (Fig. 2B). Together, these results suggest that TP-0903 could be an effective
therapeutic option across all the CLL risk groups whose leukemic B-cells express
constitutively phosphorylated Axl RTK.

To further explore whether sensitivity of CLL B-cells to TP-0903 depends on the levels of
AxI expression, we determined levels of Axl expression on CLL B-cells obtained from all
the CLL patients (n=38) prior treatment of the cells with TP-0903 (as shown in Figs. 2B&C)
by flow cytometry using a specific antibody to Axl. LDsq doses were evaluated from the
TP-0903 dose-response curve for each sample and plotted against AxI expression on the
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leukemic B-cells. Although we did not find a perfect correlation between the AxI expression
levels and sensitivity of the leukemic B-cells to TP-0903 (Fig. 2D), it appears that CLL B-
cells from majority of CLL patients expressing >20% AxI are sensitive to TP-0903 treatment
over a narrow range of LDsgg doses (0.09-0.2uM).

Given these findings we concluded that TP-0903 is highly active in inducing apoptosis in
CLL B-cells expressing Axl. To this end, it is also critical to find out if TP-0903 targets
normal immune cells. Previously, we have detected that CLL B-cells express significantly
higher levels of AxI compared to normal B-cells(4). To further detail AxI expression
patterns in nonmalignant immune cells, we examined Axl expression on PBMC from
healthy, age-matched individuals (n=11) by flow cytometry and sensitivity of the latter cell
types to TP-0903. Granulocytes and T-cells do not express AxI (data not shown) as we
reported earlier(4). However, we did find that non-B-/non-T-cells (CD197/CD3") i.e. NK-
cells express low levels of Axl [mean: 7.23 + 3.8 (SD)]. To test the impact of TP-0903 on
normal immune cells in vitro and compare with CLL B-cells, we cultured normal PBMC in
serum-free AIM-V media with increasing doses of TP-0903 for 24 hours. Cells were stained
with annexin/Pl and antibody to CD19 (B-cells), or CD3 (T-cells) to detect induction of
apoptosis by flow cytometry. We found the LDsg doses of TP-0903 for normal B-cells and
T-cells were ~0.3uM and ~0.4puM, respectively (Fig. 2E), which were higher than that found
for the malignant B-cells under similar experimental conditions. However, CD37/CD19~
cells (NK cells) did not show any significant level of sensitivity to TP-0903 (Fig. 2E).
Although the observed LDsq doses of TP-0903 for the normal B-/T-cells were only 2-3 fold
higher than that of CLL B-cells, it is important to note that while serum-free AIM-V
medium supports well primary CLL B-cell growth and survival (>90% viability) it is not the
optimal culture medium for the PBMC in vitro. In total, these in vitro data indicate that
cytotoxic effects of TP-0903 on normal immune cells are moderate at the doses (LDsq dose
range 0.09-0.2uM) which effectively induce apoptosis in leukemic B-cells under similar in
vitro culture conditions.

TP-0903 targets phosphorylated Axl in CLL B-cells

To interrogate whether TP-0903 is able to “hit” its target P-AxI, purified CLL B-cells were
treated with a sub-lethal dose of TP-0903 (0.1uM) or left untreated for 20-24 hours. Axl was
then immunoprecipitated from the cell lysates, followed by Western blot analysis using a
phospho-tyrosine specific antibody (4G10) to detect P-AxI level. Results demonstrate
substantial reduction of the P-AxI level upon treatment of CLL B-cells with TP-0903 (Fig.
2F).

To further examine whether TP-0903 could also target P-Tyro3, tyrosine-phosphorylated
proteins were pulled down from TP-0903-treated CLL B-cell lysates by IP using 4G10-
antibody, followed by Western blot analysis to detect Tyro3. We found that TP-0903 was
unable to target P-Tyro3 in CLL B-cells at this dose (Fig. 2G). This is consistent with an
earlier study indicating that the inhibitor possesses lower affinity for this RTK(15).
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Inhibition of P-Axl alters activation status of Src/AKT and expression of anti-apoptotic
proteins in CLL B-cells

To further examine the impact of Axl inhibition on its downstream signaling components
(i.e., P-AKT and P-Src family kinases [SFK]) and anti-apoptotic proteins, Mcl-1, Bcl-2 and
XIAP, TP-0903-treated CLL B-cell lysates used above in Fig. 2F were further analyzed in
Western blots using specific antibodies. TP-0903 treatment inhibited constitutively active
SFK/AKT and reduced Mcl-1, Bcl-2 and XIAP levels in CLL B-cells (Fig. 3A). These
results indicate that targeting the Axl signaling pathway by TP-0903 robust apoptosis can be
induced which is linked to reduction of Mcl-1, Bcl-2 and XIAP expression levels, known to
play a critical role in CLL B-cell resistance to apoptosis.

To further validate that the observed inhibitory effect of TP-0903 on Mcl-1, Bcl-2 and XIAP
levels in CLL B-cells was as a result of P-Axl inhibition, not off-target effects, we depleted
AxI by RNA interference in MDA-MB-231 breast cancer cells. We chose MDA-MB-231
cells as (i) these cells express high level of AxI(16), (ii) easy to transfect and (iii), AxI does
not appear to be a primary survival factor(16). Indeed, siRNA-mediated depletion of Axl in
MDA-MB-231 cells did not induce cell death (data not shown) as was observed in an earlier
study(16). However, reduction of Axl expression in MDA-MB-231 cells was accompanied
by significant downregulation of the anti-apoptotic proteins, XIAP and Bcl-2, but not Mcl-1
(Fig. 3B). It is likely that AxI signaling depends on cellular context. In total, these results
suggest that TP-0903 primarily targets Axl in CLL B-cells to induce apoptosis.

Inhibition of the AxI/AKT axis induces BIM expression

Amongst BH3-only proteins, BIM is critical for hematopoietic development and
homeostasis of both lymphoid and myeloid cell series(17). BIM has at least three major
isoforms (BIMg, BIM|_and BIMg) generated by alternative splicing(18). The pro-apoptotic
activity of BIM is regulated transcriptionally, post-transcriptionally and post-translationally.
FOXO03a is one of the major transcription factors for BIM, and is phosphorylated by AKT
which inhibits its nuclear translocation from cytoplasm in healthy cells(19, 20). As TP-0903
inhibited the AxI/AKT axis in CLL B-cells, we wished to examine whether BIM was
upregulated as a result of AKT inhibition. Western blot analysis of the TP-0903 treated CLL
B-cell lysates revealed an increased expression of BIM compared to the cells left unexposed
to TP-0903 (Fig. 3C). Further analysis suggests that increase of BIM levels was due to
reduction of inhibitory phosphorylation levels of its upstream transcriptional regulator
FOXO03a in TP-0903-treated CLL B-cells (Fig. 3C). Finally, we also observed that TP-0903
mediated apoptosis of CLL B-cells involves PARP cleavage and caspase 3 activation in 3 of
4 CLL patients (except P4) (Fig. 3D). It is likely that either there was activation of other
executioner caspase (e.g., caspase 7) or accumulation of AIF from mitochondria to
nucleus(21) in the cells from the CLL patient P4.

TP-0903 overcomes CLL BMSC mediated protection of the leukemic B-cells

The stromal protection of leukemic cells is an important factor contributing to drug
resistance in vivo(22). Previously, we and others have shown that BMSCs protect CLL B-
cells from spontaneous and drug-induced apoptosis through soluble- or contact-mediated
interactions(12, 13, 23). Here we tested whether TP-0903 could overcome CLL BMSC
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mediated protection of CLL B-cells from apoptosis induction. For this, purified CLL B-cells
sensitive to TP-0903 were co-cultured with CLL BMSCs obtained from CLL patients (n=3),
followed by treatment with TP-0903 at two doses: 0.1uM (lower than the mean LDsq dose
0.14uM) and 0.175uM (higher than the mean LDsq) for 24 hours. Cells were harvested and
induction of apoptosis was determined by flow cytometric analysis after annexin/Pl staining.
Results indicate that CLL BMSCs could not protect the leukemic B-cells from TP-0903
induced apoptosis (Fig. 4A).

To rule out any impact of TP-0903 on stromal cell viability, CLL BMSCs from co-culture
were harvested and induction of apoptosis was determined. Our findings demonstrate that
TP-0903 overcomes stromal cell mediated protection of CLL B-cells without exerting any
significant cytotoxic effect on CLL BMSCs at both doses (Fig. 4B). In total, TP-0903 is able
to target P-AxI in CLL B-cells and induces apoptosis even in presence of CLL BMSCs
without impacting on the CLL bone marrow stroma.

Combined treatment of CLL B-cells with TP-0903 with BTK inhibitors augments apoptosis

levels

Most recently, ibrutinib which irreversibly targets BTK of the BCR-signaling pathway has
emerged as a very effective therapeutic intervention in CLL therapy(9). Despite the fact that
the CLL patients achieve a longer period of progression-free survival (PFS), ibrutinib is not
curative and resistance develops(9, 10, 24). Thus, we tested whether combined treatment of
CLL B-cells with TP-0903 and ibrutinib augments leukemic B-cell apoptosis levels. CLL B-
cells were treated with increasing doses of TP-0903 in combination with ibrutinib or as a
single agent for 24 hours. For comparison, CLL B-cells were also treated with a reversible
BTK inhibitor, TP-4216 in combination with TP-0903 using a similar in vitro treatment
strategy. Cells were harvested and induction of apoptosis was determined by flow cytometry
after staining with annexin/Pl. Here we found that the single agent ibrutinib or TP-4216 did
not induce significant level of apoptosis in CLL B-cells in the dose range used in this study
but, combination with TP-0903 augmented apoptosis levels in CLL B-cells (Fig. 5A).
Interestingly, combined effects of TP-0903 and TP-4216 on CLL B-cell survival were more
pronounced than that of TP-0903 and ibrutinib.

To define more clearly the combination effects of these agents, CI values of the data from
combined treatment of CLL B-cells from individual CLL patients was determined using the
CalcuSyn software(14). Based on the CI values, we found while the in vitro combination of
TP-0903 and ibrutinib showed both additive (2 of 11) and synergistic (2 of 11) effects in
inducing apoptosis, CLL B-cells from the remaining 7 CLL patients showed antagonistic
effects (Fig. 5B). However, we observed synergistic effects of TP-0903 in combination with
TP-4216 in induction of apoptosis in CLL B-cells from 5 of 10 CLL patients and additive
effect in CLL B-cells from 1 CLL patient (P13) with a Cl value of 1.03 (Fig. 5C). Cells from
the remaining 4 CLL patients displayed antagonistic effects throughout the dosing range of
the drugs with CI values of >1.1 (Fig. 5C). In total, these results suggest that while TP-0903
is quite effective in inducing robust CLL B-cell apoptosis as a single agent, the combination
with a BTK inhibitor, particularly the reversible BTK inhibitor TP-4216 could be a more
effective strategy to reduce tumor burden in most CLL patients.
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Finally, as we did not see any significant level of apoptosis induction in CLL B-cells upon
treatment with ibrutinib or TP-4216 at the highest dose used in this study, we examined
whether (i) CLL B-cells expressed P-BTK and (ii) these agents were able to target P-BTK
under our in vitro culture conditions. Results from Western blot analysis demonstrate that
CLL B-cells express constitutively phosphorylated BTK (Y223), albeit at differential levels,
which was inhibited by TP-4216 or ibrutinib (Fig. 5D).

Discussion

We previously reported that CLL B-cells express constitutively active Axl, albeit at
differential levels(4, 5). Most recently, we have shown that expression of Axl in CLL B-
cells is linked to the functional status of p53(5). To further define whether CLL B-cells
express other RTKs of the TAM family including Tyro3 and MER, we analyzed CLL B-
cells for their expression. Indeed our findings demonstrate that CLL B-cells overexpress
Tyro3, but not MER, as compared to normal B-cells. Importantly, Tyro3 remains as a
constitutively phosphorylated RTK as the Axl in CLL B-cells. In addition we detected Axl
and Tyro3 in the same molecular complex in CLL B-cells, suggesting that these two TAM
RTKs may heterodimerize and their dynamic interactions likely play a critical role in
transmitting survival signals. However, the exact functional implication of Tyro3 expression
in CLL B-cells requires further investigation.

Upregulation of AxI has been reported in a variety of cancers including breast(25),
gastric(26), prostate(27), ovarian(28, 29), and lung(30, 31). Overexpression of Axl was
shown to correlate with poorer prognosis(32, 33), as well as increased invasiveness(34)
indicating that AxI has strong oncogenic potential. Recent studies reported that Axl is
overexpressed and activated in several drug-resistant cancer cell lines, suggesting that Axl
may play a role in chemotherapy-resistant cancers. Increased Axl levels have been linked
with Imatinib-resistant gastrointestinal stromal tumors, Nilotinib-resistant chronic myeloid
leukemia cells, BMS-754087-resistant Rhabdomyosarcoma, Lapatinib-resistant HER-2
positive breast tumor cells and resistance to cisplatin in ovarian and esophageal
adenocarcinoma(35-41). A most recent study show that overexpression of Axl is sufficient
to mediate acquired resistance to cetuximab which targets epidermal growth factor receptor
in models of non-small cell lung cancer and head and neck squamous cell carcinoma(42).
Although Axl is consistently associated with resistance to chemotherapy in cancer cells, the
underlying pathways of AxI upregulation in this context remain unknown(43).

This information on Axl and our earlier in vitro findings indicate that AxI can be an
attractive target in CLL therapy(4, 5). Here, we utilized a high-affinity Axl inhibitor
TP-0903 to generate preliminary information on its efficiency to specifically target Axl and
the level of apoptosis induction in CLL B-cells. We found that TP-0903 as a single agent
induced robust apoptosis in CLL B-cells within 24 hours of exposure at nanomolar doses.
Importantly, these doses are easily achievable in vivo (courtesy: Tolero Pharmaceuticals). Of
note, cytotoxic impact of TP-0903 on CLL B-cells was found to be independent of the
disease stage, IgVH mutational status and/or the presence of chromosomal abnormalities
including 17p13.1-/11922.3-deletions of the CLL patients. We also found that TP-0903 is
able to specifically target P-AxI, but not P-Tyro3, to induce apoptosis. This latter
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information suggests that Axl seems to be a highly active and predominant RTK of the TAM
family in CLL B-cells despite the expression of significant levels of P-Tyro3. However, the
exact role of Tyro3 expression and phosphorylation in CLL B-cell survival and pathogenesis
remains undefined. It is likely that Tyro3 plays a secondary role in CLL B-cells as inhibition
of P-Axl alone was able to induce a robust level of apoptosis.

Next, we assessed the activation status of the downstream AxI signaling pathway in
TP-0903-exposed leukemic B-cells. Our analyses demonstrated that targeting P-Axl by
TP-0903 resulted in inhibition of SFK and AKT activation. Of note, these two signaling
components are the central and converging points of multiple signaling pathways including
BCR signaling in CLL B-cells(44). Importantly, findings from our current study noted a
significant reduction of the anti-apoptotic proteins, XIAP, Bcl-2 and Mcl-1 in CLL B-cells
upon Axl inhibition. In addition, we also found that expression of the pro-apoptotic protein
BIM was upregulated in TP-0903 treated CLL B-cells and reduction of AKT-mediated
phosphorylation on FOXO3a, an upstream transcriptional activator of the BIM gene(19, 20).
In total, AxI inhibition in CLL B-cells resulted in modulation of two key cell survival
signaling axes and subsequent reduction of anti-apoptotic proteins and upregulation of a pro-
apoptotic protein, a situation that would favor the robust apoptosis induction in CLL B-cells.

CLL BMSCs play a key role in the protection of leukemic B-cells from spontaneous as well
as drug induced apoptosis(12, 13, 22, 23). To that point our findings suggest that TP-0903 is
able to overcome CLL BMSC mediated protection of CLL B-cells in co-culture without
affecting the stromal cells, suggesting that the use of TP-0903 as a treatment option for CLL
could be highly effective. In addition we also explored whether TP-0903 could be combined
with BTK inhibitors including ibrutinib.

Ibrutinib provides an effective treatment option for previously treated, relapsed/drug-
refractory CLL patients however; as a single agent ibrutinib often induces only a partial
response and resistance develops, and some patients have transformed to Richter’s
Syndrome(24). As Axl regulates upstream kinases of BTK, Lyn/Syk(4), elevated levels and
aberrant activation of Axl in CLL B-cells may also cause resistance to BTK inhibition.
BTK-deficient neutrophils showed activation of NADPH oxidase resulting in increased
production of reactive oxygen species (ROS)(45). Related to this, a previous report
demonstrates that elevated levels of ROS activate Axl in vascular smooth muscle cells(46).
Thus, one possible mediator of such resistance development to ibrutinib therapy might be
activation of NADPH oxidase in response to chronic BTK inhibition resulting in elevated
ROS levels in CLL B-cells; suggesting that NADPH oxidase inhibitors(47) may block
compensatory Axl activation. Given these clinical issues we explored the possibility whether
combining TP-0903 with ibrutinib could augment apoptosis levels in CLL B-cells. We
found that the in vitro combination treatment generated additive/synergistic effects only in 4
of 11 CLL samples with the majority (remaining 7) samples demonstrating antagonistic
effects. To test whether other BTK-inhibitors produced similar combination effects, we
tested a reversible BTK inhibitor, TP-4216 which binds a region on BTK different than
ibrutinib (courtesy of Tolero Pharmaceuticals). Indeed, concurrent in vitro administration of
TP-0903 and TP-4216 produced synergistic/additive cytotoxic effects on CLL B-cells from
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6 of 10 CLL patients while TP-4216 did not show any significant impact on CLL B-cell
survival when used alone.

We further studied whether concurrent BCR stimulation sensitizes CLL B-cells to BTK
inhibitors in vitro based on the conception that BTK inhibitor efficacy heavily relies on
stimulation of BCR through in vivo mechanisms(48, 49). Indeed tissue microenvironment
plays critical role in activating the BCR signal in CLL B-cells(50). However we did find an
increase of apoptosis levels, albeit at variable levels, in CLL B-cells exposed to BTK
inhibitors (ibrutinib or TP-4216) under in vitro BCR stimulation as compared to that seen in
unstimulated cells (Supplementary Fig. 1). Thus, in agreement with previous reports these
observations suggest that status of in vivo BCR stimulation likely plays a determining role to
the efficacy of BCR-targeted agents in CLL.

In summary, we have found that CLL B-cells not only express constitutively active AxI but
also increased levels of Tyro3, another member of the TAM RTK family and that, Tyro3
remains as constitutively phosphorylated. However, it is not clear why CLL B-cells express
two constitutively phosphorylated RTKs from the same family of RTKs. A possible
explanation could be formation of a heterodimer between Axl and Tyro3 stabilizing the
TAM survival signals.

TP-0903 was able to induce massive apoptosis in CLL B-cells by targeting AxI without
inhibiting P-Tyro3, suggesting that Axl is likely the predominant RTK of the TAM family
regulating CLL B-cell survival. Further studies are underway to define more completely the
role of Tyro3 in regulation of CLL B-cell survival. Our current studies on the oral AxI
inhibitor TP-0903 show that it is highly specific for Axl, induces robust cell death in CLL B-
cells by reducing expression levels of the critical anti-apoptotic proteins Bcl-2, XIAP and
Mcl-1 and upregulating the pro-apoptotic protein BIM via activation of FOX0O3a, and
appears to be effective even in the presence of stromal cells. Finally, combination studies
demonstrate that use of TP-0903 with a reversible BTK inhibitor is more effective than the
single agents. Given these in vitro findings, we are encouraged to conduct clinical trials
using TP-0903 either as a single agent or in combination for CLL patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Despite aggressive treatment regimen B-Cell Chronic Lymphocytic Leukemia (CLL) is
still incurable. Previously we defined the role of a novel receptor tyrosine kinase (RTK)
Axl in CLL B-cell survival. In this study we demonstrated the impact of AxI inhibition
on CLL B-cell survival using a high-affinity Axl inhibitor, TP-0903. Results suggest that
TP-0903 is highly effective in inducing apoptosis in primary CLL B-cells via inhibition
of AKT/Src signaling pathways, downstream of Axl, with nanomolar range LDsq doses
which overcome bone marrow stromal cell protection of the leukemic B-cells. Finally,
combined treatment of CLL B-cells with TP-0903 and a reversible Bruton’s tyrosine
kinase (BTK) inhibitor induces apoptosis more efficiently with additive/synergistic
effects. These findings underscore the usage of the Axl inhibitor as a single agent or in
combination with BTK inhibitors to more effectively treat CLL patients.
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Figure 1. CLL B-cellsoverexpress Tyro3 and associates with Axl
A. Tyro3isoverexpressed in CLL B-cells. Lysates from purified CLL B-cells (P1-P8) and

normal B-cells obtained from healthy individuals (N1-N5) were examined for the
expression of Tyro3 by Western blot analysis using a specific antibody. Actin was used as
loading control. CLL patients and normal individuals are indicated by assigning arbitrary
numbers. B. Tyro3 is constitutively phosphorylated in CLL B-cells. Total tyrosine-
phosphorylated proteins were immunoprecipitated from purified CLL B-cell lysates used
above as indicated using a phospho-tyrosine specific antibody (4G10) followed by Western
blot analysis using a specific antibody to Tyro3. Presence of immunoglobulin G (IgG) heavy
chain was used as loading control C. CLL B-cells co-express constitutively
phosphorylated Axl and Tyro3. Tyrosine-phosphorylated proteins were
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immunoprecipitated from CLL B-cell lysates using 4G10 antibody and phospho-AxI or
phospho-Tyro3 was detected in Western blot analysis using a specific antibody to AxI or
Tyro3, respectively. CLL patients are indicated by assigning arbitrary numbers. D. Axl and
Tyro3 form a complex. Tyro3 was immunoprecipitated from lysates of CLL B-cells using
an antibody to Tyro3, followed by Western blot analysis to detect Axl. The blot was stripped
and reprobed with an antibody to Tyro3. IgG heavy chain was used as loading control. CLL
patients are indicated by assigning arbitrary numbers. Molecular sizes are indicated using
standard molecular weight protein markers (Bio-Rad).
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Figure 2. Impact of Axl inhibition on CLL B-cell survival
A. Axl expression level is positively associated with its phosphorylation status. Axl was

immunoprecipitated from equal amount of lysates of CLL B-cells expressing low levels of
AxI (£20%) or high levels (=60%) as determined by flow cytometric analysis. The immune
complex was then analyzed for the presence of phosphorylated AxI in Western blot using
4G10 antibody. The blot was stripped and reprobed with an anti-Axl antibody. 1gG heavy
chain was used as loading control. B. AxI inhibition induces robust apoptotic cell death.
CLL B-cells conferring low-risk FISH detectable chromosomal abnormalities or not from
previously untreated CLL patients (n=20) were treated with increasing doses of an orally
bioavailable high affinity AxI inhibitor TP-0903 for 24 hours. Cells were harvested, stained
with annexin V-FITC/PI and analyzed on flow cytometer to determine total apoptotic cell
death. Results are presented as mean values with standard deviations (SD) at each dose of
TP-0903. The mean LDsgg (~0.14 uM) value is indicated by the arrow. C. Impact of AxI
inhibition on high-risk CLL B-cell survival. CLL B-cells of high-risk as determined by
FISH detectable chromosomal abnormalities at chromosome 17p13.1 (n=8) or 11922.3
(n=10) were treated with increasing doses of TP-0903 for 24 hours. Apoptosis induction was
determined as described above. Results are presented as mean values with SD. Arrows
indicate mean LDsg values of TP-0903 for the CLL cohorts. D. Relation of Ax| expression
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levelsand sensitivity of CLL B-cellsto TP-0903. Axl expression on CLL B-cells was
determined by flow cytometric analysis using a specific antibody to AxI prior treatment with
TP-0903 as described above (panels B&C). LDsgq doses for individual CLL samples were
calculated from the dose-response curve and plotted against % AxI expression. E. Impact of
TP-0903 on normal immune cells. PBMC isolated from normal, healthy individuals (n=5)
were treated with increasing doses of TP-0903 (0.01-0.5uM) and cultured in serum-free
AIM-V medium for 24 hours. Apoptosis induction was determined as described above.
Results are presented as mean values with SD. F. TP-0903 tar gets phosphorylated Axl in
CLL B-cells. Axl was immunoprecipitated from lysates of CLL B-cells treated with a sub-
lethal dose of TP-0903 (0.1uM for 20-24 hours), followed by Western blot analysis to detect
the levels of phosphorylation on Axl using 4G10 antibody. The blot was stripped and probed
with an antibody to AxI. IgG heavy chain was used as loading control. G. TP-0903 does not
target P-Tyro3in CLL B-cells. Tyrosine-phosphorylated proteins were
immunoprecipitated from the above TP-0903 treated CLL B-cell lysates, followed by
Western blot analysis to detect Tyro3 using a specific antibody. IgG heavy chain was used
as loading control. CLL patients are indicated by assigning arbitrary numbers.
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Figure 3. Impact of TP-0903 treatment on Axl downstream tar gets, caspase 3 activation and
PARP cleavage

A. TP-0903 reduces phosphorylation on AKT/Src kinase and expression of anti-
apoptotic proteins. DMSO or TP-0903 treated CLL B-cell lysates used in Fig. 2F were
analyzed for the status of AKT and Src phosphorylation as downstream signaling mediators
of Axl by Western blots using specific antibodies to P-AKT or P-Src. Respective blots were
stripped and reprobed with AKT or Src antibody. Status of anti-apoptotic proteins Bcl-2,
XIAP and Mcl-1 were also analyzed in these TP-0903 treated CLL B-cell lysates in Western
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blots using specific antibodies. Actin was used as loading control. B. Depletion of Axl in
MDA-MB-231 cells reduces expression of XIAP and Bcl-2, but not Mcl-1. MDA-
MB-231 cells were transfected with a sSiRNA targeted to AxI or sc-siRNA as control. After
48 hours of transfection, cell lysates were prepared and expression of Axl, XIAP, Mcl-1 and
Bcl-2 was analyzed in Western blots using specific antibodies. Phosphorylation status of
AKT (Ser-473) was also examined by Western blot analysis. The blot was stripped and
reprobed to detect total AKT. Actin was used as loading control. C. TP-0903 reduces
phosphorylation on FOXO3a and upregulates BIM expression. DMSO or TP-0903
treated CLL B-cell lysates used above (panel A) were further analyzed for the
phosphorylation status of FOXO3a, a downstream target of AKT and an upstream
transcriptional activator of the BIM gene, in Western blots using a specific antibody.
Expression of the pro-apoptotic protein BIM was also examined by Western blot using a
specific antibody which recognizes both the large (BIM\ ) and short (BIMg) forms of BIM.
Actin was used as a loading control. D. TP-0903-induced apoptosisinvolves caspase 3
activation and PARP-cleavage. DMSO or TP-0903 treated CLL B-cells used above were
further analyzed for the activation of caspase 3 and PARP-cleavage by Western blots using
specific antibodies. CLL patients are indicated by assigning arbitrary numbers.
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Figure 4. TP-0903 overcomes CLL BM SC mediated protection of CLL B-cellsfrom apoptosis
A. Impact of TP-0903 on CLL B-cellsin co-culturewith CLL BM SCs. Purified CLL B-

cells sensitive to TP-0903 were cultured alone or co-cultured with CLL BMSCs from 3
different CLL patients and treated with a dose (0.1uM) of TP-0903 which is lower than the
mean LDsgq dose (0.14uM) or a dose (0.175uM) of TP-0903 which is higher than the LDsgg
dose for 24 hours. CLL B-cells cultured alone were also treated with the above doses of
TP-0903. Induction of apoptosis in CLL B-cells was determined by flow cytometric analysis
using annexin V/PI staining and presented as percent viability. B. TP-0903 does not exert
cytotoxic effect on BM SCs. CLL BMSCs co-cultured with CLL B-cells above were
harvested following treatment with TP-0903 and analyzed for apoptosis induction as
described above. Results are presented as percent viability of the cells.
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A. Combined treatment of CLL B-cellswith TP-0903 and BTK inhibitorsaugments
apoptosislevels. CLL B-cells from different CLL patients were treated with increasing
doses of TP-0903, ibrutinib or TP-4216, a reversible BTK inhibitor, as a single agent or in
combination of TP-0903 with ibrutinib or with TP-4216 as indicated. After 24 hours, cells
were harvested and induction of apoptosis was determined as described elsewhere. Results
are presented as mean values with standard deviations. B. Combined treatment of CLL B-
cellswith TP-0903 and ibrutinib shows moder ate cytotoxic effects. Combination index
(C1) of the results obtained from individual CLL samples following treatment with TP-0903
and ibrutinib as presented in panel A was calculated following the method of Chou and

Clin Cancer Res. Author manuscript; available in PMC 2015 June 24.

P1
P2
P3
P4
P5
P6
P7
P8
P12
P13
P14

*+OPbPROGAON O

P-BTK
(Y223)

BTK

B-Tubulin



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sinha et al.

Page 24

Talalay. Cl values <1 indicate a synergistic effect, Cl value of 1 indicates additive effects
and values >1 indicate antagonistic effects of combined treatment. C. Administration of
TP-0903 with areversible BTK inhibitor TP-4216 has mor e effective combination
effects. Cl values of the results obtained from combined administration of TP-0903 and
TP-4216 on CLL B-cells from individual CLL patients were calculated similarly as
described above. CLL B-cells from majority of CLL patients show additive/synergistic
effects (6 of 10) to the combined treatment with TP-0903 and TP-4216. D. BTK inhibitors
target phosphorylated BTK in CLL B-cells. Purified CLL B-cells were treated with
DMSO, ibrutinib (0.75uM) or TP-4216 (0.75uM) for 24 hours. Cells were harvested, lysed
and examined to detect expression of P-BTK (Y223) in Western blot using a specific
antibody. The blot was stripped and reprobed with an antibody to BTK. B-tubulin was used
as loading control. CLL patients are indicated by assigning arbitrary numbers.
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