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“Resistance to Targeted Anti-Cancer 
Therapeutics”: Aims and Scope

 Published by Springer Inc.

For several decades, treatment of cancer consisted of chemotherapeutic drugs, radi-
ation, and hormonal therapies. Those were not tumor specific and exhibited several 
toxicities. During the last several years, targeted cancer therapies (molecularly tar-
geted drugs) have been developed and consisting of immunotherapies (cell medi-
ated and antibody) drugs or biologicals that can block the growth and spread of 
cancer by interfering with surface receptors and with specific dysregulated gene 
products that control tumor cell growth and progression. These include several 
FDA-approved drugs/antibodies/inhibitors that interfere with cell growth signaling 
or tumor blood vessel development, promote the cell death of cancer cells, stimulate 
the immune system to destroy specific cancer cells and deliver toxic drugs to cancer 
cells. Targeted cancer therapies are being used alone or in combination with conven-
tional drugs and other targeted therapies.

One of the major problems that arise following treatment with both conventional 
therapies and targeted cancer therapies is the development of resistance, preexisting 
in a subset of cancer cells or cancer stem cells and/or induced by the treatments. 
Tumor cell resistance to targeted therapies remains a major hurdle and, therefore, 
several strategies are being considered in delineating the underlining molecular 
mechanisms of resistance and the development of novel drugs to reverse both the 
innate and acquired resistance to various targeted therapeutic regimens.

The new Series “Resistance of Targeted Anti-Cancer Therapeutics” was 
inaugurated and focuses on the clinical application of targeted cancer therapies 
(either approved by the FDA or in clinical trials) and the resistance observed by 
these therapies. Each book will consist of updated reviews on a specific target 
therapeutic and strategies to overcome resistance at the biochemical, molecular and 
both genetic and epigenetic levels. This new Series is timely and should be of sig-
nificant interest to clinicians, scientists, trainees, students, and pharmaceutical 
companies.

Benjamin Bonavida
David Geffen School of Medicine at UCLA

University of California, Los Angeles
Los Angeles, CA 90025, USA
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Targeted therapies are one of the most important components of the armamentarium 
against epithelial malignancies. A fast growth of our knowledge of the molecular 
mechanisms and activated pathways in the different lymphoma categories was fol-
lowed by a more diffuse and successful use of targeted therapies. Monoclonal anti-
bodies were the first molecules in this field, whereas several other agents targeting 
different key molecules involved in the activated pathways were investigated and 
are being used in routine practice. Importantly, most of these agents can be used by 
the oral route and the assumption for years is not associated with an increased risk 
of severe side effects. However, long-lasting treatment with these drugs is followed 
by disease relapse in a high proportion of patients, which is predominantly due to 
the development of drug resistance. The knowledge of mechanisms involved in 
lymphoma resistance to target therapies is of paramount importance because it will 
result in a better selection of patients with sensitive disease, tumor monitoring, 
relapse prediction, and establishment of combination of drugs that target different 
molecules that could overcome the established resistance.

This book is focused on recently developed targeted therapies other than mono-
clonal antibodies used in lymphoma patients, both in routine practice and in inves-
tigative trials. Expert authors revisit the most relevant aspects of these agents, with 
special emphasis on molecular mechanisms and clinical effects of resistance. 
Although more space is dedicated to the first-in-class members of each drug family, 
other recently developed agents are discussed.

Milan, Italy Andrés J. M. Ferreri

Preface
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BTK Inhibitors: Focus on Ibrutinib 
and Similar Agents

Mattias Mattsson and Lydia Scarfò

Abstract Since Bruton tyrosine kinase (BTK) is a critical effector molecule for B 
cell development and lymphomagenesis, BTK inhibitors have been investigated in 
B cell malignancies during the last decade. Ibrutinib, a first-in-class, potent, orally 
administered covalently-binding inhibitor of BTK was recently approved for the 
treatment of chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL), 
Waldenström’s macroglobulinemia (WM) and marginal-zone lymphoma (MZL). Its 
use led to impressive responses in CLL, MCL, WM and MZL with a favorable 
safety profile. Mechanisms of resistance to ibrutinib are different according to dis-
ease biology and still need to be fully elucidated. In CLL and WM patients pro-
gressing on ibrutinib, BTK and downstream kinase Phospholipase Cγ2 (PLCγ2) 
mutations have been identified leading to resistance. BTK and PLCγ2 mutations are 
almost always absent at the beginning of treatment and they are detected at a later 
timepoint, suggesting the evolution of clonal dynamics under treatment pressure. 
Primary and secondary resistances in MCL are driven by mutations promoting the 
activation of the alternative NFκB-pathway and PI3K-AKT pathway. Further work 
needs to be done to elucidate the mechanisms behind primary refractory patients, to 
define the risk for clonal evolution/new mutations over time on treatment, and to 
identify prognostic/predictive markers for patients on BTK inhibitors.

Keywords BTK inhibitors · Ibrutinib · B cell malignancies · Acalabrutinib · 
ONO/GS4059 · BGB-3111 · CC-292
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 Introduction

In the last years, several novel findings have strengthened the notion that B cell 
receptor (BcR) signaling through both antigen-dependent and antigen-independent 
mechanisms plays a crucial role not only in normal B cell development and survival 
but also in the pathogenesis of B-cell lymphoproliferative disorders [1].

BCR activation promotes the assembly of the so-called “signalosome” which 
includes protein tyrosine kinases like Lck/Yes novel tyrosine kinase (LYN), 
spleen tyrosine kinase (SYK), Bruton tyrosine kinase (BTK), and other kinases, 
resulting in cell survival and proliferation, differentiation, and antibody produc-
tion (Fig. 1) [2].

The essential role for BTK in BCR signaling activation is strongly supported by 
the fact that loss-of-function mutations in BTK block B-cell maturation at the pre- 
B- cell stage and cause the clinical signs and symptoms of X-linked agammaglobu-

Fig. 1 BTK role after BCR activation. BCR activation promotes the assembly of the so-called 
“signalosome” which includes protein tyrosine kinases like Lck/Yes novel tyrosine kinase (LYN), 
spleen tyrosine kinase (SYK), Bruton’s tyrosine kinase (BTK), and other kinases mainly 
represented by phospholipase C-gamma 2 (PLCγ2) and phosphatidylinositol 3-kinase-delta 
(PI3Kδ). Within the signalosome BTK phosphorylation by LYN and SYK promotes BTK 
activation. BTK is recruited early in the BCR signaling cascade and upon activation of the BCR 
pathway. Subsequent PLCγ2 phosphorylation leads to calcium mobilization, ERK, AKT and 
NFκB activation, resulting in cell survival and proliferation, differentiation, and antibody 
production. (The figure was produced using Servier Medical Art: www.servier.com)

M. Mattsson and L. Scarfò
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linemia (Bruton’s agammaglobulinemia) [3–5]. The loss of BTK leads to the 
absence of mature peripheral B cells and very low serum immunoglobulin levels, 
making affected patients vulnerable to bacterial infections.

Molecular mechanisms leading to this phenotype were elucidated later, under-
standing that the BTK gene encodes a cytoplasmic protein-tyrosine kinase of 659 
amino acids characterized by the following domain organization (from the 
N-terminus): Pleckstrin homology (PH), Tec homology, SRC homology 3 (SH3), 
SH2, and catalytic domain (SH1) (Fig. 2).

BTK is a member of the TEC kinase family along with TEC (expressed in B-, 
T-cells and liver cells), ITK (IL2 inducible T-cell kinase), and BMX/ETK (mainly 
active in bone marrow, endothelia, epithelia).

BTK seems to be required in B cells for BCR-induced calcium release, cell 
proliferation, and activation of the NF-κB pathway (Fig. 1). The enzyme is also 
involved in regulating actin dynamics and antigen processing during BCR and 
promotes B-cell trafficking mediated by the chemokine receptors CXCR4 and 
CXCR5 [6].

Since BTK is a critical effector molecule for B cell development and lymphoma-
genesis, BTK inhibitors have been investigated as potential treatments.

The development of BTK inhibitors for use in the treatment of lymphoid malig-
nancies has been rapid during the last decade. In several countries ibrutinib (also 
known as PCI-32765), the first BTK inhibitor used in clinical trials, has now been 
approved for the treatment of chronic lymphocytic leukemia (CLL), mantle cell 
lymphoma (MCL),Waldenström’s macroglobulinemia (WM) and Marginal- zone 
lymphoma (MZL). To date, the use of ibrutinib and second generation BTK- 
inhibitors (acalabrutinib, CC-292, ONO/GS-4059 and BGB-3111) alone or in 
different combinations is being explored in a large number of clinical trials.

Following the introduction and use over time of BTK inhibitors the clinical prob-
lem of resistance has also arisen, both primary, of particular relevance in MCL, and 
acquired after longer or shorter periods of time on BTK-inhibitor treatment. 
Considering that the mechanisms behind resistance also are beginning to be 
elucidated, it is of interest to review this rapidly progressing field.

As most published data regarding BTK-inhibitor treatment have addressed CLL, 
this will be the main focus of this review.

Fig. 2 BTK structure. BTK gene encodes a cytoplasmic protein-tyrosine kinase of 659 amino 
acids characterized by the following domain organization (from the N-terminus): Pleckstrin 
homology (PH), Tec homology, SRC homology 3 (SH3), SH2, and catalytic domain (SH1). The 
position of two tyrosine (Y) phosphorylation sites (Y223 and Y551) and the binding site of 
ibrutinib (C481) are shown

BTK Inhibitors: Focus on Ibrutinib and Similar Agents
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 Ibrutinib Biochemical Structure, PK, PD, Routes and Doses

Ibrutinib (chemical name 1 [(3R)-3-[4-amino-3-(4-phenoxyphenyl)-
1Hpyrazolo[3,4-d]pyrimidin-1-yl]-1-piperidinyl]-2-propen-1-one) is a first-in- 
class, potent, orally administered covalently-binding inhibitor of BTK.

To date ibrutinib remains the only BTK inhibitor registered for several lympho-
proliferative disorders, being approved by the U.S. Food and Drug Administration 
(FDA) with the following treatment indications:

• patients with mantle cell lymphoma (MCL) who have received at least one prior 
therapy;

• patients with CLL/small lymphocytic lymphoma (SLL);
• patients with Waldenström’s macroglobulinemia (WM)
• patients with marginal zone lymphoma (MZL) who require systemic therapy and 

have received at least one prior anti-CD20-based therapy. (IMBRUVICA® 
prescribing information).

Ibrutinib inactivates BTK through an irreversible covalent bond with Cys-481 in 
the ATP binding domain inhibiting BTK autophosphorylation at tyrosine residue 
223 [7].

Inhibition of BTK blocks downstream BcR signaling pathways preventing B-cell 
proliferation [8], but also interferes with the protective effect of the microenvironment 
[9]. In vitro, ibrutinib inhibits purified BTK with an IC50  <  10  nM.  Selected 
members of the kinase family with a cysteine residue aligning with Cys481 
(including BLK, BMX, ITK, TEC, EGFR, ERBB2 and JAK3) can be covalently 
bound and inhibited by ibrutinib at concentrations achievable in vivo [10]. Beyond 
the BCR signaling inhibition, inhibitory effects of ibrutinib on the tumor- 
microenvironment interactions have been demonstrated, interfering with signals 
from chemokines, CD40 ligand, BAFF, fibronectin, and TLR ligands [11]. In CLL 
an impaired homing ability of the leukemic cells, due to reduced chemokine- 
mediated migration and integrin-dependent adhesion, has been associated with 
treatment-related lymphocytosis. This “redistribution lymphocytosis” is frequently 
detected in the first 2 months of treatment in CLL patients, more rarely in lymphoma 
patients, and in up to 20% of cases may last more than 12 months. In CLL patients 
the duration of redistribution lymphocytosis seems to be different according to the 
immunoglobulin gene (IGHV) mutation status, with patients with mutated IGHV 
genes (<98% identity with germline gene, M-IGHV) experiencing long-lasting 
lymphocytosis compared to those with unmutated (≥98% identity with germline 
gene, U-IGHV) IGHV genes. This effect should not be interpreted as sign of 
progression, if isolated, being frequently linked to a concurrent dramatic and rapid 
reductions of disease in lymph nodes and the spleen [12, 13].

Intermittent exposure to ibrutinib by once daily administration limits the dura-
tion of off-target effects and it is made feasible by the irreversible covalent binding 
of the compound to BTK [14]. BTK remains fully occupied by ibrutinib for at least 
24 h at currently administered dose, despite its rapid clearance from the plasma.

M. Mattsson and L. Scarfò
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Interestingly, in patients with CLL, the intermittent dosing schedule was associ-
ated with transient reversal of treatment-related lymphocytosis during the 7-days-
off drug period, suggesting a reversal of the biologic effect [14]. On this basis, and 
given the tolerability of continuous dosing, the latter was selected for phase II and 
III studies [15–18].

Ibrutinib is rapidly absorbed, has a high oral plasma clearance (approximately 
1000 L/h) and a high apparent volume of distribution at steady state (approximately 
10,000 L). Pharmacokinetic (PK) parameters were not dependent on dose, study, or 
clinical indication [19, 20] The fasting state was characterized by a 67% relative 
bioavailability compared with the meal conditions used in the trials. Body weight 
and co-administration of antacids marginally increased the volume of distribution 
and the duration of absorption, respectively. The linear model indicated that the 
compound’s PK was dose independent and time independent [21].

Ibrutinib is a high hepatic extraction compound whose elimination is predomi-
nantly via the CYP3A4 metabolism with minor involvement of CYP2D6. Both 
CYP3A and CYP2D6 are part of the cytochrome 450 enzymatic machinery in the 
liver, being the most significant CYP pathways in the oxidative biotransformation of 
numerous medications. Interactions between ibrutinib and drugs influencing 
CYP3A4 are of clinical significance [22].

In healthy subjects the co-administration of ibrutinib with ketoconazole (a strong 
CYP3A inhibitor) increased the maximum serum concentration (Cmax) and area 
under the curve (AUC) by 29- and 24-fold, respectively. The co-administration of 
ibrutinib with rifampin (a strong CYP3A inducer) decreased Cmax and AUC by 
more than 13- and 10-fold, respectively.

Moderate CYP3A4 inhibitors increase ibrutinib exposure 5- to 7-fold, whereas 
mild CYP3A4 inhibitors were predicted to only marginally increase exposure 
(about 2-fold) [20]. Moderate CYP3A4 inducers confer a 5- to 7-fold decrease in 
ibrutinib exposure.

It should also be considered that supplements such as garlic, Ginkgo biloba, 
Echinacea, ginseng, St. John’s wort and grape seed alter the exposure of medica-
tions metabolized by CYP3A [23]. Patients were excluded from ibrutinib clinical 
trials if on warfarin and derivatives and/or strong CYP3A inhibitors or inducers 
while recent analyses in “real-life” setting suggest that 2 out 3 patients treated 
with ibrutinib in clinical practice are on a concomitant medication with potential 
to influence ibrutinib metabolism (64% taking concomitant medications with the 
potential to alter ibrutinib metabolism and/or increase risk of ibrutinib toxicity, 
3% on drug potentially reducing ibrutinib efficacy). Further analysis based on 
clinical practice is thus needed to fully understand the relevance of drug-drug 
interactions over ibrutinib treatment [24]. Dose reductions are advised in patients 
with moderate hepatic impairment while the use of ibrutinib in patients with 
severe hepatic impairment should be avoided because of the risk for excessive 
exposure/toxicity.

BTK Inhibitors: Focus on Ibrutinib and Similar Agents
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 Ibrutinib: Efficacy and Safety Clinical Data

CLL efficacy and safety data In the phase 1 and 1b-2 trials with ibrutinib in 
patients with relapsed/refractory B-cell malignancies, a maximum tolerated dose 
(MTD) was not identified and the current dose in CLL (420 mg QD) was defined 
according to pharmacodynamic parameters. The overall response rate reached 
60%, with 13% of CR and a median PFS of 13.6 months. Current registered indica-
tion for ibrutinib in CLL derived from the results of two phase 3 trials and one 
phase 2 trial. The analysis of the RESONATE trial, where ibrutinib monotherapy 
was compared with ofatumumab single agent in relapsed/refractory CLL docu-
mented a clear superiority of ibrutinib, with an ORR of 42.6% (vs 4.1% in the 
comparison arm, patients with partial response with lymphocytosis were excluded) 
and a median PFS not yet reached in the ibrutinib arm (in comparison to a median 
PFS of 8.1 months in the ofatumumab group) [16]. An OS benefit at 12 months was 
demonstrated in the ibrutinib arm (90% of patients on ibrutinib still alive vs 81% 
of patients treated with ofatumumab). Adverse events (AEs) of any grade occurring 
in ≥25% of patients treated with ibrutinib turned out to be diarrhea (mainly grade 
1 and 2), upper respiratory tract infection, fatigue, cough, arthralgia, rash, pyrexia 
and peripheral edema. Rarer AEs, though clinically relevant, include atrial fibrilla-
tion and bleeding events.

RESONATE-2 results comparing ibrutinib monotherapy with chlorambucil sin-
gle-agent in treatment-naïve elderly CLL patients led to the approval by FDA in 
first-line setting [25]. The ORR in ibrutinib-treated patients was 86% (vs 35% in 
chlorambucil arm), the PFS not reached and the risk of progression or death was 
reduced by 84% in patients treated with ibrutinib, leading to an estimated OS rate of 
98% with ibrutinib compared to 85% with chlorambucil.

The results of an Ohio State trial, that retrospectively studied 308 patients on 
ibrutinib treatment, were published in 2015 [26]. After a median follow-up of 
20 months, 18 (6%) patients had discontinued treatment due to transformation while 
13 (4%) did so due to progression, with the data showing transformation occurring 
early during treatment while progression occurred later on.

Outside the setting of clinical trials, retrospective data on patients treated within 
population-based cohorts have recently been published. A population-based 
Swedish cohort was reported, including 95 consecutive R/R CLL patients treated 
within a compassionate use program with ORR rate of 84% in a population with 
two thirds having TP53 aberration [27]. With a follow-up of 10 months was reported 
7 (7%) progressive CLL and 3 (3%) with transformation. The UK CLL forum 
reported data on 315 patients with one third having TP53 aberrations and after a 
median follow-up of 16.5 months 14 (4.5%) patients with progression as well as 14 
patients (4.5%) developing transformation [28].

As treatment with single-agent ibrutinib seldom lead to complete remissions 
and, as mentioned, a large proportion of patients have a prolonged lymphocytosis 
[29], different schedules of BTK-inhibitors in combination with chemotherapy, 
CD20-antibodies and Bcl-2 inhibitors are at the moment being explored in a great 

M. Mattsson and L. Scarfò



7

number of trials. The rationale behind this is that combination treatments can lead 
to deeper responses and reduce the risk of clonal evolution in prevailing 
CLL-cells.

The published data regarding combination treatments are few to date. In 2014 a 
phase 2 study was published with the combination of ibrutinib + rituximab in a 
cohort of high-risk CLL patients, reporting an ORR of 97%. An extended analysis 
of this cohort after a median of 47 months was recently presented in which it was 
reported 8 patients (20%) with progressive disease and 2 (5%) with Richter’s 
transformation [30].

The results of a phase 3 study (HELIOS trial) reported a significantly longer PFS 
with the combination of ibrutinib plus bendamustine and rituximab -BR- (estimated 
PFS at 18 months 79% in the ibrutinib plus BR vs 24% in the placebo plus BR arm) 
[31]. The minimal residual disease (MRD) negativity rate (a strong positive 
prognostic indicator correlating with prolonged response duration and survival) in 
patients treated with the combination of ibrutinib and BR increased after continuing 
treatment with ibrutinib and reached 20.7%, compared to 1.4% in the BR-plus- 
placebo group. These results led to the approval of ibrutinib plus BR for relapsed/
refractory CLL by FDA.  That notwithstanding, the potential benefit of adding 
immunotherapy or chemoimmunotherapy to ibrutinib single-agent is still under 
investigation.

MCL efficacy and safety data Ibrutinib has been approved for the treatment of 
patients with MCL who have received at least 1 prior therapy. The dose in MCL, 
higher than in CLL, is 560 mg QD. This indication was derived from the results of a 
phase 2 study in which 111 heavily pretreated R/R MCL patients were treated with 
ibrutinib 560 mg daily [32]. With 86% of the patients having intermediate/high-risk 
disease, they were divided into two groups based on previous exposure to bortezomib. 
The ORR was 68% with 21% being complete responses, with no differences depend-
ing on previous bortezomib or not, whereas 32% had stable or progressive disease. 
Follow-up data after a median follow-up of 26.7 months from this trial reported an 
ORR of 67% with 23% CR. The median progression-free survival was 13 months 
with a PFS rate at 24 months of 31% and an OS rate at 24 months of 47% [33].

A second phase 2 trial confirmed these findings, reporting a median PFS of 
10.5 months with an OS rate of 61% at 18 months. Common adverse events were 
diarrhea, fatigue, and nausea while hematologic toxicity was uncommon. Despite 
the significant efficacy, about one third of patients was primary resistant to ibrutinib 
treatment and the acquired resistance appeared to eventually occur in all MCL 
patients. Results of a phase 3 study comparing the efficacy of ibrutinib with 
temsirolimus in 280 relapsed MCL patients confirmed a prolonged PFS (14.6 vs 
6.2 months) and a better tolerability (grade 3 or higher treatment-emergent adverse 
events 68% vs 87%) in ibrutinib treated group [34]. Of the 139 patients treated with 
ibrutinib 74 discontinued treatment of whom 55 did so due to disease progression.

WM efficacy and safety data Ibrutinib was approved by the FDA for the treatment 
of patients with treatment-naïve or relapsed refractory WM, based on the results of 

BTK Inhibitors: Focus on Ibrutinib and Similar Agents
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a prospective study of ibrutinib monotherapy (at a dose of 420  mg/day) in 63 
patients with WM relapsing or refractory after at least one previous treatment [35]. 
The ORR was 91%, with no complete responses but a major response rate of 73%. 
The estimated 2-year PFS and OS rates were 69% and 95%, respectively. Notably, 
the drug showed a favorable toxicity profile with treatment-related hematologic 
toxicities (grade ≥3) being represented by neutropenia (15%) and thrombocytopenia 
(13%), mainly in heavily pretreated patients. Non-hematologic toxicities recorded 
were mild-moderate bleeding events and atrial fibrillation associated with a history 
of arrhythmia (5%). Similar efficacy results were obtained as part of a larger 
prospective trial, where ibrutinib monotherapy (at a dose of 420 mg/day) was given 
in 31 patients with disease refractory to rituximab [36]. The ORR was 84%, 
including 65% major responses, with PFS and OS analysis still awaited considering 
the short follow up.

Marginal-zone lymphoma (MZL) efficacy and safety data The results of an open- 
label, multicenter, phase II trial of ibrutinib in 60 patients with MZL who had 
received at least one prior therapy were recently reported and led to the FDA 
approval for relapsed/refractory MZL [37]. After a median follow up of 19.4 months, 
the ORR was 48% with a median PFS of 14.2 months and a median duration of 
response not reached. The safety profile confirmed expected treatment-emergent 
AEs, with anemia (14%), pneumonia (8%), and fatigue (6%) being the most 
common grade ≥3 events.

Other NHL efficacy and safety data Modest benefit has been documented with 
ibrutinib single-agent in patients with other B-cell malignancies including follicular 
lymphoma (FL) and activated B-cell type diffuse large B-cell lymphoma (ABC- 
DLBCL) [14, 38]. The drug is currently explored in combination with immunotherapy, 
chemotherapy and novel targeted therapies in these B-cell lymphoproliferative 
disorders.

 Resistance to BTK Inhibitors

With ibrutinib in many instances showing superior efficacy compared to older treat-
ments, and gaining breakthrough designation from the FDA, its use in clinical prac-
tice has been widely implemented in a short period of time. Hence, there is still a 
lack of solid data regarding treatment outcome over a longer time span.

Important to bear in mind is also the fact that CLL, MCL, WM and MZL, the 
lymphoproliferative disorders for which the drug is approved, differ in disease 
biology, presentation, treatment options, prognosis, response to treatment with 
ibrutinib, as well as known resistance mechanisms to the same drug. As a 
consequence, comparisons between clinical data regarding resistance to treatment 
among these different diagnoses are difficult to be made.

M. Mattsson and L. Scarfò
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Also important to take into account when evaluating the published clinical trials 
regarding the variety of study populations (treatment naïve vs. relapsed/refractory), 
time of follow-up, dosage of the BTK-inhibitor and risk profile regarding disease 
biology (TP53 aberrations, mutational status of the IGHV genes, etc.)

When evaluating resistance, the number of clinical trials reporting the underly-
ing mechanisms are few, but of course of great interest when trying to elucidate the 
topic. To get a broader picture of the risk for developing resistance to treatment, it is 
also of use to study the reported number of treatment discontinuations, the number 
of patients with progressive disease and the number of patients with disease 
transformation in published clinical trials.

An overview of selected trials with BTK inhibitors in CLL in regard to these 
parameters is presented in Table 1.

 Clinical Studies on Resistance Mechanisms in CLL

As mentioned, mechanisms of resistance are different according to disease biology 
and still need to be fully elucidated. In CLL, primary resistance (i.e. patients who 
lack disease control on ibrutinib from the beginning) is a quite infrequent event 
while secondary resistance does occur over the disease course. Early relapses 
(within the first 12–24 months) are usually associated with disease transformation 
(so called Richter’ syndrome or prolymphocytic leukemia) while late relapses 
(>24 months) maintain CLL characteristics.

Since ibrutinib acts as an irreversible inhibitor of BTK and previous experience 
with hematological malignancies treated with kinase inhibitors suggest that 
mutations leading to binding site modification are a primary mechanism of 
resistance, point mutations in key enzymes for BCR signaling have been investigated. 
Accordingly, BTK and the downstream kinase PLCγ2 mutations were identified in 
CLL patients progressing on ibrutinib.

In this regard, two seminal papers were published in the New England Journal of 
Medicine (NEJM) in 2014. Furman et  al. described a CLL patient with PR on 
ibrutinib treatment (560 mg) who after 21 months showed signs of progression [39]. 
By using sequencing techniques they could find a mutation in BTK (C481S) in 
samples at time of progression, but not in samples taken before treatment or during 
response. The substitution of serine for cysteine at residue 481 of BTK (C481S) 
prevents ibrutinib from covalently binding to the BTK mutants, leading to a 
reversible inhibition. The IC50 of ibrutinib on C481 mutant BTK was much higher 
than in the non-mutant form (1006 and 2.2 nM, respectively).

In the same issue of NEJM, Woyach et al. performed whole exome sequencing 
(WES) in six patients with initial treatment response followed by signs of treatment 
resistance to ibrutinib [40]. In five of these patients they could find a mutation in 
BTK (C481S), which they also could show resulting in only reversible inhibition of 
BTK on functional analysis. In two of the patients, they also found different gain- 
of- function mutations in PLCγ2 (R665W, S707Y and L845F). As PLCγ2 is 
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immediately downstream to BTK, these mutants allow autonomous BCR signaling 
despite inactive BTK.

Deep-sequencing data on 11 patients with disease progression (3 of which were 
reported in [40]) and 8 with transformation were published in 2015 by the same 
group, analyzing pretreatment and relapse samples [26]. They could find BTK- 
mutations (C481S and C481F) and/or PLCγ2-mutations (R665W, S707P, S707F, 
S707Y,R742P, D1140G and L845 fs) in all patients. In the 8 patients with transfor-
mation they found 1 patient with 3 separate mutations in BTK (C481S, T474I, and 
T474S), and 1 with 3 separate mutations in BTK (C481Y, C481R, and L528 W) 
combined with a PLCγ2-mutation (D334H) [26].

Computational evolutionary models have suggested that the development of 
resistance due to mutations in BTK or PLCγ2 could be a result of selection of 
microclones during treatment [41], although in the two described papers in NEJM 
the researchers also performed sequencing of pretreatment samples without findings 
of these mutations. Furthermore, a recent Italian study examined 613 ibrutinib- 
naïve CLL-patients without any findings of BTK- or PLCγ2-mutations [42].

Looking further into the question of clonal evolution, in a study published in 
2016, Burger et al. analyzed sequential samples from five ibrutinib-treated patients 
using whole-exome and deep-targeted sequencing [43]. The researchers could find 
a clonal expansion in three of the patients of clones harboring del8p, postulating this 
resulting in TRAIL-insensitivity which may lead to ibrutinib resistance. They also 
demonstrated the presence of pretreatment ibrutinib resistant subclones. In the two 
other patients they demonstrated a BTK-mutation (C481S) and multiple 
PLCγ2-mutations.

Complete response (CR) rates in both treatment-naïve (TN) CLL and relapsed/
refractory (R/R CLL) on treatment with ibrutinib as a single drug are quite low, 
thus, reflecting the inherent insensitivity and/or resistance to the drug that occurs in 
a number of CLL-cells.

That notwithstanding, the clinical impact of this has not yet been clarified as 
shown by the fact that patients with long-standing lymphocytosis do not seem to 
have a worse prognosis than those without. Along this line deep-sequencing on nine 
patients with persistent lymphocytosis (more than 12  months) demonstrated no 
evidence of either BTK- or PLCγ2-mutations, thus suggesting that peripheral blood 
CLL cells in these patients constitute a quiescent CLL clone, though resistant to 
ibrutinib-induced apoptosis.

Risk factors for ibrutinib resistance have not yet been fully addressed, but some 
factors have been associated with increased risk in different series, including a 
complex karyotype, TP53 aberrations and a number of previous therapies.

The published clinical trials on ibrutinib-treated relapsed/refractory CLL, 
excluding RESONATE-17 which recruited only patients with deletion17p, have a 
median follow-up of 10–28  months (Table  1). The reported percentage of CLL- 
progression without transformation amounts to approximately 5% and the number 
of patients reported to have developed transformation ranges from 1.5% to 8%. Of 
notice is that the studied populations to a large extent exhibit high-risk features such 
as multiple lines of treatment, TP53 aberrations and U-IGHV.

The pivotal phase 3 RESONATE-trial comparing ibrutinib with ofatumumab for 
R/R CLL reported 195 high-risk CLL patients treated with ibrutinib with a median 
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follow-up of 9.4 months having an ORR of 63% and 5% having progression of CLL 
and 1.5% developing transformation [16].

Two studies have included patients with TP53 aberrations [44, 45]. As noted 
before, this is the subgroup in CLL with historically the worst prognosis, and due to 
the TP53-aberration an inherent risk of clonal evolution and selection of resistant 
clones. In the RESONATE-17 trial, it was reported 15% of patients with CLL 
progression and 12% with transformation after a median follow-up of 27.6 months 
[44]. In a trial published in Blood in 2015, including both treatment-naïve and R/R 
patients with TP53 aberrations but with a shorter follow-up, it was reported 
progression in 10% and transformation in 5% of the cases [15].

These data underlines the notion that also with BTK-inhibitor treatment the 
occurrence of TP53 aberrations confer an increased risk of treatment failure. This 
also is clearly evident when comparing subgroups of patients with or without TP53 
aberrations in the other clinical trials on ibrutinib in CLL. Also, noteworthy there 
are differences among trials regarding the number of patients where sequencing 
data were available regarding TP53 mutations for those patients being negative for 
deletion17p on FISH.

Patients with TP53 aberrations fare worse in clinical trials than patients without 
this defect. With a TP53 aberration present, the genomic instability increases, 
conferring a higher risk of events leading to resistance and/or transformation of the 
disease [46]. TP53 aberration is also associated with patients having a complex 
karyotype [47]. A study from MD Anderson addressed the issue of the impact of 
complex karyotype on failure on ibrutinib treatment [48]. They retrospectively 
studied 88 patients treated with ibrutinib where FISH and metaphase karyotyping 
had been performed pretreatment. They found that the occurrence of a complex 
karyotype was a stronger predictor for outcome than deletion17p in their material.

Cumulative analyses of single-center cohorts have been recently published and 
has helped shedding light in mechanisms underlying ibrutinib resistance in CLL 
patients [49–51]. In a retrospective analysis of 308 patients with generally high-risk 
features, who received therapy with ibrutinib single-agent (n = 237) or in combination 
with ofatumumab (n = 71), 44% were still on treatment after a median follow up of 
3.4 years, while 4.5% have undergone transplantation or other treatments and 51% 
have discontinued ibrutinib [50]. The reason for discontinuation in more than half 
of cases (83 patients) was disease progression with 55 patients experiencing 
progressive CLL without transformation. Samples at relapse were tested and in 85% 
of cases showed the presence of BTK and/or PLCγ2 mutations. With retrospective 
serial sampling evaluation, a clone of resistant CLL-cells could be identified up to 
18 months before clinical relapse (median time 9.3 months).

In 112 CLL patients on ibrutinib followed at the same institution the occurrence 
of BTK and PLCγ2 mutations was prospectively evaluated. Of the eight patients 
experiencing clinical relapse all had a C481S BTK mutation detectable. The 
mutation was present also in samples collected before relapse. Eight additional 
cases showed the presence of the same mutation without meeting the criteria for 
clinical relapse.

More than 1200 samples from 373 CLL patients from The Ohio State University 
(OSU) were sequenced for BTK and PLCγ2 coding [49]. Up to 23.3% of patients 
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showed BTK mutations in codon 481 with above 1% variant allele frequency (VAF) 
in at least one sample and up to 9.7% of the patients showed recurrent/hotspot 
PLCγ2 mutations. The detection of PLCγ2 mutations was clearly associated with 
BTK mutation occurrence and suggests a multistep resistance pattern. Interestingly 
enough, an additional hotspot for resistance-associated mutations was identified in 
the C2 domain of the protein, potentially leading to a complex regulatory shift in the 
PLCγ2 protein.

Similar results were obtained in a single-institution trial when analyzing the 
clinical and molecular characteristics of progressive disease in 84 CLL-patients on 
single-agent ibrutinib over a median time of 3 years. In this cohort almost 18% of 
patients progressed, with progressive cases showing a higher prevalence of del(17p), 
increased β-2 microglobulin, and relapsed or refractory disease [51]. In 60% of 
progressive cases, the reason for progression was increasing nodal disease. In most 
cases, ibrutinib-resistant CLL harbored several subclonal mutations involving BTK 
and/or PLCγ2 characterized by a different growth rate. This finding supports the 
notion that the clonal complexity is associated with ibrutinib resistance.

It is worth noting that, although mutations in BTK and/or PLCγ2 are found in 
85–90% of patients at relapse through high sensitivity assays, they are frequently 
present in a small percentage of clonal cells. Recently, it has been suggested that 
circulating CLL cells might not be the most reliable source for testing for these 
mutations, while testing cell-free DNA (cfDNA) from plasma or serum might 
provide greater sensitivity, reflecting the whole clonal mutation burden [52].

Risk of progression on ibrutinib is higher in R/R CLL patients compared to TN 
and in a meta-analysis a relevant reduction in PFS has been reported in patients 
receiving ibrutinib after >2 lines of treatment. Along this line, published prospective 
trials with ibrutinib in TN CLL report data with a significantly lower risk of 
progression than in the R/R group, in the TN patients ranging from 1.5% to 3% with 
a median follow-up between 18 and 22 months (Table 1).

In the thus far follow-up publications, it was reported extended 44-month follow-
up of data [53] from two trials with both TN and R/R CLL-patients [15, 54]. In this 
publication the reported percentage of CLL progression was 4% and 16% in the two 
groups respectively, with a total of 3% of patients having disease transformation. 
This again highlightes the difference in risk between treatment- naïve and previously 
treated patients. Also of notice is the reported total of 19% TN- and 40% R/R-
patients who have discontinued treatment for whatever reason.

 Prognosis After Disease Progression and Transformation 
in CLL

To try to answer the question how patients who discontinued treatment on ibrutinib 
fare, several retrospective analyses have been published.

In the trial from Ohio, prognosis after stopping ibrutinib for the patients with 
transformation was dismal, with a median survival of just 3.5  months while the 
median survival of the patients with CLL progression was 17.6 months, with 2 of 
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them not being fit for more treatment, and 11 being in need of quick retreatment 
after ibrutinib discontinuation due to rapid progression [26].

The same year a retrospective analysis from MD Anderson studied 33 patients 
(out of 127) treated with single ibrutinib or in combination with rituximab in various 
trials and then discontinuing treatment [55]. The patients had an abundance of high- 
risk features, early progression (within 30 months) and a dismal prognosis, with a 
median overall survival of 3.1 months after discontinuation. Of these 33 patients 7 
discontinued treatment due to progression of CLL and 7 due to transformation. Of 
the ones with progression 4 out of 7 were alive, and in the transformed group only 
1 out of 7 were alive at the time of follow-up.

Recently, a retrospective analysis was published in which 178 patients discontin-
ued treatment with BCR inhibitors (143 ibrutinib and 35 idelalisib) [56]. This also 
being a high-risk cohort with a median of three previous treatments, deletion17p in 
34%, TP53 mutation in 27% and complex karyotype in 29%. In the ibrutinib-treated 
cohort 40 (28%) stopped treatment due to progression of CLL and 11 (8%) due to 
transformation. Of the 114 patients receiving subsequent therapy in both groups the 
ORR was 50% and PFS 11.9 months. The study also addressed the issue of alternate 
BCR-inhibitor treatment, showing that the cause of discontinuation is important, 
with the patients retreated with another BCR inhibitor stopping treatment due to 
intolerance not having reached median PFS and those stopping due to progression 
had a median PFS of 7 months.

 Resistance Mechanisms in MCL

Although ibrutinib is an effective treatment option in MCL compared to previous 
treatments, still a significant number of patients are primary resistant to the 
treatment, exhibiting stable disease or progression on treatment.

The mechanisms behind the primary resistance to ibrutinib in MCL are in most 
cases to be elucidated. The occurrence of the BTK-mutation C481S as seen in CLL 
has also been found in MCL but is not the sole explanation [57]. In 2014, Rahal 
et al. described mechanisms of inherent resistance to ibrutinib through mutations 
leading to the activation of the alternative NFκB-pathway [58]. Using targeted 
sequencing on 165 samples from MCL patients they found 6% having TRAF2- 
mutations and 10% with BIRC3-mutations, both important for NIK-stability and 
activation of the alternative NFκB-pathway. In vitro studies supported a role for 
PI3K/AKT activation in determining the response to BTK inhibition in primary 
MCL cells exposed to ibrutinib. ERK or AKT phosphorylation inhibition showed a 
linear correlation with the cellular death response caused by ibrutinib, with pERK 
or pAKT downregulation being associated with ibrutinib response.

Along the same line, recent analyses of de novo and acquired ibrutinib resistance 
in MCL identified the tumor microenvironment (TME)-mediated interactions as a 
key factor leading to kinome reprogramming and reciprocal activation of PI3K- 
AKT- mTOR, and integrin-β1 signaling [59]. PI3K-AKT-mTOR signaling turned 
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out to be a central signaling hub in ibrutinib-resistant MCL cells and high AKT 
phosphorylation was detected in ibrutinib-resistant MCL cells in the presence of 
ibrutinib. Ibrutinib resistance did also correlate with increased β1 expression which 
was involved in functional regulation of the mTORC2-AKT pathway activation, 
reinforcing TME-lymphoma interactions and promoting MCL growth and drug 
resistance.

In addition to trials using ibrutinib as a single agent in MCL, several phase 1–2 
trials have been published on combination-treatment on both treatment-naïve and 
relapsed/refractory MCL with different agents (Rituximab, Ublituximab, BR, 
R-CHOP and Lenalidomide) with ORR reported ranging from 83% to 94% [60]. 
Several other combinations are also currently being tested in clinical trials.

The prognosis for patients with MCL who are primary resistant or relapse on 
ibrutinib treatment is dismal. In a retrospective multicenter study, Martin et  al. 
studied 114 patients with MCL with relapse or progression on ibrutinib treatment. 
Fifty two percentage of the patients were intermediate- or high-risk according to 
MIPI and the median time on ibrutinib was 4.7 months. After discontinuation of 
ibrutinib the median overall survival was 2.9 months and the researchers could not 
identify any post-ibrutinib treatment that was preferable in this setting [61].

 Clinical Trials and Resistance Mechanisms in Waldenström’s 
Macroglobulinemia

With Waldenström’s macroglobulinemia being characterized by a high frequency 
(>90%) of the patients displaying a gain-of-function mutation in MYD88 (L265P) 
leading to BTK- and NFκB-activation [62], much attention regarding the sensitivity 
to BTK-inhibition has been drawn to the mutational status of MYD88 also in 
combination with mutations of CXCR4 (WHIM) which is found mutated in about 
one third of the patients.

In a phase 2 study published in 2015 [63], 63 patients received treatment with 
ibrutinib in a dose of 420  mg daily with a median duration of treatment being 
19.1 months, 78% of patients being intermediate- or high-risk according to IPSSWM 
and the median number of previous treatments being two.

Interestingly the response-rates differed significantly depending on the muta-
tional status of MYD88/CXCR4. In patients with MYD88L265p/CXCR4wt the ORR 
was 100% with 91% being major responses, while in patients with MYD88L265p /
CXCR4whim the numbers where 86% and 62% and in the cohort with MYD88wt/
CXCR4wt the response rates where down to 71% and 29% respectively. This clearly 
indicated the role of these mutations in resistance to ibrutinib treatment and giving 
further evidence of the protective role of the microenvironment in the bone marrow 
and lymphatic tissues in these diseases.

Recently, CD19+ lymphoplasmacytic cells derived from 6 patients with WM 
who progressed after achieving major responses on ibrutinib have been sequenced 
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using Sanger sequencing, and detected mutations were validated by targeted next- 
generation sequencing. Three out of 6 progressive cases showed the presence of 
BTK C481 variants, including C481S and C481R.  In two cases, multiple BTK 
mutations were detected, showing highly variable clonal distribution. Four out of 5 
mutated cases carried CXCR4 mutations before starting ibrutinib [64].

 Other BTK Inhibitors

With ibrutinib available in clinical practice and long-term follow-up results from 
patients enrolled in clinical trials, the most relevant drawbacks becoming evident 
are represented by the emerging resistance to the drug and the off-target effect of 
ibrutinib on other kinases, deemed to be responsible for treatment-emergent adverse 
events. These shortcomings have led to current clinical development of second- 
generation and more specific BTK inhibitors, such as ACP-196, ONO/GS-4059, 
BGB-3111, and CC-292.

Acalabrutinib This drug is a novel irreversible second-generation BTK inhibitor 
that was rationally designed to be more potent and selective than ibrutinib. It binds 
covalently to Cys481 showing an improved selectivity and in vivo target coverage 
in comparison to ibrutinib, without inhibiting EGFR, ITK, or TEC.  A mouse 
thrombosis model documented thrombus formation comparable to untreated mice 
in mice receiving acalabrutinib, while ibrutinib administration led to impaired 
thrombus formation. This is expected to be associated with reduced bleeding events 
in clinical trials. The results published so far seem to support this conclusion, with 
headache, diarrhea, and weight gain being reported as the most common adverse 
events with acalabrutinib. No Richter’s transformation or atrial fibrillation were 
reported. A phase 1–2, multicenter trial on acalabrutinib was published in NEJM 
2016 in which patients were treated with 100–400 mg daily in the phase 1 part and 
100 mg twice daily in the phase 2 part [65]. The patients were R/R CLL with a 
median of 3 previous treatments and with 31% having deletion17p and 75% with 
U-IGHV. After a median follow-up of 14.3 months, the ORR was 95% (PR 85%, 
PR with lymphocytosis 10%). The remaining 5% of patients obtained a SD. The 
patient with progression showed BTK mutation (C481S) in the major clone and 
mutation in PLCγ2 (L845F) in a minor clone. Results in patients with Richter’s 
transformation have been recently reported and, though preliminary, showed an 
ORR of 38%, with 14% CR [65].

ONO/GS4059 Is a highly potent and more specific BTK inhibitor, with efficacy 
that has been documented at preclinical level in ABC-DLBCL cell line (TMD-8) 
xenograft model. A phase 1 multicenter dose-escalation study (20–600 mg) with 
ONO/GS-4049 was published in January 2016 [66]. It included 25 patients with 
R/R CLL of which the researchers reported response to treatment in 24 patients 
after a median of 80 weeks on treatment, with 21 of them remaining on treatment at 
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the time of the report. Objective responses were documented in 96% of CLL, 92% 
of MCL, 35% of non-GCB DLBCL patients. The BTK occupancy in the peripheral 
blood was maintained for at least 24 h across all dose levels and the drug was well 
tolerated in all groups, without a MTD reached in the CLL group, while in lymphoma 
cohort 480 mg once daily was defined as the MTD [33].

BGB-3111 Is a more selective BTK inhibitor with superior oral bioavailability, 
higher BTK specificity than ibrutinib. In recently updated results in CLL patients 
BGB-3111 was well tolerated, with the most frequent AEs of any attribution being 
petechiae/ bruising (38%), upper respiratory tract infection (31%), diarrhea (28%), 
fatigue (24%), and cough (21%), all Grade 1/2, except for 1 grade 3 bleeding events. 
Grade 2 atrial fibrillation occurred in one pt. After a median follow-up of 7.5 months, 
the ORR was 90% (PR 79%, PR-L 10%), SD in 7%, 1 patient not evaluable for 
response. Similar impressive ORR with a favorable tolerability profile have been 
obtained in relapsed/refractory WM, where the ORR were recently reported to 
reach 92%, with 83% major responses (33% very good partial response, VGPR, i.e. 
>90% reduction in IgM and reduction in extramedullary disease and 50% PR, i.e. 
50–90% reduction in IgM and reduction in extramedullary disease) [67–69].

CC-292 The first published clinical data on CC-292 was the phase 1 dose-finding 
study including 113 patients, of which 84 had R/R CLL or SLL receiving the drug 
in doses ranging from 125 to 1000 mg. In the CLL/SLL cohort the median of prior 
therapies was 3, with 24% having deletion17p and 54% U-IGHV. The researchers 
reported treatment discontinuation in 45 out of 84 CLL/SLL-patients (54%) after a 
median follow-up of 13.4 months [70].

 Conclusion

Clinical studies on BTK-inhibitors (mainly ibrutinib) have given relevant insights 
into resistance mechanisms to treatment by findings of BTK mutations and PLCγ2 
mutations in CLL and BTK mutations in MCL, while the mutational pattern of 
MYD88 and CXCR4 has shown significance in Waldenström’s macroglobulinemia. 
Also evident is the negative impact of TP53 aberrations and complex karyotypes on 
the outcome of treatment. Clinical data also point to the fact that previously treated 
patients, often having an accumulation of traditional risk-factors, have a higher risk 
for progression and transformation in comparison to treatment-naïve patients. 
Currently available data indicate the risk for the latter group to progress or trans-
form on BTK- inhibitor treatment to be low although longer follow-up needs to be 
done.

The resistance mechanisms seem to differ among different lymphoproliferative 
malignancies which also is evident in the clinical setting with for example CLL 
having very few primary resistant cases, in contrary to MCL where this is quite a 
common event.
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At present, data from trials regarding the impact of combination of BTK- 
inhibitors with other treatments is still too scarce to draw any conclusions and the 
same applies to the impact of second generation BTK inhibitors.

Further work needs to be done to elucidate the mechanisms behind primary 
refractory patients, to define the risk for clonal evolution/new mutations over time 
on treatment, and to identify prognostic/predictive markers for patients on BTK 
inhibitors.
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BCL2 Inhibitors: Insights into Resistance
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Abstract Over the last decade, improved understanding of the mechanisms and 
structures of proteins integral to apoptosis have enabled therapeutic targeting of 
BCL2 to become more specific, less toxic and ultimately more clinically effective. 
The first BCL2-selective inhibitor, venetoclax, is now approved for use in patients 
with relapsed and refractory chronic lymphocytic leukemia (CLL) in multiple coun-
tries. Early phase clinical trials demonstrated an 80% overall response rates in 
patients with relapsed/refractory CLL, independent of traditional risk factors, with-
out undue toxicity. Venetoclax is also highly active in other lymphoid malignancies 
that express high levels of its target, BCL2, such as mantle cell lymphoma. However, 
there is a cumulative incidence of disease progression while on therapy. Ongoing 
follow-up of the early phase trials is only now enabling elucidation of the incidence 
and risk factors for disease progression and treatment failure. Preventing develop-
ment of resistance to BCL2 inhibition requires further research aimed at delineating 
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the genetic and epigenetic drivers of disease progression. This will facilitate target-
ing of resistance mechanisms through the use of rational drug combinations, help to 
prospectively identify patients most likely to benefit and abet early identification of 
emerging resistance. These therapies are improving outcomes for patients with pre-
viously poor prognosis disease.

Keywords BCL2 (B cell lymphoma 2) · Apoptosis · Venetoclax · Chronic 
lymphocytic leukemia

Abbreviations

AML Acute myeloid leukemia
BCL2 B cell lymphoma 2
BCR B cell receptor
BH BCL2 homology
BTK Burtons tyrosine kinase
CI Confidence interval
CLL Chronic lymphocytic leukemia
CR Complete remission
CRi Complete remission, incomplete count recovery
Del11q Deletion 11q
Del17p Deletion 17p
DLBCL Diffuse large B cell lymphoma
DLT Dose limiting toxicity
DOR Duration of response
EC50 Half maximal effective concentration
EFS Event free survival
FFP Freedom from progression
FL Follicular lymphoma
G Grade
HL Hodgkin lymphoma
IDH Isocitrate dehydrogenase
IGVH Immunoglobulin variable region heavy chain
IHC Immunohistochemistry
MCL Mantle cell lymphoma
MLL Mixed lineage leukemia
MM Multiple myeloma
MRD Minimal residual disease
MTD Maximum tolerated dose
MZL Marginal zone lymphoma
NA Not applicable
NHL Non-Hodgkin lymphoma
nM Nano-molar
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ORR Overall response rate
OS Overall survival
PD Progressive disease
PFS Progression free survival
PI3κ Phosphoinositide 3 kinase
PR Partial response
RP2D Recommended phase 2 dose
RT Richter’s transformation
SLL Small lymphocytic lymphoma
TLS Tumor lysis syndrome
TTP Time to progression
WM Waldenstrom’s macroglobulinemia

 Introduction

The advent of rituximab and other monoclonal antibodies, in combination with 
standard cytotoxic chemotherapy, have heralded a new era of durable remissions in 
many challenging B cell lymphomas and leukemias [1, 2]. Chronic lymphocytic 
leukemia (CLL) is the most common adult leukemia in Western countries and is 
traditionally considered an indolent disorder. Together deletion 17p (del17p) and 
deletion 11 q (del11q) CLL account for approximately 25% of patients and these 
individuals have a significantly inferior survival [3]. Other patients whose disease 
falls into a high-risk category include patients with complex cytogenetics [4], bulky 
nodal disease [5, 6], fludarabine refractory disease [5–9], and unmutated immuno-
globulin variable heavy chain (IGVH) gene [10]. For such patients, approaches 
other than traditional chemo-immunotherapy are required due to the low probability 
of durable responses.

The last 5 years have seen the emergence of a number of novel targeted agents, 
for instance the Brutons’ tyrosine kinase inhibitor (BTKi), ibrutinib, and the 
phosphoinositide 3 kinase (PI3κ) inhibitor, idelalisib. Both these agents achieve 
high response rates in relapsed and refractory CLL.  However, the longer term 
durability of response varies [11, 12], and not all patients are able to tolerate chronic 
administration of these drugs [13, 14].

Another promising novel approach to treatment in non-Hodgkin lymphoma 
(NHL) and CLL is to enhance malignant cell death through therapeutic manipula-
tion of the intrinsic pathway of apoptosis. While the concept of targeting this 
pathway is not new, it is only in recent years that specific and potent agents acting 
on this pathway have become available. To date the most promising of these is 
venetoclax, which entered clinical trials in 2011. This review examines its mecha-
nism of action, summarizes key clinical data and explores emerging data about 
how resistance can emerge.

BCL2 Inhibitors: Insights into Resistance
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 BCL2 and Cancer

Apoptosis, or programed cell death, is a stereotypical process ubiquitous to all 
eukaryotic organisms [15]. Apoptosis culminates in the activation of proteolytic 
enzymes (caspases) that irreversibly commit the cell to death. Failure of this process 
is a recognized hallmark of malignancy [16, 17] which drives not only the 
development of malignancy but also resistance to chemotherapy and radiotherapy 
[18–23].

There are two major pathways of apoptotic cell death: (1) the extrinsic pathway 
in which intracellular signaling cascades, that culminate in caspase activation, are 
triggered by extracellular death signals [24] and; (2) the intrinsic pathway which is 
the pathway most commonly perturbed in B cell malignancy.

Central to the intrinsic pathway of apoptosis is the BCL2 (B cell lymphoma 2) 
family of intra-cellular proteins that are characterized by conserved sequences in up 
to four BCL2 homology (BH) domains. This family is divided into three subgroups: 
pro-apoptotic BH3-only proteins; pro-survival proteins like BCL2; and apoptotic 
mediators. These three sub-groups interact specifically with one and other to trigger 
cell death (Fig. 1). In essence, it is the balance between the pro-survival and pro- 
apoptotic members of the BCL2 family that ultimately determines cellular fate [25].

The pro-apoptotic BH3-only proteins are activated by cellular stress signals 
including cytokine deprivation, oxidative stress, DNA-damage from chemotherapy 
or radiation, and proliferative stress. These proteins include BIM, BID, PUMA, and 
NOXA. When activated they bind selectively to [25] and inhibit the pro-survival 
BCL2 proteins. Under some circumstances they can also interact directly with the 
pro-apoptotic mediators to promote cell death.
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Fig. 1 In a normal healthy lymphoid cell the BCL2 pro-survival family of proteins block apopto-
sis and keep the cell alive (a) Under conditions of stress the BH3 only pro-apoptotic family of 
proteins are activated thus inhibiting the BCL2 family and unleashing apoptosis and cell death (b) 
In a malignant lymphoid cell however, BCL2 overexpression can overwhelm the capacity of the 
BH3 only proteins to trigger cell death resulting in inappropriate cell survival (c) Figure created 
for Anderson, Seminars in Haematology, 2014 [24] (Adapted from Chen et al. 2005 [25])
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The pro-survival BCL2 proteins include: BCL2, BCLxL, BCLw, MCL1 and A1. 
These proteins are bound by specific BH3-only family members. For instance, BAD 
binds to BCL2, BCLxL and BCLw, while NOXA binds to MCL1 and A1 and BIM 
binds to all BCL2 family members [25]. This selective BCL2 binding to the BH3- 
only proteins can now be therapeutically mimicked (Fig. 2). The BCL2 family acts 
to prevent cell death by binding to and inhibiting the pro-apoptotic mediators. The 
family members of this group are differentially expressed in various tissues 
throughout the body, and act to maintain tissue-specific cell survival. For instance, 
BCL2 is critical for the survival of lymphocytes at various stages in their development 
[26, 27], whereas BCLxL is critical to the survival of circulating platelets [28], and 
MCL1 is essential for plasma cell survival [29].

The final group of proteins that comprises the BCL2 family are the apoptotic 
mediators, which comprise the proteins BAK and BAX. These proteins are activated 
by removal of the BCL2 brake on their function. When active BAK and BAX trigger 
the mitochondrial outer membrane permeabilization is induced with cytochrome C 
release. Cytochrome C is an essential co-factor for caspase activation. The absence 
of BAK and BAX renders a cell resistant to apoptotic cell death via the intrinsic 
pathway [30, 31].

A direct consequence of BCL2 overexpression within a cell is quenching of the 
capacity of the BH3-only proteins to trigger apoptosis. Mechanistically, this 
underpins the inappropriate survival of cells in which BCL2 is overexpressed, and 
helps to explain why BCL2 overexpression can be such a powerful contributor both 
to malignancy and chemotherapy resistance. The role of BCL2 overexpression in 
malignancy was first elucidated in follicular lymphoma (FL) where the near 
universal presence of t(14;18), translocating the IGVH promoter to the BCL2 gene, 
results in constitutive BCL2 overexpression [32, 33]. CLL has a high level of BCL2 
expression [34], driven by the loss of mir15/16 mRNAs [35]. In CLL, the 
accumulation of BCL2 is thought to be central to the accumulation of malignant 
cells. While the critical role of BCL2 overexpression in driving resistance to 
apoptosis is best recognized in CLL and FL, BCL2 is commonly highly expressed 
in multiple B cell malignancies including multiple myeloma (MM) [36], mantle cell 
lymphoma (MCL) [37], Waldenstrom’s macroglobulinemia (WM) [38] and diffuse 
large B cell lymphoma (DLBCL) [39].

Fig. 2 Binding of BH3 
mimetics to the BCL2 
family (Figure adapted 
from Chen, Cell, 2005 
[25])
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 BH3 Mimetics

Targeting BCL2 for the treatment of B cell malignancies has long been a goal of 
researchers as a way of enhancing the outcomes of chemotherapy among this group 
of patients. A true BH3 mimetic has been defined by Lessene et al. [40] as a drug 
that meets four key criteria: (i) apoptosis is via BAK/BAX with mitochrondrial 
disruption; (ii) the drug binds at least one BCL2 protein with high affinity; (iii) the 
drugs’ activity correlates with its expression of relevant BCL2 family members and; 
(iv) relevant biomarkers are affected by the drug in animal models. The advent of 
nuclear magnetic resonance technology [41] greatly enhanced the structural 
understanding of the binding between the BH3-only proteins and the BCL2 family, 
this facilitated the development of the first true BH3 mimetic agent – ABT-737.

 ABT-737

First described in 2005, ABT-737 is a small molecule prototype analogue for the 
BH3-only protein BAD [42] (Table 1). Like the physiologic intracellular protein 
BAD, ABT-737 binds to BCL2, BCLxL and BCLw with high affinity (Ki < 1 nM), 
with much lower binding affinity for MCL1 (Ki  >  500  nM) [42]. The in  vitro 
cytotoxicity of ABT-737 is dependent upon BAX and BAK [48], the sensitivity of 
malignant cells to the drug the correlates with expression of BCL2, BCLxL and 
BCLw [49] and it achieves both in vivo and in vitro efficacies against a range of B 
cell malignancies [42, 49–52]. However, ABT-737 was not suitable for oral 
administration due to solubility issues, and did not enter clinical trials.

 Navitoclax

Navitoclax (also known as ABT-263) is an orally available analogue of ABT-
737 [43] that entered clinical trials in 2007. Like ABT-737, navitoclax binds 
with high affinity to BCL2, BCLxL and BCLw (Ki < 1 nM) with minimal bind-
ing to MCL1 and A1 [43] and has pre-clinical evidence of efficacy against B cell 
malignancies [53].

The first-in-human trial of navitoclax amongst patients with relapsed/refractory 
B cell malignancies (including DLBCL, MCL, FL, CLL, peripheral NK/T cell 
lymphoma and Hodgkin lymphoma [HL]) demonstrated an overall response rate 
(ORR) of 22% (all partial responses [PRs]) with a median progression free survival 
(PFS) of 16 months [44]. However, there were few objective responses in diseases 
other than CLL/small lymphocytic lymphoma (SLL). When navitoclax was tested 
exclusively in patients with relapsed/refractory CLL/SLL it was associated with a 
35% ORR (all PR) and a median PFS of 25 months [45].
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While these results were promising even better outcomes were achieved when 
navitoclax was used as combination therapy. When used in combination with 
rituximab in CD20+ lymphoproliferative disorders there was a 75% ORR with 5 out 
of 12 patients achieving a complete response (CR) [54]. In a randomized trial of 
navitoclax plus rituximab versus rituximab alone for previously untreated CLL, 
unsuitable for cytotoxic therapy, single agent rituximab achieved a 35% ORR in 
comparison to the combination arm where there was a 70% ORR (p = 0.03) [55]. 
Similarly, enhanced results were achieved when navitoclax was used in combination 
with bendamustine and rituximab in patients with relapsed/refractory CLL with 
35% CR rate and 44% PR rate [56].

Table 1 Comparison of BH3 mimetics

ABT-737 
nM [42]

Navitoclax  nM  
[43–45] Venetoclax nM  [46, 47]

Target 
Binding (Ki)

BCL2
BCLxL

MCL1

<1
<1
460

<1
<1
>500

<0.0
48
>444

CLL Clinical 
Efficacy

ORR
PR
CR/CRi
Median PFS

Did not 
enter 
clinical 
trials

35%
35%
0%
25 months

79%
59%
20%
Median not reached; 
69% (15 months)

NHL Clinical 
Efficacy

ORR
PR
CR/CRi
Median PFS

NA 22%
22%
0%
16 months

44%a

13%
31%
Varied according to 
subtypeb

CLL G3/G4 
Haem AEs

Neutropenia
Thrombocytopenia
Anemia

NA 28%
18% (G4)

41%
12%
12%

NHL G3/G4 
Haem AEs

Neutropenia
Thrombocytopenia
Lymphopenia
Anemia

NA 18%
29%
14%

11%
<15%
<15%
15%

Dose 
Limiting 
Toxicity 
(DLT)

NA Thrombocytopenia In CLL tumor lysis 
syndrome, tolerated with 
ramp up dose scheduling
In NHL: no DLT 
identified
In MM: no DLT 
identified

Table adapted from Anderson, Seminars in Haematology, 2014 [24]. nM nano molar, ORR Overall 
response rate, PR Partial response, CR Complete response, CRi Complete response with incomplete 
marrow recovery, PFS Progression free survival, NA not applicable, G3 Grade 3, G4 Grade 4 AE 
Adverse event, CLL Chronic lymphocytic leukemia, NHL Non-Hodgkin lymphoma, MM multiple 
myeloma
aResponse rates varied with disease subtype: mantel cell lymphoma ORR 44%, CR 13%; follicular 
lymphoma ORR 38%, CR 14%; diffuse large B cell lymphoma ORR 18%, CR 12%
bThe estimated PFS for all patients was 6 months by subtype it was: 14 months for mantle cell 
lymphoma; 11 months for follicular lymphoma; and 1 month for diffuse large B cell lymphoma
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In a subset of patients treated on the phase I trial of navitoclax as a single 
agent in CLL, BCL2 family members were measured at baseline using western 
blotting [45]. In keeping with the literature, BCL2 was highly expressed at base-
line in most samples, whereas MCL1 was expressed only in some samples. 
Importantly, however, there was no correlation between the objective clinical 
response and the expression of MCL1 or BCL2 at baseline [45]. However higher 
MCL1 levels did predict for a lesser reduction in lymphocytosis and high 
BIM:MCL1 ratios were associated with patients achieving an objective clinical 
response (all PRs) [45]. However, it was evident from very early in its clinical 
development that navitoclax was consistently associated with dose-proportional 
reductions in platelet counts and that thrombocytopenia was dose-limiting [44, 
45]. Associated translational research demonstrated that BCLxL is critical for the 
survival of platelets in the peripheral circulation [28, 57], and that inhibition of 
BCLxL by navitoclax caused the thrombocytopenia. Thrombocytopenia pre-
cluded dose escalation of navitoclax above 300 mg daily, thus prohibiting the 
exploration of whether incremental improvements in clinical outcome could be 
achieved with higher doses.

Nevertheless, the promising clinical and preclinical data suggesting that 
inhibition of the BCL2 family was an effective therapeutic measure led to work 
to develop a BCL2 selective inhibitor. Unencumbered by BCLxL-mediated 
thrombocytopenia, a BCL2 selective inhibitor was anticipated to allow greater 
dose escalation and more potent BCL2 inhibition with a safer hematological 
toxicity profile.

 Venetoclax

 Biochemistry

Venetoclax (also known as ABT-199) was developed by reverse engineering 
navitoclax to produce a compound which binds with high avidity to BCL2 
(Ki <0.01 nM) but has much less avidity for BCLxL (Ki 43 nM) and BCLw (Ki 
245 nM) with no measurable binding to MCL1 (Ki >444 nM) [46]. Venetoclax 
meets all the Lessene criteria for a true BH3 mimetic. It has no effect on double 
knock out BAX/BAK negative mouse embryonic fibroblasts [46], and kills nor-
mal and malignant B cells in a BAX/BAK-dependent fashion [58, 59]. Venetoclax 
demonstrates effective killing in the BCL2-dependent RS4;11 cell line, but not 
in the BCLxL-dependent H146 cell line [46]. In cell lines, the cytotoxic effect of 
venetoclax is accompanied by markers of apoptotic cell death including cyto-
chrome C release, activation of caspase 3/7 and phosphatidylserine exposure 
which was blocked by a pan-caspase inhibitor [46, 60]. Furthermore, venetoclax 
mediated killing is associated with disrupted BCL2-Bim, but not BCLxL-Bim, 
complexes [46]. Cell death due to venetoclax was also proportional to the BCL2 
expression [46].
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 Pre-clinical Data

Venetoclax killed CLL cells ex vivo at least as effectively as navitoclax, however 
ex vivo platelets were much less sensitive to death from venetoclax than navitoclax 
[46, 60] (Table  2). This translated to less in  vivo platelet toxicity in dogs when 
treated with venetoclax compared to those treated with navitoclax [46]. Furthermore, 
killing of CLL cells by venetoclax has been shown to be via induction of apoptosis 
both in vitro and in vivo in patients. Venetoclax-mediated cytotoxicity is independent 
of the TP53 pathway function [61].

Table 2 Preclinical efficacy data

Disease model In vitro In vivo

Chronic lymphocytic 
leukemia

Primary CLL cells LC50
a 1.9 nM [61] No accepted CLL cell line 

or appropriate murine 
model

Mantle cell lymphoma 3/8 MCL cell lines LD50
b <200 nM 10 

primary MCL samples LD50 <10 nM[62]
In granta-519 xenografts 
tumor growth is inhibited 
by venetoclax [46]

Waldenstroms 
macroglobulinemia

CXCR4 mutations make WM resistant to 
ibrutinib
In CXCR4 mutated WM cells sensitivity 
to ibrutinib enhanced by venetoclax[63]

Follicular lymphoma 5 cell lines EC50 0.05 – 11 μM [46] Toledo xenografts which 
harbor t(14:18) showed 
decreased tumor growth 
[46]

Diffuse large B cell 
lymphoma

20 cell lines EC50 0.003 – 34.3 μM [46]

Multiple myeloma Primary myeloma cells harboring 
t(11;14) particularly sensitive [64]

Acute lymphoblastic 
leukemia

4 cell lines EC50 0.008 – 9.2 μM [46]
Most ALL requires some BCLxL 
inhibition, however in MLL ALL 
venetoclax alone sufficient to induce cell 
killing [65]

In RS4;11 xenograft tumor 
growth inhibition and tumor 
delay dose dependent [46]
In vivo MLL-ALL 
xenografts responded to 
venetoclax [65, 66]

Acute myeloid 
leukemia

In 2 cell lines EC50 0.16 – 0.76 μM [46]
Primary AML samples sensitive with 
median IC50

c 10 nmol/L, with death 
occurring within 2 h [67]
Primary cells with IDH1 and IDH2 
mutations were more sensitive compared 
with wild type [68]

Murine xenografts were 
sensitive [67]

Summary of pre-clinical venetoclax results in a variety of hematological malignancies
a50% lethality concentration
b50% lethal dose
c50% inhibitory concentration
MLL Mixed lineage leukemia
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The near uniform overexpression of BCL2  in FL conferred by the presence of 
t(14;18) made this disease an obvious target for venetoclax. However, FL cell lines 
show variable sensitivity to venetoclax with half maximal effective concentrations 
(EC50) ranging from 0.05–11 μM [46]. FL xenografts showed decreased tumor growth 
with venetoclax [46]. The more variable BCL2 expression in DLBCL is reflected in 
the fact that the sensitivity of DLBCL cell lines to venetoclax is highly variable with 
EC50’s among 20 different cell lines ranging from 0.003 to 34.3 μM [46].

In MCL, 3 out of 8 cell lines were sensitive to venetoclax although intriguingly 
all primary samples tested showed sensitivity to this agent, possibly due to the fact 
that the primary samples were detached from the stroma with its protective niche 
[62]. WM cells with CXCR4 mutations are relatively resistant to ibrutinib. However, 
WM cells with CXCR4 mutations showed increased cell death when exposed to 
either ibrutinib or idealisib in combination with venetoclax [63]. Primary myeloma 
cells harboring t(11:14) appear uniformly sensitive to venetoclax [64].

ALL cell lines showed variable sensitivity to venetoclax with EC50s ranging from 
0.008 to 9.2 μM and in the RS4;11 xenograft model there was dose-dependent 
reduction in tumor growth in response to venetoclax [46]. Mixed lineage leukemia 
(MLL) ALL was sensitive to venetoclax alone [65, 66] raising the possibility of 
tailoring BCL2 inhibition to the individual leukemia subtype. Among AML cell 
lines the sensitivity to venetoclax ranged from EC50 0.16 to 0.76 μM [46]. Primary 
AML samples died promptly and at low concentrations in response to venetoclax 
[67], especially AML cells with IDH1 (isocitrate dehydrogenase) and IDH2 
mutations [68]. Similarly, AML xenografts were sensitive to venetoclax [67].

 Administration and Pharmacokinetics

The phase I first-in-human study of venetoclax was a dose-finding study and tested 
oral venetoclax in CLL and NHL patients at once daily doses ranging between 150 
and 1200 mg [47, 69]. The major toxicity associated with venetoclax in CLL was 
tumor lysis syndrome (TLS), which could be ameliorated by the implementation of 
slow dose escalation along with routine xanthine oxidase inhibition and hydration 
[47]. No maximum tolerated dose (MTD) was identified. In CLL, the recommended 
phase II dose (RP2D) was 400 mg daily [47].

The peak plasma concentrations of venetoclax were found at 6–8 h post first dose 
and the half-life after a single 50 mg dose was 19 h [47]. The steady state exposure 
to venetoclax is proportional to dose. Importantly, the pharmacokinetics of 
venetoclax were not affected by co-administration with rituximab [70].

 Clinical Outcomes

In the phase I first-in-human study of venetoclax among 116 patients with relapsed/ 
refractory CLL or SLL treated with venetoclax monotherapy [47] the ORR across 
all risk subgroups was 79% despite being a study heavily enriched for poor prognosis 
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CLL [47] with a 20% CR rate and 5% of patients who achieved bone marrow 
minimal residual disease (MRD) negativity by flow cytometry. While these results 
are very encouraging the reported cumulative rate of disease progression after a 
median of 17  months was 35%, with 16% of patients experiencing a Richter’s 
transformation (RT) (most commonly to DLBCL) [47]. The 2 year overall survival 
(OS) estimate was 84% and the 15 months PFS estimate at a dose of 400 mg daily 
was 69%, with a median PFS of 25  months (95% confidence interval [CI] 
17–30 months) among the dose escalation cohort [47]. Despite equivalent overall 
response rates, progression appeared to be more common among patients with 
del17p. In patients with del17p the median PFS was only 16  months (95% CI 
11–25 months) in contrast to those without del17p among whom the median PFS 
was not reached (estimated at 71% at 15 months) [47]. The duration of response was 
longer among those who achieved a CR compared with those whose best response 
was PR [47].

These findings were confirmed in a phase II open label study of venetoclax 
among relapsed/refractory CLL patients with del17p in which 107 patients were 
treated with 400 mg orally once a day [71]. There was a similar ORR and PFS 
amongst all prognostic categories with the response being unaffected by: 
refractoriness to prior therapies, proportion of cells with del17p, presence of TP53 
mutation and other poor prognostic markers [71]. Among all patients the median 
time on treatment was 12.1  months during which time 37 patients discontinued 
study drug. The reasons for discontinuation were disease progression in 24 (11 due 
to RT), adverse events in 9, withdrawal of consent in 2, non-compliance in 1 and 
allograft in three [71]. The estimated 12-month PFS was 72% with an estimated 
12-month OS of 86.7%, an estimated 12-month event free survival (EFS) of 70% 
and a 12-month time to progression (TTP) of 77% [71]. Among the patients 
achieving CR, 100% continued to respond to venetoclax at 12 months on study. 
Among the 24 patients with progressive disease the TTP was shorter in the patients 
who progressed with RT (4.7  months) compared to the patients who progressed 
with CLL (6.3 months) [71]. Interestingly in a sub-group analysis of patients who 
had previously progressed on ibrutinib or idealisib, the majority of these patients 
responded to venetoclax [71].

Venetoclax (200–600 mg) has also been tested in combination with rituximab 
(monthly for 6  months) in a phase Ib dose finding study of 49 patients with 
 relapsed/refractory CLL [70]. In this study, the ORR was 86% with improved 
rates of CR (51%) of whom 80% of patients were negative on MRD testing [70]. 
As with the single agent studies similar OR and CR rates were seen across all 
prognostic groups analyzed. In this study, disease progression on treatment was 
seen in 11/49 patients. Among these 6 progressed with CLL (all patients in whom 
the best response was PR) and 5 progressed with RT (all transformations were 
seen at less than 9 months on study) [70]. However, the deeper responses seen 
with combination therapy and were associated with more enduring disease con-
trol; for instance, the 2 year estimates for freedom from progression (FFP) and 
ongoing response were 82% and 89%, respectively [70]. The TTP was not 
reached in this study but the 2-year progression free estimate was 82% (95% CI 
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66–91 months). The two-year estimate for ongoing response was 89% (95% CI 
72–96 months) with deeper responses being more durable [70]. For instance, the 
2-year estimate for ongoing CR was 100% (95% CI 100–100) while those for 
ongoing PR or MRD positive disease response were 73% (95% CI 42–89) or 
71% (95% CI 39–88), respectively.

Deep and enduring responses raise the possibility of prolonged remissions or 
even ‘cure’ with combination therapy. Hence, 13 CLL patients on the phase Ib study 
of venetoclax in combination with rituximab who achieved either CR or PR with 
bone marrow MRD negativity discontinued venetoclax. At the time of publication 
11 patients who were MRD negative remained off treatment with no evidence of 
progression. The two patients who were MRD positive developed disease progres-
sion after 24 months off treatment but then responded to re-institution of therapy 
with venetoclax [70].

The phase I first-in-human study of venetoclax monotherapy also included an 
arm for 106 patients with relapsed/refractory NHL treated in dose escalation and 
safety expansion cohorts at doses from 200 to 1200 mg daily [69]. The study encom-
passed a diverse range of lymphomas including MCL, FL, DLBCL, DLBCL due to 
RT, WM and marginal zone lymphoma (MZL). The ORR for the study was 44%. 
However, the response rates varied with the NHL subtype, for instance: MCL ORR 
was 75% with 21% CR; FL ORR was 38% with 14% CR; DLBCL ORR was 18% 
with 12% CR; in RT DLBCL ORR was 43% with no CR; MZL ORR was 67% with 
no CR; and WM ORR was 100% with no CR [69].

In keeping with the CLL findings, among patients achieving CR the responses 
appeared more durable than those in patients whose best response was PR. Also in 
keeping with the findings from navitoclax testing in CLL, the strength of BCL2 
expression by immunohistochemistry (IHC) did not correlate with resistance to 
venetoclax among NHL patients [69].

At the time of publication 87/106 NHL patients had discontinued the study due 
to: progressive disease (PD) (77), adverse events (3), change in management to 
allograft (3), withdrawal of consent (2) and non-compliance/investigator decision 
(2) [69]. Among these, 87 patients exiting study, 38 have subsequently died; 10 
within 30 days of coming off study (all due to PD) and 28 at more than 30 days after 
coming off study (among whom 24 died of PD) [69].

In a phase I study of venetoclax in combination with the proteasome inhibitor 
bortezomib, which can indirectly inhibit MCL [72, 73], an ORR of 50% with a 
median DOR of 5–9  months (range 0–14.1  months) was observed among 41 
patients with relapsed/refractory myeloma. Efficacy was largely restricted to 
patients who were either bortezomib naive or had responded to previous exposure 
to bortezomib [74].

In a phase Ib study of venetoclax in combination with decitabine or azacitidine 
in treatment naive elderly patients with AML, among 19 evaluable patients there 
were 14 CRs, 2 PRs and 3 resistant. During the follow-up period no relapses were 
seen among the patients who achieved objective responses [75].
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 Clinical Effect of Resistance

Our group has recently analyzed 67 treated patients with venetoclax for relapsed/
refractory CLL/SLL [76]. Twenty-five (37%) patients progressed during a median 
follow up of 23 months of whom 17 had a RT; 14 DLBCL and 3 HL [76]. RT was 
manifested by B symptoms with or without cytopenias in 3 cases and by 
asymptomatic progressive lymphadenopathy in 14 cases [76]. In the majority of 
patients with RT PET scans revealed multifocal sites of FDG avidity and in all cases 
of DLBLC RT BCL2 overexpression was present on immunohistochemistry [76]. 
The median time to progression with RT was 7.9 months compared with 23.4 months 
for those who progressed with CLL (p = 0.003) [76]. On univariate analysis the 
highest risk for progression was seen among patients with either fludarabine 
refractory disease or complex cytogenetics [76]. Other high risk features such as 
advanced age, multiple lines of prior therapy, deletion 17p, deletion 11q and TP53 
mutations were not associated with the risk of progression [76].

Six of 8 patients with progressive CLL/SLL on venetoclax were subsequently 
treated with ibrutinib and of these five achieved a PR with three remaining alive on 
therapy at 6, 6, and 9 months of follow up [76]. The treatments for RT included 
chemotherapy followed by consolidation with autograph (2), allograft (2) or 
radiotherapy (2) [76]. A further 10 patients with RT received chemotherapy alone 
and one patient was managed with palliative care alone [76]. Three patients with 
DLBCL RT who responded to salvage therapy subsequently progressed with 
CLL/SLL and remain alive on BTK inhibitors at 30, 34, and 38 months [76]. Median 
post progression survival for HL RT, DLBCL RT and progressive CLL/SLL was not 
reached, 10.9 and 8.6 months respectively [76].

In the phase I first in human study of venetoclax in relapsed/refractory NHL the 
estimated PFS for 106 patients was 6 months (95% CI 4–10 months). However, PFS 
varied by histology being longer in disease subtypes associated with deeper clinical 
responses; for example, the median PFSs were 14, 11, and 1 months for MCL, FL 
and DLBCL, respectively [69]. In WM, the DOR varied from 11.1–41.5 months and 
in MZL it varied from 2.3–23.6 months. Overall, the estimated 12 month OS was 
70% but varied by subtype being 100%, 82% and 32% for FL, MCL and DLBCL, 
respectively [77].

 Molecular Mechanisms of Resistance

In CLL, in vivo mechanisms of resistance to BCL2 inhibitors are not yet fully elu-
cidated but there are emerging clinical data pertaining to a heterogeneous group of 
implicated molecular pathways (Table 3). Identifying the molecular drivers of resis-
tance is an area of active genomic research. While point mutations in the drug- 
binding site of the target protein BTK are a common form of resistance to the drug 
ibrutinib, to date analogous mutations in the drug- binding interface of BCL2 have 
not been identified in patients treated with venetoclax.
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Table 3 Potential mechanisms of resistance to BCL2 inhibiting BH3 mimetics

Cell lines Mouse models Primary samples

BCL2 
mutations

Mouse lymphoma 
cells with BCL2 
mutations resistant to 
venetoclax [78]

BAX mutations Mouse lymphoma 
cells with BAX 
mutations resistant to 
venetoclax [78]

Reduced BCL2 
expression

Resistant FL cell lines 
down regulate BCL2 
[79]

Up-regulation 
MCL1 + BCLxL 
expression

MCL1 and BCLxL 
conferred resistance 
to venetoclax in MCL 
cells cultured on 
fibroblasts this was 
lost when cells were 
detached from 
fibroblasts [62]
In myeloma cell lines 
resistance is mediated 
by MCL1 and 
sensitivity is 
correlated with high 
BCL2, low BCLxL 
and low MCL1 [80]
In human tumor cell 
lines cyclin E 
depletion with CDK 
inhibitors decreased 
MCL1 protein levels 
restoring sensitivity to 
BH3 mimetics [81]

Multiple myeloma 
xenografts that 
co-expressed BCLxL or 
MCL1 with BCL2 were 
resistant to venetoclax 
[80]
In a variety of ALL 
xenograft models there 
was increased killing 
with dual BCLxL and 
BCL2 inhibition 
compared with BCL2 
inhibition with 
venetoclax alone [65]

MCL cells mobilized in 
patients treated with 
ibrutinib were highly 
sensitive to venetoclax 
[62]
In primary CLL cells BCR 
signaling up-regulates 
MCL1 conferring 
resistance to venetoclax. 
This can be overcome by 
SYK inhibitors which 
prevent BCR mediated 
MCL1 induction [82]

Micro- 
environment 
mediated 
protection

CLL cultured on a stromal 
growth layer is resistant to 
venetoclax, this is 
overcome by co 
administration of anti 
CD20 antibodies [83]
When MCL cells were 
cultured in a lymphoid like 
environment they become 
resistant to venetoclax; this 
can be overcome with 
co-treatment using the anti 
CD20 antibody 
obinutuzumab [84]

(continued)
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In BCL2 mutations render mouse lymphoma cells resistant to venetoclax [78]. 
Acquired mutations in BCL2 family proteins have also been shown to confer in vitro 
resistance to venetoclax in lymphoma cell lines [78]. However, we have looked 
specifically for these mutations among our resistant CLL patients and to date we 
have been unable to demonstrate an association between mutations in BCL2 and 
venetoclax resistance (unpublished).

Previous studies utilizing IHC [69] and protein expression by western blotting 
[45] have failed to demonstrate a strong correlation between resistance to BH3 
mimetics in patients and the protein expression of family members within the 
malignant cells. To date only preliminary ad hoc analysis of IHC is available at the 
time of CLL progression on venetoclax. In work by our group, (unpublished), all 14 
patients with DLBCL RT were IHC positive for BCL2. This suggests that, at least 
in DLBCL RT, BCL2 down regulation is not the mechanism underlying disease 
progression.

Among NHL patients in the phase I study, 41/46 patients assessed had high 
BCL2 expression by IHC and this was not correlated with either best response or 
PFS [69]. High BCL2 IHC expression was seen in all NHL subtypes including 
MCL, FL, DLBCL and WM (all >75%) [69]. When both BCL2 and c-MYC 
expression were assessed by IHC among the DLBCL patients, the double expresser 
status did not predict for an objective response either [69].

Increased MCL1 and BCLxL expressions have been associated with resistance of 
MCL cells to venetoclax when cultured on fibroblasts; this resistance, however, is 
lost if the cells are detached [62]. Similarly, MCL cells mobilized in vivo by ibrutinib 
are sensitive to venetoclax [62]. In myeloma cell lines, MCL1 can mediate resistance 
to venetoclax and targeting MCL1 results in the death of 70% of myeloma cells 
[59]. In primary myeloma cells, sensitivity to venetoclax is correlated with increased 
BCL2, reduced BCLxL and reduced MCL1 [80]. Reducing MCL1 with CDK 
inhibitors can overcome resistance to BH3 mimetics in human tumor cells [81]. 
MCL1 expression may account for the relatively poor response of non t(11;14) 
multiple myeloma to venetoclax monotherapy [85] compared with the higher 
response rates seen when it is combined with bortezomib [74], which can down 
regulate MCL1. In vitro, increased MCL1 from B cell receptor signaling (BCR) in 

Table 3 (continued)

Cell lines Mouse models Primary samples

ERK activation In FL cell lines 
activation of ERK 
protects against 
venetoclax induced 
apoptosis inhibition of 
PI3κ increased 
apoptosis due to 
venetoclax [79]

Summary of representative published data for purported mechanisms of resistance to BH3 
mimetics
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CLL results in venetoclax resistance, which can be overcome by SYK inhibition, 
(which deceases BCR mediated MCL1 induction) [82].

In non MLL ALL, venetoclax alone resulted in fewer objective responses among 
xenografts compared to dual BCLxL and BCL2 inhibition [65]. Resistant FL cell 
lines have been associated with reduced BCL2 [79]. BAX mutations in mouse 
lymphoma can also result in resistance to venetoclax [78]. Among AML patients 
receiving venetoclax monotherapy BH3 profiling was able to predict for patients 
likely to be more sensitive to venetoclax, however, it did not predict for longer 
duration of resistance [86]. In this study, the best predictor of sustained response 
was reduced BCLxL and MCL1 functions [86]. BH3 profiling using Bim peptide as 
a measure of mitochondrial priming for apoptosis suggested that patients with 
increased mitochondrial priming had better in vivo responses to venetoclax [61] and 
this technique may emerge as a way of predicting for venetoclax resistance. 
However, protein expression studies have so far been unable to demonstrate an 
association between relative expression of MCL1, BCL2 or BCLxL and clinical 
outcomes in either CLL or NHL patients treated with BH3 mimetics [45, 69].

The microenvironment can also confer resistance to venetoclax and this appears 
to be overcome by anti CD20 antibodies in both CLL [83] and MCL [84]. In FL 
xenografts the acquired resistance to venetoclax can be overcome by the addition of 
rituximab [79]. Furthermore, in FL cell lines the activation of ERK protects from 
venetoclax-induced apoptosis and this can be overcome by PI3κ inhibitors [79]. 
Collectively, this suggests that at least some forms of resistance to venetoclax may 
be overcome by rational drug combinations.

 Conclusion

Venetoclax represents a significant step forward in the management of high-risk 
CLL and potentially a number of other hematological malignancies. However, a 
percentage of patients continue to be primary refractory to this agent and even 
among responders the PFS can be limited. Understanding the mechanisms for 
clinical resistance will be critical to improving outcomes for patients. It is hoped 
that targeting multiple intracellular cancer pathways through rational drug 
combinations will improve both response rates and duration of response. Proof of 
this concept has already been shown in CLL with the combination of rituximab and 
venetoclax resulting in deeper and longer lasting responses compared to monotherapy 
with either agent alone [70]. Venetoclax combination studies are currently underway 
in a variety of disease subtypes and in a variety of combinations including: with 
ibrutinib in CLL and MCL (NCT02756897 and NCT02419560); with bortezomib 
in multiple myeloma [74]; and in combination with standard chemotherapy in NHL 
(NCT02055820). Identifying biomarkers for resistance will help to target which 
patients require combination therapies for optimal results.

Ongoing clinical trials are being undertaken to address all these questions. 
Enhanced molecular understanding of the genetic features of CLL determining 
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depth of response to venetoclax, and progression of disease while on treatment with 
this agent, will be necessary to identify which patients are most likely to benefit and 
to target combinations to optimize long-term outcome.

Conflict of Interests MAA and AWR are employees of the Walter and Eliza Hall Institute of 
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Abstract Proteasome inhibitors have changed the treatment landscape for multiple 
myeloma and are being increasingly used in the treatment of lymphoma; however, 
patients eventually have progressive disease and development resistance to treat-
ment. Multiple unique mechanisms of resistance have been identified, and they are 
unified by reducing a cell’s sensitivity to endoplasmic reticulum stress either from 
changes intrinsic to the cancer cell or extrinsic to the cancer cell and due to changes 
in the microenvironment. These pathways primarily involve upregulation of protea-
some subunits increasing the capacity to degrade unfolded proteins and plasmacytic 
differentiation to a more immature plasma cell phenotype with reduced immuno-
globulin production. Understanding these mechanisms of resistance can inform 
therapeutic options to reverse drug resistance or use of novel combinations to 
synergistically target the unfolded protein response pathway.
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protein response · Plasmacytic differentiation

Abbreviations

ABC Activated B-cell
ABCB1 ATP-binding cassette B1
ATF4 Activating transcription factor 4
ATF6 Activating transcription factor 6
BH BCL-2 homology

K. Barley · S. Parekh (*) 
Division of Hematology and Medical Oncology, Icahn School of Medicine at Mount Sinai, 
New York, NY, USA
e-mail: samir.parekh@mssm.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75184-9_3&domain=pdf
mailto:samir.parekh@mssm.edu


46

BMMSC Bone marrow mesenchymal stem cell
CYP26 Cytochrome P450 26
DLBCL Diffuse large B-cell lymphoma
DRD2 Dopamine receptor D-2
E1 Ubiquitin activating enzyme
E2 Ubiquitin conjugating enzyme
E3 Terminal ubiquitin ligase
EGFR Epidermal growth factor receptor
EIF2α Eukaryotic Translation Initiation Factor 2α
ER Endoplasmic reticulum
GCB Germinal center B-cell
GCN2 EIF2α kinase 4
GLI Glioma family transcription factors
GRP78 78-kDa glucose regulated protein
HDAC6 Histone deacetylase 6
Hh Hedgehog pathway
HIV-1 Human immunodeficiency virus-1
HSP Heat shock protein
Ig Immunoglobulin
IKK IκB kinase
IL-6 Interleukin-6
IRE1 Inositol requiring enzyme 1
IRF4 Interferon regulatory factor 4
ISR Integrated stress response
JAK Janus associated kinase
MCL Mantle cell lymphoma
miR microRNA
MM Multiple myeloma
NFκB Nuclear factor kappa B
NHL Non-Hodgkin’s lymphoma
PADI Peptidyl arginine deaminase
PERK EIF2α kinase 3
PI Proteasome inhibitor
PSMB5 β5 subunit of the proteasome
PTCH1 Patched-1
SHH Sonic hedgehog
SMO Smoothened
STAT3 Signal transducer, and activator of transcription 3
TCL T-cell lymphoma
TGF-β Transforming growth factor β
TJP1 Tight junction protein 1
TNFα tumor necrosis factor α
UPR Unfolded protein response
XBP-1 X-box binding protein 1
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 Introduction

The ubiquitin proteasome system refers to the enzymes involved in the ubiquitina-
tion of target proteins and the proteasome, which is a multi-enzyme complex 
responsible for the protein degradation of many intracellular proteins in order to 
maintain protein homeostasis, clear misfolded proteins, and regulate proteins 
involved in signal transduction and regulation of the cell cycle. Since the FDA 
approval of the proteasome inhibitor (PI) bortezomib in 2003 for the treatment of 
multiple myeloma (MM), PIs have become increasingly important in the treatment 
of many subtypes of non-Hodgkin’s lymphoma (NHL) including mantle cell lym-
phoma (MCL), follicular lymphoma, non-germinal center diffuse large B-cell lym-
phoma (DLBCL), and Waldenström’s macroglobulinemia; however, the development 
of resistance to PIs is frequent [1–4]. A more detailed understanding of the mecha-
nism of action and resistance of PIs is required to allow the development of tools to 
identify patients who will be resistant to PIs and the development of novel agents to 
overcome resistance. Second generation and oral PIs are now available; however, 
this chapter will focus on the mechanisms of resistance to bortezomib. Although 
this book focuses primarily on lymphoma, since PIs were first developed in MM 
and the majority of research into the mechanisms of resistance has been in MM, in 
this chapter, we will discuss resistance mechanisms drawing from data in both lym-
phomas and MM.

 The Ubiquitin Proteasome System

Protein degradation occurs in a cascade involving an ubiquitin activating enzyme 
(E1), a ubiquitin conjugating enzyme (E2), and a terminal ubiquitin ligase (E3). In 
an ATP-dependent manner, ubiquitin is activated by its transfer to an E1 enzyme. 
Subsequently, the ubiquitin molecule is transferred to the active cysteine site of an 
E2 enzyme. Finally, an E3 ubiquitin ligase facilitates the transfer of the ubiquitin 
from the E2 enzyme to the protein targeted for degradation. Ubiquitin is most 
commonly transferred to an amino group of a lysine residue of the target protein or 
to the amino terminus of the peptide. This process is repeated several times with 
additional ubiquitin molecules transferred to lysine residues of the previously 
transferred ubiquitin. Upon polyubiquitination by 4–5 ubiquitin molecules, the 
protein is targeted to the 26S proteasome for degradation. In humans, there are 2 E1 
ubiquitin enzymes (UBA1, UBA6), approximately 30 E2 enzymes, and hundreds of 
E3 ligases, and, therefore, the specificity of the ubiquitin proteasome system is 
primarily a function of the E3 ubiquitin ligases [5].

The 26S proteasome is a large cylindrical protein formed from a 20S catalytic 
core particle with 19S regulatory subunits capped on both ends. The 20S core 
particle is comprised of 4 stacked rings, 2 outer α-rings and 2 inner β-rings. The 
α-rings of the core particle serve as a gate to prevent the entrance of substrates not 
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targeted by ubiquitin from entering the complex. The β-rings are composed of 7 
subunits (β1–7), three of which have a unique proteolytic activity: peptidyl- 
glutamyl- hydrolyzing or caspase-like (β1), trypsin-like (β2), and chymotrypsin-like 
(β5). After a protein is polyubiquitinated, the ubiquitin chain is recognized by the 
lid-like structure of the 19S subunit, the ubiquitin chain is removed, and the protein 
is denatured by the ATPases at the base of the 19S subunit and then degraded by the 
proteolytic activity of the 20S proteasome [6]. There is a similar and related 
proteasome system, the immunoproteasome, which is more prevalent in 
hematopoietic cells. It differs from the conventional proteasome primarily by 
alternate β subunits, with β1i, β2i, and β5i, in place of β1, β2, and β5, which have 
slightly different structures but similar enzymatic activity [7].

 Proteasome Inhibitors: Mechanism of Anti-tumor Effect

Bortezomib, the first clinically active PI, is a dipeptide boronic acid analog that 
reversibly inhibits the 20S proteasome at the chymotryptic site [8, 9]. Carfilzomib, 
a second generation PI, is a tetrapeptide epoxyketone analog of epoxomicin, which 
binds irreversibly to the chymotryptic subunit of the 20S proteasome, and at higher 
doses is able to bind to the trypsin-like subunit. Carfilzomib also has less inhibition 
of off-target proteases than bortezomib [10]. Ixazomib is an orally bioavailable 
boronic acid derivative that is a pro-drug which is rapidly hydrolyzed to MLN2238, 
the active PI.  Similar to carfilzomib, it inhibits the chymotryptic subunit of the 
proteasome and to a lesser degree the trypsin-like subunit [11]. All of these 
proteasome inhibitors have a similar activity against the immunoproteasome and the 
conventional proteasome [7]. Owing to the numerous proteins and pathways 
regulated and degraded by the proteasome, inhibiting the proteasome has numerous 
effects on both cancer cells and the normal cells that comprise the cancer’s 
microenvironment. The initial proposed mechanism of PI’s anti-myeloma and anti- 
lymphoma effects was the inhibitory effect on the transcription factor nuclear factor 
kappa B (NFκB); however, further studies showed that the mechanism relies on 
activating and dysregulating the unfolded protein response (UPR) and upregulation 
of the proapoptotic protein NOXA (Fig. 1). Lymphoma and MM cells are highly 
dependent upon the function of UPR, and PIs not only lead to rapid protein 
accumulation to trigger the UPR but also dysregulate it, promoting apoptosis.

Early in its development, bortezomib was shown to inhibit the NFκB pathway, an 
important pathway for tumor survival and proliferation in lymphoma. In the 
canonical NFκB pathway, NFκB is negatively regulated by IκB, which binds to 
NFκB preventing translocation to the nucleus where it acts as a transcription factor. 
IκB is in turn negatively regulated by a number of proteins and cytokines that lead 
to the phosphorylation of IκB by the IκB kinase (IKK), which leads to the 
polyubiquitination and proteasomal degradation of IκB [12]. Proteasome inhibition 
leads to the accumulation of IκB, which results in increased inhibition of NFκB. 
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Gene expression profiling of MM patients responding to bortezomib confirmed the 
inhibition of this pathway with bortezomib treatment, but this study was not 
structured to determine if these changes were a cause or an effect of apoptosis [13]. 
In contrast, in vitro studies using a direct IKK inhibitor in MM cells resulted in 
decreased IκB phosphorylation, increased levels of IκB, decreased tumor necrosis 
factor α (TNFα)-inducible activity of NFκB, and growth arrest at G1, but it did not 

Fig. 1 The unfolded protein response. Bortezomib inhibits the proteasome leading to accumula-
tion of unfolded/misfolded proteins. These proteins are recognized by GRP78, which releases 
ATF6. ATF6 is cleaved by S1P and S2P in the Golgi and translocates to the nucleus to upregulate 
chaperones and UPR proteins. IRE1 recognizes GRP78, oligomerizes and undergoes 
autophosphorylation, and this is inhibited by bortezomib. The active IRE1 splices XBP-1, which 
leads to translation of chaperones and UPR proteins. PERK also oligomerizes and 
autophosphorylates leading to activation of EI2Fα which inhibits protein translation. Prolonged 
activation of the EI2Fα leads to upregulation of ATF4 and subsequently CHOP and NOXA. NOXA 
displaces BAK from MCL-1 leading to apoptosis. HDAC6 can deacetylate α-tubulin, which 
upregulates autophagy. EGFR can signal through JAK1 and STAT3 to upregulate translation of 
proteasome subunits, and this pathway is inhibited by TJP1. GNC2 is also able to activate EIF2α, 
which is prevented by signaling through DRD2
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induce apoptosis. In the same experiment, treatment with bortezomib resulted in 
similar changes to the NFκB pathway but was cytotoxic to MM cells resulting in 
apoptosis [12]. This suggests that the NFκB pathway may be active in MM and 
lymphoma and a potential target, but that this pathway alone was inadequate to 
explain the cytotoxicity of bortezomib, and it did not evaluate the constitutive 
activity of the NFκB pathway. Further studies by the same group showed that 
bortezomib actually also activates IKK and RIP2 which over time lead to 
phosphorylation and degradation of IκB and resultant increased constitutive 
activation of NFκB, but this did not negatively impact the cytotoxic effect of 
bortezomib. The addition of a specific IKK inhibitor resulted in increased 
cytotoxicity [14]. These results further suggest that the NFκB pathway is an 
important target in MM and lymphoma, but it is not the mechanism of proteasome 
inhibitors activity.

The unfolded protein response is an important signaling pathway in lymphoma 
and MM cells. Plasma cells have a highly developed endoplasmic reticulum (ER) 
and system of chaperones enabling the production of large quantities of 
immunoglobulin (Ig). Upon accumulation of unfolded or misfolded proteins in the 
ER, there is stress to the ER triggering the UPR signaling pathway to restore 
homeostasis, or, failing that, apoptosis. A functional UPR is necessary for plasma 
cells, and activation of B cells lacking proteins in the UPR fails to lead to the 
differentiation into plasma cells [15]. Activation of the UPR results in signals to 
temporarily reduce protein translation, increases production of chaperones to 
increase protein folding, trafficking of proteins from the ER to the proteasome for 
degradation, and, if homeostasis is not restored, ultimately this will lead to apoptosis. 
During folding, proteins are glycosylated, and misfolded proteins are recognized by 
this lack of glycosylation by 78-kDa glucose regulated protein (GRP78), a heat 
shock protein (HSP) 70 family member. GRP78 is bound to the activating 
transcription factor 6 (ATF6) on the ER membrane and dissociates from ATF6 upon 
recognition of unglycosylated proteins. Binding of GRP78 to unfolded proteins and 
oligomerization triggers three pathways in the UPR: ATF6, Eukaryotic Translation 
Initiation Factor 2 α (EIF2α) Kinase 3 (PERK), and inositol requiring enzyme 1 
(IRE1) [16]. ATF6 having been released from GRP78 translocates to the Golgi 
apparatus and is cleaved by the proteases S1P and S2P to its active form. The active 
cleaved ATF6 translocates to the nucleus to increase production of proteins involved 
in protein folding and clearance of unfolded proteins including GRP78 [17]. PERK 
binds to GRP78 and oligomerization results in autophosphorylation and activation. 
Activated PERK phosphorylates EIF2α leading to a generalized attenuation of 
translation and cell cycle arrest in G1 [15, 18]. Prolonged activation of PERK results 
in selective translation of the pro-apoptotic transcription factor ATF4. ATF4 
transcriptionally upregulates pro-apoptotic proteins CHOP and the BCL-2 family 
protein NOXA [19, 20]. Similar to PERK, IRE1 oligomerizes and undergoes 
autophosphorylation allowing its endoribonuclease to excise an intron from the 
transcription factor X-box binding protein 1 (XBP-1). After translation, the active 
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spliced XBP-1 translocates to the nucleus to increase production of proteins involved 
in protein folding and clearance of unfolded proteins [15, 18]. The three arms of the 
UPR are activated simultaneously, and the transition from anti-apoptotic IRE1 and 
ATF6 to pro-apoptotic PERK is not due to preferential signaling of one of the 
pathways in normal physiological states, but instead to the relative timing of 
activation of the signaling cascades with PERK activation of ATF4 being a delayed 
event, which ultimately results in the translation of pro-apoptotic proteins, in 
particular NOXA [18].

The BCL-2 family proteins are important regulators of apoptosis that share one 
or more of four BCL-2 homology (BH) domains, BH1, BH2, BH3, and BH4. 
NOXA is a BCL-2 family member that contains only a single BH3 domain and is a 
pro-apoptotic regulatory protein. MCL-1 functions by binding BAK and, thereby, 
preventing the cascade of oligomerization of BAK which leads to mitochondrial 
outer membrane permeabilization causing apoptosis [21]. NOXA inhibits the anti- 
apoptotic MCL-1 by binding to MCL-1 releasing BAK, thereby promoting 
apoptosis. In MM and lymphoma cell lines, exposure to bortezomib resulted in 
increased mRNA and protein expression of NOXA, which results in release of BAK 
from MCL-1, caspase cleavage and apoptosis, and inhibition of NOXA with 
interfering RNA, reverses the cytotoxicity of bortezomib [19, 22–27]. NOXA 
expression after bortezomib exposure is upregulated by ATF3 and ATF4, which 
have been shown to form a complex that directly binds to the NOXA promoter. 
Inhibition of ATF4 inhibits bortezomib-induced NOXA overexpression, but 
inhibition of ATF3 only partially inhibits NOXA overexpression [19, 20]. Thus, 
bortezomib induces the UPR, which results in the upregulation of ATF3 and ATF4, 
and ultimately leads to NOXA upregulation, which disrupts the inhibitory interaction 
between MCL-1 and BAK allowing BAK to induce apoptosis.

In addition to stimulating the UPR, PIs also dysregulate the UPR. In MM cells 
treated with inducers of ER stress, the UPR is activated and there is increased 
expression of spliced XBP-1, as expected; however, this increased expression of 
spliced XBP-1 is not seen in bortezomib treated cells suggesting that bortezomib 
not only induces ER stress but also impairs the UPR shifting it towards the pro- 
apoptotic pathways [28]. As cells are exposed to increasing concentrations of PIs, 
there is reduced expression of spliced XBP-1 which is correlated with the induction 
of apoptosis and suggests that this dysregulation of the UPR is an important 
mechanism of its cytotoxicity [15]. By a mechanism that is not fully elucidated, 
bortezomib inhibits the initial autophosphorylation step of the IRE1/XBP-1 arm of 
the UPR, thereby preventing the splicing of XBP-1; however, this does not prevent 
the activation of the pro-apoptotic functions of the UPR via PERK. In summary, 
lymphoma and MM cells are dependent upon a functioning UPR, and treatment 
with PIs not only induces ER stress to activate the UPR, but also impairs the function 
of the UPR by preventing IRE1 activation and splicing of XBP-1. This results in the 
transcriptional upregulation of NOXA, which displaces MCL-1 from BAK resulting 
in the induction of apoptosis [29].

Proteasome Inhibitors with a Focus on Bortezomib



52

 Cell Intrinsic Mechanisms of Resistance

There are multiple mechanisms postulated to explain bortezomib resistance in lym-
phomas and MM. These mechanisms can be broadly categorized into genetic or 
physiologic changes that are intrinsic to the malignant lymphoma or MM cell and 
to alterations that are extrinsic to the malignant cell and, instead, involve changes to 
the microenvironment.

 Proteasome Subunit Mutations

The proteasome inhibitory activity of PIs is dependent upon binding to the β5 sub-
unit of the proteasome (PSMB5). In PI resistance models developed from tumor cell 
lines with a long exposure to PIs, mutations in PSMB5 are frequently observed 
[30–32]. Multiple mutations have been observed in different cell lines, but the 
majority involve amino acid positions 45–52 and have been shown to impair binding 
of multiple PIs to PSMB5 and inhibit proteasome activity, in vitro [33, 34]. The 
different mutations have a varying impact on the proteasome inhibitory effect of PIs 
with A49V having the most significant inhibitory effect [35]. The PSMB5 mutations 
may not be the only mechanism of drug resistance present in these in vitro models, 
as transfection of PSMB5 A49V mutations into untreated cell lines results in a 
significantly lesser degree of PI resistance [30]. Despite the high frequency of 
PSMB5 mutations in in vitro models, these mutations have not been reported in 
patients with resistance to PIs [36–39]. Thus, while PSMB5 mutations are frequently 
found in cell culture based models of PI resistance, they are unlikely to be an 
important mechanism of PI resistance for patients. These data also highlight the 
potential differences in in  vitro resistance models in which cells are exposed to 
chronic low doses of PIs and in vivo resistance in which resistance is either present 
prior to exposure or develops while receiving intermittent exposure to higher doses 
of PIs.

 Efflux Pumps

Efflux pumps are an important mechanism of drug resistance to a variety of chemo-
therapeutic agents [40]. The multidrug efflux pump P-glycoprotein (PGP), also 
referred to as ATP-binding cassette B1 (ABCB1), has been implicated in PI resis-
tance. It is important to note that PGP is degraded by the proteasome, and inhibition 
of the proteasome leads to increased concentrations of PGP which does not neces-
sarily reflect PI resistance [41]. Early studies raised doubts about whether bortezo-
mib was a substrate for PGP, and thus, whether increased PGP expression could 
affect sensitivity to bortezomib. In a cell culture study using cell lines that 
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overexpressed PGP and other lines overexpressing other efflux pumps, increased 
PGP expression conferred a mild degree of resistance, and sensitivity was unaffected 
by the other efflux pumps tested [42]. Similarly, in a MM model with cells 
overexpressing PGP, ultrahigh performance liquid chromatography-mass 
spectrometry found significantly lower intracellular concentrations of bortezomib at 
high PGP concentrations and reduced sensitivity to bortezomib. However, the 
expression of PGP required to reduce bortezomib concentrations was very high and, 
the authors argued, was unlikely to be of clinical significance [43]. Another study 
using cell lines found only mild resistance with bortezomib in cell lines over- 
expressing PGP compared to controls. However, the second generation PI 
carfilzomib had a high degree of resistance associated with PGP expression, and 
blocking PGP restored sensitivity to carfilzomib in the resistant cells [32]. In PI 
resistance models developed from tumor cell lines with a long exposure to PIs, PGP 
is not differentially expressed in bortezomib-resistant versus bortezomib-sensitive 
cells; however, in carfilzomib-resistant cells, PGP was one of the most highly 
overexpressed proteins [34]. There have also not been any reports in patients 
exposed to PIs suggesting that resistance was associated with increased PGP 
expression; however, these studies require an additional biopsy at the time of 
progression, and there is insufficient data in the literature. Thus, high expression of 
PGP may be able to cause a mild degree of bortezomib resistance, but this has not 
been shown to be a clinically relevant mechanism of bortezomib resistance in vitro 
or in vivo. Importantly, this is not a class effect, and there is evidence that carfilzomib 
is effluxed through PGP, so whether PGP or other efflux pumps are a cause of 
resistance will need to be evaluated for each PI individually.

 Autophagy

Autophagy is a process by which aggresomes engulf proteins and other molecules 
and traffic them to lysosomes for degradation. Autophagy had been thought of as a 
non-selective degradation pathway; however, evidence has accumulated showing 
that molecules are targeted for autophagy in a similar way as they are to the ubiquitin 
proteasome system, and that there is cross-talk between these two systems [44]. PIs 
are able to lead to the activation of the UPR and impair its ability to restore 
homeostasis via inhibition of XBP-1 splicing, which leads to further protein 
accumulation in the ER. In response, autophagy can be activated and the proteins 
can be targeted to aggresomes and ultimately to lysosomes for degradation [45]. 
Subsequent to activation by PERK in the UPR, ATF4 is able to stimulate autophagy 
and this activation is more pronounced when cells are also treated with PIs [46, 47]. 
In DLBCL cell lines, bortezomib induced autophagy in a dose-dependent manner 
and was associated with partial resistance to bortezomib. The addition of an 
autophagy inhibitor to bortezomib enhanced the cytotoxicity in DLBCL.  In the 
same study, bortezomib was not active in a follicular lymphoma cell line unless an 
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autophagy inhibitor was also given [48]. The autophagy system is dependent upon 
histone deacetylase 6 (HDAC6) epigenetic mediated expression of several proteins 
as well deacetylation of UPR proteins such as α–tubulin, which results in stimulation 
of autophagy [45–48]. Dual inhibition with histone deacetylase inhibitors is 
synergistic both in preclinical models and in patients with MM [49, 50]. An in vitro 
study of the combination of an HDAC6 inhibitor and bortezomib in different 
subtypes of lymphoma including activated B-cell (ABC) DLBCL, germinal center 
B-cell (GCB) DLBCL, MCL, and T-lymphoma found synergy between the two 
agents. In an analysis of patient samples with different subtypes of lymphoma, they 
also found that more aggressive lymphomas (DLBCL, MCL, TCL) compared to 
more indolent lymphomas had higher expression of UPR proteins such as GRP78 
and XBP-1 suggesting a greater dependence upon the UPR pathway in more 
activated and differentiated lymphomas [51].

 Plasmacytic Differentiation

The process of lymphocyte activation and differentiation into plasma cells involves 
several steps, each with associated gene expression changes. In particular, the 
transcriptional repressor PRDM1 is expressed early in differentiation, and XBP-1 is 
expressed late in differentiation as Igs begin to be synthesized in large quantities. 
Without this increased expression of XBP-1 and associated increased efficiency of 
the UPR pathway, differentiation will halt, and the lymphocytes and plasma cells 
that survive produce fewer Ig [52, 53]. Alterations in gene expression consistent 
with transition to an immature undifferentiated plasma cell have been implicated in 
PI resistance. In a model of bortezomib-resistant MCL, resistant MCL cells 
developed a plasmacytic differentiation signature similar to an early plasma cell 
with expression of PRDM1 and low expression of XBP-1. Consistent with the low 
XBP-1 expression in resistant cells, there was very low Ig excretion in the bortezomib 
resistant cell lines. As the MCL cells developed an early plasmacytic differentiation 
phenotype, a dependence on interferon regulatory factor 4 (IRF4) developed, and 
knockdown of IRF4 was cytotoxic [54]. Of note, IRF4 is downstream of the target 
of thalidomide, lenalidomide, and pomalidomide, suggesting that as resistance to 
PIs develops in MCL, a dependence upon the target of, and, therefore sensitivity to 
lenalidomide develops [55, 56]. The model of resistance developed in this study is 
that as lymphoma cells develop resistance to PIs they develop plasmacytic 
differentiation with the associated more efficient UPR and proteasome capacity but 
without activating secretion of Ig; in contrast, myeloma cells developing resistance 
dedifferentiate to an early plasma cell reducing the production of immunoglobulin 
and associated proteasome load while maintaining or enhancing the efficiency of 
the UPR and proteasome capacity.

This plasmacytic differentiation model of PI resistance in which there is a shift-
ing balance in the proteasome load versus proteasome capacity was first conceived 
of in studying PI resistance in MM. Early on it was recognized that the degree of Ig 
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synthesis correlated with PI sensitivity, which suggests that the amount of protein 
the proteasome may need to degrade, or, similarly, the degree of stimulus activating 
the UPR correlated with PI sensitivity [57, 58]. In a comparison of PI sensitive and 
resistant MM cell lines, sensitive cells were found to have increased proteasomal 
protein degradation (increased proteasome load). They also found that other PI 
sensitive MM cell lines had reduced expression of proteasome catalytic subunits 
and activity (reduced proteasome capacity) and inducing β subunit expression 
promoted PI resistance [59]. In MM cell lines exposed to bortezomib as well as pre- 
treatment patient samples, resistance was associated with reduced expression of the 
UPR proteins IRE1 and XBP-1 [60–62]. This study also found that IRE1 and XBP-1 
suppressed MM cells had an immunophenotype consistent with a less well 
differentiated plasma cell. The patient samples responsive to bortezomib had a gene 
expression profile consistent with a mature plasma cell, whereas the resistant MM 
cells were less well differentiated [60].

 Proteasome Subunit Expression

Recently, a novel mechanism of resistance involving tight junction protein 1 
(TJP1) was suggested. Multiple clinical trials of bortezomib were used to iden-
tify responders and non-responders to bortezomib, and their gene expression pro-
files were analyzed to find aberrantly expressed genes with confirmation in a 
separate data set. TJP1 was highly underexpressed in MM cells from bortezomib 
resistant patients. TJP1 had not previously been studied in myeloma and is 
important in tight junction formation. The investigators then created TJP1 knock-
down MM cell lines and confirmed that absence of TJP1 conferred PI resistance 
and overexpression of TJP1  in PI resistant MM cell lines restored sensitivity. 
This was replicated in MCL cell lines with the same results. The expression of 
TJP1 was inversely correlated with the immunoproteasome subunits β1i and β5i 
and proteasome activity, and the overexpression and knockdown of β1i and β5i, 
was sufficient to recapitulate bortezomib resistance and sensitivity, respectively. 
A series of experiments yielded a model in which TJP1 inhibited a signaling 
cascade involving the epidermal growth factor receptor (EGFR), Janus associ-
ated kinase (JAK) and signal transducer, and activator of transcription 3 (STAT3), 
and the activation of this pathway by suppression of TJP1 increased expression 
of the β1i and β5i subunits. In line with this implicated pathway, it was shown that 
exposure to EGFR inhibitors reduced EGFR signaling, expression of the β1i and 
β5i subunits, and increased sensitivity to bortezomib [63]. In support of this 
model, a separate group simultaneously reported that a novel STAT3 inhibitor 
had mild anti-MM activity, but, more importantly, restored bortezomib-sensitiv-
ity to MM in resistant MM cell lines. As these experiments were performed at 
approximately the same time by separate groups, TJP1 expression was not 
explored in this study [64].
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 BCL-2

MM cells are particularly dependent upon MCL-1 expression; however, some MM 
cells are more dependent upon BCL-2 and BCL-XL to inhibit apoptosis. Similarly, 
different lymphomas have a differential dependence upon BCL-2, MCL-1, and 
BCL-XL [65]. In lymphoma cell lines, bortezomib induced apoptosis was inhibited 
with BCL-2 overexpression and enhanced with a BCL-2 inhibitor [66]. This 
suggests alterations in the relative expression of various BCL-2 family members 
may contribute to PI resistance.

In summary, there are multiple potential cell intrinsic mechanisms of resistance to 
PIs in lymphoma, but the most important mechanism is likely related to a balance 
between the demand on the proteasome (proteasome load) and the capacity for the 
proteasome to meet this demand. There are multiple factors that affect this balance 
between proteasome load and capacity; importantly, as lymphocytes differentiate 
into activated B-cells and early undifferentiated plasma cells, the proteasome capac-
ity increases without an increase in proteasome load leading to PI resistance. The 
well-differentiated plasma cell has an increased proteasome capacity but also signifi-
cantly increased proteasome load leading to PI sensitivity. Thus, well differentiated 
plasma cells in MM can dedifferentiate to a less Ig secreting plasma cell to acquire 
resistance, and lymphoma cells are able to differentiate into an immature plasma cell 
to acquire PI resistance. Similarly, as was shown in bortezomib-treated patients with 
MM, PI resistance was associated with an increase in proteasome formation by 
decreased expression of TJP1 and induction of the EGFR/JAK/STAT3 pathway lead-
ing to increased expression of immunoproteasome subunits. Finally, autophagy, 
functioning as a complementary protein degradation system, is able to degrade a 
portion of the proteasome load, particularly under times of ER stress when the 
autophagy system is activated. Thus, increased dependence upon the autophagy sys-
tem can, in effect, increase the proteasome capacity contributing to PI resistance.

 Cell Extrinsic Mechanisms of Resistance

The tumor microenvironment plays a critical role in tumor survival during treatment 
and at relapse in MM and lymphoma [67–70]. There are multiple pathways by 
which the microenvironment supports MM and lymphoma cells including induction 
of immune tolerance and promotion of angiogenesis, but also by paracrine signaling 
between the microenvironment and tumor cells that promotes drug resistance. In 
MM, bone marrow mesenchymal stem cells (BMMSCs) have a distinct genomic 
profile in comparison to that of normal controls. This abnormal phenotype of MM 
BMMSCs is not due to the presence of a common progenitor for the MM plasma 
cells and BMMSCs, as cytogenetic abnormalities found in the plasma cells are not 
found in the BMMSCs [71]. However, the abnormal transcriptional profile persists 
even when BMMSCs are cultured in the absence of MM cells, which suggests that 
there is a genetic or epigenetic alteration in the microenvironment itself [72, 73].
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 Interleukin-6

Interleukin-6 (IL-6), which is secreted primarily by bone marrow mesenchymal 
stem cells and macrophages in the microenvironment, is an important driver of 
proliferation and regulator of plasmacytic differentiation [74]. Peptidyl arginine 
deaminase (PADI) 2, an epigenetic modifier, was found to be highly significantly 
overexpressed in MM BMMSCs and, through histone deamination, was shown to 
be responsible for IL-6 production [74]. Coculture of PADI2-expressing BMMSCs 
with a MM cell line resulted in bortezomib resistance, which is consistent with the 
preclinical synergy seen with bortezomib and IL-6 blockade [75]. The mechanism 
of IL-6 mediated bortezomib resistance has not been fully elucidated, but IL-6 
exposure leads to proliferation specifically of CD45+ plasma cells, which have a 
more immature immunophenotype. This suggests the microenvironment may be 
involved in the promoting plasmacytic dedifferentiation, and, thereby, leads to 
bortezomib resistance [76]. Additionally, IL-6 induces JAK/STAT3 signaling and 
increases MCL-1 expression, which may also contribute to bortezomib resistance 
[77, 78]. These effects may be mediated by microRNA (miR), which are small non- 
coding RNA that suppress RNA translationally or by mRNA degradation. Cell 
culture studies have shown that, via JAK/STAT signaling, IL-6 leads to upregulation 
of miR-21 and suppression of miR-15a. Suppression of miR-15a resulted in 
bortezomib resistance, and studies in CLL have found that BCL-2 is a target of miR- 
15a, so suppression miR-15a may increase expression of BCL-2 resulting in less 
MCL-1 dependence and bortezomib resistance [79–82]. In contrast, the elevated 
levels of miR-21 were found to support MM cell survival in the presence of 
bortezomib, and miR-21 inhibition was synergistic with bortezomib [83]. These 
findings were confirmed in a second study; however, the effects of miR-21 inhibition 
were only seen in cell lines with high baseline levels of miR-21. In addition to the 
paracrine cytokine signaling between BMMSCs [84] and plasma cells, BMMSCs 
are able to release exosomes containing miR. Isolating BMMSC derived exosomes 
and culturing MM cell lines with them results in increased survival and drug 
resistance, including PI resistance [85]. Similar studies in MCL have found that 
microenvironment-secreted IL-6 supports MCL survival and promotes resistance to 
bortezomib, and that this signaling is through the JAK/STAT pathway [86].

 The Hedgehog Pathway

The hedgehog pathway (Hh) is a complex signaling pathway, which can act in 
both autocrine and paracrine ways. In the canonical pathway, the Hh ligand, 
most important of which is sonic hedgehog (SHH), is secreted from the cell. It 
binds to the receptor patched-1 (PTCH1), which releases the inhibition of 
smoothened (SMO). SMO accumulation results in nuclear localization and acti-
vation of glioma family transcription factors (GLI) [87]. In MM, plasma cells 
express SHH, and activation of the Hh pathway supports cell survival and 
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promotes bortezomib resistance in cell lines grown with bone marrow stroma 
resulting in an immature plasma cell phenotype [87, 88]. Blockade of Hh signal-
ing with a microenvironment SMO knockout resulted in restoration of plasma 
cell differentiation and sensitivity to bortezomib, which suggests paracrine sig-
naling between MM cell derived SHH and microenvironment PTCH1 and 
SMO. SHH signaling in the microenvironment is able to upregulate cytochrome 
P450 26 (CYP26), a retinoid inactivating enzyme. In support of CYP26 as a 
target of SMO responsible for bortezomib resistance, coculture of MM cells, 
stroma, and a CYP26 resistant retinoid restores a mature plasma cell phenotype 
and bortezomib sensitivity. Similarly, in the SMO knockout, overexpression of 
CYP26 with lentiviral transfection resulted in an immature plasma cell pheno-
type and bortezomib resistance [88]. In summary, these studies suggest a bidi-
rectional cross-talk between MM cells and the bone marrow microenvironment. 
MM cells secrete SHH, which signals through PTCH1 and SMO on the bone 
marrow stromal cells and leads to CYP26 overexpression. This results in degra-
dation of retinoids in the microenvironment, preventing retinoic acid signaling 
to the MM cells, and resulting in dedifferentiation to an immature plasma cell 
phenotype, which is resistant to bortezomib.

 Overcoming Bortezomib Resistance

The multiple modes of drug resistance to PIs in lymphoma offer multiple poten-
tial therapeutic options to overcome resistance. A central feature of many of the 
mechanisms of PI resistance in lymphoma is alterations in the balance of protea-
some capacity and proteasome demand, which, for many of these mechanisms, 
is accomplished by differentiation in to an immature plasma cell phenotype. 
While many of the mechanisms of PI resistance converge on plasmacytic dif-
ferentiation, they offer unique pathways for overcoming resistance, which can 
be grouped by the targeted pathways: targeting prosurvival factors the immature 
plasma cell is dependent upon, inducing differentiation into a mature plasma 
cell phenotype with X-BP1 expression and increased Ig secretion, enhancing 
the activation of the unfolded protein response, and targeting BCL-2 family 
proteins (Table 1).

 Targeting the Immature Plasma Cell

Differentiation from a B-cell to a plasma cell requires many transcription factors, 
including X-BP1 and IRF4. X-BP1 is critical in the final stages of differentiation 
and IRF4 is critical at the stage of an immature plasma cell. MCL cells develop PI 
resistance by differentiating in to an immature plasma cell and simultaneously 
develop dependence upon IRF4 such that IRF4 inhibition is cytotoxic [54, 89]. 
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Lenalidomide binds to the E3 ubiquitin ligase cereblon resulting in degradation of 
the transcription factors ikaros and aiolos. IRF4 is a transcriptional target of ikaros 
and aiolos, so IRF4 is able to be targeted with lenalidomide. As such, when PI 
resistance develops due to plasmacytic differentiation, the cells are dependent 
upon IRF4 and able to be targeted with lenalidomide. Lenalidomide is known to 
have activity in MCL, and this understanding of the mechanism of bortezomib 
resistance raises the possibility or either combination therapy with PIs and 
lenalidomide or sequencing therapy to induce lenalidomide sensitivity with initial 
treatment with bortezomib. This is not based upon the typical model of synergy in 
which one or both drugs potentiate the action of the other. Instead, similar to seen 
with combination of certain antibiotics in resistant infections, there is a “seesaw 
effect” in which the development of resistance to one drug induces sensitivity to 
the other drug [90].

 Differentiation Induction

It may be possible to reverse the bortezomib resistance due to an immature 
plasma cell phenotype by promoting differentiation into a more mature plasma 
cell. In both MM and MCL, IL-6 signaling by the tumor microenvironment is 
able to induce differentiation to an immature plasma cell phenotype and to lead 
to bortezomib resistance [76, 86]. IL-6 is able to be targeted with monoclonal 
antibodies including tocilizumab and siltuximab which are FDA approved for 
other indications. In preclinical models, IL-6 inhibition has demonstrated syn-
ergy with bortezomib [75]. Siltuximab has been studied in multiple clinical trials 
in MM. Small studies evaluating siltuximab as monotherapy found very limited 
responses [91, 92]. There are two trials of a bortezomib-based regimen with or 

Table 1 Overcoming bortezomib resistance

Pathway Drug/target

Targeting the immature plasma cell IRF4; lenalidomide
Differentiation induction Inhibition of Interleukin-6; siltuximab

Hh pathway inhibition
  SMO inhibitors; vismodegib, sonidegib
  GlI inhibitors; arsenic trioxide
  SHH inhibitors
  Retinoids

Enhancing activation of the UPR Autophagy inhibition
  HSP90 inhibitors
  TGF-β inhibitors
TJP1 pathway inhibition; erlotinib
S1P, S2P inhibition; nelfinavir
DRD2 inhibition; ONC201

BCL-2 inhibition Venetoclax
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without siltuximab [93, 94]. Both studies failed to meet their primary endpoints 
but also had a suggestion of potential benefit. One study found a significant ben-
efit in progression free survival in patients treated in the United States and 
Western Europe but not other locations for unclear reasons. The other study 
found statistically significantly higher response rates to very good partial 
response or better but not to complete response rate, which was the primary end 
point. These studies have not proven a benefit to IL-6 blockade in overcoming 
bortezomib resistance, but suggest it warrants further study. An important con-
sideration is that these trials included patients regardless of IL-6 levels. As there 
are multiple mechanisms of bortezomib resistance, it’s possible that IL-6 may be 
an important mechanism in a limited number of patients, and, therefore, that IL-6 
blockade may only be beneficial in this subset of patients. It’s possible anti-IL-6 
therapy may be beneficial in the subset of patients with high IL-6 levels or in 
patients, who, at time of progression on PIs, have elevated IL-6 levels. The Hh 
pathway is also an important driver of differentiation to an immature plasma cell 
phenotype and bortezomib resistance, and preclinical data suggest Hh inhibition 
restores sensitivity [88]. Signaling between the tumor and microenvironment via 
the Hh pathway results in upregulation of CYP26, which degrades retinoids 
involved in the terminal differentiation of plasma cells. This activation of the Hh 
pathway results in bortezomib resistance. There are multiple potential therapeu-
tic targets within the Hh pathway. Sonidegib and vismodegib are SMO inhibitors, 
which are FDA approved for the treatment of basal cell carcinoma. Their use is 
potentially limited by significant toxicity; however, clinical trials evaluating vis-
modegib in lymphoma and MM are ongoing [95]. The transcription factor GLI is 
the downstream target of the Hh pathway and can be inhibited by direct GLI 
inhibitors which are under development as well as by arsenic trioxide [96, 97]. 
Arsenic trioxide has been studied in a few small trials in MM, and, as mono-
therapy, has very limited efficacy, but more promising efficacy is seen in combi-
nation with bortezomib [98–100]. These studies have included patients with and 
without prior bortezomib exposure and were not designed to clearly evaluate 
whether the mechanism of action was related to bortezomib resistance. Inhibitors 
of SHH are under development, but are not in human trials at this time. Finally, 
as the mechanism of the Hh pathway is related to induction of CYP26 and inhibi-
tion of retinoid-induced differentiation into a mature plasma cell phenotype, both 
retinoids and inhibitors of CYP26 offer the potential to inhibit this resistance 
pathway. Multiple inhibitors of CYP26 have been synthesized, but they are early 
in development, and preclinical data in lymphoma and MM are not yet available, 
but may be therapeutic options in the future [101]. Retinoids that are not able to 
be metabolized by CYP26 have also been developed, and, in preclinical models, 
are able to overcome bortezomib resistance [88]. Although ATRA metabolized 
by CYP26, pharmacologic dosing of ATRA may be at concentrations that are 
able to induce plasma cell differentiation despite CYP26. Supporting this, in 
preclinical models, ATRA is able to induce a mature plasma cell phenotype and 
bortezomib sensitivity in MM cells [58].
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 Synergistically Activating the Unfolded Protein Response

Activation and dysregulation of the UPR is the primary mechanism of action of 
bortezomib, and many mechanisms of resistance are the result of cellular changes 
that impair the ability of bortezomib to induce the UPR or increase the cell’s 
tolerance to ER stress. The autophagy system has multiple potential targets. HDACs, 
in particular HDAC6, are important for maintaining and activating the autophagy 
system, which is able to degrade misfolded proteins when the proteasome is 
inhibited. The pan-HDAC inhibitor panobinostat is active in MM and FDA approved 
for use in combination with bortezomib [49, 50]. Preclinical studies in a variety of 
lymphomas have evaluated multiple HDAC inhibitors and found both synergy with 
PIs and the ability to overcome PI resistance, and they are now being tested clinically 
[51, 102–105]. As the autophagy system is activated when GRP78 oligomerizes 
leading to autophosphorylation of PERK and increased expression of ATF4, 
inhibition of GRP78 could impair autophagy. HSP90 acts to stabilize GRP78 
preventing activation of the UPR, and, in a preclinical MCL model, an HSP90 
inhibitor was synergistic with bortezomib and able to overcome bortezomib 
resistance [106]. Autophagy is also inducible by transforming growth factor β 
(TGF-β). In MM cell lines, a TGF-β inhibitor was able to bock the induction of 
autophagy, have a synergistic anti-MM effect with bortezomib, and overcome 
bortezomib resistance [107]. An important mechanism of bortezomib resistance is 
reduced expression of TJP-1 which results in upregulation of proteasome subunit 
translation [63]. TJP-1 suppression results in activation of an EGFR, JAK, STAT3 
pathway, and in preclinical models, inhibition of this pathway with the EGFR 
inhibitor, erlotinib, was able to overcome bortezomib resistance. Targeting EGFR, 
JAK or STAT3 has not been clinically evaluated in lymphoma or MM but are a 
potential route to overcoming bortezomib resistance with currently available drugs. 
Nelfinavir is an FDA approved human immunodeficiency virus-1 (HIV-1) protease 
inhibitor, which is able to act synergistically with PIs. Nelfinavir is able to induce 
the UPR, but it also inhibits the phosphatases S1P and S2P, which activate the pro- 
survival ATF6 [108–111]. Thus, as bortezomib activates the UPR but inhibits one of 
the prosurvival pathways, IRE1, nelfinavir also activates the UPR and inhibits the 
prosurvival ATF6 pathway, providing potential synergy and the ability to overcome 
resistance. In MM, nelfinavir has been tested in combination with bortezomib in 
phase I and II studies with impressive results showing an overall response rate of 
65% in PI refractory patients [112, 113]. Importantly, the regimen was very well 
tolerated and did not have significant toxicity in addition to the expected toxicity of 
bortezomib. The integrated stress response (ISR) is a cellular stress response 
pathway activated in order to restore homeostasis in response to a number of 
stressors, including ER-stress. The ISR includes the UPR, and ultimately results in 
activation of ATF4, CHOP, and NOXA, but is also able to be activated outside of the 
context of ER-stress. Lymphoma and MM cells are sensitive to the UPR, and many 
mechanisms of resistance to PIs are the result of cellular changes to prevent PIs 
from causing ER-stress and induction of the UPR (e.g., plasmacytic differentiation, 
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increased proteasome synthesis). As such, activation of the ISR by a mechanism not 
involving the UPR is a potential pathway to overcome PI resistance. A novel class 
of drugs, imipridones, is able to independently activate the ISR. ONC201, the first 
member of this class of drugs, is a dopamine receptor D-2 (DRD2) antagonist that 
activates the ISR without inducing ER-stress. Inhibition of DRD2 results in 
activation of EIF2α kinase 4 (GCN2), which activates ATF4, and induces apoptosis 
through CHOP and NOXA [114, 115]. Preclinical studies have shown activity in 
MM and early clinical phase studies are underway [116–118].

 BCL-2 Inhibition

The final pathway of PIs is induction of apoptosis by expression of NOXA, which 
binds to MCL-1 leading to the release of BAK. Alterations in the expression of 
BCL-2 proteins can affect the sensitivity to PIs [119]. In a study of global DNA 
methylation in MCL, treatment with bortezomib resulted in hypomethylation across 
many BCL genes, in particular NOXA. It is not clear if alterations in this methylation 
pattern are responsible for PI resistance; however, the hypomethylating agent 
decitabine was able to induce further hypomethylation and synergizes with 
bortezomib in vitro and in a mouse model [120]. These results were confirmed by a 
separate group in MM cell lines [121]. Coadministration of bortezomib, to inhibit 
MCL-1, and venetoclax, to inhibit BCL-2, act synergistically and are able to 
overcome bortezomib resistance in lymphoma and MM cell lines [122–124]. In 
MM, venetoclax has been studied both as monotherapy and in combination with 
bortezomib. In heavily pretreated patients, monotherapy with venetoclax had very 
modest activity, but there were significantly more responses seen in patients with 
t(4;14), which correlates with BCL-2 expression [125]. In contrast, combined 
inhibition of MCL-1 and BCL-2 with bortezomib and venetoclax in a heavily 
pretreated population resulted in an overall response rate of 67% including a 
response rate of 24% in patients refractory to bortezomib [126].

 Conclusion

The development of resistance to PIs in lymphoma is a complex process with mul-
tiple mechanisms. The most important mechanisms of resistance relate to an imbal-
ance of proteasome demand and capacity which can be due to plasmacytic 
differentiation with its many causes, TJP1 and proteasome subunit production, and 
alternative protein degradation pathways such as autophagy. While the end result of 
each of these pathways is changes to how the cell responds to ER stress, the 
independent mechanisms offer multiple therapeutic options to overcome resistance. 
However, with multiple mechanisms of resistance, it is important to recognize that 
not all mechanisms of resistance will be clinically meaningful in all patients. As 
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clinical trials are developed to overcome resistance, it will be important to include 
testing to evaluate the mechanisms of resistance implicated in individual patients 
with the goal in the future to identifying predictive biomarkers that can guide 
therapeutic decisions.
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Abbreviations

ABC Activated B-cell subtype
ADCC Antibody-dependent cellular cytotoxicity
COO Cell of Origin
CTCAE Common terminology criteria for adverse events
CtDNA Circulating tumor DNA
DLBCL Diffuse Large B-Cell Lymphoma
GCB Germinal center B-cell-like type
IMiD Immunomodulatory Drug
mAbs Monoclonal antibodies
NHL Non-Hodgkin’s Lymphoma
Non-GCB Non-germinal B-cell-like type
R2ICE Combination chemoimmunotherapy regimen R-ICE with the addition 

of lenalidomide (Revlimid)
R-ICE Combination chemoimmunotherapy regimen consisting of rituximab, 

ifosfamide, carboplatin and etoposide

 Introduction

 Non-Hodgkin’s Lymphoma

Non-Hodgkin’s lymphoma (NHL) is the most common type of lymphomas. Within 
NHL, diffuse large B-Cell lymphomas (DLBCL) are the most common. Therapies 
upfront for DLBCL include chemotherapeutic options in combination with biolog-
ics/monoclonal antibodies (mAbs), which are curative in intent. Even in the relapsed 
or refractory settings, the intent of the regimens for patients with DLBCL is to 
achieve cure; however, these have to be consolidated with a stem cell transplant 
(autologous in most instances). The number of treatment options is increasing and 
newer regimens and classes of drugs are being developed and tested for these 
patients. These go beyond mAbs and traditional chemotherapeutic agents, and 
include novel targeted therapies, immunotherapies and immunomodulatory agents. 
Immune modulation has been a focus of increasing interest particularly for patients 
with DBLCL through the new class of immunomodulatory drugs called IMiDs.

 Lenalidomide for the Treatment of Lymphoma

Lenalidomide belongs to this new class of drugs referred to as IMiDs (immuno-
modulatory drugs). From its initial descriptions and few reports in early 2000s, the 
number of instances where lenalidomide and lymphoma are being described in the 
literature is increasing (Fig. 1) [1].
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With further descriptions comes more knowledge of predictive markers as well 
as molecular mechanisms of resistance. The goal of this chapter is to focus on the 
early descriptions and usage of the drug and to the more recent understandings of 
mechanisms of resistance. We also propose and describe potential methods of 
overcoming these methods of resistance, and ways forward.

Of note, the drug lenalidomide is being used a variety of indications both as a 
single-agent and in combination with other drugs and immunotherapeutic agents. 
These include, for example, multiple myeloma and myelodysplastic syndrome 
(with deletion 5q) [2, 3]. The focus here would be on the use of lenalidomide in the 
treatment of lymphoma.

 Structure and Mechanism of Action

Lenalidomide is a thalidomide analogue. Lenalidomide is an oral drug. As a single 
agent, dosing employed is typically once daily with maximum tolerated doses 
described up to 25  mg a day for 3  weeks on and 1  week off, depending on the 
previously reported clinical trials and indications studied.

The proposed mechanisms of action of lenalidomide and the IMiD class of drugs 
beyond just traditional cytotoxicity in general are shown in Fig. 2 [4].

From its parent compound, thalidomide’s initial descriptions of its teratogenicity 
attributed to its anti-angiogenic properties, lenalidomide (CC-5013; Revlimid, 
Celgene®) has effects on multiple other aspects of the tumor and the tumor microen-
vironment. The drug belongs to the second generation of IMiDs. These are more 
potent and effective than their parent compound. In this particular chapter, we will 
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focus on the effects seen pertaining to the treatment of lymphoma. As shown in Fig. 2, 
the effects of lenalidomide include the activation of various aspects of the immune 
system of the host alongside effects on the tumor as well as the tumor microenviron-
ment. From the host’s perspective, it can affect both the innate as well as the adaptive 
immune systems (T-cell function). It appears to help the function of natural killer 
(NK) cells [5]. From a tumor microenvironment’s perspective, it has anti-angiogenic 
properties and can also affect the milieu with many other downstream consequences 
through its effects on various cytokines e.g. tumor necrosis factor alpha (TNF-α), 
interferon-gamma (INF-γ) and other interleukins [6, 7]. Finally, it has direct effects on 
the lymphoma cell lines e.g. induction of apoptosis. “At the molecular level, lenalido-
mide cytotoxic activity relies on its binding to the E3-ligase adaptor cereblon (CRBN) 
selectively leading to CSNK1a protein degradation.” [8]

Together with other drugs, its effects are further potentiated. For example, when 
used in conjunction with rituximab, lenalidomide appears to aid in one of the key 
mechanisms of actions of the mAb, which is antibody-dependent cellular cytotoxic-
ity (ADCC) [9].

 Toxicities

Even though lenalidomide is a more potent and an effective second generation IMiD, 
it has a different side effect profile as compared to its parent compound [2]. Beyond 
the traditional myelosuppressive effects (neutropenia, thrombocytopenia) seen with a 
lot of these and other compounds, the major source of concern when using lenalido-
mide is the incidence of thromboembolic events in these patients. Deep vein thrombo-
sis can occur. This has prompted the use of low molecular weight heparin (LMWH), 

Lenalidomide
(IMiDs)

Apoptosis

Effects on tumor
microenvironment

Anti-angiogenesis

Adaptive immune
system activation

Innate immune
system activation

Fig. 2 Proposed mechanism of action of lenalidomide and the IMiD class of drugs beyond just 
traditional cytotoxicity
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Coumadin (warfarin) or at least an aspirin in patients who are not candidates for anti-
coagulation, depending on the indication and the combination in which lenalidomide 
is being tested. Arterial thrombotic events can also occur e.g. myocardial infarction or 
stroke; however, these are relatively infrequent as compared to venous thromboem-
bolic events [10]. Patients at high risk of developing such events are not great candi-
dates for the use of lenalidomide and are traditionally excluded from clinical trials 
using lenalidomide. This has prompted routine use of anticoagulation or at least anti-
platelet agents as thromboprophylaxis for these patients [11].

Toxicities obviously are compounded and accentuated in instances of combination of 
the drug with other agents. As a single agent, common grade 3 adverse events (based on 
common terminology criteria for adverse events – CTCAE) are leucopenia, neutropenia 
and thrombocytopenia [12, 13]. A mild rash is commonly seen, but is manageable. In 
some trials, it was noted to be a predictive marker of response [14]. With multi-agent 
combination regimens, stem cell mobilization could potentially be affected and should 
be monitored on trials. With agents like plerixafor, mobilization is achieved even in 
instances of patients failing mobilization through traditional colony stimulating factors.

 Other Insights from Preclinical Models

Several studies in predominantly lymphoma and myeloma cell lines and models 
have tried to explore further the mechanisms of action of lenalidomide and IMiDs. 
One study shows potential epigenetic mechanisms of action of lenalidomide in 
causing G0-G1 cell cycle arrest through increased expression of the p21WAF-1 pro-
tein [15]. This has downstream consequences in cyclin-dependent kinase signal-
ing. The authors show that these appear to be regulated through decreased 
methylation and increased histone acetylation; something not thought of before. 
Similar synergy and mechanism of action in terms of increasing dexamethasone 
induced G0-G1 cell cycle arrest were seen in mantle cell lymphoma cell lines and 
mouse models [16].

 Clinical Indications and Data

With respect to patients with lymphoma, for many years the combination of ritux-
imab to the CHOP regimen (cyclophosphamide, doxorubicin, vincristine and pred-
nisone), R-CHOP regimen has remained the gold standard for patients with diffuse 
large B-cell lymphoma (DLBCL). The Hans classification further subdivides 
patients with DLBCL to germinal center B-cell-like type (GCB) and the non- 
germinal B-cell-like type (non-GCB). The latter non-GCB subtype is often referred 
to as the activated B-cell (ABC) subtype. It confers a poorer prognosis. Regimens 
trying to improve upon the efficacy of the R-CHOP have employed the addition of 
another agent to this combination. Various drugs (X) have been added and tested 

IMiD: Immunomodulatory Drug Lenalidomide (CC-5013; Revlimid) in the Treatment…



78

(X + R-CHOP). These have had variable successes and increased toxicities. The 
addition of lenalidomide (R) to the R-CHOP, referred to as R2CHOP, significantly 
improved survival in patients with DLBCL [17]. In particular, patients with the non- 
GCB subtype who received the drug had a significant improvement in overall 
response rate and overall survival. This would be considered the new standard of 
care for patients with DLBCL with a large phase-3 trial currently exploring this 
question. This has also led to the addition of the lenalidomide (R) to the refractory 
regimens for patients with DLBCL; e.g. the addition of the drug to R-ICE (rituximab, 
ifosfamide, carboplatin and etoposide) regimen, to make the so-called R2ICE 
regimen. An ongoing phase-1/2 trial is currently accruing rapidly and has entered 
into the highest dose cohort level employing the traditional 3 + 3 design. The R2ICE 
trial is looking into improvement of overall response rates in patients with DLBCL 
(relapsed/refractory) after 2  cycles before eligible patients would proceed to an 
autologous stem cell transplant. Insights from such and other similar trials in the 
near future would further help personalize and stratify therapy for such patients. As 
a secondary outcome measure, it is important to note the number of patients able to 
achieve stem cell collection going for an autologous stem cell transplant given 
concerns regarding this being hampered in patients in the relapsed/refractory 
settings exposed to multiple prior lines of therapies.

The first reports of activity of using lenalidomide in patients with NHL came from 
studies using it as a single agent. A phase-2 clinical trial by Wiernek and colleagues 
reported an overall response rate (ORR) of 35% (12% complete response (CR)) [12]. 
The trial had a total of 49 patients who previously had received multiple lines of thera-
pies. Most of these patients had DLBCL. Another study by Witzig et al. looking at this 
as single-agent in 43 patients with indolent NHL showed an ORR of 23% (7% CR) 
[18]. Similarly, an international trial incorporating 217 patients showed an ORR 35% 
(13% CR) [19]. The combination of lenalidomide with the mAb Rituximab showed 
an ORR of 35% in elderly patients with  relapsed/refractory DLBCL [20]. Activity 
was also seen in a phase-2 clinical trial of patients with classical HL [21].

 Predictive Markers for Lenalidomide in Patients 
with Lymphoma

In patients with DLBCL, the most common type of NHL, the most consistent pre-
dictive biomarker of response that has emerged is the presence of the non-GCB 
phenotype [22]. Now gene-expression profiling, which is readily becoming 
available, is also being incorporated in terms of differentiating between the two 
subtypes of DLBCL (GCB versus non-GCB). Cell of origin (COO) appears to be a 
marker in transformed lymphoma cases as well [23]. In these instances, lenalido-
mide at the molecular level appears to be acting through INF-β [24]. The presence 
of myeloid differentiation primary response 88 (MYD88) alterations in these tumors 
and the NF-κB pathway may be responsible for the effectiveness of lenalidomide in 
these situations.
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 Molecular Mechanisms of Resistance

Molecular mechanisms of resistance to novel agents are still an evolving area of 
research. Furthermore, mechanisms of resistance to IMiDs and ways to overcome 
may be different in different tumor types.

In patients with multiple myeloma, it might be related to changes in the expres-
sion of the target of IMiDs, the cereblon (CRBN) [25]. Gene expression profile 
was studied in these patients before and after treatment with lenalidomide. This 
shows complex up- as well as downregulation of different genes in different path-
ways. So the mechanism of resistance may not be as straightforward; and differ-
ent subsets of patients in different studies are showing varied mechanisms. 
Bjorklund and colleagues were able to show that in plasma cell lines, this was 
mediated through the Wnt/β-Catenin pathway [26]. This, as proposed by the 
authors, could serve as a marker of sensitivity to the drug. Downstream activation 
of other proteins are also potential targets that could be exploited based on these 
findings. In a separate pre- clinical model of multiple myeloma xenograft models, 
resistance to IMiDs was mediated through the mitogen-activated protein kinase/
extracellular signal- regulated kinase (ERK) kinase (MEK)/ERK pathway [27]. 
Interestingly, in this work by Ocio and colleagues looking at multiple aspects of 
drug resistance to both lenalidomide and the other IMiD pomalidomide, the resis-
tance to both drugs was exclusive of one another. They showed in multiple experi-
ments with cell lines being resistant to lenalidomide that were sensitive still to 
pomalidomide and vice versa, although the latter was less effective. Furthermore, 
exposure to a MEK-inhibitor could overcome this mechanism of resistance. 
Additionally, a washout period also accomplished the same, leading to potential 
implications of continuous exposure to the drug versus intermittent usage in the 
treatment of various malignancies [27]. In another study of multiple myeloma cell 
lines resistant to lenalidomide, the hepatocyte growth factor (HGF)/MET signal-
ing pathway appeared to play a role, with the addition of crizotinib helping over-
come this in preclinical models [28].

Similarly, in patients with multiple myeloma, clarithromycin when given in 
addition to lenalidomide and dexamethasone was able to overcome resistance in 
a fraction of patients who were noted to be resistant to the doublet [29]. The 
exact mechanism was thought to be related to not only the interaction of the drug 
with corticosteroids, but also potentially other immunomodulatory effects poten-
tiating lenalidomide.

In contrast, in patients with Del (5q) myelodysplastic syndrome patients resis-
tance was shown to be mediated through TP53 mutations [8]. While some of these 
mutations conferred resistance if present at diagnosis, others were acquired and 
mediated resistance at progression of disease [8]. With circulating tumor DNA 
(ctDNA) based tests now increasingly and readily becoming available, further 
studies to look into these mechanisms of resistance e.g. acquired mutations would 
be easier to conduct.
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Most of the work on molecular mechanisms of resistance as noted is done in 
patients with multiple myeloma and myelodysplastic syndrome where lenalidomide 
has been used for a longer period of time. Similar studies in patients with lymphoma 
incorporating tissue or liquid biopsies before and after treatment will help gain 
novel insights of mechanisms of resistance in this cohort of patients. Mechanisms 
of resistance may be different across tumor types. Furthermore, even within the 
same tumor types e.g. DLBCL, the degree of tumor heterogeneity that exists under-
scores further characterization of subsets of patients with potentially different 
mechanisms of resistance [30]. Finally, within the class of IMiDs, mechanisms of 
resistance may not be the same [31].

 Future Directions

Lenalidomide alongside other IMiDs are being tested in various combinations 
with other drugs in both preclinical and clinical models. Several very intriguing 
observations have emerged. In a study by Verhelle and colleagues, the drug 
appears to have synergistic activity with the class of epigenetic drugs histone 
deacetylase (HDAC) inhibitors [32]. In the same study, lenalidomide was noted 
to have positive effects on the bone marrow by increasing the number of progeni-
tor CD34+ cells.

Furthermore, there are an increasing number of malignancies where lenalido-
mide is showing promising activity. These include malignancies beyond NHL and 
myeloma, e.g. follicular lymphoma, mantle-cell lymphoma, T-Cell lymphomas, 
refractory acute leukemias, and other hematologic neoplasms [13, 14, 33–36]. In a 
clinical trial of 15 patients with mantle-cell lymphoma, lenalidomide as a single- 
agent achieved an ORR of 53% (20% CR) [13].

Clinical trials ongoing of note include the R2ICE for relapsed/refractory lym-
phoma and trials incorporating anti-programmed death-1 or programmed death- 
ligand- 1 (PD1/PD-L1) receptor antibodies. The multitude of mechanisms through 
which it works beyond those described continues to be an area of ongoing research 
e.g. its effectiveness in MDS with 5q deletion [37].

The knowledge gained so far on the molecular mechanisms of resistance show 
diverse intra-class, inter-tumor as well as intra-tumor up- as well as down-regu-
lation of key genes/pathways. The process appears to be dynamic and may not be 
applicable to all patients getting lenalidomide. Incorporation of targeted thera-
pies e.g. MET or MEK inhibition in select patients exhibiting these changes 
appears to be a promising strategy. This further underscores the importance of 
reassessing the molecular profile of the tumor as it develops resistance to any of 
the novel therapies.
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Abstract The mammalian target of rapamycin (mTOR) is a highly conserved ser-
ine/threonine kinase that belongs to the family of PI3K-related protein kinases 
(PIKKs). Dysregulation of mTOR signaling is associated with the development of 
cancers, including myeloid and lymphoid malignancies. Here, we will provide a 
brief overview of mTOR inhibitors and discuss the results obtained using these 
compounds in hematologic malignancies and especially in lymphomas. Moreover, 
mechanisms of drug resistance will be highlighted.

Keywords Everolimus (RAD001) · Lymphoid Malignancies · mTOR inhibitors · 
Rapamycin · Ridaforolimus (MK-8669) · Temsirolimus (CCI-779)

 Introduction: Rapamycin and Rapalogs History

mTOR inhibitors comprise different compounds which have been developed starting 
from rapamycin, a macrolide antibiotic produced by the bacterium Streptomyces 
hygroscopicus. Rapamycin was isolated in a soil sample on Easter Island, also known 
as Rapa Nui, from where its name is derived [1] and firstly used as an antifungal agent 
[2]. However, shortly after, it was also shown to have strong immunosuppressive and 
antiproliferative properties due to its ability to inhibit mTOR [3–5]. Thus, FDA-
approved Rapamycin use in transplantation to prevent allograft rejection and in coro-
nary-artery stents to prevent restenosis in 1999 and 2003, respectively [6]. On the 
other hand, its application in cancer therapy started in the late 1990s, when several 
analogs of the drug, called rapalogs and including temsirolimus (CCI-779), everoli-
mus (RAD001), and ridaforolimus (MK-8669), were developed with the aim to 
improve its pharmacokinetics and stability (Fig. 1) [7]. Temsirolimus was the first 
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mTOR inhibitor to gain FDA authorization for any malignancy, having been approved 
for the treatment of advanced renal cell carcinoma [8]. Moreover, temsirolimus is the 
only mTOR inhibitor approved for the treatment of lymphomas and in particular it is 
registered for the treatment of relapsed and/or refractory mantle cell lymphoma 
(MCL) in the European Union and several other countries. To date, all these agents, 
and the so called second generation mTOR inhibitors, are being investigated alone or 
in combination in solid as well as in hematologic malignancies.

 The mTOR Pathway and mTOR Inhibitors

mTOR is a downstream effector of the PI3K/AKT pathway (Fig.  1). mTOR 
works through two distinct multiprotein complexes, mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2) [9] which are evolutionarily 

Fig. 1 Schematic representation of mTOR signaling pathways and mTOR inhibitors mechanisms 
of action. mTOR works through two distinct multiprotein complexes, mTOR complex 1 (mTORC1) 
and mTOR complex 2 (mTORC2). mTORC1 has 4E–BP1 and S6 K1 as its two major substrates 
by which promote the translation of key cell cycle regulators and transcription factors. mTORC2 
is a key regulator of Akt full activation via phosphorylation of Ser473. Rapamycin interaction with 
the intracellular receptor FKBP12 as well as new generation mTOR inhibitor has been shown. The 
third-generation mTOR inhibitor is a molecule in which rapamycin is cross-linked with a kinase 
inhibitor of mTOR.  Abbreviations: mTOR mammalian target of rapamycin, RTKs Receptor 
tyrosine kinases, PI3K phosphoinositide 3-kinase, TSC tuberous sclerosis, Rapa Rapamycin
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conserved from yeast to mammals [10, 11]. These two complexes consist of 
unique mTOR-interacting proteins that determine their substrate specificity and 
localize them to different subcellular compartments, thus affecting their activa-
tion and function [12].

mTORC1 recruits substrates through the regulatory-associated protein of 
mTOR (RAPTOR) that are then further aligned to the catalytic cleft of 
mTOR. Rapamycin inhibits mTOR complex 1 (mTORC1) through the interac-
tion with the intracellular receptor FKBP12 forming an inhibitory complex, 
which binds a region in the C terminus of TOR proteins [13, 14]. However, the 
exact mechanism of how this interaction with the FRB domain leads to inhibition 
of mTOR signaling remains to be defined. It has been proposed that rapamycin 
does not inhibit initial substrate recruitment but blocks correct alignment of 
some substrates to the catalytic cleft [15]. This could explain why rapamycin is 
more effective in blocking the phosphorylation and activation of ribosomal pro-
tein S6 kinase 1 (S6 K1) than that of eIF4E–binding protein 1 (4E–BP1). On the 
other hand, mTORC2 was identified as a rapamycin-insensitive entity, as acute 
exposure to rapamycin did not affect mTORC2 activity or Akt phosphorylation. 
However, subsequent studies have shown that, at least in some cell lines, pro-
longed exposure with rapamycin seems to prevent also mTORC2 assembly by 
progressive sequestration of the intracellular pool of mTOR and subsequently 
led to inhibition of AKT-signaling [16].

Temsirolimus (CCI-779), everolimus (RAD001), and ridaforolimus (MK-8669) 
are rapamycin analogs, called rapalogs, developed to overcome its limited pharma-
cological properties, such as poor water solubility and chemical stability [7] and to 
obtain drugs with improved pharmacokinetic (PK) properties and reduced immuno-
suppressive effects. However, they preserve the interactions with FKBP12 and 
mTOR maintaining a similar mechanism of action based on inhibition of mTORC1 
and induction of cell cycle arrest in the G1 phase [17]. Unluckily, in clinical trials 
conducted in cancer patients they showed only limited benefits. Possible explana-
tions could be not only due to the incomplete block of mTORC1 kinase towards its 
substrate 4E–BP1 and the rapalog’s inability to effectively inhibit mTORC2, but 
also related to the existence of feedback loops as well as the activation of mecha-
nisms outside the mTOR pathway [18].

Besides rapalogs, second generation mTOR inhibitors have been developed 
with the aim to have a more potent anticancer activity (Table 1). One class is 
represented by the so-called selective mTORC1/2 inhibitors which are small 
molecules working like ATP-competitive inhibitors of mTOR. In particular, they 
block the phosphorylation of all known downstream targets of both mTORC 
complexes without inhibiting other kinases. It seems that the greater anti-prolif-
erative and pro- apoptotic effects of these molecules compared to rapamycin and 
observed in preclinical studies are linked to the complete block of 4E–BP1 phos-
phorylation and to the decreased protein expression of cyclin D1 and D3 as well 
as to a significant induction of p27 [19, 20]. Another class of small molecules 
able to inhibit mTOR is the mTOR and PI3K dual-inhibitors. With respect to the 
other compounds they do have the advantage to target all the three key enzymes, 
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PI3K, Akt, and mTOR.  Thus, they potentially overcome the known feedback 
loops occurring with rapalogs and being active in tumors with alterations down-
stream of PI3K but upstream of mTOR [21]. Unluckily, the results in clinical 
trials are not consistent with the ones obtained in preclinical studies carried out 
in several types of cancers using these molecules [22].

Recently, mTOR resistance mutations to both rapalogs and kinase inhibitors of 
mTOR have been identified. To overcome this resistance, a third generation mTOR 
inhibitors have been developed. This compound was called Rapalink in order to 
create a bivalent interaction that exploits the unique juxtaposition of two drug- 
binding pockets that contain rapamycin cross-linked with a kinase inhibitor of 
mTOR in the same molecule [23].

Table 1 Second generation mTOR inhibitors

Compound Company
Generic 
name Phase Disease

Mechanism of 
action

AZD8055 AstraZeneca I–II AST, GBM, HCC, 
Lymphomas

Selective 
mTORC1/2 
inhibitors

CC-223 Celgene I–II AST, NSCLC, 
DLBCL

Selective 
mTORC1/2 
inhibitors

MLN0128, 
INK128, 
TAK-228

Intellikine Sapanisertib I–II AST, Lymphoma, 
ALL, MM, WM

Selective 
mTORC1/2 
inhibitors

OSI-027 OSI 
pharmaceuticals

I AST, Lymphomas Dual PI3K/
mTOR 
inhibitors

NVP-BEZ235 Novartis Dactolisib I–II Breast, Renal, 
Prostate, GBM, 
Sarcoma, Pancreatic, 
Leukemia

Dual PI3K/
mTOR 
inhibitors

Pf-05212384 
(PKI-587)

Pfizer Gedatolisib I–II Breast, Colorectal, 
AST, AML/MDS

Dual PI3K/
mTOR 
inhibitors

XL147 
(SAR245408)

Exelixis/
Sanofi-Aventis

Pilaralisib I–II Breast, lung, 
endometrial, GBM, 
lymphomas

Dual PI3K/
mTOR 
inhibitors

XL765 
(SAR245409)

Exelixis/
Sanofi-Aventis

Voxtalisib I–II Breast, lung, GBM Dual PI3K/
mTOR 
inhibitors

GDC-0980 Genentech Apitolisib I–II Breast, renal, 
endometrial, 
colorectal, prostate, 
lymphomas

Dual PI3K/
mTOR 
inhibitors

AST advanced solid tumors, GBM glioblastoma multiforme, HCC hepatocellular carcinoma, 
NSCLC non-small cell lung cancer, DLBCL diffuse large B-cell lymphoma, AML/MDS acute 
myeloid leukemia/myelodysplastic syndrome, ALL acute lymphoblastic leukemia, MM multiple 
myeloma, WM Waldenstrom Macroglobulinemia
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 Pharmacokinetics of Rapalogs

Rapamycin and rapalogs have complex pharmacokinetics [24]. The use of rapamy-
cin in cancer treatment has been largely limited by its intrinsic chemical stability. 
Thus, rapamycin chemical structure has been modified to increase its water solubil-
ity and bioavailability by adding a moiety at position C43. In particular an ester, an 
ether, or a phosphonate group creates temsirolimus, everolimus, and ridaforolimus, 
respectively (Fig. 2).

Rapamycin and its derivatives are substrates for the CYP3A4 pathway [25]. 
Temsirolimus is quickly metabolized through de-esterification in the liver to form 
its primary metabolite sirolimus. However, temsirolimus is not considered a prodrug 
for sirolimus, as both agents are pharmacologically active. Everolimus is also 
metabolized, mainly in the gut and liver, but even if six main metabolites have been 

Fig. 2 Chemical structure of rapamycin and rapalogs
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identified following its administration, everolimus is the main circulating compo-
nent in human blood. As a result of their metabolism by isoenzymes of the CYP3A 
pathway, drugs that are substrates, activators, and inhibitors of these enzymes like 
rifampicin, anticonvulsants, and immunosuppressive compounds such as 
cyclosporine could potentially interact with rapalogs [26]. Moreover, due to the 
liver metabolism, both temsirolimus and everolimus require dose adjustments in 
patients with hepatic impairment while no correction is required in the presence of 
renal function alteration. Liver metabolism interferes also with the route of 
administration. Indeed, while intravenous (i.v.) rapalogs like temsirolimus and 
ridaforolimus display predictable pharmacokinetics with a high distribution volume 
and low interpatient variability, the pharmacokinetics of everolimus may be 
subjected to first-pass metabolism in the liver as well as influenced for absorption 
and bioavailability by the gastrointestinal tract (i.e. expression of ATP-binding 
cassette membrane transporters in the gut) [27].

 Toxicity

The use of mTOR inhibitors as all the anti-cancer agents has been linked to the pos-
sibility of developing adverse events (AEs) that require specific management [28]. 
They can be directly mediated by the mTOR inhibitors antiproliferative effect [29] 
or driven by their ability to block a specific pathway [30].

 Pneumonitis

Pneumonitis, or interstitial lung disease (ILD), is a potential complication of mTOR 
inhibitors [31]. The reported incidence varies widely as a result of a non uniform 
diagnostic criterium and active surveillance. Two main mechanisms for the 
pathophysiology of mTORi-induced ILD have been proposed. First, a directly toxic 
effect has been suggested since pulmonary toxicity appears to be a dose-related 
effect. Alternatively, an immunological origin is suggested by the high numbers of 
CD4+ T cells and eosinophils found in the BAL fluid of patients with ILD.  In 
particular, three mechanisms are proposed: exposition of cryptic antigens, delayed- 
type hypersensitivity reaction and cytokine production. The diagnosis of mTORi- 
induced ILD is often difficult as clinical, radiological and pathological features are 
nonspecific and often are not distinguishable from respiratory infections. Thus, ILD 
should be a diagnosis of exclusion and diagnostic work up cannot be limited to 
x-ray or CT-scan but needs to include bronchoalveolar lavage (BAL) and pulmonary 
function tests (PFT). The onset typically occurs within 2–6 months after treatment 
initiation. The most common symptoms of ILD are nonspecific and include dyspnea, 
(dry) cough, fever, fatigue, hypoxia and occasionally hemoptysis. PFTs should be 
performed prior to starting mTOR inhibitor therapy to confirm a normal baseline 
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organ function. mTOR inhibitors should be avoided in patients with significant 
pulmonary fibrosis or severe chronic obstructive pulmonary disease. The optimal 
management of ILD is essential to balance the risk of iatrogenic morbidity with the 
maximum efficacy using mTORi in treating cancer patients.

 Metabolic Adverse Events

Hyperglycemia and hyperlipidemia are the metabolic AEs registered in patients 
treated with mTOR inhibitors [32].

Mammalian target of rapamycin (mTOR) inhibitors are associated with a high 
incidence of hyperglycemia, ranging from 13% to 50%. In particular, Grade 3 to 4 
hyperglycemic events occurred in 12% of patients treated with everolimus, and in 
11% of patients treated with temsirolimus. The pathophysiology of mTOR inhibitor- 
induced hyperglycemia and new-onset diabetes mellitus (NODM) is complex and 
linked to the interaction between mTOR downstream target S6  K1 with growth 
factors, hormones, and nutrients.

mTOR inhibitors directly act on pancreatic β-cells with a reduction in glucose- 
stimulated insulin secretion. On the other hand, they also seem to improve peripheral 
insulin resistance. Preclinical data in muscle cells showed that long-term rapamycin 
treatment is able to promote β-oxidation of fatty acids while diminishing basal 
glucose transport and glycogen synthesis [33].

A similar mechanism has been proposed for hyperlipidemia. In primary cultures 
of rat hepatocytes, rapamycin has been shown to affect glucose uptake and glycogen 
synthesis switching the metabolic preference to fatty acids as a metabolic fuel, thus, 
stimulating lipolysis and producing high serum levels of fatty acids [34]. Another 
pathophysiologic mechanism through mTOR inhibitors that may cause 
hyperlipidemia is an impaired lipid clearance via inhibition of insulin-stimulated 
lipoprotein lipase (LPL) and a significant reduction in the fractional catabolic rate 
of very LDL apoB100 (a triglyceride-rich lipoprotein).

Levels of lipids and glucose (preferably fasting) should be performed before 
starting and regularly during treatment with mTOR inhibitors. In the case of onset 
of metabolic AEs management strategies are similar for all causes of diabetes and 
hyperlipidemia. Interventions such as diet, exercise, and specific drugs (lipid- 
lowering agents, oral antihyperglycemic agents or insulin) should be initiated based 
on lipids and glucose levels.

 Hematological Toxicities

An alteration in the IL-10-dependent inflammatory auto-regulation seems to be 
responsible of mTOR inhibitor-related anemia. In particular, it may promote dis-
ruptions in iron homeostasis and gastrointestinal iron absorption as well as effects 
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on erythroid progenitor cell differentiation and/or erythropoietin receptor- mediated 
proliferation [35]. Anemia is generally mild, dose-dependent, and reversible upon 
discontinuation of treatment. The onset is generally within a month of initiation 
and is sustained throughout treatment. If detected, other causes of anemia have to 
be screened (i.e. occult blood in stools and vitamin B12 and folate levels). Oral or 
intravenous iron supplementation and erythropoiesis-stimulating agents should be 
effective for managing mTOR inhibitor-associated anemia, if not treatment needs 
to be discontinued.

Thrombocytopenia and leucopenia/neutropenia have been reported with mTOR 
inhibitor therapy. These AEs frequently occur simultaneously and usually resolve 
spontaneously. Complete blood counts should be performed routinely. 
Management is similar to that used for chemotherapy related-hematological tox-
icities. Grade 3 or higher neutropenia or thrombocytopenia may require tempo-
rary interruption of mTOR.

 mTOR Inhibitors Associated Stomatitis (mIAS)

The incidence of mIAS varies widely (2–78%). As reported across multiple 
mTOR inhibitor clinical trials, grade 3/4 toxicities occur in up to 9% of patients. 
mIAS typically presents as distinct, painful, ovoid, superficial ulcers surrounded 
by a characteristic erythematous margin and due to a direct toxic effects of 
mTOR inhibitors on oral and nasal mucous membranes [36]. It resembles recur-
rent aphthous ulceration not only in clinical presentation but also in response to 
therapy.

Prophylactic strategies, including oral hygiene and avoiding injury to the epithe-
lium of the oral cavity, are recommended. Topical high-potency corticosteroids, 
nonsteroidal anti-inflammatory drugs (NSAIDs) and anesthetics can be used to pro-
mote healing and reduce pain, but severe resistant mIAS could require systemic 
corticosteroids. Moreover, if grade 2 or higher mIAS restricts oral intake of nutri-
ents, in such cases, mTOR inhibitor dose reduction/discontinuation may be 
considered.

 Mechanisms of Resistance

 Mutations of mTOR

Similarly to what happen in patients treated with kinase inhibitors acquired resis-
tance mutations have been reported in cells exposed to mTORC1 inhibitors [23]. 
The MCF-7 breast cancer cell line was exposed to high concentrations of either 
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rapamycin or a second-generation mTOR inhibitor (AZD8055) for 3  months. 
Subsequent deep sequencing of the emerged resistant colonies revealed clones 
harbored mutations located in the FKBP12–rapamycin-binding domain (FRB 
domain) or in the kinase domain. The clinical relevance of these mutations is 
supported by a case report of a patient who acquired an identical mTOR mutation 
after relapse while under treatment with everolimus [37] as well as by their 
observation in untreated patients.

Mutations that conferred resistance to ATP-competitive inhibitors of mTOR did 
not alter binding of the drug to mTOR but generated a hyperactive state of the 
kinase that can affect both mTORC1 and mTORC2. On the other hand, some of the 
identified hyper-activating mutations of mTOR are associated with increased sensi-
tivity to rapamycin, suggesting that cancer cells harboring such mutations have an 
mTOR-dependent proliferation pattern. Interestingly, in a case report of a primary 
refractory HL, damaging mutations of the TSC2 gene was considered responsible to 
the increased mTOR pathway activation and, thus, to the impressive clinical 
response observed using everolimus [38].

 Genetic and Functional Heterogeneity

Genetic tumor heterogeneity is a well know concept in cancer biology. Both immu-
nohistochemical staining and genome sequencing have been demonstrated that can-
cer cells displaying a high mTOR activity coexist with cancer cells having low 
mTORC1 activity in the same tumor. This observation has also been extended to 
primary tumor and distant metastases [39]. Moreover, genetic tumor heterogeneity 
has been reported for proteins that belong to signaling pathways upstream to mTOR 
such as PI3K/AKT and Ras/Raf/MEK/MAPK pathways.

Along with genetic alterations, a functional heterogeneity has been described 
for downstream effectors of mTOR like S6 K1 and 4E–BP1. An in vitro study 
on human colorectal cancer demonstrated that phosphorylation of S6 K1 and 
4E–BP1 rarely occurs in the same cancer cell but rather shows mutual exclusiv-
ity [40]. Thus, since rapalogs do not block mTORC1-mediated 4EBP1 phos-
phorylation of cancer cells with a phospho-S6low/phospho-4E-BP1high pattern 
might be intrinsically resistant to rapalogs despite the presence of mTORC1 
activity.

Finally, mTORC activity could be affected by micro-environmental conditions 
like oxygen levels [41] and pH values [42]. In both cases a downregulation of 
mTORC1 activity is registered, thus, cancer cells xhibit an mTORC1-independent 
growth and are therefore resistant to mTORC1 inhibition. Of note, hypoxia not 
necessarily leads to mTORC1 inhibition. For example, tumor cells harboring low 
levels of Ataxia Telangiectasia Mutated (ATM) protein, display a paradoxically 
elevated mTORC1 activity in hypoxic tumor regions. In particular, ATM is the 
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driver of a cascade comprising HIF1𝛼 and REDD1 which inactivates mTORC1 
activity in a TSC1/TSC2 dependent mechanism [43].

 Alternative Proliferation Pathways

There is a complex network of regulatory feedback loops responsible for limiting 
the proliferative signals transmitted by upstream effectors once mTORC1 is acti-
vated. Thus, once mTORC1 is inhibited, these negative feedback loops are stopped 
and alternative proliferation pathways like PI3K/AKT and RAS/RAF/MEK/MAPK 
are free to contrast the anticancer efficacy of rapalogs. This concept has been dem-
onstrated in the preclinical setting, in which some data showed that blocking AKT 
or MAPK potentiated the anticancer efficacy of rapalogs [44].

 Molecular Mechanisms of mTOR Activation in Lymphomas

Aberrant activation of the mTOR pathway is a marker of more aggressive disease 
and poorer prognosis in both Hodgkin (HL) and non-Hodgkin lymphomas (NHLs). 
As already discussed, this condition can be related to mTOR specific biology but it 
is often linked to alterations in key upstream pathway(s) [45–47].

For example, in a subset of MCL, mTOR directly mediates Cyclin D1 downregu-
lation trough glycogen synthase kinase (GSK)-3β [46], while other authors described 
PTEN inactivating phosphorylation as the key mechanism responsible for the PI3K/
Akt/mTOR pathway activation. Moreover, a similar mechanism has been described 
in HL too [48].

Activated B-cell DLBCL (ABC-DLBCL) cell lines activate S6  K1, a down-
stream target of mTOR, independently from Akt either through up-regulation of 
PIM2 or through activation by B cell receptor (BCR) signaling components [47]. 
Conversely, loss of PTEN has been described to correlate with the PI3K/Akt/mTOR 
pathway activation in germinal center B-cell-like DLBCL (GCB-DLBCL). Of note, 
mTOR mutations have been described in DLBCL samples [49]. Instead, phosphory-
lation of Akt is common in T cell lymphoma [50].

 Summary of Clinical Trials

Based on the encouraging preclinical in vitro and in vivo data [51–53] clinical trials 
using rapalogs have been carried out in hematological malignancies and, in 
particular, in lymphoproliferative disorders.
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 Temsirolimus

Temsirolimus has been widely investigated in hematological malignancies alone or 
in combinations. In lymphoma setting, it has been firstly used as single agent in a 
phase II trial at 250 mg/m2 weekly in 34 patients with relapsed MCL. The overall 
response rates (ORR) was 38% with 1 (3%) complete response (CR) and 12 (35%) 
partial response (PR). The median time-to-progression in all patients was 6.5 months 
and the duration of response for the 13 responders was 6.9 months. Hematological 
toxicities were the most common adverse events (AEs) with thrombocytopenia 
occurring in all patients and being the most frequent cause of dose reductions even 
if usually resolving in 1 week. Hyperglycemia, increased triglycerides, mucositis, 
and fatigue were also registered [54]. A lower dose of 25 mg/m2 weekly has been 
evaluated in a subsequent clinical trial with the aim to reduce the previous registered 
events. The ORR was similar (41%) and severe thrombocytopenia was less common 
(100% vs. 39%) [55]. The encouraging results of these phase II trials (RR of around 
40%) pave the way for a large randomized phase III trial [56] in relapsed/refractory 
MCL patients. The higher doses in the temsirolimus arm (175  mg weekly for 
3 weeks followed by 75 mg weekly) were significantly better than the investigator’s 
choice both in ORR (22.2% vs 2%) and progression free survival (PFS), but the 
results were poorer than those reported in the phase II trial. However, data were 
considered consistent enough to obtain the European license for this indication. 
Recently, it has been published another phase III trial in relapsed/refractory MCL 
patients in which the standard of care temsirolimus has been used as a control arm 
compared to ibrutinib [57]. The primary efficacy analysis showed a significant 
improvement in PFS and a safer profile for patients treated with ibrutinib (median 
PFS 14.6  months vs 6.2  months). Moreover, an independent review committee- 
assessed overall response rate (ORR) was significantly higher for ibrutinib (71.9% 
vs 40.4%; p  <  0.0001) with a CR rate of 18.7% vs 1.4%, respectively. Median 
treatment duration was 14.4 months for ibrutinib and 3.0 months for temsirolimus. 
Safety profile was favorable for the ibrutinib arm too. Reported grade 3 or higher 
treatment-related adverse events were lower with 94 (68%) versus 121 (87%) 
patients involved. Moreover, less patients discontinued treatment due AEs in the 
ibrutinib arm (25.5% vs 6.5%). Single agent temsirolimus has also been investigated 
in relapsed/refractory (Rel/Ref) primary CNS Lymphoma (PCNSL). A relatively 
high RR (54%) was observed but PFS (median PFS 2.1 months) was comparable 
with other studies [58]. Of note, treatment-associated mortality was considerable 
(13.5%). The authors interpretation is that frequent administration of steroids before 
response assessment as well as compromised condition of enrolled patients could be 
potential confounding factors for response evaluation and outcome. The most 
common AEs ≥3 grade were hyperglycemia (29.7%), thrombocytopenia (21.6%), 
infection (19%), anemia (10.8%), and rash (8.1%). Interestingly, neither drug nor its 
main metabolites were found in the CSF except in one patient in the 75-mg cohort 
who had 2 ng/ml of temsirolimus.
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Temsirolimus has been combined with different drugs in different settings.
Combination of temsirolimus and bortezomib has been assessed in heavily pre-

treated Multiple Myeloma [59] and B-Cell Non-Hodgkin Lymphoma [60] patients. 
In both studies, the enrolled subjects received i.v. bortezomib (1.6 mg/m2) weekly 
on days 1, 8, 15, and 22 along with i.v. temsirolimus (25 mg) weekly on days 1, 8, 
15, 22, and 29 every 35 days. Fourteen of 43 (33%) MM patients had a PR or better. 
Moreover, the authors noted a difference in bortezomib-responsive versus refrac-
tory patients to previous treatment with bortezomib suggesting that the combination 
might not completely overcome resistance or re-sensitize MM cells that are resistant 
to the proteasome inhibitor. On the other hand, the ORR in the Lymphoma setting 
was 31% (12 of 39 patients; 3 CR and 9 PR) while the median PFS was 4.7 months. 
Although the patients with Diffuse Large B-Cell Lymphoma (DLBCL) had a low 
ORR, 2 heavily pretreated patients achieved a CR after 2 cycles of therapy and both 
maintained remission for 7 months after the completion of protocol therapy. The 
underlying genetic heterogeneity of DLBCL has been suggested by the authors as 
presumably responsible for the wide variation observed in responses. There were no 
unexpected toxicities from the combination. AEs were generally manageable and 
similar with those reported with temsirolimus and bortezomib alone, in both 
studies.

The incorporation of temsirolimus in the doublet rituximab/bendamustine has 
been recently reported in a phase I study of Rel/Ref FL and MCL [61] showing 
promising preliminary activity especially in MCL along with a safety profile. An 
objective response was observed in 14/15 patients (93%), including 5 CR (33%; all 
MCL). Ongoing studies are assessing the temsirolimus combination with Rituximab 
and DHAP in patients with Rel/Ref DLBCL (NCT01653067) [62] and temsirolimus 
plus lenalidomide in relapsed NHLs (NCT01076543).

 Everolimus

Like temsirolimus, the oral drug everolimus has been used as single agent in Rel/
Ref aggressive and indolent NHLs [53, 63–65] as well as HL [66]. Recently, a phase 
II study has been carried out using oral single-agent everolimus in relapsed/
refractory indolent lymphomas, mostly chronic lymphocytic leukemia (CLL) and 
follicular lymphoma (FL) [67]. Eligible patients received oral everolimus 10 mg 
daily on a 28 day-cycle schedule. The ORR in all 55 patients was 35% (19/55) with 
4% (2/55) CRu, and 31% (17/55) PR; 36% (20/55) had stable disease. The median 
time to response was 2.3  months (range, 1.4–14.1) and the median DR was 
11.5 months (95% CI, 5.7–30.4). The ORR was higher in FL (61%) than in CLL/
SLL (19%). The median PFS and OS were 7.2 months and 29.4 months, respectively. 
Everolimus was well-tolerated with modest hematologic toxicity. Of note, two 
patients died of sepsis related to the drug. Thus, the authors concluded by suggesting 
further studies with mTORC1 inhibitors such as everolimus as single agent, and in 
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combination with other agents. The addition of alemtuzumab to everolimus in rel/
ref CLL has been published recently too, but based on their results (33% partial 
responses, no complete responses) no further development of this regimen was 
recommended by the authors [68]. Another phase II trial evaluated the activity and 
safety of everolimus in Rel/Ref marginal zone lymphomas (MZLs) [69]. Thirty 
patients received everolimus for six cycles or until dose-limiting toxicity or 
progression. Twenty-four out of 30 patients were evaluable and a relevant proportion 
experienced side effects, resulting in dose reduction (9 patients) and/or early 
treatment discontinuation (10 patients). ORR was 25% (1 CR and 5 PRs). Moreover, 
one toxic death due to treatment-related pneumonia was recorded. Thus, due to the 
moderate antitumor activity and the observed toxicity, it seems that single agent 
everolimus has limited therapeutical space in this indolent setting. Of note, it has 
also been carried out a phase III trial of everolimus in monotherapy as maintenance 
(PILLAR-2; NCT00790036) providing 1 year of adjuvant everolimus to poor-risk 
(IPI] ≥3) in DLBCL patients who had achieved a CR with R-chemo. No differences 
have been observed in the 2-yr DFS rate (78% vs 77%) even if it seemed that 
everolimus had a trends toward OS and DFS in selected patient subgroups (males 
and IPI 4/5). However, also in this setting the responses were modest, transient and 
in some cases toxicity was relevant [70].

Conversely from what happened in CLL/SLL, the combination of everolimus 
with other drugs seems to be promising. Based on the encouraging results of the 
preclinical data [71] showing that combining panobinostat with the mTOR inhibitor 
everolimus inhibited panobinostat-induced mTOR activation and enhanced 
panobinostat antiproliferative effects in HL cell lines, a combination of these two 
drugs has been carried out in a phase I trial [72]. ORR 43% with CR 15% while the 
dose-limiting toxicity was thrombocytopenia (grade3/4 64%). Similarly, after a 
phase I trial, a phase II study of everolimus in combination with CHOP 
(cyclophosphamide, doxorubicin, vincristine, and prednisone) as a first-line 
treatment for patients with peripheral T-cell lymphoma (PTCL) has been published 
[73]. Five (5) mg everolimus per day from day 1 to 14 every 21 days for a total of 
six cycles has been administered. A difference in the CR rate among subtypes was 
observed and was associated with PTEN loss evaluated by immunohistochemistry. 
Objective response rate was very high (90%; CR (n = 17) and PR (n = 10)).

Another combination has been tested in a phase I/II trial in which everolimus has 
been added to rituximab with or without bortezomib in Rel/Ref Waldenström’s 
Macroglobulinemia (WM) [74]. Forty-six patients have received six cycles of both 
the combinations followed by maintenance with everolimus until progression. 
Thirty-six (78%) of the 46 patients enrolled received full dose therapy (FDT) of the 
three drugs. Promising results that deserve to be assessed in future trials on a larger 
randomized trial has been showed with an ORR of 89% (32/36 patients) with two 
CR (6%) and 19 PR or better response (53%). No dose-limiting toxicities have been 
observed in the phase I of the trial. No unexpected toxicities was recorded. Moreover, 
of note, 98% of registered patients had previously received rituximab, and 57% had 
received bortezomib.
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 Ridaforolimus

Only two clinical trials need to be cited on Ridaforolimus. In the first one drug has 
been investigated in a phase II clinical trial as monotherapy in 55 patients with Rel/
Ref hematological malignancies. Drug was used as 30-min infusion on days 1–5 of 
a 2 weeks cycle. Of note best response was PR and it was observed only in two 
subsets of hematological malignancy, 29% in agnogenic myeloid metaplasia 
(AMM) and 33% in MCL. The most frequent grade 3/4 AEs were similar to those 
observed with other mTOR inhibitors, in particular mouth sores (15%), 
thrombocytopenia (15%), hyponatremia (7%) and hypokalemia (6%) [75]. On the 
other hand, the second one is a phase I study in which ridaforolimus is evaluated in 
combination with vorinostat in patients with advanced solid tumors or lymphoma 
(NCT01169532).

 Second Generation mTOR Inhibitors

AZD8055 is a first-in-class dual mTORC1/mTORC2 inhibitor. In preclinical mod-
els it was shown to prevent the mTORC2-mediated AKT activation observed with 
rapalogs [76]. In a phase I study of 49 patients with advanced solid tumors or 
lymphomas (NCT00731263) [77]. MTD was 90 mg BID. The most frequent AEs 
were elevated transaminases (22%) and fatigue (16%). Interestingly, metabolic AEs 
like hypercholesterolemia nor hypertriglyceridemia were not registered as observed 
with other mTORC1/mTORC2 inhibitors [78, 79]. The best response was SD in 7 
patients for ⩾4 months.

The results of Part A of a phase I/II study on the dual mTORC1/mTORC2 kinase 
inhibitor CC-223 in 28 pretreated patients with advanced solid tumors or MM has 
been recently published [78]. The MTD was 45 mg/d, although 11.1% of patients at 
the MTD required dose reductions and 55.6% required interruptions. Hyperglycemia 
was the most common grade 3 AE (18%). Substantial pS6 K1 (>70%), p4E–BP1 
(>40%), and pAKT (>50%) inhibition was observed at ≥30 mg CC-223, although 
pS6  K1 and pAKT inhibition was more complete than p4E–BP1 inhibition. 
Additionally, preliminary evidence of inhibition of pS6 K1, p4E–BP1, pAKT, and 
proliferation marker Ki-67 was observed in paired tumor biopsies in 2 patients. The 
authors reported one PR (3.6%) lasting 220 days in 1 patient with breast cancer and 
8 patients (29%) with SD (>100 days in 5 patients), including 2 patients with tumors 
exhibiting molecular abnormalities associated with mTORC pathway activation. 
Part B focused on dose expansion into parallel cohorts of selected tumor types 
(MM, DLBCL, and selected solid tumors) is ongoing (NCT01177397).

TAK-228, another dual mTORC1/mTORC2 kinase inhibitor, has been tested in 
a phase I study including 39 patients with MM (31), NHL (4), and WM (4) [79]. 
Drug has been administered once daily (QD) at 2, 4, 6, or 7 mg, or QD for 3 days 
on and 4 days off each week (QDx3d QW) at 9 or 12 mg, in 28-day cycles. Cycle 1 
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DLTs occurred in 5 QD patients (stomatitis, urticaria, blood creatinine elevation, 
fatigue, and nausea and vomiting) and 4 QDx3d QW patients (erythematous rash, 
fatigue, asthenia, mucosal inflammation, and thrombocytopenia). The MTDs were 
determined to be 4 mg QD and 9 mg QDx3d QW. Thirty-six patients (92%) reported 
at least one drug-related toxicity; the most common grade ≥3 drug-related toxicities 
were thrombocytopenia (15%), fatigue (10%), and neutropenia (5%). Of the 33 
response-evaluable patients, one MM patient had a minimal response, one WM 
patient achieved PR, one WM patient had a minor response, and 18 patients (14 
MM, 2 NHL, and 2 WM) had SD. Authors concluded saying that further studies 
including combination strategies need to be carried out.

Preliminary data on BEZ235, a dual PI3-Kinase/mTOR inhibitor in adult patients 
with RR acute leukemia showing a single-agent anti-leukemic efficacy most 
pronounced in ALL, with an overall response rate of 30% and a sustained molecular 
remission in one patient. Since results of PK analysis and assessment of PD markers 
associated with PI3K signaling did not correlate with response the authors concluded 
that a more comprehensive genomic analysis may help to identify a subset of 
patients likely to benefit from treatment with dual PI3K-mTOR inhibitors 
(NCT01756118) [80].

CC-115, a novel inhibitor of mTOR kinase and DNA-PK, was evaluated in pri-
mary CLL cells in vitro and in seven Rel/Ref CLL patients and one SLL patient 
harboring ATM deletions/mutations enrolled in a larger phase I clinical trial, 
including 110 additional patients with solid tumors (NCT01353625) [81]. All but 
one patient had a decrease in lymphadenopathy, resulting in one iwCLL partial 
response (PR) and three PRs with lymphocytosis. Moreover, the encouraging 
preclinical data on the ability of CC-115 to revert CD40-mediated resistance to 
chemotherapy or venetoclax as well as to overcome Idelalisib resistance makes this 
compound attractive for further combination studies in the clinical setting.

 Summary

The PI3K/AKT/mTOR signaling pathway plays a central role in cell growth prolif-
eration and survival controlling different processes in protein synthesis and angio-
genesis. Deregulation of this pathway is commonly found in several types of tumors.

Currently, two mTOR inhibitors, everolimus and temsirolimus, are approved by 
the European Medicines Agency (EMA) and the US Food and Drug Administration 
to treat cancer patients in clinical practice.

Unluckily the promising results obtained in the preclinical settings using rapa-
logs did not translate into the expected benefits in clinical trials because response to 
mTOR inhibitors is not durable and patients ultimately progress because of various 
mechanisms of resistance. The so-called “second generation mTOR inhibitors” are 
small molecules developed with the aim to overcome rapalogs weaknesses. However 
clinical trials results do not seems to differ a lot from those obtained with rapalogs.
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Common and serious mTOR inhibitors related side effects include non-infec-
tious pneumonitis, metabolic disorders, hematological and mucosal toxicities. They 
require specific management in order to balance risk and benefit related to the 
specific treatment.

Looking forward correlative or translational sub-studies are needed to clearly 
and quickly identify biomarkers of response and emerging drug resistance in order 
to maximize the benefit linked to mTOR inhibitors treatment. Moreover, future 
approaches may consider combinational strategies as a way to overcome such 
resistance and therefore improve efficacy of mTOR targeting agents in the clinical 
context.
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Abstract Substantive advances in our understanding of the pathogenesis of 
different types of lymphoma have arisen with the advent of methodologies to inter-
rogate the genome, epigenome, and transcriptome of tumor cells. Amongst the most 
frequently perturbed intracellular signaling pathways identified in lymphoma is the 
JAK/STAT pathway, which has also been implicated in the pathogenesis of other 
blood cancers. Acquired mutations may affect this pathway by activating members 
of the JAK and STAT families directly, by inactivating those proteins whose normal 
function is to deactivate the JAKs, or by establishing autocrine signaling loops that 
drive JAK-mediated proliferation. The utilization of inhibitors of JAK/STAT activa-
tion may therefore benefit those individuals with lymphoma that are not served 
adequately by conventional therapies. Two JAK inhibitors, tofacitinib and ruxoli-
tinib, are approved for use in humans currently, whilst others are under evaluation 
in clinical trials, and more efficacious drugs are being developed. The nature and 
therapeutic potential of these compounds in the treatment of patients with lym-
phoma are discussed.

Keywords JAK/STAT pathway · Lymphoma · Resistance · Ruxolitinib · JAK 
inhibitors

 The JAK/STAT Intracellular Signaling Pathway

The Janus kinase (JAK) family of cytoplasmic tyrosine kinases in vertebrates con-
sists of four closely related members: JAK1, JAK2, JAK3 and tyrosine kinase 2 
(TYK2). Each JAK protein contains distinct domains: namely, the band 4.1, ezrin, 
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radixin and moesin (FERM), src-homology-2 (SH2), JAK-homology-1 (JH1) and 
JAK-homology-2 (JH2) domains. The FERM and SH2 domains mediate the inter-
actions between the JAK protein and its cytokine receptor subunit, or with positive 
or negative regulators of JAK kinase activity, respectively. The JH1 and JH2 domains 
have significant homology to various tyrosine kinases; however, the latter lack sev-
eral features considered important for a functional kinase and, accordingly, are 
referred to as the “pseudokinase” domains. This pseudokinase domain instead sup-
presses the basal kinase activity associated with its JH1 or “kinase” domain [1, 2]. 
Each JAK protein is constitutively associated with a cytokine receptor that itself 
lacks an intrinsic tyrosine kinase activity. Within the hematopoietic system, these 
include the receptors for granulocyte colony-stimulating factor, erythropoietin, 
thrombopoietin, thymic stromal lymphopoietin, the type-1 (α, β) and type-2 (γ) 
interferons (IFNs), and numerous interleukins (ILs). Each of these receptors utilizes 
different JAK combinations for intracellular signal transduction: the erythropoietin 
receptor utilizes JAK2 exclusively, whereas the IL2, IL4, IL7, IL9 and IL15 recep-
tors activate JAK1 through their ligand-specific α chain and JAK3 via their common 
γ chain (Fig. 1a). Additional signaling diversity is provided by the differential use of 
activated STATs by receptor/JAK combinations; for example, whereas the IL2 and 
IL4 receptors both signal via a JAK1 and JAK3 pairing, IL2R activation induces 
homodimerization of STAT3 and STAT5, and IL4R activation induces homodimer-
ization of STAT6.

In a cytokine-free environment, the JAK proteins are constitutively bound to 
their cytokine receptor scaffolds (Fig.  1a). Receptor engagement by its cognate 
ligand induces structural changes within the receptor [3], which in turn repositions 
the kinase and pseudokinase domains such that the two kinase domains within a 
JAK pairing are in close proximity, enabling auto-phosphorylation. The JAK kinase 
domains then phosphorylate tyrosine residues in the cytoplasmic domain of their 
affiliated cytokine receptors, which serve as docking sites for members of the 
signal-transducer-and-activator-of-transcription (STAT) transcription factor family. 
The recruited STAT monomers are activated by JAK-mediated phosphorylation, 
dimerize and translocate into the nucleus, where they enhance transcription at 
specific loci (Fig. 1b). In addition, JAK activation may induce the activation of other 
signaling pathways, such as the PI-3-kinase/AKT and MAP-kinase/ERK pathways.

Once the JAKs have been activated, they must be deactivated to prevent sus-
tained STAT activation. Physiological inhibitors of JAK signaling often contain 
an SH2 domain that facilitates binding to JAK phospho-tyrosine residues, and 
induce either dephosphorylation or proteosomal degradation. Amongst the SH2-
containing JAK inhibitors are members of the suppressors-of-cytokine-signaling 
(SOCS) family, the PTPN6 and PTPN11 protein tyrosine phosphatases (also 
known as SHP1 and SHP2, respectively), and SH2B3, a signaling adaptor protein. 
PTPN6, PTPN11 and SH2B3 all dephosphorylate the JAKs, albeit with different 
substrate preferences; PTPN6 associates with JAK1, JAK2 and TYK2, whereas 
PTPN11 associates with JAK1 and JAK2. SH2B3 directly interacts with JAK2, 
with its SH2 domain binding specifically to phospho-Y718. The SH2 domain of 
SOCS proteins, in contrast, binds to the catalytic centre of phosphorylated JAK 
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proteins, facilitating the recruitment of Rbx1, Cullin5, elongin-B and elongin-C 
to the “SOCS box” domain, thereby forming an E3 ligase complex that ubiquiti-
nylates the JAK and SOCS polypeptides, marking them for degradation. As the 
SOCS proteins are downstream targets of the activated STATs, they form part of 
a classical negative feedback loop to limit the duration of cytokine-mediated sig-
naling events (Fig. 1b). Phosphatases lacking an SH2 domain can also deactivate 
JAKs: PTPRC (known as CD45) dephosphorylates all four family members, 
whereas activated JAK2 or TYK2 are dephosphorylated by PTPN1, and activated 
JAK1 or JAK3 are dephosphorylated by PTPN2.

In addition to the canonical JAK/STAT activation, receptor engagement may 
cause the translocation of JAK proteins into the nucleus. Nuclear JAK2 is detectable 

Fig. 1 Canonical JAK/STAT signaling induced by exposure to IL2. (a) In the absence of cytokine 
(here, IL2), JAK1 and JAK3 are tethered to their respective cytokine receptor scaffolds, IL2RB and 
IL2RG. (b) Engagement of the IL2 receptor by IL2 (depicted as a black diamond) induces 
structural changes within that receptor, which in turn reposition the kinase and pseudokinase 
domains such that the two kinase domains within a pairing are in close proximity, enabling 
phosphorylation in trans. Once auto-phosphorylated, the JAK1 and JAK3 kinase domains 
phosphorylates tyrosine residues in the cytoplasmic domain of the affiliated receptor chain, and 
these serve as docking sites for STAT transcription factors present in the cytoplasm. Recruited 
STAT5B monomers are activated by JAK-mediated phosphorylation, then dimerize and translocate 
into the nucleus, where they enhance transcription at specific loci. One STAT target gene encodes 
SOCS3; the SOCS proteins inhibit activated JAKs by binding to their catalytic centre. This 
facilitates the formation an E3 ligase complex that ubiquitinylates and marks for degradation both 
the JAK and the SOCS polypeptides
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in mammalian hematopoietic cell-lines and primary CD34+ progenitors [4, 5], 
where it phosphorylates histone H3 on Y41 (H3Y41), thereby excluding the 
 chromo- shadow domain of the HP1α heterochromatin protein from binding to this 
residue. HP1α displacement leads to alterations in the chromatin structure that sur-
rounds transcriptionally inactive genes [5, 6], including functionally important 
genes such as TAL1 and GATA2 [7]. Nuclear JAK2 can also interact with PMRT5, 
an arginine methyltransferase that mediates the di-methylation of arginine residues 
in the H2A, H3 and H4 histone proteins [8, 9]. JAK2-mediated phosphorylation of 
PMRT5 reduces its methyltransferase activity, altering the pattern of histone modi-
fication (9). JAK2 also phosphorylates EZH2 [10], a methyltransferase that is the 
catalytic subunit of the polycomb repressive complex 2 (PRC2). Non-phosphorylated 
EZH2 inhibits gene transcription by methylating histone H3 on K27 [11, 12]; phos-
phorylation targets EZH2 for degradation, thereby alleviating this transcriptional 
repression.

 Deregulated JAK/STAT Signaling in Lymphomagenesis

Advances in gene expression profiling a decade ago has implicated several well- 
characterized intracellular pathways in the biology of one or more types of lym-
phoma; these include the NF-κB and JAK/STAT signaling pathways. For example, 
the molecular signatures associated with primary mediastinal B-cell lymphoma 
(PMBCL) and Hodgkin lymphoma (HL) include over-expression of the IL13 recep-
tor, as well as JAK2 and STAT1 themselves [13, 14]. Use of next- generation 
sequencing technologies to interrogate the genomes of various types of lymphoma 
has more recently provided meaningful insights into their molecular etiology. Some 
of the mutations found to be associated with lymphoma development directly target 
genes that encode constituents of the JAK/STAT pathway, as summarized in Table 1, 
by activating positive regulators of this pathway or inactivating negative regulators. 
In several disorders, these mutations are not mutually exclusive and a subset of 
patients may have two, three or even four mutations that individually activate JAK/
STAT signaling. Yet other mutations alter intracellular signaling events or gene 
expression patterns that directly impact upon the activation status of JAK and STAT 
proteins. These mutations, and their in vitro or in vivo consequences, are outlined in 
further details in the following sections.

 Mutations that Alter JAK2 Copy Number but Not Its Coding 
Sequence

PMBCL and HL have a common set of pathogenetic mutations, the most well- 
characterized of which is a focal amplification of chromosome 9p24, which occurs 
in 55% of patients with PMBCL, 35% of those with HL [18–21, 44, 45], and 50% 
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Table 1 Gene mutations that activate JAK/STAT signaling in lymphoma cells

Gene Lymphoma subtype Frequency (%) References

Activating mutations
JAK1 EATL, type-I 50 [15]

EATL, type-II 12 [15]
CTCL 9 [16]
ALK mutation –ve ALCL 15 [17]

JAK2 PMBCL 55 [18, 19]
GZL 50 [20]
HL 35 [21, 19]
T-LBL 12 [22]

JAK3 EATL, type-II 33–46 [15, 23]
NKTCL 32 [24, 25]
ATLL 11 [26]
CTCL 9 [16]
- MF
- Sezary syndrome

10–20 [27–29]
3 [30]

STAT3 EATL, type-I 25 [15]
Cutaneous ALCL 8–20 [17, 31]
GD-TCL 8 [32]
NKTCL 6–11 [32, 33]
DLBCL 3–11 [31]
ALK- ALCL 10 [17]
Mature TCL 4 [31]

STAT5B EATL, type-II 36–63 [15, 23, 32]
GD-TCL 32 [32]
NKTCL 2–6 [32, 33]

STAT6 PMBCL 36 [34]
Germinal center B-cell DLBCL 36 [35]
FL 11 [36]

Inactivating mutations
PTPN1 PMBCL 22 [37]

cHL 20 [37]
PTPN2 PTCL 5 [38]

HL 2 [38]
PTPN6 DLBCL 5 [39]
SH2B3 EATL, type-II 20 [15]
SOCS1 cHL 42–61 [40, 41]

PMBCL 42 [40]
NLPHL 50 [42]
FL 25 [42]
DLBCL 15–25 [42, 43]
BL 7 [42]
MCL 6 [42]
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of those with gray zone lymphoma (GZL), an entity with features of both PMBCL 
and HL but which cannot readily be assigned to either classification. The common 
amplified region spans 3.5  Mb and twenty-one genes, ten of which are over- 
expressed in affected lymphoid cells [46]. Functional genetic screens showed that 
three genes (RANBP6, JMJDC2, JAK2) were required for the survival or prolifera-
tion of cells carrying this amplicon [46]; short hairpin RNA (shRNA)-mediated 
knockdown of JAK2 induced apoptosis, whereas proliferation was inhibited after 
knockdown of RANBP6 or JMJDC2. A series of elegant experiments suggests that 
cell viability is maintained by an autocrine signaling loop in which the expression 
of JAK2 is induced by IL13 and augmented by the 9p24 amplicon, resulting in 
phosphorylated STAT6  in the nucleus [46]. This binds to and increases the 
transcription of multiple genes, including IL13. The resultant IL13 is secreted, 
where it binds to IL13 receptor α (IL13RA) subunits on the lymphoma cell’s surface, 
further enhancing intracellular JAK2 and STAT6 activation.

Given the role that JAK2 can play in epigenomic modification, Rui and col-
leagues evaluated the possibility that it synergizes with JMJDC2, a dioxygenase that 
catalyzes the demethylation of histone H3 K9 to relax regions of the epigenome that 
have a condensed chromatin structure [47]. JMJDC2 knockdown sensitized 
amplicon-positive cells to JAK2 pharmacological inhibition, confirming that these 
proteins co-operate to ensure the survival and expansion of lymphoma cells. Dual 
inhibition also increased the number of nuclear foci containing high levels of HP1α, 
indicating that JMJDC2 and JAK2 co-operatively suppress heterochromatin 
formation. Both factors modify histone H3, with JMDJDC2 demethylating tri- 
methylated K9 and K36, and JAK2 phosphorylating residue Y41. HP1α binds to 
these three residues and their epigenetic modification inhibits binding. Genome- 
wide analysis of the distribution of phosphorylated H3Y41  in amplicon-positive 
lymphoma cells showed that JAK2 and JMJDC2 alter transcription from numerous 
loci, including those encoding MYC, IL4RA, JAK2 and JMJDC2 [46]. Increased 
JAK2, IL4RA and JMJDC2 synthesis therefore sets up positive feedback loops that 
enhance IL13/JAK/STAT-mediated signaling.

 Mutations that Directly Alter the JAK Family Members

Acquired activating mutations in TYK2 have not been observed in patients with 
lymphoma to date, although mutations targeting JAK1, JAK2 and JAK3 have been 
detected in a proportion of cases (Table 1).

Lymphoma-associated JAK1 mutations were first described in 4 of 46 patients 
with cutaneous T-cell lymphoma (CTCL), and subsequently noted in patients with 
ALK mutation-negative anaplastic large cell lymphoma (ALCL) or type-I or type-II 
enteropathy-associated T-cell lymphoma (EATL) [15–17, 48]. The JAK1 mutations 
associated with CTCL and EATL, type-I have not been characterized in vitro, so 
their effects on JAK/STAT signaling remain unclear. However, they all map to the 
pseudokinase domain, with most affected residues in close proximity to each other 
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(Y652H/N, Y654F, R659C). As the JAK1V658F mutation is activating and occurs 
at the analogous position to the JAK2V617F mutation [49], lymphoma-associated 
JAK1 substitutions may behave similarly. In contrast, all of the ALCL-associated 
mutations map to the JAK1 kinase domain: most affect residue G1097, although 
one case had a L910P mutation. G1097 substitutions were also present in 4 of 4 
JAK1-mutated patients with type-II EATL [15]. When expressed in human 293-T 
cells, these variants induced levels of phospho-JAK1 and -STAT3 [17]. Strikingly, 
half of the ALCL patients with an acquired JAK1 mutation also carried an acquired 
STAT3 mutation (as described below); co-expression of the JAK1 and STAT3 
mutants resulted in increased colony numbers in an in vitro colony assay, suggesting 
that these mutations may synergize in vivo.

Somatic JAK2 mutations occur frequently in some types of blood cancer, in par-
ticular the myeloproliferative neoplasms (MPNs) [50–54], and Down syndrome- 
associated and high-risk sporadic acute lymphoblastic leukemia (ALL) [55, 56]. In 
contrast, they occur rarely in cases of lymphoma [57–59], with a proportion of 
affected patients carrying chromosomal rearrangements of chromosome 9p. About 
1% of patients with classical HL (cHL) carry a reciprocal t(4;9) translocation that 
generates a fusion protein consisting of the distal half of JAK2, and the proximal 
part of SEC31A, a protein implicated in vesicular transport [60]. Expression of this 
fusion protein produces cytokine-independent proliferation in  vitro, and an 
aggressive T-cell lymphoblastic lymphoma (T-LBL) in  vivo [60]. A TEL/JAK2 
protein chimera arising from a t(4;12) translocation has also been reported in an 
adult patient with T-LBL [22]. Two of eight cases of pediatric T-LBL instead had 
acquired substitutions in the JAK2 pseudokinase domain: H574R and R683G, 
which is one of the JAK2 mutants present in ALL associated with Down syndrome 
[22]. Expression of each of the three T-LBL JAK2 mutants in  vitro resulted in 
elevated levels of phospho-STAT5, and increased transcription of the LMO2 gene, a 
known target of JAK/STAT activation.

Acquired mutations in the JAK3 pseudokinase (A572V and A573V) have been 
identified in 32% of patients with natural killer/T-cell lymphoma [24, 25]; these 
variants may also be present in cases of with mycosis fungoides, or Sezary syndrome, 
a leukemic variant of CTCL [16, 27–30]. Other CTCL patients have mutations 
elsewhere in this domain (M511I, K561I, V678 L and P745L). A sizeable proportion 
of patients with type-II EATL also have a JAK3A573V mutation; other patients may 
have a V674A, V674F or M511I mutation, or an occasional other variant (Q507P, 
R657W, P676R and V678 L) in the pseudokinase domain can occur [15, 23]. JAK3 
mutations have not been reported in type-I EATL, but this may be due to the small 
number of cases assessed thus far. The A572V substitution provides an in vitro 
gain- of- function: BaF3 murine pro-B cells no longer require IL3 for proliferation, 
and contain increased levels of phospho-JAK3 and -STAT5 [25, 61]. JAK3A572V 
expression in primary bone marrow cells generates a fatal lymphoproliferative 
disorder when transplanted into mice [29].

In addition, FERM domain mutations affecting JAK3 residues L156, R172 or 
E183 have been detected in four of 36 patients with adult T-cell leukemia/lymphoma 
(ATLL) [26]. When expressed in vitro, these variants enabled cytokine-independent 
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cell growth, with increased levels of phosphorylated JAK3 and STAT5, demonstrating 
that they are true gain-of-function mutations. The mechanism by which these 
variants activate the JAK/STAT pathway is unclear, but might be due to decreased 
JAK3 turnover, as they were apparently more stable in BaF3 cells than their wild- type 
counterpart [26].

 Mutations that Target the STAT Family Members

Although mutations targeting the STAT proteins rarely occur in hematologic malig-
nancies, studies have identified lymphoma patients with an acquired STAT3 muta-
tion, including those with type-I EATL, ALK mutation-negative cutaneous ALCL, 
natural killer/T-cell lymphoma (NKTCL), DLBCL and γδ T-cell lymphoma 
(GD-TCL) [15, 17, 31–33, 62, 63]. Variants detected in these lymphomas (including 
Y640F, N647I, D661Y, A662V and A702T) are the same as those identified in 
patients with large granular lymphocytic leukemia [64], and predominantly localize 
to the SH2 domain of STAT3, although an activating mutation in the coiled-coil 
domain has been described [65]. In primary lymphoma samples, the presence of a 
STAT3 mutation was associated with elevated levels of nuclear STAT3 [17]. Several 
lines of evidence together suggest these are activating mutations: their expression 
increased STAT3 phosphorylation, nuclear translocation and transcriptional activity 
in vitro [32, 64, 65], and cell-lines derived from NKTCL and GD-TCL samples that 
were positive for a STAT3 mutation had impaired proliferation following shRNA- 
mediated STAT3 knockdown [32]. Mice transplanted with bone marrow cells 
expressing the STAT3Y640F mutant developed blood abnormalities, although the 
phenotype was not lymphoproliferative but rather included transient 
hyperleukocytosis, anemia, and a progressive increase in platelet counts [31].

STAT5B mutations have been detected at high frequency in patients with type-I 
EATL and GD-TCL, and at a lower frequency in those with NKTCL [15, 23, 32, 
33]. Residues N642 (within the SH2 domain) and V712 (transactivation domain) 
are mutation hotspots, although T628S, Q636P, Y665F, and Q706L substitutions 
can also occur. In primary type-I EATL samples, the presence of a STAT5 mutation 
was associated with elevated levels of nuclear STAT5 [23], and expression of the 
N642H or V712E variants in HeLa cells resulted in increases in STAT5 
phosphorylation and transcriptional activity [15]. Ectopic expression of mutant 
STAT5B, but not wildtype STAT5B, also promoted robust proliferation of primary 
NK cells in vitro [32], with corresponding increased transcription of several STAT5B 
target genes (encoding BCL2, BCL-xL, HIF2α and IL2Rα).

Recurrent STAT6 mutations have been identified in 36% of patients with PMBCL, 
and 10% of cases of FL [34, 36, 66]. Each mutation caused a substitution within the 
STAT6 DNA binding domain, primarily affecting N417 or D419. In vitro studies 
have confirmed that the mutant STAT6 proteins were constitutively activate, with 
their expression resulting in the transactivation of a STAT6 reporter construct in the 
absence of exogenous IL4 [36], although the presence of a mutation was not 
sufficient to cause STAT6 phosphorylation, but instead resulted in an accumulation 
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of non-phosphorylated STAT6 in the nucleus. This, in turn, resulted in the increased 
transcription from loci known to be a direct STAT6 target (CISH, CCL17 and 
FCER2) in primary cells sampled from patients with FL.

 Mutations that Inactivate Negative Regulators of the JAK/STAT 
Signaling

In lymphoma patients, SOCS mutations are restricted to occurring in SOCS1, where 
they primarily occur as mono-allelic mutations in those with HL, PMBCL or 
nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL) [40, 42, 67]. They 
are also present in a quarter of cases of follicular lymphoma (FL) or diffuse large 
B-cell lymphoma (DLBCL), and at lower frequencies in Burkitt lymphoma (BL), 
mantle cell lymphoma (MCL), or plasmacytoma [42]. About half of the SOCS1 
mutations result in protein truncation by causing a frame-shift that adds a variable 
number of additional (nonsense) amino acids. In other instances, mutations do not 
perturb the reading frame, but instead result in an interstitial deletion. These can 
occur throughout the protein but are concentrated around the SH2 domain and 
SOCS box, and are predicted to inactivating by interfering with the ability of SOCS1 
to bind to phosphorylated JAKs or form a functional E3 ligase complex. Accordingly, 
cells with a SOCS1 mutation levels would be predicted to have higher levels of 
activated JAKs than those expressing wildtype SOCS1. Indeed, JAK2 turnover is 
impaired in the MedB-1 cell-line, which was derived from a patient with PMBCL 
and carries two mutated SOCS1 alleles [68]; expression of wild-type SOCS1 within 
these cells reduced their rate of proliferation, with a concomitant decrease in the 
level of phosphorylated JAK2 and STAT5. immunohistochemical analysis of bone 
marrow samples from patients with cHL and a SOCS1 mutation furthermore showed 
high levels of phospho-STAT5 [40]; elevated levels of phospho-STAT6 are 
associated with a SOCS1 mutation in patients with NLPHL [42].

PTPN1 or PTPN2 mutations result in the sustained activation of their associated 
JAK proteins. Mutations that affect PTPN1 have been detected in approximately 
20% of PMBCL and cHL samples [37]; these include missense, nonsense and 
frame-shift mutations, as well as single-residue deletions. In numerous cases, 
co-existing PTPN1 and SOCS1 mutations were detectable. The in vitro analysis of 
PTPN1 mutants revealed that they all had reduced phosphatase activity compared to 
wild-type PTPN1 [37], with the level of impairment dependent on the mutation 
present: the Q9 and R156 frame-shift mutants had less than 10% wild-type PTPN1 
activity, whereas the V182D and M282 L substitutions respectively had 30% and 
80% activity. As a consequence of reduced phosphatase activity, phospho-STAT6 
levels induced by IL4 remain elevated. Similarly, increased levels of phosphorylated 
JAK1, JAK2, STAT3, STAT5 and STAT6 were observed in HL cells in which 
PTPN1 levels were lowered by shRNA-mediated knockdown. Immunohistochemical 
assessment of tissues from patients with cHL or PMBCL revealed that PTPN1 
protein levels were reduced in mutation-positive cases. Bi-allelic mutations in 
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PTPN2 can also occasionally occur in patients with HL or T-cell non-Hodgkin 
lymphoma (NHL) [38]. In almost all cases, an entire PTPN2 allele was deleted, 
with the other allele carrying nonsense mutations that resulted either in protein 
truncation, or substitutions that were predicted to disrupt an α-helix within the 
protein tyrosine phosphatase domain. Expression of wildtype or mutant PTPN2 in 
BaF3 cells showed that mutant PTPN2 is expressed at substantially lower levels 
than its wild-type counterpart in vitro [38]. Mutant PTPN2 expression was associated 
with increased levels of phospho-JAK1, and concomitant increases in the levels of 
phospho-STAT1 and -STAT3, but not -STAT6.

Abnormalities of PTPN11 activity have not been implicated in the pathogenesis 
of lymphoma. However, the PTPN6 gene is frequently hypermethylated in cases of 
follicular lymphoma (FL), MCL and DLBCL [69, 70], causing constitutive STAT3 
phosphorylation, and PTPN6 point mutations have been described in 2 of 38 
DLBCL patients [39]. These caused substitutions at residues 225 (N225 K) and 550 
(A550V), neither of which map to the SH2 domains of PTPN6. Nevertheless, 
in vitro characterization showed that each mutant activates JAK/STAT signaling, 
with elevated levels of phosphorylated JAK3 but not JAK1, JAK2 or TYK2, and 
elevated levels of phosphorylated STAT3 but not STAT1, STAT5 or STAT6. 
Compared to cells expressing wildtype PTPN6, cells that express mutant PTPN6 
had elevated levels of Mcl-1 and survivin, suggesting that acquired PTPN6 mutations 
may confer a proliferative or survival advantage to lymphoid cells in vivo.

SH2B3 frame-shift mutations were recently identified in 3 of 15 patients with 
type-II EATL [15]. These are predicted to impair SH2B3 function, although this 
was not formally tested. Further studies are therefore required to determine the 
functional relevance of SH2B3 mutations in lymphomagenesis.

 Mutations that Indirectly Activate the JAK/STAT Signaling

Lymphoma-associated mutations that target constituents of signaling networks 
other than the JAK/STAT pathway may nonetheless activate this pathway. An 
example of this phenomenon is provided by lymphoma cases in which mutations 
affect MYD88, an adaptor protein that activates the NF-κβ pathway following 
stimulation of the receptors for IL1 or IL8, or the toll-like receptors (TLR) (Fig. 2). 
MYD88 mutations occur in 10% of patients with gastric mucosa-associated 
lymphoid tissue (MALT) lymphoma, 40% of patients with the activated B-cell 
(ABC) DLBCL, and in 90% of patients with Waldenstrom’s macroglobulinemia, a 
lymphoplasmacytic lymphoma [71]. In vitro studies show that, in the absence of 
receptor-mediated signaling, mutated MYD88 associates with the IRAK1 and 
IRAK4 kinases, causing IRAK1 phosphorylation by IRAK4 [72]. This then initiates 
a phosphorylation cascade that results in the proteosomal degradation of IκΒ, which 
enables NF-κΒ to translocate into the nucleus and enhances transcription from 
specific loci. Amongst the genes induced in this manner are those encoding IL6 and 
IL10 [72], the autocrine secretion of which activates JAK- and STAT3-mediated 
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Fig. 2 Mutation of MYD88 induces autocrine signaling mediated by IL6 and IL10. In healthy 
cells, a complex consisting of MYD88, IRAK1 and IRAK4 is assembled only after MYD88 
interacts with a ligand-activated TLR, or the IL1 or IL8 receptors. Mutated MYD88 (depicted by 
cloud shape) causes spontaneous formation of this complex. The close proximity of IRAK4 to 
IRAK1  in either circumstance enables phosphorylation of IRAK1, which initiates a signaling 
cascade involving the phosphorylation of TAK1, the IKK α and β chains, and IκΒ. Phosphorylation 
results in the ubiquitinylation and proteosomal degradation of IκΒ, which maintains the NF-κΒ 
transcription factor in the cytoplasm. MYD88 mutation therefore permits the nuclear translocation 
of NF-κΒ, which binds to, and enhances the transcription from, specific target genes. Amongst the 
loci affected are those encoding IL6 and IL10, setting up an autocrine-signaling loop that includes 
their cognate receptors. Signaling through either results in JAK-mediated phosphorylation and 
re-location of STAT3 to the nucleus, where it enhances transcription of the IL6 and IL10 genes, and 
of other functionally important genes
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signaling in patients with ABC-DLBCL [73]. Therefore, the presence of a MYD88 
mutation establishes a feed-forward signaling loop in which nuclear NF-κΒ drives 
the synthesis of IL6 and IL10, which are secreted into the microenvironment 
(Fig. 2). These then engage their cognate receptors expressed upon the lymphoma 
cell surface, inducing intracellular activation of JAK1, JAK2 and STAT3. Nuclear 
phospho-STAT3 then synergizes with NF-κβ to enhance IL6 and IL10 synthesis. 
This signaling loop could be disrupted, however, by exposure to OTX015, a BET 
bromodomain inhibitor under evaluation for the treatment of DLBCL 
(NCT01713582). Exposure inhibited lymphoma cell proliferation in vitro by 
inducing cell cycle arrest and apoptosis [74]. OTX015 also caused the down- 
regulation of genes involved in NF-κβ, TLR, and JAK/STAT signaling by displacing 
the bromodomain-containing protein, BRD4, from the regulatory regions of the 
MYD88 gene, and reducing the levels of MYD88 protein expressed. In xenograft 
models of DLBCL, OTX015 treatment for 25 days results in a 60% reduction in 
tumor volume [74].

JAK/STAT activation also occurs as a consequence of acquired mutations in 
KMT2D [75], a histone lysine methyltransferase known as MLL2 or MLL4. 
KMT2D mutations occur in 41–89% of patients with FL, in 34% of those with 
nodal marginal zone lymphoma (NMZL), and in 32–39% of those with DLBCL 
[62, 75–77]. The nature of these mutations suggested that they were inactivating, 
which is supported by the observation that KMT2D loss in mice promotes the 
development of lymphoma [75]. Pathway analysis of the transcriptome associated 
with a KMT2D mutation revealed significant down-regulation of JAK-dependents 
targets, and of IL6- and IL10-induced genes, including SOCS3 [75]. In KMT2D- 
wildtype OCI-LY7 lymphoma cells, shRNA-mediated KMT2D knockdown resulted 
in reduced transcription and translation of SOCS3, with a commensurate increase in 
phospho-STAT3 levels and an augmented response to IL21 exposure. The reduced 
transcription of SOCS3 observed was a likely consequence of the loss of mono- and 
di-methylated histone H3 marks (H3K4me1 and H3K4me2) surrounding the SOCS3 
enhancer in KMT2D-deficient lymphomas.

 Targeting JAK/STAT Deregulation in Lymphoma Cells

As inappropriate JAK- and STAT-mediated signaling is observed in the malignant 
cells of a significant number of patients diagnosed with lymphoma, the JAK/STAT 
pathway should be a focus for the development of novel therapies for individuals 
that are currently not served adequately by existing treatment regimens. These drugs 
may also have the potential to benefit others by limiting the toxicities associated 
with traditional chemotherapies. Whilst new approaches to inhibiting the activation 
of STAT family members are being explored in the laboratory, there are only a few 
investigational drugs that appear to have any clinical utility. In contrast, multiple 
JAK inhibitors have been evaluated in a clinical setting, with two having received 
US Federal Drug Administration (FDA) approval.
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 Pharmacologic Inhibitors of STAT Activation

The inhibition of STAT activity by pharmacologic drugs has proven to be challeng-
ing, with many people considering STATs and other transcription factors to be 
“undruggable” targets. Accordingly, there is little data published on the efficacy of 
STAT inhibitors in lymphoma patients, although one, OPB-31121 (Otsuka 
Pharmaceuticals), had a strong anti-proliferative effect on 5 of 9 DLBCL cell-lines 
and 3 of 3 BL cell-lines tested [78]. OPB-31121 is a small molecule STAT inhibitor 
that forms high-affinity interactions with the SH2 domain of STAT3. Phase I/II 
studies (NCT00511082; Table 2) in patients with NHL are apparently underway, 
although the recruitment status of this study is now listed as unknown due to an 
absence of reporting (https://clinicaltrials.gov/).

 The Promise of STAT3 Anti-sense Oligonucleotide Inhibitors

Therapeutic nucleic acid-based approaches hold considerable potential for inhibiting a 
subset of the targets currently viewed as “undruggable”. To date, antisense oligonucle-
otide (ASO) inhibitors have been tested for the treatment of a variety of diseases, includ-
ing cancers. They have several advantages over pharmacological compounds: they can 
be designed on the basis of the gene sequence alone, and most of their associated toxici-
ties are generally independent of the specific sequence or the molecular target, and are 

Table 2 Clinical trials of inhibitors of JAK/STAT signaling in lymphoma

Study drug Target Condition Phase Identifier

Ruxolitinib JAK1/2 cHL Ongoing NCT02164500
Advanced HL II; ongoing NCT01877005
DLBCL, TCL II; ongoing NCT01431209
Hl, PMBCL II; ongoing NCT01965119
HL II; ongoing NCT02164500

Cerdulatinib Pan- 
JAK

Aggressive NHL, FL, 
PTCL, CTCL

I/IIA; 
ongoing

NCT01994382

Ruxolitinib + bortezomib JAK1/2 Hl NHL I; ongoing NCT02613598
INCB039110 + ibrutinib JAK1/2 DLBCL I/II; not 

open
NCT02760485

INCB039110 + INCB040093 JAK1/2 cHL II; ongoing NCT2456675
OPB-31121 STAT3 NHL I/II; 

unknown
NCT00511082

AZD9150 STAT3 Lymphoma I/II; 
ongoing

NCT01563302

AZD9150 + MED14736 STAT3 DLBCL I; ongoing NCT02549651
Pyrimethamine STAT3 SLL I/II; 

ongoing
NCT01066663
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related to the class of compound. These effects fortunately occur at doses that are signifi-
cantly higher than those that have typically been employed in trials. After promising 
preclinical studies in mice and monkeys, a STAT3 ASO, AZD9150 (previously known 
as ISIS 481464), is being evaluated in patients with lymphoma (Table 2).

AZD9150 (AstraZenca Inc.) is a constrained ethyl modified phosphorothioate 
ASO that targets human STAT3 mRNA and acts as a decoy for STAT3, but not 
STAT1 or STAT5. AZD9150 is highly active by free uptake in adherent and non- 
adherent cell-lines (including lymphoma lines), with a half-maximal inhibitory con-
centration (IC50) in the low nanomolar range [79]. It is well tolerated in both mice 
and monkeys, with little change in hematologic parameters and a transient prolon-
gation of intrinsic clotting times [80, 81]. In the monkey, doses of 10 mg/kg body 
weight or greater reduced STAT3 protein levels by 90%; this is well within the range 
previously achieved in man using ASOs. In murine disease models using patient 
tumor-derived explants (PDX) or cell-line-derived xenografts, AZD9150 reduced 
the levels of STAT3 protein expressed within tumor cells by more than half [79], 
and reduced tumor volumes by about 50% in PDX models of DLBCL.

As a consequence of the anti-tumor activity observed with lymphoma cells, 12 
patients with advanced lymphoma (7 with DLBCL, 2 with HL, 2 with FL, and 1 with 
MCL) were included in a dose escalation study, with a starting dose of 2 mg/kg [79]. 
The maximum tolerated dose was established as 3 mg/kg, since most patients treated at 
4 mg/kg developed chronic thrombocytopenia, presumably in response to STAT3 inhi-
bition within developing megakaryocytes. Three of six patients with treatment-refrac-
tory DLBCL showed evidence of tumor shrinkage, with two achieving a durable partial 
response; a fourth had a sufficiently strong PR that he became eligible for and received 
an autologous stem cell transplant. Trials of AZD9150 as a monotherapy, or in combi-
nation with durvalumab (MEDI4736, AstraZenca Inc.), a human monoclonal antibody 
directed against programmed death ligand-1 (PDL-1), are ongoing (Table 2).

 First-Generation JAK Inhibitors as Mono-therapies 
for the Treatment of Lymphoma

Numerous compounds with JAK inhibitory activity (sometimes referred to as 
“Jakanibs”) have been developed, with several currently under assessment in clinical 
trials of patients with a blood cancer. These were primarily designed as immuno- 
modulatory drugs, given the importance of each of the four JAK family  members to 
both hematopoiesis and the immune system. They are all “type-I” inhibitors, which 
bind to the ATP-binding pocket of the JAK kinase domain in its active configuration, 
and thereby block transfer of the phosphoryl group to the kinase (Fig. 3).

Currently, the FDA has approved two JAK inhibitors for use in humans: 
tofacitinib and ruxolitinib. A third approved JAKinib, oclacitinib, is for the treat-
ment of canine allergic dermatitis. Tofacitinib (Pfizer Inc.) has demonstrated effi-
cacy in patients with rheumatoid arthritis, as a monotherapy or in conjunction 
with methotrexate [82, 83], and was approved for use in 2012. It is also being 
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investigated for use in other inflammatory diseases, including psoriasis and 
ulcerative colitis. Ruxolitinib (Novartis Pharmaceuticals) has shown particular 
clinical utility in treating patients with an MPN, receiving approval in 2011 for 
the treatment of patients with myelofibrosis, and in 2014 for patients with poly-
cythemia vera who have had an inadequate response to, or are intolerant of, 
hydroxyurea. It is now being evaluated in adults with relapsed or refractory acute 
myeloid leukemia [84]. Topical ruxolitinib treatment is being investigated for 
autoimmune and inflammatory disorders, such as psoriasis [85] and alopecia 
areata [86]. A Phase III trial of ruxolitinib plus gemcitabine for advanced pancre-
atic adenocarcinoma was however terminated earlier this year due to insufficient 
efficacy, despite this drug combination being well tolerated and increasing over-
all survival over gemcitabine alone [87].
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Fig. 3 The chemical structure of JAKinibs clinically in use or being investigated. Shown (clock-
wise from top left) are the structures of the JAKinibs: pacritinib, (16E)-11-[2-(1-Pyrrolidinyl)
ethoxyl]-14,19-dioxa-5,7,26-triazatetracycl[19.3.1.12,6.18,12]heptacosa-1(25), 2 
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ethyl]-4-N-(5-methyl-1H-pyrazol-3-yl)pyrimidine-2,4-diamine; fedratinib, N-tert-Butyl-3-{5- 
methyl- 2-[4-(2-pyrrolidin-1-yl-ethoxy)-phenylamino]-pyrimidin-4-ylamino}astrabenzene 
sulfonamide; cerdulatinib, 4-(cyclopropylamino)-2-[4-(4-ethylsulfonylpiperazin-1-yl)anilino] 
pyrimidine-5-carboxamide; momelitinib, N-(cyanomethyl)-4-{2-[4-(morpholin-4-yl)aniline] 
pyrimidin-4-yl}benzamide; ruxolitinib, 3R)-3-cyclopentyl-3-[4-(7H-pyrrolo[2,3-d]pyrimidin- 
4- yl) pyrazol-1-yl]propanenitrile; and Tofacitinib, or 3-[(3R,4R)-4-methyl-3-[methyl(7H–
pyrrolo[2,3-d]Pyrimidin-4-yl)amino]piperidin-1-yl]-3-oxopropanenitrile
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Details regarding those Jakinibs that have been evaluated in  vivo, and that 
might show utility in treating lymphoma, are provided below; their respective 
chemical structures are also given in Fig.  3. Details of other promising JAK 
inhibitors, such as filogitinib (GLPG-0634, Galapagos NV), upadicitinib (ABT-
494, AbbVie), gandotinib (LY2784544; Eli Lilly and Co.), and AC430 (Daiichi 
Sankyo Inc.), have not been included within this list since their evaluation in vivo 
remains ongoing.

Pacritinib The first Phase I trial to evaluate the safety and efficacy of a JAK 
inhibitor in patients with lymphoma involved pacritinib (SB1518; Cell 
Therapeutics Inc.). This drug is a macro-cyclic pyrimidine-based inhibitor with 
activity against FLT3 (with an IC50 of 23 nM) and JAK2 (with IC50 values of 
23  nM for wildtype JAK2 and 19  nM for JAK2V617F). Thirty-four patients 
with refractory or relapsed lymphoma (HL, NHL, FL or MCL) received at least 
one dose of Pacritinib (ranging from 100–600 mg/day); seventeen were treated 
for at least 3  months, and six for 6  months. The drug had a favorable safety 
profile, with minimal toxicity; the most frequent adverse effects were grade II 
diarrhea and nausea. Thirty-one of the patients had pre- and post-baseline com-
puted tomography (CT) scans to evaluate disease status; seventeen cases (55%) 
showed a decrease in tumor volume, ranging from 4–70%, following treatment 
with pacritinib [88].

Ruxolitinib Ruxolitinib is a pyrrolo[2,3-d]pyrimidine analog that exhibits nanomo-
lar affinity for JAK1 and JAK2 (with IC50 values of 2.7 nM and 4.5 nM, respec-
tively). The effects of ruxolitinib on primary lymphoma cell proliferation in vitro or 
in vivo have not been evaluated. However, in a multi-center study of patients with 
myelofibrosis, this drug was well tolerated [89]. In 2011, two randomized Phase III 
trials in patients with myelofibrosis were reported: COMFORT-I, a placebo-con-
trolled trial of 309 patients; and COMFORT-II, a comparison of ruxolitinib to best 
available therapy involving 219 patients [90, 91]. Almost all patients treated with 
ruxolitinib had a reduction in spleen volume, and half reported an overall improve-
ment in quality-of-life. The most frequent adverse events were anemia and/or throm-
bocytopenia; these could be managed by a dose reduction or brief interruption in 
treatment. Drug-mediated reductions in circulating pro-inflammatory cytokine levels 
were attributed to its inhibitory effects on JAK1- mediated signaling [89], a finding 
which suggests ruxolitinib may be an attractive therapeutic agent for lymphoma 
patients in which JAK1 is activated (such as those carrying a MYD88 mutation).

Pre-clinical data regarding the efficacy of ruxolitinib in treating lymphoma 
are rare. However, Perez and colleagues showed that exposure of cutaneous 
T-cell lymphoma (CTCL) cell-lines caused a dose-dependent inhibition of cell 
proliferation by a mechanism that impacted on the control of DNA synthesis, 
with a significant reduction in the basal levels of phospho-STAT3 [16]. The 
response of the three cell- lines tested to tofacitinib (detailed below) was similar 
[27], with a dose-dependent inhibition of proliferation accompanied by 
decreased levels of phospho-STAT3 and phospho-STAT5. These studies together 
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suggest that lymphomagenesis may be negatively impacted in patients with 
CTCL by treatment with either of the Jakinibs currently approved for clinical 
use. Currently, there are ongoing Phase II trials evaluating ruxolitinib in the 
treatment of relapsed or refractory cHL, advanced HL, and relapsed DLBCL 
and T-cell lymphoma.

Cerdulatinib Cerdulatinib (PRT062070; Portola Pharmaceuticals) is an orally 
available small-molecule ATP-competitive inhibitor that inhibits the activity of 
SYK, JAK1, JAK2, JAK3 and TYK2 (IC50 values of 32 nM, 12 nM, 6 nM, 8 nM, 
and 0.5 nM, respectively) [92]. The activity of cerdulatinib has been investigated in 
a panel of DLBCL cell-lines (ABC and GCB subtypes); all demonstrated sensitivity 
to cerdulatinib with IC50 at or below 2 μM. Cerdulatinib exposure inhibited cellular 
metabolic function, viability, cell cycling, and signal transduction via the SYK- 
PLCγ2- AKT or JAK/STAT pathways [92]. It also induced cell death in primary 
DLBCL cells, with the degree of apoptosis correlating with the decrease in p-ERK 
levels. Cerdulatinib is under investigation as a monotherapy in a dose escalation 
study of relapsed/refractory CLL and B-cell NHL (NCT01994382), and an ongoing 
Phase 1/IIA trial evaluating cerdulatinib in the treatment of FL, PTCL, CTCL, and 
aggressive NHL.

Fedratinib Fedratinib (TG101348, SAR302503; Sanofi Aventis) has significant 
selectivity for JAK2 over JAK1 or JAK3 (IC50s of less than 2 nM, 132 nM, and 
250 nM, respectively), and has inhibitory activity against FLT3, TRK and RET. In 
a Phase I study of intermediate-risk or high-risk myelofibrosis, fedratinib signifi-
cantly reduced spleen volumes in 40% of patients [93]; the most frequent hemato-
logic adverse event observed was myelosuppression. Clinical development of 
fedratinib was halted due to unexpected neurotoxicity. Nevertheless, pre-clinical 
studies with this drug provide important insights into the clinical utility of JAK 
inhibitors for the treatment of lymphoma [94]. Exposure of several 9p24 amplicon-
positive cHL and PMBCL cell-lines to fedratinib significantly inhibited their pro-
liferation and viability, with an inverse correlation between the IC50 of the drug 
and the cell-line 9p24 copy number [73, 94]. Treatment with fedratinib reduced 
levels of MYC and phosphorylated JAK2, STAT1, STAT3 and STAT6 in a dose-
dependent manner [94]. In xenografts using 9p24 amplicon-positive cHL or 
PMBCL cell-lines, exposure to 120 mg/kg fedratinib for 5 days caused a signifi-
cant decrease in phospho-STAT3 levels in tumor cells, and decreased their rate of 
growth and prolonged animal survival.

Tofacitinib Tofacitinib (CP-690550) is a small molecule JAK inhibitor that pref-
erentially inhibits JAK1 and JAK3 signaling, but also that inhibits JAK2 and 
TYK2. The drug is well tolerated in patients, with a low occurrence of serious 
adverse effects. In a Phase II trial in patients with moderate-to-severe ulcerative 
colitis, tofacitinib was associated with dose-dependent improvements in response 
and clinical remission compared to placebo [95]. Similarly, in two Phase II trials 
(NCT01276639, NCT01309737) in patients with moderate-to-severe plaque 
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 psoriasis treatment was associated with a rapid reduction in psoriatic symptoms 
affecting the skin and nails.

Momelitinib Momelitinib (CYT-387; Gilead Sciences) is an ATP competitive 
inhibitor of JAK1 and JAK2, with IC50 values of 11 nM and 18 nM, respectively. 
A phase III clinical trial in patients with myelofibrosis (“SIMPLIFY-1”, 
NCT01969838) was completed in June 2016; an analysis of the data obtained has 
not yet been published. However, one institutional report documented that 44% 
of patients experienced peripheral neuropathy following treatment with this drug 
[96], a complication also seen with exposure to fedratinib. Nevertheless, pre-
clinical testing in human multiple myeloma cell-lines and patient primary bone 
marrow samples suggest that individuals with an IL6-dependent lymphoma may 
benefit from momelitinib treatment. In these studies, cell proliferation was inhib-
ited in a time- and dose-dependent fashion, with reduced levels of phospho-
STAT3 that were induced by IL6, cell cycle arrest, and apoptosis [97]. However, 
the effects of momelitinib exposure on lymphomagenesis have not been 
investigated.

AZD1480 AZD1480 (AstraZenca Inc.) is a pyrazol pyrimidine ATP-competitive 
inhibitor of JAK1 and JAK2, with respective IC50 values of 1.4 nM and 0.4 nM; 
at higher concentrations, it also inhibits the activities of JAK3, TYK2 and 
Aurora-A kinase. Treatment of HL cell-lines with varying doses of AZD1480 
revealed that phosphorylated STAT1, STAT3, STAT5 and STAT6 levels were all 
reduced significantly at low doses (0.1–1 nM), although viability and prolifera-
tion rates were not altered [98]. At doses above 1 nM, AZD1480 induced G2/M 
cell cycle arrest and apoptosis, as the result of inhibition of Aurora A kinase 
activity. Clinical evaluation of AZD1480  in patients with lymphoma was not 
reported; further clinical development of this drug has been halted for unspeci-
fied reasons.

Lestaurtinib Lestauritinib (CEP-701; Cephalon Inc.) is an orally available 
indolocarbazole derivative originally identified as an inhibitor of the neurotropin 
receptor, TrkA, but found to have potent activity against FLT3 and JAK2. In 
Phase II trials involving patients with AML, lestauritinib it was well tolerated 
and induced reductions in the number of blasts present in the blood and marrow 
of FLT3-mutated patients [99, 100]. In patients with an MPN, however, adverse 
events were more common, resulting a 60% patient withdrawal rate [101, 102]. 
Investigators concluded that lestauritinib had only modest efficacy in patients 
with essential thrombocythemia or polycythemia vera (NCT00586651), or those 
with myelofibrosis (NCT00494585). Although lestauritinib was recently identi-
fied in a synthetic lethal screen for compounds that inhibit survival in the BCL6-
deficient BL cell-line, DG75-AB7 [103], it has not yet been tested in patients 
with lymphoma.
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 Use of First-Generation JAK Inhibitors in Conjunction 
with Other Agents

Rather than using the afore-mentioned JAK inhibitors as monotherapies, they 
could be used in conjunction with existing chemotherapies, with other agents 
that also inhibit JAK activity, or with agents that target other functionally impor-
tant intracellular signaling pathways. There are several ongoing investigations 
testing Jakinibs in combination with other drugs (Table 2): lestauritinib plus con-
ventional chemotherapy for pediatric patients with AML or ALL, and ruxolitinib 
plus DNA methyltransferase inhibitors (such as azacytidine or decitabine), his-
tone deacetylase inhibitors (panobinostat), or inhibitors of Hedgehog (LDE225 
or PF04449913). Four ongoing clinical trials of particular interest, as they are 
focused on the treatment of lymphoma patients (Table 2): a study of ruxolitinib 
in PMBCL and relapsed or refractory HL; a dose escalation study to determine 
the maximum tolerated dose of ruxolitinib and bortezomib in patients with 
relapsed or refractory lymphoma; a combination of INCB039110, a JAK1/2 
inhibitor currently being evaluated as a monotherapy for psoriasis and rheuma-
toid arthritis, with ibrutinib for patients with relapsed or refractory DLBCL; and 
INCB039110 together with INCB040093, a PI-3-Kδ inhibitor, for patients with 
relapsed or refractory cHL.

One promising combination therapy involves the pairing of ruxolitinib with 
inhibitors of heat-shock protein 90 (HSP90). HSP90 is a ubiquitously expressed 
protein chaperone that stabilizes a variety of different proteins, including tyrosine 
kinases. Pharmacologic inhibition of HSP90  in cHL cells significantly reduced 
cell proliferation and phospho-JAK1, -JAK2, -JAK3 and -TYK2 levels [104]. 
PU-H71, a purine scaffold HSP90 inhibitor, also facilitated the degradation of 
wildtype and mutant JAK2 in a dose-dependent fashion, improved survival in a 
murine model of essential thrombocythemia, and inhibited the growth of primary 
JAK2V617F- positive blood cells from patients with an MPN [105]. PU-H71 and 
fedratinib had additive effects in  vitro, consistent with them having a shared 
mechanism of action. Similar findings were noted in ALL cells carrying a gain-of-
function JAK2 mutation in  vitro and in PDX models [106]. Collectively, these 
studies provide compelling evidence for the implementation of clinical trials in 
patients with aberrant JAK/STAT signaling that evaluate the efficacy of a Jakinib 
in combination with an HSP90 inhibitor.

 Resistance, Persistence, and the Development of Type-II JAK 
Inhibitors

Development of therapies targeted at activating kinase mutations has undoubtedly 
improved outcomes for patients, although acquired resistance arising from the sec-
ondary acquisition of mutations in the targeted kinase, which interfere with the 
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inhibitory activity of the drug, is a significant issue [107–109]. JAK2 mutations 
have been identified that were acquired in vitro in response to continued exposure 
to JAK inhibitors and that confer drug resistance [106, 110–112]; several of these 
are located close to the ATP-binding site of the JAK2 kinase domain. Surprisingly, 
however, there have been no reports of secondary resistance mutations arising in 
MPN patients treated with ruxolitinib. As the presence of these mutations could be 
considered an indicator of an effective therapy, with sufficient targeting achieved to 
select for genetic resistance, an absence may suggest that the limited therapeutic 
efficacy of ruxolitinib in patients is due to insufficient JAK inhibition.

Despite chronic exposure to ruxolitinib in  vitro, a proportion of JAK2V617F- 
positive cells survive without having acquired secondary resistance mutations [106, 
113], with a 12-fold increase in IC50 compared to parental cells [114]. These cells, 
and ones arising in the presence of tofacitinib and other Jakinibs, were characterized 
by increased JAK2 activation loop phosphorylation. Biochemical studies revealed 
that cells had instead acquired an adaptive form of resistance in which JAK2 was 
stabilized by binding to a type I JAK inhibitor [113, 115], which facilitated the het-
erodimeric association of JAK2 with JAK1 or TYK2, resulting in the phosphoryla-
tion of JAK2 residues Y1007/1008, and reactivation of JAK/STAT signaling. The 
exact nature of the mechanism responsible for this resistance, which has been termed 
“persistence”, is currently unclear. Persistence is not solely an in vitro phenomenon; 
it was also noted in a murine model of essential thrombocythemia in which bone 
marrow cells express mutant MPL [116], and in the granulocytes of MPN patients 
treated with ruxolitinib, but not those from drug- naive patients. Importantly, in vitro 
persistence was reversible, with the removal of ruxolitinib from cell cultures for 
2–4 weeks resensitizing them to this and other Jakinibs. Knockdown of JAK1 and 
TYK2 in vitro similarly increased the sensitivity of persistent cells to ruxolitinib but 
had little effect on parental cells, whereas the knockdown of JAK2 caused growth 
suppression and the loss of downstream signaling events [113]. Taken together, the 
data suggested that patients receiving ruxolitinib might benefit from periodic inter-
ruptions to their treatment, or from combination therapies in which either JAK2 
activity is concurrently targeted by a different approach (such as use of an HSP90 
inhibitor), or the activity of JAK1 and TYK2 is simultaneously reduced.

Whereas type I kinase inhibitors bind their targets in the kinase-active conforma-
tion, the type II inhibitors engage them in the inactive conformation. The dihydroin-
dole, NVP-BBT594, was found to bind to wildtype and mutant JAK2 in the inactive 
confirmation, and to suppress activation loop phosphorylation, and STAT phosphory-
lation [115]. These findings prompted the development of  NVP- CHZ868, another 
type II inhibitor, which has activity against JAK2 and TYK2, but not JAK1 or JAK3 
[117]. Biochemical studies revealed that CHZ868 stabilizes and locks JAK2 in an 
inactive conformation. In BaF3 cells expressing the ALL- associated JAK2R683G 
mutant, treatment with type I inhibitors induced JAK2 hyper-phosphorylation, 
whereas CHZ868 abrogated levels of phospho-JAK2 and phospho-STAT5. CHZ868 
was also 40-times more potent than type I inhibitors in an ALL-derived cell-line car-
rying a CRLF2 rearrangement and JAK2I682F mutation. CHZ868 was well tolerated 
in mice, with no perturbations in hematopoiesis noted in animals treated daily for 
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3–6 weeks at a dose of 30 mg/kg body weight. Mice engrafted with three different 
CRLF2-rearranged PDXs showed reduced splenomegaly and lower white cell counts 
in the peripheral blood following 6 days treatment with CHZ868, and had improved 
overall survival rates compared to controls [117]. In a murine model of JAK2V617F-
positive polycythemia vera, CHZ868 normalized spleen and liver weights, and 
restored the hematocrit to normal levels [114]. Similarly, in a model of MPLW515L-
associated myelofibrosis, treatment normalized spleen sizes, reduced leukocytosis 
and hepatomegaly in a dose-dependent manner, decreased reticulin fiber deposition 
within the marrow and spleen, and prolonged survival [114]. Importantly, in both 
disease models, the proportion of mutation-positive cells present was reduced by 
exposure to drug, suggesting that alternative approaches to JAK2 inhibition, includ-
ing the use of type II inhibitors, may increase the therapeutic benefit to patients.

 Future Directions

Although the first JAK inhibitor for use in humans was approved only 5 years ago, 
the development of next-generation inhibitors that promise to more efficiently target 
and inhibit deregulated JAK/STAT signaling in blood cells has already begun. 
Additional advances are likely once the biological activity of the four JAK family 
members is more fully appreciated, particularly with regards to the role of the 
pseudokinase domain on JAK regulation, since it is the site of the majority of 
activating JAK mutations in lymphoma and in other blood cancers. Similarly, the 
development of antisense oligonucleotides to inhibit individual STAT family 
members might enable the activities of these once “undruggable” targets to be 
normalized in patients with a blood cancer.
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