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ABSTRACT
◥

The PI3K/AKT/mTOR pathway is often activated in lymphoma

through alterations in PI3K, PTEN, and B-cell receptor signaling,

leading to dysregulation of eIF4A (through its regulators, eIF4B,

eIF4G, andPDCD4) and the eIF4F complex. Activation of eIF4F has

a direct role in tumorigenesis due to increased synthesis of onco-

genes that are dependent on enhanced eIF4A RNA helicase activity

for translation. eFT226, which inhibits translation of specific

mRNAs by promoting eIF4A1 binding to 50-untranslated regions

(UTR) containing polypurine and/or G-quadruplex recognition

motifs, shows potent antiproliferative activity and significant

in vivo efficacy against a panel of diffuse large B-cell lymphoma

(DLBCL), and Burkitt lymphoma models with ≤1 mg/kg/week

intravenous administration. Evaluation of predictive markers of

sensitivity or resistance has shown that activation of eIF4A, medi-

ated by mTOR signaling, correlated with eFT226 sensitivity in

in vivo xenograft models. Mutation of PTEN is associated with

reduced apoptosis in vitro and diminished efficacy in vivo in

response to eFT226. In models evaluated with PTEN loss, AKT

was stimulated without a corresponding increase in mTOR

activation. AKT activation leads to the degradation of PDCD4,

which can alter eIF4F complex formation. The association of

eFT226 activity with PTEN/PI3K/mTOR pathway regulation of

mRNA translation provides a means to identify patient subsets

during clinical development.

Introduction
B-cell malignancies are often associated with dysregulation of

oncoproteins involved in cell proliferation and survival. Oncoprotein

expression is tightly controlled at the level of mRNA translation and is

largely regulated by the eukaryotic translation initiation factor 4F

(eIF4F), a complex consisting of eIF4A, eIF4E, and eIF4G (1). The

translation initiation factor eIF4A is a member of the “DEAD box”

family of helicases that catalyze the ATP-dependent unwinding of RNA

duplexes and facilitates 43S ribosome complex scanning through highly

structured regions of the 50-untranslated region (UTR) and recognition

of the AUG initiation codon. The eIF4A-dependent translatome is

enriched for mRNAs containing 50-UTR polypurine and GC-rich

sequence motifs with the potential to form structural elements (2).

eIF4A activity is enhanced through activation of the PI3K and RAS

pathways resulting in selective upregulation of oncogenes with highly

structured 50-UTRs that are involved in the proliferation, survival, and

metastasis of B-cell malignancies (3–5). PI3K signaling is activated in

most cancers, with PIK3CA and PTEN being the second and thirdmost

mutated cancer genes, resulting indysregulationof eIF4A in themajority

of human tumors (6). eIF4A helicase activity is tightly controlled by the

cofactors eIF4B and eIF4G, whose association with eIF4A promotes

processive RNA helicase activity, and programmed cell death 4

(PDCD4), a negative regulator of translation initiation that binds eIF4A

preventing the formation of the eIF4F complex (7). Regulation of eIF4A

through AKT and p70S6K-dependent phosphorylation of eIF4B and

PDCD4, and mTOR-mediated phosphorylation of eIF4G facilitates full

activation of eIF4A and formation of eIF4F (8–11). Overexpression of
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eIF4A or the loss of PDCD4 expression has been associated with poor

prognosis in multiple disease indications (2, 12). In addition, elevated

eIF4B expression, a key activator of eIF4A, has been correlatedwith poor

survival in patients with B-cell lymphoma, including DLBCL, the most

common form of non-Hodgkin lymphoma (4).

In this study, we demonstrate that eFT226, a novel, potent

and sequence selective inhibitor of eIF4A-dependent translation,

coordinately blocks the translation of key oncogenes and survival

factors in models of B-cell lymphoma. eFT226 treatment downregu-

lates the protein expression of key transcription factors MYC

and BCL6, leading to selective gene expression reprograming, inhibi-

tion of cell proliferation, and induction of cell death leading to

efficacy in multiple lymphoma tumor models. Furthermore, exam-

ination of PI3K/mTOR activation status in a panel of lymphoma

models has shown that the activation state of eIF4A and resultant

sensitivity to eFT226 is dependent on PI3K/mTOR signaling.

Interestingly, PTEN mutations stimulate AKT signaling without

activating the mTOR pathway, resulting in PDCD4 degradation

and resistance to eFT226. Together, these data support further

evaluation of eFT226 in lymphoma and provide biomarkers for

patient stratification.

Materials and Methods
Reagents

eFT226 was prepared in-house (example 231F, ref. 13),

MK2206 (14), and idelalisib were purchased from Selleck Chemicals,

Rocaglamide A (RocA) and cycloheximide were purchased from

Sigma-Aldrich. Cell lines were purchased from ATCC (Pfeiffer,

Ramos, RL, SU-DHL2, SU-DHL6), DSMZ (Carnaval, SU-DHL10),

or Sigma (Karpas422). Mycoplasma testing or cell line authentication

were not performed. From thawing, cells were recovered for two

passages and then passaged amaximum of 10 times when experiments

were performed. The GAPDH antibody was purchased from Santa

Cruz Biotechnology. The c-MYC and p-PDCD4 S457 antibodies were

purchased from Abcam. The Cyclin D1 antibody was purchased from

Sigma-Aldrich. Antibodies against AKT, p-AKT T308 and S473,

BCL2, BCL6, Cyclin D3, CDK4, eIF4B, p-eIF4B S422, eIF4G, p-eIF4G

S1108, MCL1, PDCD4, PTEN, rpS6, p-rpS6 S235/S236 and S240/

S244, p70S6K, p-p70S6K T389, and b-actin were purchased from Cell

Signaling Technology. Secondary antibodies (donkey anti-rabbit

IRDye-800CW, donkey anti-mouse IRDye-680RD) for Odyssey infra-

red imaging were purchased from LI-COR.

Cell proliferation assay

Tumor cells were cultured in RPMI media, 10% FBS, and 1�

penicillin/streptomycin. Exponentially growing cells were seeded at

2,000 to 5,000 cells per well in a 96-well round bottom nontissue

culture-treated plate in 90 mL growth media and cultured overnight.

Cells were treated with eFT226 and the indicated compounds as single

agents or in combination (fixed ratio) in an 8-point threefold dilution

series. The final DMSO concentration was 0.1%. Cells were incubated

for 72 hours at 37�C in a CO2 incubator. Baseline viability of untreated

cells was measured on the day of treatment and proliferation was

measured after 72 hours of drug treatment using CellTiter-Glo (CTG)

reagent from Promega according to the manufacturer’s instructions.

Calculation of CTG% Inhibition¼ (([inhibitor] – baseline)/(DMSO –

baseline)) � 100. Drug synergism was analyzed using CalcuSyn

(Biosoft) to determine combination index (CI) values, where synergy

is defined as CI < 0.9, additive activity 0.9–1.1 and antagonism

>1.1 (15).

Apoptosis induction assays

Exponentially growing cells were seeded at 20,000 cells per well in

96-well round bottom nontissue culture-treated plates and cultured

overnight. Cells were then treated with eFT226 or DMSO for the

indicated amount of time. Apoptosis and cell death were measured

using BD Annexin V FITC Apoptosis Detection Kit from BD Bios-

ciences according to themanufacturer’s instructions. Briefly, cells were

washed with PBS and resuspended in 1� Annexin V binding buffer

containing Annexin V and propidium iodide (PI). Cells were incu-

bated at room temperature for 15 minutes followed by dilution in

Annexin V buffer. Fluorescence of the cells was analyzed by flow

cytometry using Attune NxT flow cytometer Thermo Fisher Scientific.

Preparation of lysates and Western blot analysis

Cells untreated or treated with DMSO, eFT226, idelalisib, or

MK2206 for the indicated timewere pelleted by centrifugation, washed

once with ice-cold PBS, and lysed in 1� Cell Lysis Buffer (Cell

Signaling Technology) supplemented with a final concentration of

1 mmol/L PMSF. Protein concentrations in cell lysates were quanti-

tated by BCA protein assay (Thermo Fisher Scientific). Lysates were

analyzed on the Wes Simple Western system (total and phosphor-

eIF4G) according to themanufacturer’s instructions or equal amounts

of total protein were resolved by SDS-PAGE, immunoblotted with

the indicated antibodies, and visualized by LI-COR Odyssey imager

(LI-COR).

Generation of PTEN KO cell line

Pfeiffer cells were infected via spin-fection with concentrated

MSCV-Cas9-EF1a-GFP viral particles (CASLV125VA-1, SBI Bios-

ciences). GFPþ cells were then FAC-sorted by flow cytometry (Flow

Cytometry facility, SBP Medical Discovery Institute). The polyclonal

population of highGFPþ cells were infectedwith EF1a-RFP-U6-gRNA

lentivirus (CASLV512PA-R, SBI Biosciences) containing either

control gRNA (GTATTACTGATATTGGTGGG) or PTEN gRNA

(ACGCCTTCAAGTCTTTCTGC). gRNAs were cloned into the vec-

tors and virus was generated according to the manufacturer’s instruc-

tions. GFPþ/RFPþ cells were FAC-sorted by flow cytometry. Single

cell–derived clones were expanded and individually tested for PTEN

knockout by Western blot analysis. Control and PTEN knockout cells

were treated with eFT226, RocA, or DMSO for 48 hours. Caspase-3/7

activation was detected using CaspaseGlo reagent (Promega) and

normalized to the number of live cells using the CTG luminescent

assay (Promega).

In vivo studies

All animal studies were carried out in accordance with the guide-

lines established by the Institutional Animal Care and Use Committee

at Explora BioLabs (ACUP#EB17-010-033) orCrownBiosciences. For

subcutaneous xenograft studies, mice (4- to 8-week-old females, 16–

24 g) were implanted with an equal volume (1:1) ratio of tumor cells

and Matrigel (BD Biosciences) for tumor development. When the

mean tumor size reached approximately 110 to 150 mm3, the mice

were randomized and size-matched into vehicle and treatment groups.

Tumor size was measured in length and width with a caliper twice a

week. The tumor volume was calculated by the formula L�W�W/2

according toNCI standards. Bodyweights were collected prior to study

start and twice a week during the study. eFT226 was formulated in 5%

dextrose in water (D5W) and immediately dissolved into solution.

Subcutaneous studies: [TMD8 5 � 106 cells in NOD.SCID (Charles

River Laboratories), mean tumor initiation size 150 mm3; Pfeiffer

1 � 107 cells in NOD.SCID, mean tumor initiation size 190 mm3;

eFT226, a Selective Inhibitor of eIF4A-Mediated Translation
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Carnaval 5 � 106 cells in NOD.SCID, mean tumor initiation size

145 mm3; SU-DHL10 1 � 107 cells in NOD.SCID, mean tumor

initiation size 113 mm3; RL 1 � 107 cells in NOD.SCID, mean tumor

initiation size 110 mm3; Karpas422 1� 107 cells in NOD.SCID, mean

tumor initiation size 150 mm3; SU-DHL2 1 � 107 cells in BALB/c

nude, mean tumor initiation size 110 mm3].

For orthotopic xenograft studies, 50 mg tumor fragments were

implanted into the left renal capsule and dosing was initiated 3 days

postsurgery: [HBL-1 NOD.SCID; SU-DHL6 CB17 SCID (Charles

River Laboratories); Ramos NOD.SCID]. Mice were randomized

according to original tumor fragment size and assigned into vehicle

and treatment groups. At the end of the treatment period, both the

right and tumor-implanted left kidneys were excised and weighed.

Tumor weight was calculated by subtracting the weight of the

right kidney from the weight of the tumor-implanted left kidney in

the same animal.

For pharmacodynamic (PD) studies, tumors were excised from

animals and snap frozen in liquid nitrogen. Frozen tumor was weighed

out and 6x (volume:tumor weight) of 1� Cell Lysis Buffer supple-

mented with protease and phosphatase inhibitors (Sigma) was added

to the sample in a Lysing Matrix A Tube (Thermo Fisher Scientific).

Samples were homogenized using a Precellys24 homogenizer (Bertin

Technologies) and lysates were clarified by centrifugation. Protein

concentrations in cell lysates were quantitated by BCA protein assay

and equal amounts of total protein were resolved by SDS-PAGE,

immunoblotted with the indicated antibodies, and visualized by LI-

COR Odyssey imager.

To determine tumor drug levels, tumor samples were diluted with

water, homogenized, and added directly into a Strata Impact protein

precipitation plate (Phenomenex) containing acetonitrile with an

internal standard. Samples were vortexed and filtered directly into a

96-well polypropylene plate and subjected to bioanalysis. Tissue

standards were prepared by spiking into blank matrix and serially

diluting eFT226 to obtain a standard calibration range. Tumor tissue

preparations were analyzed by LC-MS.

Results
eFT226 is a potent inhibitor of oncogenic drivers of B-cell

malignancies

The PI3K/AKT/mTOR signaling pathway plays an important role

in controlling proliferation and survival of tumor cells, including B-cell

lymphomas. Activation of PI3K/AKT/mTORC1 causes increased

mRNA translation, protein synthesis, and cellular proliferation partly

by activation of eIF4A through phosphorylation of eIF4G, eIF4B, and

PDCD4 (Fig. 1A). AKT and p70S6K have been shown to directly

phosphorylate the eIF4A regulators PDCD4 (S67 and S457) and eIF4B

(S422) (refs. 11, 16, 17), whereas mTOR has been reported to phos-

phorylate eIF4G (S1108), the scaffolding protein that regulates eIF4A

binding and eIF4F complex formation (9). The PI3K/AKT/mTOR

pathway is reported to be dysregulated in B-cell lymphoma and drives

the overexpression of oncogenes and survival factors including MYC,

CDK4, Cyclin D1/3, BCL2, and MCL1. These mRNAs contain

sequence motifs that promote highly structured 50-UTRs resulting in

a greater dependence on enhanced eIF4A RNA helicase activity to

drive mRNA oncogene translation (4, 18–20).

Biochemical analysis shows that eFT226 (Fig. 1B; ref. 21) is a potent

and RNA sequence selective inhibitor of eIF4A1-dependent transla-

tion that promotes eIF4A1 binding to specific 50-UTR polypurine

recognition motifs similar to RocA (22). This results in the formation

of a stable ternary complex that leads to a selective block in ribosome

mRNA scanning. Introduction of the F163L mutation into the roca-

glamide binding site in eIF4A1 prevented eFT226 binding to eIF4A1

and rescued eFT226 antiproliferative activity (21) consistent withwhat

has been reported for Silvestrol and RocA (23–25). Genome-wide

ribosome profiling of eFT226 in the activated B-cell (ABC) DLBCL

TMD8 cell line confirmed that select genes were translationally down-

regulated and contained 50-UTR polypurine and G-quadruplex-like

recognition motifs (Supplementary Table S1; Supplementary

Fig. S1A), similar to what has been reported for other eIF4A

inhibitors (22, 25–27). Target genes with reduced ribosome footprint

density with eFT226 treatment MYC, CCND1, BCL2, CDK4, and

CARD11 (Supplementary Fig. S1B) and have been reported to be

sensitive to eIF4A inhibition (19, 20, 26–28). Polysome profile analysis

of TMD8 cells treated with eFT226 confirmed translational repression

of eFT226-sensitive target genes (e.g., MYC, CCND1, BCL2, MCL1,

and CDK4), whereas housekeeping genes were unchanged with

eFT226 treatment (Supplementary Fig. S1C and S1D).

To confirm that translational regulation by eFT226 of key oncogenic

drivers is mediated through the 50-UTR, cell lines were generated with

doxycycline-inducible gene constructs that expressed MYC or MCL1

mRNA with (wt UTR) or without 50-UTR (DUTR) sequences in

HEK293T cells. Deletion of the normal 50-UTR sequences (DUTR)

renderedMYC orMCL1 gene expression resistant to eFT226, whereas

expression of MYC or MCL1 under the control of its natural 50-UTR

(wt UTR) retained sensitivity to eFT226 (Supplementary Fig. S2).

These results further support that eFT226 translationally regulates its

target genes through recognition elements within the 50-UTR (21).

Translational regulation of key oncogenic drivers of lymphoma

suggested that eFT226 could be efficacious in B-cell malignancies.

Therefore, eFT226 was tested against a panel of B-cell tumor cell lines

that included DLBCL, Burkitt lymphoma, multiple myeloma, mantle

cell lymphoma, and Hodgkin lymphoma. eFT226 treatment resulted

in potent and differential inhibition of proliferation across cell lines

(mean GI50¼ 9 nmol/L) with increased sensitivity observed within the

DLBCL subtype (Fig. 1C). Consistent with eFT2260s mechanism of

action, treatment of lymphoma cell lines with eFT226 resulted in

potent downregulation of MYC, Cyclin D1/3, BCL6, or MCL1 protein

levels in ABC DLBCL (TMD8 and HBL1), germinal center B-cell

(GCB) DLBCL (Pfeiffer, SU-DHL6, SU-DHL10, RL, and Karpas422),

and Burkitt lymphoma (Ramos) cell lines, whereas the expression level

of housekeeping genes (i.e., GAPDH and/or b-actin) was unchanged

(see Fig. 1D and Supplementary Fig. S3A). Cell-cycle analysis showed

that incubation with eFT226 resulted in an increase in the percentage

of cells in the G1 phase and a corresponding decrease in the S-phase

cells inmultiple cell lines (Supplementary Fig. S3B–S3E). A block inG1

progression by eFT226 is consistent with downregulation of CDK4,

cyclin D1 or D3 as well as MYC and MYC target genes implicated in

cell-cycle progression.

Recognizing that key transcription factors (MYC and BCL6) essen-

tial for lymphoma development were selectively downregulated at the

protein level by eFT226, the ability of the drug to reshape the

tumor cells transcriptional program was assessed. A global transcript

RNA sequencing (RNA-Seq) analysis was conducted in TMD8 cells

treated with either eFT226 or DMSO control for 6 hours. Global

expression analysis using IPA software predicted the inhibition of key

transcription factors MYC and BCL6 (Supplementary Table S1),

confirming a functional consequence of inhibition by eFT226. GSEA

analysis of the RNA-Seq dataset using the molecular signatures

database (MsigDB) identified the Schuhmacher_MYC_Targets

Thompson et al.
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Figure 1.

eFT226 is active against a panel of B-cell tumor cell lines. A, Schematic of PI3K/AKT/mTOR pathway activation of eIF4A regulators. B, Chemical structure of

eFT226 (21).C,Tumor cell lineswere incubatedwithvarious concentrations of eFT226 for 72hours, and cell proliferationwas assessedby theCellTiterGlo assay.Mean

GI50was determined to be 9 nmol/L.D, Immunoblots demonstrate that eFT226 inhibition of eIF4A decreases protein expression ofMYC, Cyclin D1/3,MCL1, and BCL6

in TMD8, Pfeiffer, andSU-DHL10 lymphoma cell lines.E, Incubationof tumor cellswith increasing concentrations of eFT226 for 24hourswas analyzedbyAnnexin (Vþ)

and PI flow cytometry. A dose-dependent increase in cells undergoing apoptosis (Vþ) and cell death (Vþ PIþ) was observedwith eFT226 treatment. PTENwt: TMD8,

Pfeiffer, and SU-DHL6; PTEN mutant: SU-DHL10, Karpas422, and RL.

eFT226, a Selective Inhibitor of eIF4A-Mediated Translation
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MYC signature among the most significantly enriched for eFT226

treatment compared with DMSO control (Supplementary Fig. S1E).

Identification of transcription factor signatures consistent with the

downregulation of protein levels for MYC and BCL6 with eFT226

treatment suggests the ability for selective transcriptional reprogram-

ing in lymphoma cell lines.

The BCL2 family proteins MCL1 and BCL2 are important regula-

tors of apoptosis. These corresponding transcripts have been reported

to contain long 50-UTR regions and high G/C content resulting in

complex hairpin structures that require eIF4A helicase activity for

efficient scanning of the 40S ribosomal subunit and are more depen-

dent on the eIF4F complex for translation (18). Evaluation ofMCL1 or

BCL2 protein levels by Western blot analysis showed that eFT226

treatment caused a reduction inMCL1 protein levels as early as 3 hours

and essentially complete loss ofMCL1 protein by 24 hours. Regulation

of BCL2 was only observed with 24-hour drug treatment (Supple-

mentary Fig. S3A). MCL1 protein is known to have a much shorter

half-life than BCL2 (<1 hour compared with 16–24 hours) consistent

with the differential time dependent regulation of these target proteins

by eFT226 (29, 30).

The effect of eFT226 on tumor cell survival was evaluated by

monitoring apoptosis and cell death markers during drug treatment.

Lymphoma cell lines were treated with increasing concentrations of

eFT226 and stainedwithAnnexin V (indicative of early apoptosis) and

PI (indicative of cell death). eFT226 potently induced apoptosis

(Annexin Vþ, PI� stained cells) and/or cell death in ABC-DLBCL

(TMD8) and GCB-DLBCL (Pfeiffer and SU-DHL6) lymphoma cell

lines with approximately 10% to 50% apoptosis and/or cell death

observed within 24 hours of drug treatment (Fig. 1E). This apo-

ptotic signature is consistent with an eFT226-dependent rapid and

potent downregulation of MCL1 protein levels. At equivalent

concentrations of eFT226, GCB-DLBCL cell lines containing PTEN

mutations (Karpas422, RL, and SU-DHL10) exhibited substantially

reduced Annexin Vþ or PIþ staining (Fig. 1E). These results suggest

that the differential effects of eFT226 on tumor cell survival

corresponds with alterations in PTEN.

Figure 2.

PTEN loss decreases sensitivity to eFT226 in lymphoma cell lines.A, The PTEN genewas knocked out using CRISPR gene editing in Pfeiffer cells resulting in increased

p-AKT S473 and decreased PDCD4 asmeasured by immunoblot analysis.B, Evaluation of PTEN status andAKT signaling in lymphoma cell lines.C andD,Correlation

of PTENandPDCD4protein levels inDLBCL cell lines determinedby immunoblot analysis (C) andDLBCL cell lineswithin theCCLERPPAdatabase (D).E,Knockout of

PTEN in the Pfeiffer cell line results in decreased sensitivity to induction of apoptosis with eFT226 treatment. F, Treatment of the Pfeiffer wt and PTEN KO cell lines

with 1 mmol/L PI3K/AKT inhibitors (idelalisib and MK2206) for 4 hours inhibit AKT signaling resulting in an increase in PDCD4 protein levels.

Thompson et al.
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PTEN loss reduces sensitivity to eFT226

To further test the dependency of eFT226 sensitivity on PTEN

status, CRISPR gene editing technologywas used to knockout PTEN in

the Pfeiffer GCB-DLBCL cell line. As shown in Fig. 2A, loss of PTEN

resulted in activation of AKT signaling, as seen by an increase in AKT

S473 phosphorylation, as well as a reduction in PDCD4 protein levels.

Surprisingly increased AKT signaling did not result in activation of

mTOR (no corresponding increase in p-p70S6K or p-eIF4G). These

findings are similar to what was observed for the panel of PTEN

mutant lymphoma cell lines (Fig. 2B; Supplementary Fig. S4A) and

suggested that PTEN regulates changes in PDCD4 protein levels

through activation of AKT. Comparison of PTEN and PDCD4 protein

levels in the DLBCL lymphoma cell lines by western blot analysis

(Fig. 2C) and by RPPA CCLE DLBCL cell line data analysis (Fig. 2D)

showed a correlation between PTEN and PDCD4protein levels. PTEN

mutant cell lines corresponded with a loss of PTEN protein as well as

decreased PDCD4 levels. This is consistent with cell lines containing

PTEN mutations activating AKT signaling and promoting the ubi-

quitination and degradation of PDCD4 (10).

The Pfeiffer PTEN knockout cell line was tested for sensitivity

to eFT226 and the chemical analogue RocA. Decreased induction

of apoptosis was observed upon treatment with either eFT226

(Fig. 2E) or RocA (Supplementary Fig. S4B). This resistance to

eIF4A inhibition is consistent to that seen in the PTENmut lym-

phoma cell lines treated with eFT226 (Fig. 1E). We hypothesize that

PTEN alterations increase AKT signaling and trigger PDCD4

degradation thereby altering the stoichiometry of eIF4A binding

to PDCD4 and increasing the available levels of eIF4A to form the

eIF4F complex. Increased eIF4A availability may result in higher

drug levels required for inhibition. It is also possible that activation

of AKT stimulates additional survival pathways that increase resis-

tance to eFT226.

The observation that loss of PTEN function and subsequent acti-

vation of AKT decreased sensitivity to eFT226 suggests that combi-

nation of eFT226with targeted agents that inhibit AKT signaling could

be beneficial. Treatment of the Pfeiffer PTEN KO cell line with

Idelalisib (PI3Ki) or MK2206 (AKTi) inhibited AKT phosphorylation

and resulted in an increase in PDCD4 protein levels (Fig. 2F) further

supporting that this combination strategy could be advantageous.

Therefore, the antiproliferative activity of eFT226 was assessed

in combination with Idelalisib or MK2206, in DLBCL cell lines

with PTEN mutations and activated AKT signaling (SU-DHL10 and

Karpas422) or the PTEN wt cell line (TMD8). CI values were calcu-

lated for each drug combination and cell line using CalcuSyn where

synergy is defined as CI < 0.9, additive activity 0.9–1.1 and antagonism

>1.1 (15). Combination of eFT226 with either idelalisib or MK2206

was synergistic in both the SU-DHL10 (CI of 0.54 and 0.56, respec-

tively) and Karpas422 (CI of 0.28 and 0.51, respectively) cell lines with

PTEN mutations and additive (CI of 1.1 for MK2206) in the TMD8

PTENwt cell line (Supplementary Table S2) consistent with the

hypothesis that hyperactive AKT signaling decreases sensitivity to

eFT226. These results highlight the benefits of combining eFT226 with

PI3K/AKT pathway inhibitors.

eFT226 exhibits differential in vivo activity across lymphoma

models

The antitumor efficacy of eFT226 was assessed across a panel of

lymphoma xenograft models including DLBCL (ABC and GCB) and

Burkitt lymphoma (Table 1). Human tumor xenografts were grown in

immune compromised mice and treated with eFT226 or vehicle

administered intravenously on a weekly (once weekly) schedule.

Treatment with 1 mg/kg eFT226 resulted in substantial tumor growth

inhibition (97% and 87%) for ABC-DLBCLmodels TMD8 and HBL1,

respectively (Fig. 3A; Supplementary Fig. S5G), that harbor CD79B

and MYD88 activating mutations. eFT226 treatment of the TMD8

tumor model at 1 and 0.2 mg/kg once weekly resulted in dose-

dependent tumor growth inhibition of 97% and 80%, respectively, at

the end of the 15-day dosing period (Fig. 3A). eFT226 was well

tolerated at all doses as seen by a lack of body weight loss (Supple-

mentary Fig. S5A). Histopathology and IHC were performed on both

vehicle and eFT226 (1 mg/kg once weekly) treated tumors on day 15.

Treatment with eFT226 resulted in highly necrotic tumor tissue,

downregulation of MYC, as well as increased cleaved caspase-3

indicative of ongoing apoptosis (Fig. 3B and C). Downregulation

of eFT226 target genes were analyzed following administration of

eFT226 in the TMD8 tumor model. Consistent with what was

observed for eFT226 treatment in vitro, levels of MYC, Cyclin

D1, MCL1, CDK4, and BCL6 protein were downregulated at

24 hours following a 1 mg/kg dose. Decreased expression of MCL1,

CDK4, and BCL6 was also observed 24 hours following a dose of

0.1 mg/kg eFT226 (Fig. 3D and E).

Significant tumor growth inhibition (70% and 83%) was also

observed for GCB-DLBCL tumor models Pfeiffer and SU-DHL6,

respectively (Fig. 4A; Supplementary Fig. S5C). Inhibition of Pfeiffer

tumor growth was dose dependent with efficacy observed over a 10-

fold dose range (0.1–1mg/kg; Fig. 4A). eFT226was well tolerated at all

doses as seen by a lack of body weight loss (Supplementary Fig. S5B).

Biomarkers were further analyzed for a pharmacodynamic response at

Table 1. Antitumor activity of eFT226 in the treatment of lymphoma xenograft models.

%TGI (day 15)

eFT226 1 mg/kg

Xenograft Tumor type Genomic markers

Pathway activation

status Q1W IV P

TMD8 DLBCL ABC CD79, MYD88 mTOR high 97 <0.0005

HBL1 DLBCL ABC CD79, MYD88 mTOR high 87 <0.0005

SU-DHL2 DLBCL ABC CARD11, A20 mTOR low �41 0.188

Pfeiffer DLBCL GCB EZH2, PIK3C2G, STAT3, SYK, BCL2 trans mTOR high 70 <0.0005

SU-DHL6 DLBCL GCB EZH2, PIK3C2G, TP53, BCL2 trans mTOR high 83 <0.0005

RL DLBCL GCB PTEN, EZH2, BCL2 trans PTEN 23 0.1817

Karpas422 DLBCL GCB PTEN, EZH2, BCL2 trans PTEN 17 0.507

SU-DHL10 DLBCL GCB PTEN, EZH2, PIK3C2A, TP53, MYC and BCL2 trans PTEN 37 0.0638

Carnaval DLBCL GCB MYC and BCL2 trans mTOR low 37 0.0055

Ramos Burkitt MYC trans, TP53 mTOR high 75 <0.0005

Abbreviation: Q1W, once weekly.
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times ranging from 1 to 72 hours postdose. Tumor samples were

collected at various time points to determine the corresponding drug

levels. Following a single dose of 1 mg/kg eFT226, inhibition of MYC,

Cyclin D1, and BCL6 were both time- and exposure-dependent

(Fig. 4B and C). The recovery of biomarker inhibition was consistent

with the clearance of eFT226 out of the tumor with protein expression

returning to approximately 60% to 80% of vehicle at 24 hours. To

determine the PK–PD relationship, inhibition of Cyclin D1 protein

levels were quantified and eFT226 drug levels were measured. Dose

proportional inhibition of Cyclin D1 was observed (Fig. 4D). Simi-

larly, analysis of SU-DHL6 or Ramos tumors treated with 1 mg/kg

Q1W eFT226 resulted in significant tumor growth inhibition and

biomarker downregulation in vivo concordant with what was observed

in vitro (see Supplementary Figs. S3A, S5C–S5F).

Identification of biomarkers that correlate with sensitivity or

resistance to eFT226

Although eFT226 exhibited in vivo activity in models of DLBCL

(ABC, GCB) and Burkitt lymphomas, it did not inhibit the tumor

growth in allmodels even though eFT226 downregulated key drivers of

tumorigenesis (i.e., MYC, Cyclin D, and BCL6) in vitro. We were

interested in further defining drivers of sensitivity and resistance to

identify patient subsets during clinical development. Activation of the

PI3K/AKT/mTOR pathway in lymphoma models reportedly leads to

dysregulation of eIF4A and the eIF4F complex.

Evaluation of PI3K/AKT pathway mutations across the lymphoma

cell lines tested in xenograft models demonstrated that those with

PTENmutations are associated with reduced in vivo efficacy (Table 1;

Supplementary Fig. S5J–S5L). This is consistent with the reduced

Figure 3.

eFT226 efficacy and biomarker analysis in an ABC-DLBCL xenograft model. A, NOD SCID mice implanted subcutaneously with TMD8 cells were treated once

weekly (Q1W) with either vehicle (black) or eFT226 intravenously (1 mg/kg, dark gray; 0.2 mg/kg, light gray) for 15 days to assess the effect on tumor growth.

Data shown are the average SEM. B, IHC analysis of TMD8 tumor 3 hours after treatment with vehicle or eFT226 (1 mg/kg once weekly) on day 15. C, Drug

treatment downregulates MYC and induces apoptosis as seen by an increase in cleaved caspase. D, Immunoblot analysis of TMD8 tumors from mice 24 hours

after dosing with 0.1 or 1 mg/kg eFT226. E, Biomarker analysis of MYC, Cyclin D1, MCL1, BCL6, and CDK4 protein levels relative to GAPDH measured 24 hours

after the indicated dose of eFT226.
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sensitivity to induction of apoptosis upon treatment with eFT226

observed in vitro for PTEN-mutant cell lines (Fig. 1E). These results

seemed counterintuitive since it is expected that alterations in PTEN, a

key activator of AKT signaling, would lead to increased AKT and

mTOR signaling and activation of the eIF4F complex. Interestingly,

even though PTEN alterations did result in activation of AKT signal-

ing, this did not lead to an increase in mTOR signaling as evident by

low phospho-to-total levels of mTOR substrates (p70S6K and eIF4G;

Supplementary Fig. S4A). The association of PTEN status with eFT226

efficacy provides a genetic marker that may be useful in the analysis of

patient subsets during clinical development.

PTEN status alone does not account for the pattern of differential

in vivo activity observed across the lymphoma models, suggesting

there are additional drivers of sensitivity and resistance. To determine

whether mTOR signaling resulted in differential activation of eIF4A in

the sensitive versus refractory ABC DLBCL tumor models, activation

of the AKT/mTOR signaling pathway was assessed for these cell lines

by monitoring the phosphorylation levels of mTOR substrates and

eIF4A regulators. eFT226 treatment resulted in significant tumor

growth inhibition (87%–97% TGI) for the TMD8 and HBL1 tumor

models but no tumor growth inhibition for SU-DHL2 (see Table 1;

Supplementary Fig. S5H). Evaluation of mTOR signaling by West-

ern blot analysis showed that the mTOR pathway was activated in

both TMD8 and HBL1 cell lines as seen by high phospho-to-total

protein levels for p70S6K (T389), rpS6 (S240/244), eIF4B (S422),

and eIF4G (S1108). In contrast, mTOR signaling was much lower in

the SU-DHL2 cell line, suggesting that eIF4A is much less activated

and corresponds to poor in vivo activity with eFT226 treatment

(Fig. 5A and B).

mTOR pathway activation was further evaluated across the broad

panel of lymphoma cell lines tested and compared with the in vivo

sensitivity of eFT226 at a dose and schedule of 1 mg/kg once weekly.

Tumor models in which eFT226 treatment yielded >60% TGI were

categorized as sensitive. The 60% TGI cutoff in preclinical models has

been defined by the NCI to increase the likelihood of eliciting a clinical

response (31). Activation of the mTOR pathway, as evident by an

Figure 4.

eFT226 efficacy and biomarker analysis in a GCB-DLBCL xenograft model.A,NOD SCIDmice implanted subcutaneously with Pfeiffer cells were treated onceweekly

(Q1W) with either vehicle (black) or eFT226 IV (1 mg/kg, dark gray; 0.1 mg/kg, light gray) for 14 days to assess effect on tumor growth. Data shown are the average

SEM. B, Immunoblot analysis of Pfeiffer tumors for various time points frommice treated with a single 1 mg/kg dose of eFT226. C,MYC, Cyclin D1, and BCL6 protein

levels relative to GAPDH measured at the indicated times after a single dose of eFT226. D, Cyclin D1 protein levels at multiple tumor drug levels were measured to

determine the PK–PD relationship.
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increase in phosphorylation of p70S6K (T389), eIF4G (S1108), 4EBP1

(S65), and PDCD4 (S457) (Fig. 5C; Supplementary Fig. S4A), showed

the greatest correlation with in vivo tumor growth inhibition by

eFT226. The phosphorylation status of eIF4B (S422) also correlated

with eFT226 sensitivity except for cell lines having a PTEN mutation

where hyperactivated AKT drives increased phospho-eIF4B (Fig. 5C;

Supplementary Fig. S4A). Interestingly, AKT signaling did not stim-

ulate the phosphorylation of PDCD4 S457, suggesting that phosphor-

ylation of this site ismore dependent on p70S6K activation in these cell

lines. This analysis suggests that collective activation of eIF4A reg-

ulators lead to enhanced eFT226 activity and provides potential tumor

biomarkers to evaluate in relation to clinical activity.

Discussion
eFT226 is a potent and selective inhibitor of eIF4A-dependent

translation that inhibits cell proliferation and rapidly induces cell

death in B-cell lymphoma cell lines. Therapeutic benefit of eIF4A

inhibition by eFT226 is mediated in part by a coordinated decrease in

the protein levels of short lived oncoproteins including MYC, Cyclin

D1, and MCL1, which are drivers of B-cell proliferation and survival.

This results in significant antitumor activity in vivo across a diverse set

of lymphomaxenograftmodels includingDLBCL (ABCandGCB) and

Burkitt lymphoma.

Using a genome-wide profiling approach, we identified that eFT226

translationally regulates a set of key oncogenes (e.g., MYC, Cyclin D1,

CDK4, MCL1, and BCL2) that are important for B-cell tumor disease

progression. The set of mRNAs regulated by eFT226 were enriched

for oncogenes encoding specific polypurine and/or G-quadraplex

sequences. Regulation was determined to be dependent upon

sequences within the 50-UTR and is mediated through the formation

of a stable ternary complex with eIF4A, eFT226 and mRNA recog-

nition elements that block ribosome scanning (21, 22, 25). Treatment

of lymphoma tumor cells with eFT226 promotes a coordinated

Figure 5.

PI3K/mTOR pathway activation of eIF4A is associated with increased eFT226 activity in vivo. A, PI3K/AKT/mTOR pathway activation for the ABC DLBCL cell lines

assessed by Western blot analysis. B, Phospho/total ratio of p70S6K, rpS6, eIF4G, and eIF4B for eFT226-sensitive and -resistant ABC DLBCL lymphoma tumor

models.C, Phospho/total ratio of p70S6K, eIF4G, PDCD4, 4EBP1, and eIF4B for eFT226-sensitive and -resistant lymphoma tumormodels. PTEN-mutantmodels with

activated AKT signaling are highlighted in gray in the eIF4B plot. 4EBP1 is not expressed in the Pfeiffer GCB DLBCL cell line.
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translational inhibition of oncogenic drivers (MYC, Cyclin D1, CDK4,

MCL1, and BCL2) and transcription factors (MYC and BCL6) that not

only results in selective transcriptional reprogramming but also inhi-

bition of proliferation and cell death.

B-cell malignancies are often associated with aberrant activation of

oncogenic signaling pathways (PI3K/AKT/mTOR) that cause dysre-

gulated protein translation (3–4). ElevatedmTORpathway activity has

emerged as a major marker for aggressive disease and poor prognosis

in non-Hodgkin lymphoma. Activation of cap-dependent translation

via regulation of key regulators of eIF4A (eIF4G, eIF4B, and PDCD4)

and the eIF4F complex is a critical output of these signaling pathways

and leads to increased eIF4A activity and enhanced translation of

mRNAs with highly structured 50-UTRs (3–5). Lymphoma models

with activated eIF4A, as seen by an increased phosphorylation of

mTOR substrates (eIF4G and p70S6K) and eIF4A regulators (eIF4B

and PDCD4), correlated with eFT226 sensitivity in in vivo xenograft

models. Consequently, pharmacologic inhibition of the translation

initiation factor eIF4A in B-cell lymphoma models with activated

eIF4A is shown here to be highly effective.

Lymphoma tumor models with PTEN mutations and activated

AKT signaling were less sensitive to eFT226 treatment as seen by

reduced apoptosis in vitro and diminished in vivo efficacy. Interest-

ingly, activated AKT signaling did not translate into activation of the

mTOR pathway and presumably fully activated eIF4A. PTEN loss did

correlate with reduced PDCD4 protein levels both inmodels presented

herein as well as in the CCLE database and is consistent with loss of

PTEN activating AKT signaling and promoting PDCD4 degrada-

tion (10). These findings suggest that PTEN mutations potentially

alter the stoichiometry between eIF4A and PDCD4 by increasing the

levels of eIF4A available for eIF4F complex formation and requiring

higher drug levels for inhibition. It is also possible that activation of

AKT stimulates additional survival pathways that result in increased

resistance to eFT226. Combination of eFT226 with the PI3K/AKT

inhibitors, idelalisib and MK2206, was synergistic in PTEN-mutant

cell lines where AKT signaling was activated and provides rationale for

combination strategies of eFT226 with select targeted agents.

The ability to target selected subgroups of patients with eFT226

would increase the likelihood of clinical benefit, improve cost-

effectiveness and therapeutic outcomes. The results from this study

demonstrate that the activity of eFT226 is context-dependent and a

selective inhibitor of eIF4A-dependent translation is most active in the

disease setting where mTOR is driving mRNA translation. This

suggests thatmonitoring the phosphorylation level of eIF4A regulators

(i.e., p70S6K, PDCD4, and eIF4G) in patient tumor samples has the

potential to provide ameans to subset patient populations. In addition,

the association of PTEN status with eFT226 efficacy provides an

additional measure that may be useful in the analysis of patient subsets

during clinical development. Collectively, these findings support the

clinical development of eFT226 in patients with B-cell malignancies.
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