
The rationale for treating PV patients with
an MDM2 inhibitor was strong. Although
the overall response rate was impressive,
the median duration of response was
disappointing at only 16.8 months. Why
was the therapy not more durable, and
how can it be improved upon? It may be
that the patients did not have sufficient
elevation of MDM2 to have an optimal
response to treatment. Additionally, al-
though idasanutlin may cause cell-cycle
arrest, there may be quiescent cells that
linger and proliferate leading to new
mutations after the drug has been
stopped. Additional P53 regulators may
block the response to MDM2 antago-
nists, such as MDM4 or NPM-1 or re-
sistance may be caused by additional
mutations acquired during idasanutlin
treatment that cause resistance to the
drug. In this study, patients who were
unresponsive to single-agent therapy
could receive combination therapy with
interferon-a2a. In the 4 patients treated
with combination therapy, there was
a 50% response rate. Idasanutlin may
therefore need to be used in combi-
nation with other drugs to prevent re-
sistance and increase effectiveness,
and prolong duration of response.9 Al-
though interferon-a2a is a logical
partner for idasanutlin, there are other
possible combinations. Nonetheless, the
problem with combination therapies
in PV is the additive toxicities of using
2 drugs. The difficulty of treating this
particular population and the low
tolerance for even grade 1 to 2 toxic-
ities will make combination therapy a
challenge.
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Resolving PI3K-d inhibitor
resistance in CLL
Ulf Klein | University of Leeds

In this issue of Blood, Scheffold et al identify enhanced signaling through
insulin-like growth factor 1 receptor (IGF1R) as the resistance mechanism to
a phosphatidylinositol 3-kinase delta (PI3K-d) inhibitor in a chronic lympho-
cytic leukemia (CLL) animal model. They also show that the inhibition of IGF1R
provides a salvage treatment for PI3K-d inhibitor–resistant tumors.1

Cancer treatment with targeted therapies
is undermined by the development of
resistance to treatment in a fraction of
patients. Thus, unraveling the resistance
mechanisms is critical for the develop-
ment of salvage therapies. Targeting of
pathways comprising PI3K signaling has
revolutionized the treatment of CLL and
provides a paradigm of precision therapy2-4

for both the mode of action of pathway-
specific drugs and for the identification
of resistance mechanisms. Drugs inhib-
iting 2 components of the PI3K pathway,
ibrutinib (targeting Bruton tyrosine kinase;
BTK) and idelalisib (targeting PI3K-d)
are highly efficacious (see figure panel A).
Previous studies have uncovered causes
of ibrutinib resistance,5,6 but the mecha-
nism of resistance to idelalisib has remained
elusive.

Scheffold et al addressed this deficiency
by modeling resistance to PI3K-d inhibi-
tors in vivo in 2 different murine serial-
adoptive transfer and treatment models.
Tumor cells derived from the Em-TCL1
CLL model were transplanted into synge-
neicmice, and the Em-TCL1mouse-derived

CLL cell line TCL1-1927 was transplanted
into NOD/SCID mice. The authors ob-
served in both models that mice with CLL
treated with a PI3K-d inhibitor eventually
succumbed to the disease despite an ini-
tial response. They then used the experi-
mentally more amenable TCL1-192 line
to develop a serial-transfer and treatment
scheme to continuously treat CLL in vivo,
thus generating tumors resistant to PI3K-d
inhibition that were then subjected to whole-
exome sequencing (WES).

Naturally, the expectation was to identify
mutations in PI3K-d that abolished the
action of the inhibitor or recurrent genetic
alterations in pathway genes downstream
of PI3K-d. However, the WES analysis did
not identify any single recurrent mutation
in PI3K-d, which was particularly surprising
because mutations in BTK at the inhibitor-
binding site are the hallmark of ibrutinib-
resistant CLL.5,6 In addition, no recurrent
mutations were found in other genes. Simi-
larly, CLL cells from resistant patients were
found to be devoid of unifying recurrent
mutations that could explain drug resis-
tance (Ghia et al8; Paolo Ghia, San Raffaele
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Hospital, Milan, Italy, personal communi-
cation, 14 April 2019).

Scheffold et al then transcriptionally pro-
filed the tumors and identified several
genes whose expression was deregulated
in PI3K-d inhibitor–resistant vs PI3K-d
inhibitor–sensitive tumors, with upregulated
expression of IGF1R showing the strongest
association with resistance. They then dem-
onstrated that this upregulation indeed con-
tributed to PI3K-d inhibitor resistance (see
figure panel B). But how is IGF1R upreg-
ulation in the resistant cells mediated?

Based on a publication showing that
IGF1R can be transcriptionally activated
by FOXO1 and GSK3,9 the authors investi-
gated the potential role of these proteins in
PI3K-d inhibitor resistance. Upregulation of
IGFIR expressionwas found tobe attenuated
by inhibition of FOXO1 or GSK3, indicating
that enhanced IGF1R expression is at least
partially mediated by GSK3 activity that di-
rectly or indirectly causes increased nuclear
localization of FOXO1. Further downstream,
IGF1R promotes CLL cell growth through
activation of the MAPK pathway.

Next, Scheffold et al sought to investigate
whether PI3K-d inhibitor resistance can be
overcome by inhibition of IGF1R with linsi-
tinib. They demonstrated that treatment
with the combination of linsitinib with PI3K-d
inhibitors, but not linsitinib-only treatment,
was toxic for PI3K-d inhibitor–resistant CLL

cells (see figure panel C). Linsitinib-only
treatment did not impair tumor cell
growth because IGF1R expression was
downregulated in PI3K-d inhibitor–resistant
cells in the absence of PI3K-d inhibitor. This
downregulation is likely a result of reac-
tivationof PI3K/AKT signaling,which inhibits
nuclear translocation of FOXO1. Con-
versely,with combined treatment, PI3K/AKT
inhibition leads to GSK3 and FOXO1 acti-
vation that enhances expression of IGF1R
protein, which is then targeted by linsitinib.
Overall, the results indicate that IGF1R up-
regulation promotes cell growth of PI3K-d
inhibitor–resistant CLL cells via activation of
theMAPK pathway and that PI3K-d inhibitor
resistance could be overcome by simulta-
neous PI3K-d/IGF1R inhibition.

What is the translational aspect? Ideally,
idelalisib-resistant CLL cells derived from
patients would be analyzed. This could
validate (or refute) the clinical relevance
of the Scheffold et al findings. This un-
dertaking is the authors’ future aim, and
preliminary evidence indicates that they
may be on the right track. The authors
could demonstrate in a CLL sample from
1 patient with high IGF1R expression
after 10 months of idelalisib treatment
that those cells showed a low response
to PI3K-d inhibitor in vitro. In addition,
treatment with a combination of idelalisib
and linsitinib synergistically impaired cell
growth, indicating that co-inhibition of
IGF1R can sensitize tumor cells with reduced

sensitivity to PI3K-d inhibitors. Notably,
among patients with untreated CLL, a siz-
able fraction showed high IGF1R expres-
sion levels, particularly in association with
trisomy 12. Those patients may benefit
from combination treatment with idelalisib
and linsitinib.

The work of Scheffold et al highlights the
importance of animal models in identifying
drug-resistance mechanisms. Although it
remains to be determined to what extent
the newly identified IGF1R-mediated
PI3K-d inhibitor resistance mechanism plays
a role in idelalisib resistance in human CLL,
the results provide an indication of what
to watch for in clinical trials. The study also
emphasizes that resistance mechanisms
may not be restricted solely to genetic
mutations. One caveat for murine model-
ing of drug resistance is the much shorter
time span of disease progression com-
pared with that in humans and the impact
this may have on clonal evolution of the
tumor. This could be particularly relevant in
the case of PI3K-d inhibition by idelalisib
(but not ibrutinib10), which has been re-
ported to increase genomic instability
in B cells and may thus introduce mutations
by enhanced activity of activation-
induced cytidine deaminase, which nor-
mally initiates immunoglobulin somatic
hypermutation and class switching, in off-
target genes.11 Because idelalisib can
be administered over a long period of
time, there is the potential to uncover
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Model for the effects of the PI3K-d inhibitor idelalisib and the IGF1R inhibitor linsitinib on PI3K-d inhibitor–sensitive and –resistant CLL cells. (A) PI3K-d is activated by the B-cell
receptor (Ag, antigen) and inhibited by idelalisib, thus ablating the PI3K pathway-mediated growth and survival program that activates AKT signaling, which is required for CLL
cell survival. (B) Upregulation of IGF1R expression via GSK3 and FOXO1 activates theMAPK pathway-mediated growth and survival program, thus leading to CLL cell survival. It is
not knownwhat leads to the activation of GSK3 and FOXO1 in PI3K-d inhibitor–resistant CLL cells; however, FOXO1 activation is normally inhibited by AKT signaling downstream
of the PI3K pathway. (C) Inhibition of IGF1R by linsitinib abolishes the MAPK-mediated growth and survival program, causing cell death in PI3K-d–resistant CLL cells. The
simultaneous inhibition of PI3K-d is required because reactivation of PI3K/AKT signaling leads to FOXO1 inhibition and failure to upregulate IGF1R. In the serial-adoptive transfer
and treatment experiments, Scheffold et al used the specific PI3K-d inhibitor GS-649443 (rather than idelalisib) because this has favorable pharmacokinetic properties in mice.
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additional resistance mechanisms that
involve genetic alterations that activate
tumor-promoting pathways. It will be
interesting to integrate the findings of
the genomic analyses by Scheffold et al
in mice and Ghia et al8 in humans be-
cause this may uncover pathways that
contribute to PI3K-d inhibitor resistance
in some patients with CLL. This well-
conducted study has provided a wealth
of information and intriguing new leads
that will be instrumental in overcoming the
problem of idelalisib resistance in human
CLL and othermalignancies in which PI3K-d
plays a pathogenic role. In the short term,
theprimary focus should beondetermining
whether linsitinib is the ideal companion for
idelalisib in the treatment of lymphoid tu-
mors in which IGF1R is upregulated be-
cause of PI3K-d inhibitor resistance.
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FLT3-ITD gets by with
a little help from PRMT1
Kira Gritsman | Albert Einstein College of Medicine

In this issue of Blood, He et al discuss their discovery that methylation of fms-
like tyrosine kinase 3-internal tandem duplication (FLT3-ITD) at arginines 972
and 973 by protein arginine N-methyltransferase 1 (PRMT1) potentiates
oncogenic signaling and that inhibition of PRMT1 can improve the efficacy of
kinase inhibitors in FLT3-ITD acute myeloid leukemia (AML).1

AML is still a devastating disease with
poor overall survival. In AML patients,
genetic alterations that affect epigenetic
regulation are often detected together
with mutations in signaling molecules,
and these combinations occur in a stereo-
typic and nonrandom fashion.2 A fasci-
nating conundrum of AML biology is how
these 2 disparate classes of genetic alter-
ations could cooperate to lead to hema-
topoietic transformation.

Mutations in the receptor tyrosine kinase
FLT3 are seen in approximately 30% of
patients with newly diagnosed AML.3 The
most common FLT3 mutation observed
in AML patients is the ITD of the juxta-
membrane domain (FLT3-ITD), which
results in kinase activation as a result of
loss of autoinhibition of FLT3 kinase ac-
tivity.4 The presence of FLT3-ITD por-
tends a particularly poor prognosis, and
most of these patients relapse after initial
therapy. Several kinase inhibitors that
target FLT3 have been developed for
AML patients with FLT3 mutations.5 Two
of these FLT3 inhibitors, midostaurin and
gilteritinib, were recently approved by
the US Food and Drug Administration
(FDA), and several others are currently in
development.5

Despite the clinical benefit demonstrated
from the pharmacologic targeting of
FLT3 in AML, many of the responses are
short-lived, and relapses are still frequent.5

One potential contributing factor to high
relapse rates in AML patients is the per-
sistence of leukemia-initiating cells (LICs;
also called leukemic stem cells) in the
bone marrow after initial treatment. It
has been reported that in FLT3-ITD AML,
LICs express FLT3-ITD.6 Therefore, de-
vising strategies to eradicate LICs is an
important goal in AML therapy, andmore
efficient targeting of FLT3-mutated cells
could help to achieve this goal. Persistent
activation of downstream signaling path-
ways, such as PI3K/AKT,MAPK, andSTAT5,
has also been shown to contribute to in-
trinsic resistance to FLT3 inhibitors in FLT3-
mutated AML.5

The elegant study by He et al uncovers a
novel mechanism that highlights how
epigenetic modifying enzymes and acti-
vated kinases can cooperate in AML and
may explain the incomplete or short-lived
response of FLT3-ITD AML cells to kinase
inhibitors. The authors uncover a novel
role for PRMT1 in regulating the signaling
activity of FLT3-ITD. PRMT1was previously
described as playing a role in transcrip-
tional regulation via its histone arginine
methyltransferase function in other sub-
types of AML.7,8 The authors report par-
ticularly high levels of PRMT1 RNA and
protein expression in FLT3-ITD AML cells
and show that PRMT1 catalyzes methyl-
ation of arginines 972 and 973 (R972/973)
on FLT3-ITD, a process that is unaf-
fected by kinase inhibitors (see figure).
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