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Targeted therapy is revolutionizing the treatment of cancers, but resistance evolves
 Murine in vi against these therapies and derogates their success. The phosphatidylinositol 3-kinase
urine In vivo
modeling of PI3K-5 delta (PI3K-3) inhibitor idelalisib has been approved for treatment of chronic lymphocytic
inhibitor resistance leukemia (CLL) and non-Hodgkin lymphoma, but the mechanisms conferring resistance in
identifies a subset of patients are unknown. Here, we modeled resistance to PI3K-5 inhibitor in vivo

h ivation of . . T . .
Iélg‘le ;a;:it;:‘tl;:; :‘ using a serial tumor transfer and treatment scheme in mice. Whole-exome sequencing did

resistant cells. not identify any recurrent mutation explaining resistance to PI3K-3 inhibitor. In the murine
model, resistance to PI3K-5 inhibitor occurred as a result of a signaling switch mediated by

¢ Targeting IGF1R offers consistent and functionally relevant activation of insulin-like growth factor 1 receptor

efficacious salvage

treatment of PI3K-5 (IGF1R), resulting in enhanced MAPK signaling in the resistant tumors. Overexpression of
inhibitor-resistant IGF1R in vitro demonstrated its prominent role in PI3K-5 inhibitor resistance. IGF1R
tumors.

) upregulation in PI3K-3 inhibitor-resistant tumors was mediated by functional activation
and enhanced nuclear localization of forkhead box protein O1 transcription factors and
glycogen synthase kinase 3f3. In human CLL, high IGF1R expression was associated with trisomy 12. CLL cells from an
idelalisib-treated patient showed decreased sensitivity to idelalisib in vitro concomitant with enhanced MAPK signal-

ing and strong upregulation of IGF1R upon idelalisib exposure. Thus, our results highlight that alternative sig-
naling cascades play a predominant role in the resistance and survival of cancer cells under PI3K-5 inhibition. We also
demonstrate that these pathway alterations can serve as therapeutic targets, because inhibition of IGF1R offered
efficacious salvage treatment of PI3K-5 inhibitor-resistant tumors in vitro and in vivo. (Blood. 2019;134(6):534-547)
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Introduction specific expression of the different PI3K isoforms makes targeted
treatment of the tumor possible.® Accordingly, targeting the
PI3K-3 isoform expressed in leukocytes has proven to be highly
efficacious in non-Hodgkin lymphoma and CLL, especially in
patients with relapsed/refractory disease.’

Cancer therapy has evolved over the past decade from largely
unspecific chemotherapy to “targeted therapy” focusing on
critical biological disease pathways, providing greater specificity
and limiting side effects. Chronic lymphocytic leukemia (CLL)
exemplifies the current paradigm shift in the treatment toward

such targeted therapy. In CLL, chemotherapy is being replaced In spite of the remarkable success in lymphoid malignancies,
more and more by specific inhibitors of B-cell receptor (eg, | development of resistance has been observed in patients
phosphatidylinositol 3-kinase [PI3K] signaling™s) and BCL2- treated with idelalisib,>'° and the underlying resistance mech-
specific BH3 mimetics*® with high clinical efficacy, even in anisms are unresolved. Characterizing the molecular pathways
cases with poor-risk biological features, such as defective p53. leading to resistance is pivotal for identification of alternative

treatment options for patients with resistant tumors.
Among the different druggable molecules, PI3K has become
a favored target because it is 1 of the most commonly acti- The clinical mode of action of drugs targeting BTK and PI3K
vated signal transduction pathways in cancer.” Moreover, tissue- also involves relocalization of tumor cells from the secondary
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Figure 1. PI3K-5 inhibitor GS-649443 is effective in mice transplanted with TCL1-192 cell line or primary TCL1 tumors. (A) Scheme for the 2 adoptive transfer models for
studying the efficacy of GS-649443. Model 1 (green box) involves transfer of tumor from Ew-TCL1 mice into syngeneic recipients, followed by 10 days of treatment with the inhibitor or
vehicle. Model 2 (yellow box) involves transfer of TCL1-192 cells into 2 cohorts of immunodeficient recipients, with a cutoff after 5 days of treatment with vehicle or GS-649443 (cohort 2a)
or survival as end point of the study (cohort 2b). (B) Representative photographs of spleens in the Ep-TCL1 syngeneic tumor-transfer model after 10 days of treatment with GS-649443 or
vehicle. Spleen weights (TCL1-192, P = .0053; syngeneic, P = .0033) (C), liver weights (TCL1-192, P = .0079; syngeneic, P = .0031) (D), and WBC counts (TCL1-192, P = .0078; syngeneic,
P = .0047) (E) of recipient mice in the TCL1-192-transfer model (n = 6 mice per group), as well as in the syngeneic transfer model (n = 7 mice per group). Measurements were taken at the
time of euthanization after 10 days (syngeneic) or 5 days (TCL1-192) of treatment. All P values were calculated using the Mann-Whitney U test. (F) Cell proliferation analyzed by BrdU
injection 24 hours prior to euthanizing the mice (n = 6). The BrdU* fraction of splenic lymphocytes in the immunosuppressed (TCL1-192, P = .0173) and immunocompetent (syngeneic,
P = .0054) models is depicted. The Pvalues were calculated using the Mann-Whitney U test. (G) Survival curves of NOD.SCID-Prkdc® recipient mice transferred with TCL1-192 tumor
cells and treated with GS-649443 or vehicle (n = é mice per group). **P = .0001, log rank (Mantel-Cox) test. *P = .05; **P = .01; ***P = .001; ns, P > .05.
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Figure 2. In vivo generation of resistance to PI3K-5 inhibitor GS-649443. (A) Scheme for generation of resistance to PI3K-3 inhibitor in vivo. TCL1-192 cells were transferred
into immunodeficient recipients, and starting from day 5 after transfer, the mice were treated with vehicle or GS-649443. Tumors from critically sick mice treated continuously with
PI3K-3 inhibitor or vehicle were retransferred into recipient mice, and the treatments were repeated. A total of 4 transfer and treatment rounds was performed. (B) Simplified
treatment cohort scheme with the 4 rounds of transfer and treatment to generate resistance and their corresponding survival curves. Red: GS-649443-treated recipient mice that
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lymphoid organs, and the concomitant deprivation of survival
signals is an important step in the elimination of these tumors.
Therefore, in the present study, we modeled resistance
to PI3K-3 inhibitors in vivo using a murine serial-adoptive
transfer and treatment model with GS-649443, a tool com-
pound of idelalisib with favorable pharmacokinetic properties
in mice. The En-TCL1 tumor-derived cell line TCL1-192 has
previously been demonstrated to be a suitable biological
model for studying the efficacy of ibrutinib treatment'"'? and
was used to uncover the mechanism mediating resistance to
PI3K-3 inhibitors.

Materials and methods

Adoptive transfer model

Prior to the start of the experiment, TCL1-192 cells were
transferred 5 times into 8-week-old female CB17 SCID mice."
For the serial transfer and treatment scheme, 5 million splenic
tumor cells were transplanted into recipient mice by IV injection,
followed by treatment with GS-649443 or vehicle using oral
gavage. Treatments were started on day 5 after tumor trans-
fer, when CLL cells were detectable in peripheral blood. The
single—time point experiments consisted of 6 mice per treatment
group, and the mice were euthanized after 5 days of treatment.
In experiments to analyze the impact of drug treatment on
survival, animals were euthanized if they appeared “critically
sick,” a surrogate end point defined based on scoring for
disease severity, including white blood cell (WBC) count,
changes in mobility, and signs of suffering, as approved by
the Ulm University animal experimental ethics committee. For
syngeneic transfers, 12-week-old female C57BL/6 wild-type
mice (Charles River) were injected IV with 20 million syngeneic
splenocytes derived from leukemic Eu-TCL1 donor mice. Tumor
cells were purified with Ficoll, and only tumors with =95%
CD5*CD19* cells were used. Animals were randomized to
treatment with GS-649443 or vehicle on day 14 when they
reached 20% CD5*CD19* cells in blood.

Next-generation sequencing

Highly pure DNA was isolated, according to the manufacturer's
protocol (QIAGEN), from tumors from the third and fourth
transfers that were treated with vehicle or GS-649443. Library
preparation was performed using SureSelect XT Mouse All Exon
kit (Agilent Technologies). Sample preparation, hybridization,
indexing and sequencing were performed according to the
manufacturer’s instructions. The exomes were sequenced using
HiSeq 2000 (Illumina).

RNA sequencing

RNA sequencing (RNA-Seq) was conducted by Expression
Analysis (Durham, NC). Total RNA was converted into com-
plementary DNA (cDNA) libraries using a TruSeq Stranded
mRNA Sample Prep Kit (lllumina). Paired-end sequencing was
conducted using an lllumina HiSeq system with a read length of

50 nt. RNA-Seq reads were aligned to reference genome by
STAR," and RNA abundance was quantified using RSEM."* The
Bioconductor package edgeR'® was used to normalize sequence
count, and limma'® was used for differential gene-expression
analysis. Differentially expressed genes (drug treated vs vehicle)
were identified as having a fold change > 2 and a false discovery
rate < 0.05.

Additional materials and methods are included in supple-
mental Materials and methods (available on the Blood
Web site).

Results

PI3K-3 inhibitor GS-649443 is therapeutically
efficacious in murine CLL transfer models
GS-649443 is a potent and highly specific PI3K-3 inhibitor
(iP13K-3) with a 50% inhibitory concentration (ICso) of 0.3 nM
and 87/1496/4142-fold selectivity over PI3K isoforms vy/B/a,
respectively.’” Two murine adoptive transfer models were used
for assessing the efficacy of GS-649443: 1 with intact tumor
microenvironment (syngeneic) and 1 without (NOD SCID)
(Figure 1A). In the first model, Ep-TCL1 tumors were trans-
planted IV into syngeneic mice, followed by treatment from
day 14 with the inhibitor or vehicle. In comparison with vehicle
treatment, GS-649443 treatment for 10 days controlled disease
development, as shown by lower spleen weight (P = .0033;
Figure 1B-C), liver weight (P = .0031; Figure 1D), and WBC count
(P = .0047; Figure 1E). Moreover, tumor cells isolated from the
spleen of iPI3K-3 treated mice showed a significant decrease in
cell proliferation, as analyzed using 5-bromo-2’'-deoxyuridine
(BrdU) staining (P = .0054; Figure 1F).

The second model involved the transfer of murine autoantigen-
driven cell line TCL1-192 (second model; Figure 1A), which gives
rise to a CLL-like disease in NOD.CB17-Prkdc* recipient mice,
followed by death in ~3 to 5 weeks."" TCL1-192-transplanted
mice treated with GS-649443, and euthanized at the same point
in time at which the vehicle-treated mice became critically sick
(as defined in “Materials and methods”; cohort 2a; Figure 1A),
showed a significant reduction in spleen weight (P = .005;
Figure 1C), liver weight (P = .0079; Figure 1D), WBC count
(P = .0078; Figure 1E), and cell proliferation, as analyzed using
BrdU staining (P = .0173; Figure 1F). A cohort of TCL1-
192-transplanted mice was also analyzed for the impact on
survival (cohort 2b; Figure 1A); GS-649443 treatment led to
a significantincrease in survival (P < .0001; Figure 1G) compared
with vehicle treatment. Despite prolongation of survival upon
PI3K-3 inhibition, all of the inhibitor-treated mice still died of
tumor, indicating that resistance may develop in this model.
Hence, we hypothesized that keeping the cells under continued
treatment would allow selection and expansion of clones resistant
to GS-649443.

Figure 2 (continued) were transferred with cells treated continuously with PI3K-3 inhibitor in all previous transfers. Green: GS-649443-treated recipient mice transferred with
cells treated with vehicle in all previous transfers. Blue: vehicle-treated recipient mice transferred with cells that were treated continuously with vehicle in all previous transfers.
Purple: vehicle-treated recipient mice transferred with cells treated with GS-649443 in all previous transfers. Red vs blue first round: P = .0047; red vs green third round: P = .0001;
red vs green fourth round: P = .0004. All P values were calculated using the Mantel Cox log-rank test. (C) Spleen and liver weights and WBC counts as a representation of the
tumor burden in mice from the fourth round of transfer and treatment. Data were collected following 5 days of treatment. Spleen, P = .0286; liver, P = .0294; WBC, P = .0571,
Mann-Whitney U test (n = 6). ns, not statistically significant; p.o., by oral gavage *P = .05; **P = .01; ***P =< .001; ns, P > .05.
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Continuous treatment with the PI3K-5 inhibitor
results in development of resistance in mice

To generate resistance to GS-649443 in vivo, a serial transfer
and treatment scheme was used (Figure 2A). TCL1-192 cells
were transplanted into NOD.CB17-Prkdcsc recipient mice, and
treatment with inhibitor (n = 6) or vehicle (n = 3) was started
on day 5 after transfer and continued until the mice became
critically sick (P = .0047, Figure 2B). Mononuclear cells from
spleen were transplanted into recipient mice for a second round
of treatment with the inhibitor (n = 6) or vehicle (n = 6). The
transfer and treatment cycles were repeated for a total of
4 rounds. Mice treated with vehicle had the shortest survivals
across the 4 rounds of transfer, irrespective of their treatment
in the preceding round (vehicle pretreatment: blue; GS-649443
pretreatment: purple). On the contrary, mice that experienced
drug for the first time always responded to treatment, as
observed by prolonged survival (green). Strikingly, mice that
were continuously treated with the inhibitor across the different
transfers (red) finally failed to respond to the drug in the third
(P =.0001) and fourth (P = .0004) transfer compared with mice
experiencing drug for the first time in their respective rounds
(green). Of note, despite having shorter survival, mice trans-
planted with the resistant tumors showed no difference in tu-
mor burden when euthanized compared with vehicle treatment
(supplemental Figure 1A).

To further verify the generation of resistance, tumors from the
third round of GS-649443 (red; resistant) and vehicle (blue;
sensitive) treatment were transplanted into recipient mice, fol-
lowed by treatment with vehicle or GS-649443. Mice euthanized
after 5 days of treatment showed decreased disease burden
in the sensitive groups upon treatment with iPI3K-3 (Figure 2C;
green), whereas the resistant groups showed no difference
between the inhibitor and vehicle treatments. Also, it was
confirmed that resistance did not develop as a result of trans-
formation into a more aggressive disease (ie, Richter's trans-
formation) based on cell morphology (supplemental Figure 1B)
and cell surface marker expression (supplemental Figure 1C).
The persistent response of control tumors (Figure 2B; green) to
iPI3K-3, irrespective of the transfer round, indicated that the
generated resistance was not mediated by increasing serial
transfers but by clonal selection due to serial treatment with the
compound.

Whole-exome sequencing for identifying gene
mutations in iPI3K-3-resistant tumors

In an attempt to elucidate the mechanisms leading to iPI3K-3
resistance, tumors from the third and fourth rounds that were
continuously treated with vehicle (blue) or with GS-649443 (red)
were analyzed along with the parental TCL1-192 clone using
whole-exome sequencing (WES). Genetic variants acquired
during serial transfers and treatments were identified by com-
paring each transplanted tumor with the original TCL1-192 tu-
mor. A total of 99 nonsynonymous somatic variants affecting
exons or splice sites with tumor variant allele frequency = 10%
was identified in the sensitive and resistant tumors (supple-
mental Tables 1.1 and 1.2). Of these, 35 mutations were iden-
tified in the vehicle-treated tumors (supplemental Table 1.1),
whereas 64 mutations were solely found in the GS-649443-resistant
tumors (Table 1; supplemental Table 1.2). Intriguingly, no single
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unifying recurrent mutation or mutations in PI3K isoform genes
were identified.

To evaluate whether mutations in the different tumors resistant
to PI3K-3 inhibition affected specific biological pathways, genes
affected by mutations were studied for their potential func-
tional relevance using Ingenuity Pathway Analysis, STITCH, and
DAVID. Signaling networks involving immune cell trafficking
and inflammatory response, ERBB, and focal adhesion were
among the primary pathways significantly enriched for resistance-
associated gene mutations (supplemental Tables 2.1-2.3; sup-
plemental Figure 2).Thus the acquired mutations identified
in iP13K-3-resistant tumors, although not highly recurrent, may
impact these functional pathways.

RNA-Seq analysis identifies IGF1R to be
consistently upregulated in iPI3K-5-resistant
tumors

Because no recurrent mutation was identified that could be
directly implicated in iPI3K-3 resistance, transcriptional alter-
ations associated with iPI3K-3 resistance were analyzed using
RNA-Seq. We compared tumors from mice that were continu-
ously treated with iPI3K-3 (“resistant”) with tumors continuously
treated with vehicle (“sensitive”). In comparison with the iPI3K-
d-sensitive tumors, Erbb2ip, Ube2e2, Tec, Tgfbrl, Rasgrp3,
Rabl5, Igf1r, Tnfaip8l1, Cdkn4, and Ak4 were among the sig-
nificantly deregulated genes in the iPI3K-3-resistant tumors
(Figure 3A). Among the genes validated using quantitative
reverse-transcription PCR (RT-gqPCR), Igf1r showed the strongest
association with resistance (supplemental Figure 3A-B). The up-
regulation of Igf1r could also be validated at the protein level,
along with an increase in phosphorylated (p)AKT and p-ERK in the
iPI3K-8—resistant tumors (Figure 3B; supplemental Figure 3C-E).
Analysis of Igf1r messenger RNA (MRNA) expression in primary
tumors from the different transfer rounds and treatment groups
showed a robust increase in cells continuously treated with GS-
649443 (red) compared with other subgroups (Figure 3C), indi-
cating selection and expansion of clones with Igf1r upregulation
under drug treatment pressure. Because receptor tyrosine kinases
(RTKs), such as IGF1R, are known to signal through the «, B, or &
PI3K isoform,'® we investigated whether Igf1r mediates iPI3K-3
resistance by activation of alternative PI3K isoforms. However, no
specific increase in the protein expression of the PI3K-a or PI3K-
isoform was observed in the resistant tumors (Figure 3D). The
results indicate the involvement of altemative cell survival sig-
naling downstream of IGF1R in mediating iPI3K-3 resistance.

To verify whether Igf1r upregulation would functionally con-
tribute to iPI3K-3 resistance, Igf1r was overexpressed in murine
A20 cells using lentiviral transduction. A20 cells were selected
because they do not express endogenous IGF1R and showed
high sensitivity to GS-649443 in vitro compared with Ba/F3 and
300-19 murine cell lines (supplemental Figure 3F). Igf1r over-
expression in A20 cells led to a strong increase in p-ERK levels
(Figure 4A) and a drastically reduced response to GS-649443
treatment (ICso > 20 pM; P < .0001) compared with empty
vector-transduced A20 cells (ICsp = 126 nM; Figure 4B). Be-
cause Igf1r upregulation was identified to contribute to iPI3K-3
resistance in murine tumors, the relevance of IGF1R and other
RTKs in human CLL was evaluated. The expression levels of key
RTKSs, such as IGF1R, IGF2R, INSR, FGFR1, FGFR2, FGFR3, FGFRA4,
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Table 1. List of treatment-related mutations acquired in each of the iPI3K-3 resistant tumors sequenced by WES

o O o 4 d ro ° dro c 0

Lypd8 Pramel1 Sned1 Klhl9 Grb2 Cd44
Hrh1 B230219D22Rik Ddhd1 Chpt1 Baz2b Slc39a12
Mylk Gpc5 Pcdh18 Dnah10 IrakTbp1 Fat1
Ddhd1 Srfbp1 Fat3 Enc1 Usp17lb Morc2b
Elp3 Clpx Gdf10 112 Mpdz Myct1
Rps12 Rps12 Grb2 Chrna7 Prkd1
Gabra4 Clcadb Arhgef10l Xirp2 Ccp110
Gce Mboat1 Kdméa Klhi29
Cyp19al Elp3 Xirp2 Osbpl1a
Epb4.113 Siglect Dock5 Ptk2
Plce1 Eml5 Ednra Amy2b
Kihl29 Anks4b Adcy9 Clpx
Fat3 B4galnt3

Mboat1 Ccdc106

Crim1 ltgal

Tubal3 Tmem132e

Anksdb Tubal3

B4galnt3 Ge

Siglec1 Hrh1

ltgal Plce1

Pcdh18 Mylk

Tshb Lypd8

Clcadb Calcoco2

Foxp2 4930407110Rik

Mutations overlapping between the iPI3K-3-resistant and -sensitive tumors are not included.

ROR1, ROR2, DDR1, DDR2, LTK, AXL, PDGFRA, PDGFRB,
ERBB2, ERBB3, ALK, TIE1, and RET, which are known to be ex-
pressed in hematopoietic cells, were studied in 337 previously
untreated patient samples. Unsupervised clustering identified
2 major clusters that differed primarily with respect to IGF1R
expression (Figure 4C). Although the expression levels of
other RTKs were rather low, a subset of cases with lower IGF1R
expression showed elevated expression of FGFRT (Figure 4C).

Further, correlating IGF1R expression levels with genomic
aberrations identified cases with trisomy 12 to be signifi-
cantly associated with higher IGF1R expression compared
with other subgroups (Figure 4D). Among the gene mutations,
unmutated IGHV was significantly associated with higher IGFTR

IGF1R MEDIATES PI3K INHIBITOR RESISTANCE

expression (P < .0001; Figure 4E). Of note, within mutated
(P = .0235) and unmutated (P = .0008) IGHV subgroups, cases
with trisomy 12 had significantly higher IGF1R expression
(Figure 4F-G), underlining a functional role for IGF1R signaling
in this subset of CLL patients.

Igf1r upregulation in PI3K-5-resistant tumors is
mediated in part by feedback activation through
the GSK3-FOXO axis

Because the transcript levels of Igf1rwere found to be increased
in tumors resistant to iPI3K-3, we investigated possible mech-
anisms leading to Igf1r transcriptional upregulation. Accord-
ingly, the expression of known transcriptional activators of
Igfir, such as Angll, b-Fgf, and Pdgf, as well as transcriptional
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Figure 3. RNA-Seq analysis to identify gene-expression changes in iPI3K-5-resistant tumor cells. (A) RNA-Seq analysis of tumors from baseline and first, third, and fourth
transfers treated with vehicle or GS-649443. The figure shows selected differentially expressed genes with significant differences in expression levels (fold change > 2 and false
discovery rate < 0.05). (B) Protein expression analysis using Simple Western to compare levels of IGF1R, p-AKT, and p-ERK in murine primary tumors from the fourth transfer,
always treated with vehicle (iP13K-3 sensitive) or GS-649443 (iPI3K-3 resistant). (C) Fold change in Igf1r expression measured ex vivo by RT-gPCR in tumors from the first to fourth
transfers. The blue arrows represent the tumors that were transferred to the subsequent rounds. Mann-Whitney U tests were performed to analyze differences in Igf1r expression
between the GS-649443 treatments (green vs red, second transfer, P = .0095; third transfer, P = .0061; fourth transfer, P = .007. (D) Protein expression of PI3K isoforms analyzed
using Simple Western in iPI3K-8-sensitive (fourth-transfer tumors treated with vehicle in all rounds) and iPI3K-8-resistant (fourth-transfer tumors treated with GS-649443 in all
rounds) tumor cells. **P = .01.

repressors, such as Wt1 and Brcal, were quantified using transcriptionally activated by FOXO transcription factors, and
RT-gPCR (supplemental Figure 4A). Among the genes analyzed, GSK3 could positively regulate FOXO function,? the role of
expression of Wt1T was found to be significantly lower in the FOXO1 and GSK3 in the resistant tumors was analyzed. The
resistant samples upon treatment with GS-649443, indicating resistant and sensitive tumors were treated with the FOXO1

that loss of repression by WT1 may induce Igf1rin these cells inhibitor AS1842856 or the GSK3 inhibitor CHIR99021 and
(supplemental Figure 4B). Because Igfiris also known to be then sequentially treated with GS-649443. RT-gPCR analysis
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Figure 4. IGF1R expression is associated with unmutated IGHV status and trisomy 12 in human CLL. (A) Western blot analysis for IGF1R, p-AKT, and p-ERK levels in A20
cells overexpressing Igf1r compared with empty vector-transduced cells. (B) Dose-response curve for analyzing sensitivity of Igf1r-overexpressing or empty vector-transduced
A20 cells to GS-649443 in vitro using an MTS assay. The P value was calculated using the extra-sum-of-squares F test comparing the best-fit values between the 2 curves.
(C) Gene-expression profiling and unsupervised clustering of RTKs in a cohort of 337 previously untreated CLL patient samples identified 2 major clusters distinguished based on
high and low levels of IGF1R. A subcluster with lower IGF1R and higher FGFRT was also observed. (D) Association of IGF1R expression with hierarchical genomic aberration
subgroups (with the exception of trisomy 12). (E) Correlation of IGF1R expression with gene mutations. (F) IGF1R expression in cases with and without trisomy 12 within the IGHV
subgroups. P values in (D-F) were calculated using the Mann-Whitney U test. (G) Overview of IGFTR and FGFR1 expression with various genetic subgroups in CLL. Among the
clusters, orange refers to cluster 1 and blue refers to cluster 2 in Figure 4C. High IGF1R (>median) is shown in red, and low IGF1R (=median) is shown in green. Heat map with
log2 ratios of IGF1R expression shown with a color scale of red (high expression) to green (low expression). Incidence of 17p deletion (17p-), 11q deletion (11g-), normal
karyotype, and 13q deletion (13g-) represent the hierarchical model. ns, not statistically significant. *P = .05; ***P = .001; ns, P > .05.
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Figure 5. Transcriptional regulators
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showed that the robust upregulation of Igf1rexpression in the
resistant tumors upon GS-649443 treatment (P = .016) could
be partially attenuated by inhibition of GSK3 (P = .025) and
FOXO1, suggesting that induction of IGF1R upon resistance
occurs via GSK3 and FOXO1 (Figure 5A).

Further, treatment with iPI3K-3 led to an increase in nuclear
localization of FOXO1 (Figure 5B). Inhibition of GSK3 using
CHIR99021 prior to treatment with GS-649443 reduced nuclear
localization of FOXO1 (P = .055; Figure 5B-C), in line with the
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decrease in Igf1rexpression (Figure 5A). The results indicate that
Igf1rupregulation occurs, in part, by increased localization of
FOXO1 in the nucleus, mediated by GSK3. Additionally, knockdown
of GSK3B in the human NHL cell lines JVM2 and MEC1 led to
a decrease in mRNA levels of FOXO genes (supplemental
Figure 4C-D), indicating that GSK3 may be directly or indirectly
important for the transcriptional upregulation of FOXO genes.

Because the GSK3 and FOXO transcription factors are generally
activated upon loss of AKT function in cells with active PI3K/AKT
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Figure 5. (Continued).

signaling,? irrespective of iPI3K-3 resistance, we further inves-
tigated the differences in the resistant cells that mediate en-
hanced and early activation of Igf1r. First, a higher percentage of
cells in the iPI3K-3-sensitive tumors showed low or no expres-
sion of FOXO1 (Figure 5C), whereas heterogeneous, but rather
high, FOXO1 expression was observed in iPI3K-3-resistant tumors,
even in the absence of treatment with GS-649443 (Figure 5D-E).
Second, the resistant tumors from mice treated with GS-649443
showed very low levels of FOXO1 inhibitory phosphorylation
(Figure 5D-E), indicating the presence of transcriptionally active
FOXO1, leading to enhanced Igf1r activation.

PI3K-5 inhibitor resistance can be overcome by
targeting IGF1R

IGF1R promotes cell growth and survival by activation of
downstream effectors, such as PI3K/AKT and MEK/ERK signal-
ing. Consistent with this, western blot analysis of the tumors
from the fourth transfer indicated a significant increase in ERK
phosphorylation in the resistant tumors treated with GS-649443
(Figure 5D-E). This finding was in line with the observations from
IGF1R-overexpressing A20 cells (Figure 4A). As a first step to-
ward understanding the therapeutic efficacy of targeting IGF1R,
A20 cells transduced with IGFTR expression vector or empty
vector were treated with the IGF1R inhibitor linsitinib, alone orin
combination with GS-649443. Linsitinib as a single agent had
minimal impact on A20 cells, irrespective of whether they were
transduced with the empty vector (ICso = 16.3 uM; Figure 6A) or

IGF1R MEDIATES PI3K INHIBITOR RESISTANCE

with vectors leading to IGF1R overexpression (ICso > 20 uM;
Figure 6B). However, the resistance of IGF1R-overexpressing
A20 cells to GS-649443 (ICso > 20 pM) was overcome upon
combination treatment with linsitinib and GS-649443 (IC5q =
42.5 nM). Importantly, linsitinib treatment led to a decrease in
p-ERK levels in A20 cells overexpressing IGF1R, indicating the
importance of IGF1R-mediated MAPK signaling in iPI3K-3 re-
sistance (Figure 6C; supplemental Figure 5A).

To analyze the efficacy of linsitinib in human CLL samples in vitro,
a set of samples that displayed high levels of IGF1R (n = 6) or low
levels of IGFTR (n = 6) mRNA were included (supplemental
Table 3). Among the samples with high IGF1R, 1 sample obtained
from a CLL patient after 10 months of treatment with idelalisib
showed a strong increase in IGF1R expression following in vitro
treatment with 1 uM idelalisib for 24 hours (Figure 6D). Also,
a high basal level of p-ERK was observed in the idelalisib-treated
patient sample and not in the other samples (sample 11, Figure
6E). Although a full resistance, as seen in IGF1R-overexpressing
A20 cell lines (Figure 6A-B) was not detected, the sample from
the idelalisib-treated CLL patient showed the lowest response
to idelalisib in vitro (ICsg = 3.51 wM; Figure 6F) compared with
the other samples (median ICsq = 0.79 wM; range, 0.188-2.55;
supplemental Figure 5B), suggesting that the selection of resis-
tant clones coincides with activation of IGF1R and MAPK sig-
naling. Although linsitinib as a single agent had poor efficacy in
the idelalisib-pretreated sample (ICsq = 11.76 wM), combination
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Figure 6. PI3K-3 inhibitor resistance could be overcome by targeting IGF1R. Dose-response curves of IGF1R inhibition in A20 cells transduced with empty vector (A) or Igf1r
cDNA (B). The ICsq values of empty vector vs Igf1r cDNA-transduced A20 cells were 100.5 nM vs > 20 pM for iPI3K-3 treatment, 16.3 uM vs >20 pM for linsitinib treatment, and
28.8 nM vs 142.5 nM for combination treatment with linsitinib and iPI3K-3. (C) Western blot analysis for signaling changes in A20 cells transduced with empty vector or IgfTr cDNA
upon treatment with DMSO, GS-649443, or linsitinib in the presence or absence of anti-immunoglobulin G stimulation. (D) RT-gPCR analysis of IGF1R expression after 24 hours
of treatment with 1 wM idelalisib in CLL patient samples with high and low IGF1R expression (n = 12). The sample from the single in vivo idelalisib-treated patient is shown in red.
The expression levels were normalized to a commonly included representative patient sample with low IGF1R (sample 1). (E) Western blot analysis of IGF1R, p-ERK, and ERK
levels in CLL patient samples with low IGF1R (1-6) or high IGF1R (8-10) and 1 sample from an idelalisib-treated patient (11). Sample 7 showed high IGFTR expression for mRNA but
not protein. One sample with high IGFTR measured by RT-qPCR was not included in the western blotting because of limitations in sample availability. (F) Dose-response curves
from an idelalisib-treated patient sample, treated in vitro with idelalisib, linsitinib, or the combination for 4 days. Viability was assessed using DiOC6/propidium iodide/CD19
staining and fluorescence-activated cell sorting. Kaplan-Meyer survival curves for recipient mice that were transferred with PI3K-3-sensitive tumor cells (G) or PI3K-3-resistant
cells (H) from the third transfer, followed by treatment with vehicle, linsitinib, GS-649443, or a combination of linsitinib and GS-649443. The Pvalues were calculated using the log-
rank (Mantel-Cox) test. **P = .01; ***P < .001.
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treatment with idelalisib was synergistic (ICso = 0.39 uM,;
Figure 6F). The findings show that coinhibition of IGF1R could
sensitize CLLs with reduced sensitivity to PI3K-3 inhibitors.

To understand whether IGF1R in the resistant tumors could
be targeted in vivo for overcoming iPI3K-3 resistance, GS-
649443—resistant and -sensitive TCL1-192—derived tumors from
the third treatment round were transplanted into NOD.CB17-
Prkdcs<@ mice. The mice were then treated with vehicle, GS-
649443, linsitinib, or the combination of GS-649443 and linsitinib.
Mice transplanted with iPI3K-3-sensitive cells responded to GS-
649443 treatment, as indicated by an increase in survival, but they
did not respond to treatment with linsitinib as a single agent. Mice
transplanted with GS-649443-sensitive tumors failed to benefit
from the addition of linsitinib to GS-649443 (Figure 6G). In contrast,
the iPI3K-3-resistant tumors failed to respond to GS-649443, as
well as to linsitinib as a single agent (Figure 6H); however, com-
bination treatment of linsitinib and GS-649443 led to a significant
increase in survival of mice with iPI3K-8—resistant tumors compared
with treatment with GS-649443 alone (P = .0008; Figure 6H).
Additionally, in the same experiment, response of resistant tumors
to combination treatment with linsitinio and GS-649443 was
evident from the decreased tumor burden in peripheral blood
following 5 days of treatment compared with controls treated
with vehicle (supplemental Figure 5C). Because IGF1R expres-
sion was downregulated in iPI3K-3-resistant cells in the absence
of iPI3K-3 (Figure 5A-D), linsitinio did not show efficacy as
a single agent in these cells. Taken together, these data indicate
that IGF1R upregulation mediates cell survival signaling through
activation of the MAPK pathway in iPI3K-8—resistant tumors and
that IGF1R could be a therapeutic target to overcome iPI3K-3
resistance.

Discussion

Cancer therapy has been revolutionized by specific inhibitors of
molecules in key pathways that are critical for cancer cell survival.
In CLL, the small molecule inhibitors ibrutinib,’?"22 idelalisib,3°
and venetoclax*¢ have proven to be highly efficacious in clini-
cal trials, even in patients with TP53 deletion/mutation and re-
sistance to conventional chemotherapies. However, despite the
initial success, resistance develops against these novel agents as
tumor clones emerge that do not respond to treatment. Although
the molecular basis for ibrutinib resistance has been elucidated,?324
the mechanisms leading to idelalisib resistance are unknown.

In the present studly, cellular resistance toward the PI3K-3 inhibitor
GS-649443 was generated in vivo using a murine CLL model." We
expected to identify unique recurrent gene mutations conferring
resistance to PI3K-§ inhibitor, similar to mechanisms identified
for ibrutinib; however, the genetic landscape of resistant tumors
showed a wide spectrum of acquired mutations, with marginal
overlap between different tumors. Similar to our observations
reported here, CLL tumors from patients progressing under ide-
lalisib also did not display unifying recurrent mutations that could
be implicated in drug resistance.?

Recently, PI3K inhibition was shown to upregulate AID ex-
pression, resulting in increased acquisition of translocations
and mutations.?® Our data are in line with this notion, because
we observed an increase in the number of mutations in cells
treated with iPI3K-8 compared with vehicle (mean, 25 vs 14

IGF1R MEDIATES PI3K INHIBITOR RESISTANCE

mutations per clone with tumor variant allele frequency = 10%
from fourth transfer tumors; supplemental Tables 1.1 and 1.2).
However, our data, together with the human sequencing results,
also indicate that PI3K-3 inhibition fails to select for strong driver
mutations that could confer resistance, dissimilar to the mecha-
nism of resistance against ibrutinib. Of note, no mutation in PI3K
isoform genes that would confer resistance to the inhibitors was
found or has been described across the entire spectrum of PI3K
inhibitors in leukemia and in solid tumors. Therefore, it could be
speculated that mutations resulting in amino acid changes in PI3K
that would abrogate drug binding do not sufficiently preserve the
physiological protein function and, thus, do not occur in tumors.

However, a subset of these mutations found in idelalisib-
resistant cells can be functionally grouped to chemotaxis and
focal adhesion pathways. It has been suggested that idelalisib
targets integrin-mediated signaling, resulting in relocation of tumor
cells from the lymph node to peripheral blood, as a mechanism of
action.?” Our WES data are in line with this finding, and it can
be speculated that the acquired mutations may alter localization
of the tumor clones and contribute to the phenotype of resistant
tumors, although they do not universally explain their refractoriness.

Given the absence of unifying recurrent mutations directly
implicated in iPI3K-3 resistance, we used RNA-Seq to evaluate
overlapping cellular processes underlying resistance. Igfir,
which was upregulated in PI3K-8 inhibitor-resistant tumors,
showed an expression pattern reminiscent of clonal selection
and expansion with progressive rounds of transfer and drug
treatment (Figure 3C). Transcriptional regulation of IGF1R is
mediated by growth hormones and transcription factors, among
others.’72831 Of note, the decrease in IGF1R levels in resistant
cells in the absence of PI3K-3 inhibition (Figure 5A,D) implied that
genes directly regulated by PI3K/ATK signaling are involved in
IGF1R upregulation. WT1, a repressor of IGF1R that is positively
regulated by PI3K/AKT signaling,® was found to be decreased in
iPI3K-3—resistant tumors (supplemental Figure 4B).

In addition, IGF1R upregulation seems to be partially mediated
by GSK3/FOXO, which are activated upon PI3K/AKT inhibition
(Figure 5A-C). FOXO transcription factors have primarily been
associated with tumor suppression, because their activation
leads to cell cycle arrest and apoptosis.3? Recently, however, a
proproliferative and tumorigenic role has been ascribed to FOXO
family members.®3=% In the present study, the cells resistant to
iPI3K-3 showed a heterogeneous, but increased, level of total
FOXO1 protein. In addition, the inactivating phosphorylation of
FOXO1 was highly reduced in the resistant cells treated with GS-
649443 (Figure 5D-E), both of which might contribute to a strong
upregulation of IGF1R.

Although IGF1R activation per se could lead to iPI3K-3 resistance,
RTKs are known to cooperate with integrins for enhanced ac-
tivation of cell survival pathways.®* Mutations identified in the
iPI3K-8—resistant tumors were found to cluster in focal adhesion
pathways, which are primarily mediated by integrins (supple-
mental Tables 2.1-2.3). Because IGF 1R is described to cooperate
with integrins avB3,%” avB5,* a5B1,% and a6p4,% it is possible
that IGF1R upregulation functionally cooperates with the gene
mutations that we observed in resistant cells to further promote
iPI3K-3 resistance and survival. In a hypothesis-driven in vitro
study on breast cancer cell lines, FOXO was identified to
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mediate upregulation of RTKs, such as IGF1R, HER3, and IR,
upon inhibition of AKT.4" In the unbiased murine in vivo screen
presented here and supported by WES analysis,?> we show that
resistance to iPI3K-3 is mediated only in part by gene mutations;
rather, feedback activation of IGF1R through FOXO/GSK3
plays a predominant role.

We observed that the IGF1R inhibitor linsitinib, in CLL patient
samples in vitro (Figure 6F) and in the murine iPI3K-8-resistant
tumors in vivo (Figure 6G-H), showed efficacy, albeit only in
combination with iPI3K-3. Unlike resistance driven by mutations,
when iPI3K-3-resistant tumors were transplanted into recipient
mice, followed by treatment with vehicle, IGF1R levels were
again downregulated (Figure 5A,D). IGF1R downregulation in
the absence of PI3K inhibitor in resistant tumors is likely due to
reactivation of AKT, leading to an increase in FOXO1 phos-
phorylation (Figure 5D) and exclusion from the nucleus. Thus,
with the combination treatment, inhibition of PI3K/AKT activates
GSK3 and FOXO1, leading to an increase in IGF1R, which is
targeted by linsitinib.

Primary CLL cells chiefly depend on B-cell receptor signaling for
their survival, which is shown by multiple lines of experimental
evidence and by the exquisite sensitivity to inhibitors targeting
BTK or PI3K-3 in the clinical setting. However, additional signaling
nodes, such as tumor necrosis factor receptors?>** or orphan
receptors,®® further enhance CLL cell survival and proliferation in
mouse models. In the present study, we analyzed expression
levels of RTKs in a large patient cohort. Although subsets of
cases expressed many RTKs (Figure 4C), IGF1R (as also shown
previously**#’) and FGFR1 were the key RTKs correlating with
poor-risk genetic characteristics. Among the genetic features,
IGF1R specifically showed a strong association with trisomy 12
(Figure 4D-G). This finding is of importance, because in a recent
report from the phase 3 Duo clinical trial comparing duvelisib
monotherapy with ofatumumab in relapsed/refractory CLL,
cases with trisomy 12 in the presence or absence of 17p dele-
tion (17p-) or 11q deletion (11g-) were associated with shorter
progression-free survival (9.1 months [n = 16] vs 16.5 months
[n = 73]).%8 These results corroborate our findings on the role
of IGF1R in PI3K inhibitor resistance in CLL. Based on the current
results, activation of RTKs and alternative cell survival pathways
may be explored as biomarkers for guiding treatment with PI3K
or other small molecule inhibitors, as well as to derive rational
drug treatments or combinations to specifically target these
cellular vulnerabilities in patients.

In summary, acquired resistance to PI3K-3 inhibitor treatment in
murine in vivo cancer models was not mediated by unifying
recurrent mutations, which reproduces observations from patients
resistant to idelalisib. However, the mutations functionally
clustered in chemotaxis and focal adhesion pathways, to-
gether with a consistent feedback activation of cell-survival
signaling through upregulation of IGF1R. Exposure of the

REFERENCES

1. Byrd JC, Furman RR, Coutre SE, etal. Targeting

BTK with ibrutinib in relapsed chronic lympho- 2425-2437.

cytic leukemia. N Engl J Med. 2013;369(1):32-42. 3. Furman RR, Sharman JP, Coutre SE, et al.

resistant tumors to PI3K-3 inhibitor led to an increased nuclear
localization and activation of FOXO1 mediated by GSK3,
resulting in IGF1R upregulation and enhanced MEK/ERK
signaling and cell survival. The findings are of potential clinical
interest, because IGF1R is a candidate therapeutic target that
could be used to resensitize resistant cells to PI3K-3 inhibition.
Thus, our findings are an example of how resistance to novel
targeted therapies can develop by alterations in signaling path-
ways and may also lead to novel therapeutic options to treat
refractory disease.

Acknowledgments

The authors thank Sandra Richter, Melanie Seepe, Vanni Torresi, and
Linda Jannetti for excellent technical assistance, Lydia Scarfo for shipping
patient samples, and Deyan Yosifov for critical feedback on the
manuscript.

This work was supported by research grants from the Else Kroner-
Fresenius-Stiftung (2010_Kolleg24, 2012_A146), Bundesministerium
fur Bildung und Forschung (PRECISE), European Commission/
Bundesministerium fir Bildung und Forschung (“FIRE CLL,” 01KT160),
and Deutsche Forschungsgemeinschaft (SFB 1074 project B1, B2).

Authorship

Contribution: A.S. and B.M.C.J. designed and performed experiments,
analyzed and interpreted data, and wrote the manuscript; E.T., J.B., A.Y.,
and R.P.D. performed experiments, interpreted data, and edited the
manuscript; A.D., T.J.B., and L.B. analyzed WES data; S.T. and L.L.
provided material and worked on RNA-Seq; P.G., N.C,, S.-S.C., and S.D.
provided material and reviewed the manuscript; C.S., M.S., H.D., and
D.M. interpreted data and edited the manuscript; and S.S. designed the
study, interpreted data, and wrote the manuscript.

Conflict-of-interest disclosure: AY., L.L., and S.T. are employees of
Gilead Sciences, Inc. The remaining authors declare no competing fi-
nancial interests.

ORCID profile: P.G., 0000-0003-3750-7342.

Correspondence: Stephan Stilgenbauer, Department of Internal Medi-
cine lll, Ulm University, Albert-Einstein Allee 23, 89081 Ulm, Germany,
e-mail: stephan.stilgenbauer@uniklinik-ulm.de.

Footnotes
Submitted 1 November 2018; accepted 5 April 2019. Prepublished

online as Blood First Edition paper, 22 April 2019; DOI 10.1182/
blood.2018881029.

*A.S. and B.M.C.J. contributed equally to this work.

The online version of this article contains a data supplement.

There is a Blood Commentary on this article in this issue.

The publication costs of this article were defrayed in part by page charge

payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

therapy for patients with chronic lymphocytic 4. Stilgenbauer S, Eichhorst B, Schetelig J, et al.
leukemia. N Engl J Med. 2015;373(25):

Venetoclax in relapsed or refractory chronic
lymphocytic leukaemia with 17p deletion:
a multicentre, open-label, phase 2 study.
Lancet Oncol. 2016;17(6):768-778.

Idelalisib and rituximab in relapsed chronic

2. Burger JA, Tedeschi A, Barr PM, et al;

RESONATE-2 Investigators. lbrutinib as initial 370(11):997-1007.

546 & blood® 8 AUGUST 2019 | VOLUME 134, NUMBER 6

lymphocytic leukemia. N Engl J Med. 2014; 5. Souers AJ, Leverson JD, Boghaert ER, et al.

ABT-199, a potent and selective BCL-2

SCHEFFOLD et al

%20z aunr L0 uo 3senb Aq Jpd'620188P00IA/9L 655 L/FES/I/VE L/spd-Bloe/pOO|qABU SUOlEDlgndyse//:dly woly papeojumog


http://orcid.org/0000-0003-3750-7342
mailto:stephan.stilgenbauer@uniklinik-ulm.de
https://doi.org/10.1182/blood.2018881029
https://doi.org/10.1182/blood.2018881029
http://www.bloodjournal.org/content/134/6/496

12.

13.

14.

17

18.

19.

20.

inhibitor, achieves antitumor activity while
sparing platelets. Nat Med. 2013;19(2):
202-208.

Roberts AW, Davids MS, Pagel JM,

et al. Targeting BCL2 with venetoclax in
relapsed chronic lymphocytic leukemia.
N Engl J Med. 2016;374(4):311-322.

Liu P, Cheng H, Roberts TM, Zhao JJ.
Targeting the phosphoinositide 3-kinase
pathway in cancer. Nat Rev Drug Discov.
2009;8(8):627-644.

Fruman DA, Rommel C. PI3K and cancer:
lessons, challenges and opportunities. Nat
Rev Drug Discov. 2014;13(2):140-156.

Barrientos JC. Idelalisib for the treatment of
indolent non-Hodgkin lymphoma: a review of
its clinical potential. OncoTargets Ther. 2016;
9:2945-2953.

. Brown JR, Byrd JC, Coutre SE, et al. Idelalisib,

an inhibitor of phosphatidylinositol 3-kinase
p1108, for relapsed/refractory chronic lym-
phocytic leukemia. Blood. 2014;123(22):
3390-3397.

. Chen S-S, Batliwalla F, Holodick NE, et al.

Autoantigen can promote progression to
amore aggressive TCL1 leukemia by selecting
variants with enhanced B-cell receptor sig-
naling. Proc Natl Acad Sci USA. 2013;110(16):
E1500-E1507.

Ponader S, Chen S-S, Buggy JJ, et al. The
Bruton tyrosine kinase inhibitor PCI-32765
thwarts chronic lymphocytic leukemia cell
survival and tissue homing in vitro and in vivo.
Blood. 2012;119(5):1182-1189.

Dobin A, Davis CA, Schlesinger F, et al. STAR:
ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15-21.

Li B, Dewey CN. RSEM: accurate transcript
quantification from RNA-Seq data with

or without a reference genome. BMC
Bioinformatics. 2011;12(1):323.

. Robinson MD, McCarthy DJ, Smyth GK.

edgeR: a Bioconductor package for differen-
tial expression analysis of digital gene ex-
pression data. Bioinformatics. 2010;26(1):
139-140.

. Ritchie ME, Phipson B, Wu D, et al. limma

powers differential expression analyses for
RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;43(7):e47.

. Patel L, Chandrasekhar J, Evarts J, et al.

Discovery of orally efficacious phosphoinosi-
tide 3-kinase 3 inhibitors with improved met-
abolic stability. J Med Chem. 2016;59(19):
9228-9242.

Thorpe LM, Yuzugullu H, Zhao JJ. PI3K in
cancer: divergent roles of isoforms, modes of
activation and therapeutic targeting. Nat Rev
Cancer. 2015;15(1):7-24.

Huo X, Liu S, Shao T, et al. GSK3 protein
positively regulates type | insulin-like growth
factor receptor through forkhead transcription
factors FOXO1/3/4. J Biol Chem. 2014;
289(36):24759-24770.

Manning BD, Toker A. AKT/PKB signaling:
navigating the network. Cell. 2017;169(3):
381-405.

IGF1R MEDIATES PI3K INHIBITOR RESISTANCE

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Byrd JC, Furman RR, Coutre SE, et al.
Three-year follow-up of treatment-naive

and previously treated patients with CLL and
SLL receiving single-agent ibrutinib. Blood.
2015;125(16):2497-2506.

O’Brien S, Jones JA, Coutre SE, et al. Ibrutinib
for patients with relapsed or refractory chronic
lymphocytic leukaemia with 17p deletion
(RESONATE-17): a phase 2, open-label, mul-
ticentre study. Lancet Oncol. 2016;17(10):
1409-1418.

Woyach JA, Furman RR, Liu T-M, et al.
Resistance mechanisms for the Bruton’s tyro-
sine kinase inhibitor ibrutinib. N Engl J Med.
2014;370(24):2286-2294.

Ahn IE, Underbayev C, Albitar A, et al. Clonal
evolution leading to ibrutinib resistance in
chronic lymphocytic leukemia. Blood. 2017;
129(11):1469-1479.

Ghia P, Ljungstrom V, Tausch E, et al. Whole-
exome sequencing revealed no recurrent
mutations within the PI3K pathway in relapsed
chronic lymphocytic leukemia patients pro-
gressing under idelalisib treatment. Blood.
2016;128:2770.

Compagno M, Wang Q, Pighi C, et al.
Phosphatidylinositol 3-kinase & blockade
increases genomic instability in B cells.
Nature. 2017;542(7642):489-493.

Fiorcari S, Brown WS, Mclntyre BW, et al. The
PI13-kinase delta inhibitor idelalisib (GS-1101)
targets integrin-mediated adhesion of chronic
lymphocytic leukemia (CLL) cell to endothelial
and marrow stromal cells. PLoS One. 2013;
8(12):e83830.

Abramovitch S, Glaser T, Ouchi T, Werner H.
BRCA1-Sp1 interactions in transcriptional
regulation of the IGF-IR gene. FEBS Lett.
2003;541(1-3):149-154.

Ohlsson C, Kley N, Werner H, LeRoith D. p53
regulates insulin-like growth factor-I (IGF-I)
receptor expression and IGF-I-induced tyro-
sine phosphorylation in an osteosarcoma cell
line: interaction between p53 and Sp1.
Endocrinology. 1998;139(3):1101-1107.

Svensson E, Vidovic K, Lassen C, et al.
Deregulation of the Wilms’ tumour gene 1
protein (WT1) by BCR/ABL1 mediates re-
sistance to imatinib in human leukaemia cells.
Leukemia. 2007;21(12):2485-2494.

Scheidegger KJ, Du J, Delafontaine P. Distinct
and common pathways in the regulation of
insulin-like growth factor-1 receptor gene
expression by angiotensin Il and basic fibro-
blast growth factor. J Biol Chem. 1999;274(6):
3522-3530.

Fu Z, Tindall DJ. FOXOs, cancer and regula-
tion of apoptosis. Oncogene. 2008;27(16):
2312-2319.

Sander S, Chu VT, Yasuda T, et al. PI3 kinase
and FOXO1 transcription factor activity dif-
ferentially control B cells in the germinal
center light and dark zones. Immunity. 2015;
43(6):1075-1086.

Sykes SM, Lane SW, Bullinger L, et al. AKT/
FOXO signaling enforces reversible differen-
tiation blockade in myeloid leukemias [pub-
lished correction appears in Cell. 2011;147(1):
247]. Cell. 2011;146(5):697-708.

35.

36.

37.

38.

39.

40.

a4

o

42.

43.

44,

45.

46.

47.

48.

Matkar S, Sharma P, Gao S, et al. An epige-
netic pathway regulates sensitivity of breast
cancer cells to HER2 inhibition via FOXO/

c-Myc axis. Cancer Cell. 2015;28(4):472-485.

Kim S-H, Turnbull J, Guimond S. Extracellular
matrix and cell signalling: the dynamic co-
operation of integrin, proteoglycan and
growth factor receptor. J Endocrinol. 2011;
209(2):139-151.

Saegusa J, Yamaji S, leguchi K, et al. The
direct binding of insulin-like growth factor-1
(IGF-1) to integrin alphavbeta3 is involved in
IGF-1 signaling. J Biol Chem. 2009;284(36):
24106-24114.

Beauvais DM, Rapraeger AC. Syndecan-1
couples the insulin-like growth factor-1 re-
ceptor to inside-out integrin activation. J Cell
Sci. 2010;123(Pt 21):3796-3807.

Sayeed A, Fedele C, Trerotola M, Ganguly KK,
Languino LR. IGF-IR promotes prostate cancer
growth by stabilizing a5B1 integrin protein
levels. PLoS One. 2013;8(10):e76513.

Fujita M, leguchi K, Davari P, et al. Cross-talk
between integrin a6p4 and insulin-like growth
factor-1 receptor (IGF1R) through direct a6p4
binding to IGF1 and subsequent a6p4-IGF1-
IGF1R ternary complex formation in
anchorage-independent conditions. J Biol
Chem. 2012;287(15):12491-12500.

. Chandarlapaty S, Sawai A, Scaltriti M, et al.

AKT inhibition relieves feedback suppression
of receptor tyrosine kinase expression and
activity. Cancer Cell. 2011;19(1):58-71.

Enzler T, Kater AP, Zhang W, et al. Chronic
lymphocytic leukemia of Emu-TCL1 trans-
genic mice undergoes rapid cell turnover that
can be offset by extrinsic CD257 to accelerate
disease progression. Blood. 2009;114(20):
4469-4476.

Lascano V, Guadagnoli M, Schot JG, et al.
Chronic lymphocytic leukemia disease pro-
gression is accelerated by APRIL-TACI in-
teraction in the TCL1 transgenic mouse
model. Blood. 2013;122(24):3960-3963.

Durr C, Hanna BS, Schulz A, et al. Tumor
necrosis factor receptor signaling is a driver of
chronic lymphocytic leukemia that can be
therapeutically targeted by the flavonoid
wogonin. Haematologica. 2018;103(4):
688-697.

Widhopf GF II, Cui B, Ghia EM, etal. ROR1 can
interact with TCL1 and enhance leukemo-
genesis in En-TCL1 transgenic mice. Proc Nat/
Acad Sci USA. 2014;111(2):793-798.

Maura F, Mosca L, Fabris S, et al. Insulin
growth factor 1 receptor expression is asso-
ciated with NOTCH1 mutation, trisomy 12 and
aggressive clinical course in chronic lympho-
cytic leukaemia. PLoS One. 2015;10(3):
e0118801.

Yaktapour N, Ubelhart R, Schiiler J, et al.
Insulin-like growth factor-1 receptor (IGF1R) as
a novel target in chronic lymphocytic leuke-
mia. Blood. 2013;122(9):1621-1633.

Brown JR, Flinn IW, Davids MS, et al. Clinical
and biological indicators of duvelisib efficacy
in CLL from the phase 3 DUO™ Study.
Blood. 2018;132(supp! 1):1856.

€ blood® 8 AUGUST 2019 | VOLUME 134, NUMBER 6 547

%20z aunr L0 uo 3senb Aq Jpd'620188P00IA/9L 655 L/FES/I/VE L/spd-Bloe/pOO|qABU SUOlEDlgndyse//:dly woly papeojumog



