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ABSTRACT
The antibody rilotumumab, which has been tested in multiple Phase 2 and Phase 3 trials, has been
reported to neutralize hepatocyte growth factor (HGF), the ligand for the oncogene MET. However, we
report that rilotumumab does not prevent HGF from directly binding to MET on conventional and primary
patient-derived human gliomasphere lines, a trait driven by the HGF a-chain, which remains free to
engage cell-surface glycosaminoglycans and the receptor MET. This binding induces MET
phosphorylation, initiates robust AKT and ERK signaling and potentiates biological effects such as cell
scattering. This partial antagonism was highly exacerbated in the presence of activated epidermal growth
factor receptor, which is common in several cancers. Hence, we confirm that rilotumumab is only a partial
antagonist of HGF activity, a finding that has considerable implications for the therapeutic use of
rilotumumab.

Abbreviations: BCA assay, bicinchoninic acid assay; bFGF, basic fibroblast growth factor; BIOrilo, biotinylated rilotu-
mumab; BSA, bovine serum albumin; EGFR, epidermal growth factor receptor; ELISA, enzyme-linked immunosor-
bent assay; HGF, hepatocyte growth factor; mAb, monoclonal antibody; NSC, neural stem cell; NSCLC, non-small-cell
lung carcinoma; rilo–HGF, pre-complexed rilotumumab and HGF; RTK, receptor tyrosine kinase; SF-BSA, serum-free
medium containing 0.1% BSA; WCL, whole cell lysate; wt, wild-type
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MET is a transmembrane receptor tyrosine kinase (RTK)
implicated in the initiation and progression of several cancers,
including glioma, gastric adenocarcinoma and non-small-cell
lung carcinoma (NSCLC).1 An elevated level of hepatocyte
growth factor (HGF), the MET ligand, is common in dysregu-
lated MET signaling in cancer.1 Furthermore, HGF markedly
reduces the anti-tumor efficacy of various targeted therapeutics,
e.g., vemurafenib in melanoma patients, crizotinib in acute
myeloid leukemia primary cultures, and erlotinib in NSCLC
patients.2–4 Hence, neutralizing HGF’s biological activity is an
important node in blocking oncogenic signaling and preventing
drug resistance in various cancers.

Three candidate antibodies have been developed for the pur-
pose of neutralizing HGF, ficlatuzumab (AVEO), huL2G7
(Takeda) and rilotumumab (Amgen),5 with rilotumumab being
the most advanced in clinical development. Preclinical data
have shown that rilotumumab neutralizes HGF binding to the
MET extracellular domain, abrogates HGF-induced MET acti-
vation in PC-3 human prostate cancer cells, and reduces
human glioma xenograft size.6 However, rilotumumab in com-
bination with the standard of care has not increased survival in
13 of 14 Phase 2 trials. The exception is a Phase 2 trial for gas-
tric and esophageal cancer (NCT00719550),7 which was
extended to the multi-institutional Phase 3 trials RILOMET-1
(NCT01697072) and RILOMET-2 (NCT02137343), which
have subsequently been terminated because of increased

toxicity in patients treated with rilotumumab. In light of this
poor response observed in clinical trials, we investigated the
binding of rilotumumab to its ligand and the downstream
effects in cell lines from a variety of cancers to determine
whether the antibody was a genuine full antagonist of HGF
activity.

We first observed that pre-complexed rilotumumab and HGF
(rilo–HGF), at a 55:1 molar excess of antibody, can still stimulate
MET phosphorylation in the glioma cell line U87MG (Fig. 1A,
left), the NSCLC cell line A549 (Fig. 1B) and the MET-positive
patient-derived primary gliomasphere line SB2 (Fig. 1B). In
U87MG, this phosphorylation was exacerbated by expression of
the autoactive epidermal growth factor receptor (EGFR) mutant
EGFRvIII, which is common in glioma8 (Fig. 1A, right), or by
EGF-stimulation of U87MG.wtEGFR cells (Fig. 1C), which over-
express wtEGFR. We then assessed whether rilo–HGF binding
to cell-surface MET exerted a prolonged functional effect (indi-
cated in Fig. 1A), by measuring chronic MET activation. MET
phosphorylation was rapid (within 7 min) after incubation with
rilo–HGF and was sustained for as long as after stimulation with
HGF alone in U87MG.vIII and A549 cells; however, the level of
phosphorylated protein obtained after rilo–HGF stimulation was
slightly lower than for HGF alone (Fig. 1D). Importantly, total
MET had not been downregulated after 4 h rilo–HGF exposure,
in contrast to HGF alone (Fig. 1D). Therefore, in several lines
other than PC-3, despite HGF being bound by rilotumumab, it

CONTACT Terrance G. Johns Terry.Johns@monash.edu
Supplemental data for this article can be accessed on the publisher’s website.

© 2016 Crown Copyright

MABS
2016, VOL. 8, NO. 2, 246–252
http://dx.doi.org/10.1080/19420862.2015.1122149

http://dx.doi.org/10.1080/19420862.2015.1122149
http://dx.doi.org/10.1080/19420862.2015.1122149


can still elicit substantial MET phosphorylation, albeit less than
free HGF.

Using immunofluorescence microscopy, we confirmed
that rilo–HGF can bind to the cell surface of several MET-
positive human cancer cell lines, including U87MG.vIII,
A549 and the gastric cancer cell line GTL-16 (Fig. 2A). The
human anti-EGFR mAb panitumumab verified that bound
human IgG was detectable for all cell lines tested. Flow
cytometric quantification of binding showed that a high
level of rilo–HGF was engaged on the surface of these cell
lines and on the MET-negative cell line T-47D (human
breast cancer), but not on the MET-negative Jurkat cell line
(human leukemia) (Fig. 2B, top, and Supplementary
Fig. S1).

HGF has 2 chains (a and b) and binds MET via a high-affin-
ity binding site in the NK1 domain of the a-chain.9 HGF also
binds sulfonated cell-surface glycosaminoglycans such as

heparan sulfate as a pre-requisite to MET binding.10 This bind-
ing occurs via another high-affinity site, which is in the N-ter-
minus of the a-chain and is not bound by rilotumumab (which
targets the b-chain).5 To test whether rilo–HGF engages MET-
negative T-47D cells through cell-surface heparan sulfate, we
removed this sugar enzymatically. This reduced rilo–HGF
binding markedly (Fig. 2B, center), albeit not completely, as
determined by flow cytometry, suggesting that heparan sulfate
and other sulfonated glycosaminoglycans (such as dextran sul-
fate11 and chondroitin sulfate) engage rilo–HGF in MET’s
absence. Pre-blocking the high-affinity glycosaminoglycan
binding site in rilo–HGF with excess heparin abolished binding
to all cell types (Fig. 2B, bottom), confirming that HGF needs a
free a-chain in the initial stages of cell-surface engagement.
Jurkat cells, which are MET negative (Supplementary Fig. S1)
and heparan-sulfate negative,12 did not bind rilo–HGF, con-
firming the requirement for MET and/or heparan sulfate.

Figure 1. Rilotumumab does not completely prevent HGF-induced MET phosphorylation in multiple cell lines. (A) MET phosphorylation detected in U87MG and
U87MG.vIII cells after incubation with variable concentrations of HGF or rilo–HGF for 7 min at the indicated molar ratio and immunoprecipitation. (B) As for (A) for A549
cells or SB2 gliomaspheres with vehicle, 100 ng/mL HGF, 10 mg/mL rilotumumab or 55:1 rilo–HGF. (C) MET and EGFR phosphorylation detected in U87MG.wtEGFR cells
after incubation with 100 ng/mL HGF, 100 ng/mL EGF, 10 mg/mL rilotumumab or 55:1 rilo–HGF alone or in various combinations for 7 min. MET detection was by immu-
noprecipitation, and EGFR detection was by standard immunoblotting. (D) MET phosphorylation detected in U87MG.vIII and A549 cells at various time points after incuba-
tion with vehicle, 100 ng/mL HGF, 10 mg/mL rilotumumab or 55:1 rilo–HGF and immunoprecipitation. Actin was used as a loading control. Data represent results from 2
or more independent experiments. Blots were imaged using an Odyssey Infrared Imaging System and software and are cropped for clarity and concision. Note that the
right blot in A was exposed less than the left blot in A (to avoid overexposure of the p-Met bands) and the blot in D.
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Robust rilo–HGF binding, abolished by heparin pre-incuba-
tion, was also observed in several primary human gliomasphere
cell lines (GBM-6, SB2 and GBM-L1) (Fig. 2C), suggesting that

rilo–HGF could bind tumors in glioma patients. Overall, these
results confirm that rilo–HGF binds the surface of multiple
conventional and primary cancer cell lines, and that this

Figure 2. rilo–HGF engages with the cell surface in multiple different cell lines. (A) Immunofluorescence demonstrating engagement of 55:1 rilo–HGF (green) with the
surface of U87MG.vIII, A549 and GTL-16 cells. Nuclei were stained with DAPI (blue). Scale bar, 50 mm. Panitumumab was included as a positive control for human IgG
detection. (B, C) Flow cytometry tests demonstrating cell-surface engagement of rilo–HGF under differing conditions with conventional cell lines derived from several dis-
tinct cancers (B) or primary gliomaspheres derived from patient tissue (C). Treatment concentrations for all tests were 10 mg/mL rilotumumab, 10 mg/mL panitumumab,
100 ng/mL HGF, 100 mg/mL heparin or 55:1 rilo–HGF.
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binding relies on a free HGF a-chain binding to sulfonated gly-
cosaminoglycans and can occur in the absence of MET.

Using immunoprecipitation, we confirmed that rilo–HGF
and MET directly physically interact. Incubating cells with bio-
tinylated rilotumumab (BIOrilo) complexed with HGF led to
co-immunoprecipitation of BIOrilo heavy and light chains with
MET in U87MG.vIII cells, in contrast to MET-negative T-47D
cells (Fig. 3A). These findings indicate that HGF within rilo–
HGF physically binds to MET. Downstream signaling pathways
were also activated after a 7 min exposure of cells to HGF or
rilo–HGF, as indicated by robust phospho (p)-AKT and p-
ERK1/2 signals in A549 WCLs (Fig. 3B). We also observed
prominent activation of p-ERK1/2 in the NSCLC cell line
HCC827 (Fig. 3B), which contains the EGFR-activating dele-
tion E746–A75013 and also binds rilo–HGF by flow cytometry
(Supplementary Fig. S2). Addition of HGF or rilo–HGF to the
MET-positive primary human gliomasphere cell lines SB2 and

RN1 also resulted in strong induction of p-AKT and p-ERK1/2
(Fig. 3C). Therefore, despite rilo–HGF triggering less MET
phosphorylation than HGF (Fig. 1), signal transduction still
occurs in the presence of antibody. To determine whether rilo–
HGF-induced MET activation and signal transduction induce a
biological effect, we used real-time xCELLigence to analyze cell
scattering, a classic MET-stimulated biological effect, in 2
human cell lines documented to display this effect in response
to HGF: A549 and DU 145 (prostate cancer) cells.14,15 Rilo–
HGF and HGF both induced scattering profiles (Fig. 3D, left),
with an immediate (A549) or delayed (DU 145) effect, shown
by a cell index shift. The response to rilo–HGF, however, was
lower than to HGF. The cell index changes were not due to
HGF-induced cell death, as cell viability assays at the maximum
scatter point for HGF (40 h post treatment of DU 145 cells)
showed no decrease in cell number (Supplementary Fig. S3).
These changes were, by contrast, due to direct MET

Figure 3. Rilotumumab acts as a partial, not full, HGF antagonist. (A) Detection of biotinylated rilotumumab (BIOrilo) engagement of MET in U87MG.vIII and T-47D cells
after pre-incubation with 10 mg/mL BIOrilo or 55:1 BIOrilo–HGF complex and immunoprecipitation. H, heavy chain; L, light chain. (B, C) Detection of AKT and ERK signal-
ing in WCLs isolated from A549 and HCC827 cells (B) or SB2 and RN1 gliomaspheres (C) exposed to vehicle, 100 ng/mL HGF, 10 mg/mL rilotumumab or 55:1 rilo–HGF for
7 min. Blots were imaged using an Odyssey Infrared Imaging System and software and are cropped for clarity and concision. (D) Real-time xCELLigence cell scattering
assays of A549 and DU 145 cells after treatments alone (PBS vehicle, 100 ng/mL HGF, 10 mg/mL rilotumumab or 55:1 rilo–HGF) or treatments after pre-incubation with
2 mM SU11274 or 100 mg/mL heparin. The data represent results from 3 or more independent experiments.
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stimulation, as pre-incubating the cells with 2 mM of the MET
inhibitor SU11274 (Fig. 3D, center) or administering rilo–HGF
pre-blocked with 100 mg/mL heparin (Fig. 3D, right) abolished
the scattering phenotype. These findings confirm that rilotu-
mumab is a partial antagonist of HGF’s biological activity.

Using multiple techniques and a range of tumor cell lines,
we demonstrated that rilotumumab functions as a partial, not
full, antagonist of HGF activity. This arises from the HGF
a-chain’s retaining the ability to engage sulfonated glycosami-
noglycans and to subsequently bind MET and potentiate sig-
naling and biological effects. As we found that these effects
occur in patient-derived primary gliomaspheres (Fig. 1B,
Fig. 2C and Fig. 3C), it is likely that rilo–HGF complexes acti-
vate MET and trigger signaling in patient tumors.

This study clearly identifies an important shortcoming of
current high-throughput platform technologies, such as sur-
face plasmon resonance and enzyme-linked immunosorbent
assays (ELISAs), used to screen for and identify antibody
therapeutics that are targeted to ligands with known cell-
surface co-factors. We present strong evidence that antibody
therapeutics identified in such a screen require a more
robust validation on live cells, using the flow cytometry/cell
signaling approaches that we outline here on multiple cell
lines. As these tests are relatively simple, quick and only
need to be applied to leading candidates, this approach will
save substantial financial outlay and effort by eliminating
antibodies with seemingly good neutralization capabilities
that do not translate to live cells before the preclinical and
clinical trial stages.

We also found that activated EGFR enhanced MET activa-
tion in the presence of rilotumumab, suggesting that activated
EGFR may exacerbate resistance to this therapeutic antibody.
This is important because many tumors bear activated EGFR
generated by either an activating mutation, such as in NSCLC
and glioblastoma,8,16 or by overexpression of EGFR, such as in
colon cancers. Hence, the presence of this commonly activated
RTK in cancers may significantly impede the activity of rilotu-
mumab as a monotherapy.

Combining rilotumumab with anti-EGFR therapeutics may
have a substantial positive effect on the efficacy of anti-HGF
therapies. We have previously shown that incomplete neutrali-
zation of EGFRvIII by small molecule inhibitors, such as erloti-
nib, results in premature MET reactivation in the presence of
rilotumumab.17 Therefore, it may be more beneficial to utilize
the anti-EGFR antibody panitumumab for effective combina-
tion therapy. This approach is validated by our previous pre-
clinical data demonstrating that co-administration of
panitumumab with rilotumumab is required to inhibit glioma
xenografts bearing EGFRvIII.17,18 Recently reported results of a
Phase 2 trial (NCT00788957) in wild-type K-RAS metastatic
colorectal cancer19 show that rilotumumab has some survival
benefit when combined with the anti-EGFR antibody panitu-
mumab, but not the anti-IGF-1R antibody ganitumumab. This
finding also supports the idea of supplementing rilotumumab
therapy with panitumumab. To improve clinical outcomes,
patients with MET-positive and HGF-positive tumors should
be stratified for EGFR activation by ligand or mutation, and
combination treatment with rilotumumab and EGFR inhibitors
should be explored. Additionally, several novel experimental

anti-MET antagonist antibodies, such as h224G11, MM-131
and LY2875358, which target MET directly and block HGF’s
action without agonizing the receptor, should be investigated as
alternatives in combination EGFR therapy.

Our results go some way toward explaining why Phase 2 and
Phase 3 trials of rilotumumab, in combination with standard of
care chemotherapy, have been disappointing in several major
solid tumor types.20-23 Moreover, because the epitope of the
next leading HGF-neutralizing candidate antibody, ficlatuzu-
mab, has not yet been described, we strongly suggest that this
antibody, and others such as huL2G7, be tested in the simple
live cell assays that we document here before progressing to fur-
ther clinical trials, to verify that it too does not bind cell-surface
MET and activate signaling.

Methods and materials

Antibodies and reagents

The anti-EGFR monoclonal antibody 806 (mAb 806) and the
anti-MET monoclonal antibody LMH 8524 were produced in-
house at the Ludwig Institute for Cancer Research, Heidelberg,
Australia. Rilotumumab and panitumumab were provided by
Amgen. The rabbit anti-MET polyclonal antibody C-28 conju-
gated to agarose beads (catalog number, sc-161-AC) and the
protein A/G agarose beads were purchased from Santa Cruz
Biotechnology. The rabbit anti-p-MET (Y1234/1235) 3D7
mAb (catalog number, 3129), the mouse anti-MET mAb
L41G3 (catalog number, 3148), the rabbit anti-p-EGFR
(Y1173) mAb 53A5 (catalog number, 4407), the mouse anti-
pan AKT mAb 40D4 (catalog number, 2920S), the rabbit anti-
p-AKT (S473) mAb D9E (catalog number, 4060), the rabbit
anti-p-ERK1/2 (Thr202, Tyr204) mAb D13.14.4E (catalog
number, 4370S) and the mouse anti-ERK1/2 mAb L34F12 (cat-
alog number 4696S) were purchased from Cell Signaling Tech-
nology. Recombinant human HGF (catalog number,
PHG0254), Alexa Fluor 647-conjugated anti-mouse antibody
(catalog number, A21235) and Alexa Fluor 647-conjugated
anti-human antibody (catalog number, A21445) were pur-
chased from Life Technologies. Heparinase III (catalog number
P0737S) was purchased from New England BioLabs. Heparin
was purchased from Sigma Aldrich; and streptavidin conju-
gated to IRDye 680, from LI-COR.

Cell lines

All cell lines were maintained at 37�C in 5% CO2. The human
brain cancer cell lines U87MG, U87MG.vIII and U87MG.wt
(wild-type)EGFR, all obtained from Dr Frank Furnari (Ludwig
Institute for Cancer Research, San Diego, CA), and the human
lung cancer cell line A549 were maintained in DMEM/F-12
medium containing 5% fetal bovine serum (FBS) and 2.5 mM
GlutaMAX with the appropriate selection antibiotic if required.
The human lung cancer cell line HCC827 was maintained in
DMEM/F-12 medium containing 20% FBS and 2.5 mM Gluta-
MAX. The human acute T-cell leukemia cell line Jurkat was
maintained in DMEM/F-12 medium containing 10% FBS,
non-essential amino acids and 2.5 mM GlutaMAX. The human
breast cancer cell line T-47D, the human gastric cancer cell line
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GTL-16 and the human prostate cancer cell line DU 145 were
maintained in RPMI-1640 containing 10% FBS and 2.5 mM
GlutaMAX. Gliomasphere lines GBM-6 (provided by Dr Paul
Mischel, Ludwig Institute for Cancer Research, CA), SB2,
GBM-L1 and RN1 (provided by Dr Bryan Day, QIMR
Berghofer Medical Research Institute) were maintained in
StemPro neural stem cell (NSC) media containing DMEM/F-
12, StemPro NSC SFM Supplement, 0.02 mg/mL basic fibro-
blast growth factor (bFGF), 0.02 mg/mL EGF, 2.5 mM Gluta-
MAX and penicillin/streptomycin (Life Technologies).

Immunoprecipitation and western blotting

Cells were washed twice in ice cold PBS after the indicated
treatments and then lysed in TXC lysis buffer [1% (v/v) Triton
X-100, 30 mM HEPES, 150 mM NaCl, 10 mM NaF, 2.5 mM
activated Na3VO4 and protease/phosphatase inhibitor cocktails
(Thermo Scientific), pH 7.4] for 20 min at 4�C. After centrifu-
gation (21,000g, 4�C, 20 min), the protein concentration of the
supernatant was determined by bicinchoninic acid (BCA) assay
(Sigma), and whole cell lysates (WCLs) were subjected to
immunoprecipitation and/or western blotting. Rilotumumab
was biotinylated using EZ-Link Sulfo-NHS-LC-biotin (Thermo
Scientific) for 2 h at 4�C and then dialyzed overnight in a
2,000-fold excess of ice-cold TBS. For the immunoprecipitation
of MET, the anti-MET antibody C-28 conjugated to agarose
beads was added to 50–200 mg total protein from WCLs and
incubated overnight at 4�C with rotation. The immunoprecipi-
tates were washed 5 times in excess TXC buffer and then boiled
in 1£ reducing LDS sample buffer. For western blotting, WCLs
were prepared in 1£ reducing or non-reducing LDS sample
buffer. All samples were separated on 4–12% Bis-Tris SDS-
PAGE gels, which were then equilibrated before transfer to pol-
yvinylidene difluoride membranes using the iBlot Dry Blotting
system (Life Technologies). The remainder of the procedure
was as previously described18,25 using the appropriate primary
and secondary antibodies (see Antibodies and reagents).

Immunofluorescence of rilo–HGF binding

Rilotumumab was complexed with HGF in SF-BSA for 1 h at
room temperature at a 55:1 rilo:HGF molar ratio. This large
molar excess of rilotumumab was used so that all of the avail-
able HGF would be bound by rilotumumab. Complete binding
was also promoted by the strong affinity of rilotumumab for
HGF (approximately 25 pM).

Cells were plated in 8-well confocal chamber slides (iBidi) at
5,000 cells per chamber and incubated overnight at 37�C, 5%
CO2. Cells were washed once in serum-free medium containing
0.1% bovine serum albumin (SF-BSA medium) and then
exposed to serum starvation in the same medium for 16 h. The
pre-complexed rilo–HGF in SF-BSA at a 55:1 molar ratio or
separate controls (including 10 mg/mL panitumumab, 10 mg/
mL rilotumumab alone, 100 ng/mL HGF alone and vehicle)
were added to cells at 4�C for 3 h, and the cells were then
washed in ice cold PBS and fixed in 4% paraformaldehyde.
Fixed cells were incubated with Alexa Fluor 647-conjugated
anti-human antibody, diluted 1:100 in SF-BSA medium, for 1 h
at 22�C. The cells were then washed in PBS and mounted in

Duolink In Situ Mounting Medium with DAPI. Subsequent
image acquisition was conducted using a DeltaVision deconvo-
lution microscope on the relevant channels, and images were
processed using ImageJ software.

Flow cytometry

For each test, 1 £ 105 cells were stained for 3 h at 4�C with
the appropriate primary antibody diluted in ice-cold SF-
BSA medium. For cell-surface MET analyses, the cells were
stained with 5 mg/mL LMH 85.24 For cell-surface EGFR
studies, 10 mg/mL panitumumab was used as a positive
control for human IgG detection. For rilo–HGF engagement
studies, ice-cold pre-complexed rilo–HGF in SF-BSA
medium at a 55:1 molar ratio or separate controls were
added to the cells. For heparinase III pre-treatment, cells
were incubated for 24 h with 0.7 U enzyme in SF-BSA
medium. For heparin pre-blocking experiments, pre-formed
rilo–HGF complex was incubated with 100 mg/mL heparin
for 1 h. The cells were then washed 3 times in ice-cold SF-
BSA medium, and anti-mouse Alexa Fluor 647-conjugated
antibody (MET studies) or anti-human Alexa Fluor 647-
conjugated antibody (rilotumumab studies) was added for
1 h at 4�C. After 3 further washes, the cells were analyzed
on a FACSCanto II flow cytometer (BD Biosciences), and
histograms were generated using FlowJo software.

xCELLigence-based cell scattering assay

A549 and DU 145 cells were seeded at 5,000 cells per well in
0.5% FBS-supplemented medium in 96-well E-Plates for
30 min before coupling to the xCELLigence apparatus (Roche)
and carrying out 20 initial 2-min sweeps and then 100 30-min
sweeps to monitor cell adhesion and growth. After 32 h, the
treatments were added, and 60 1-min sweeps were carried out,
followed by 999 30-min sweeps. Cell growth was normalized to
growth at the time point immediately before treatment addi-
tion. Cell index curves were analyzed using xCELLigence soft-
ware (Roche).

ATP-based cell viability assays

Measurement of DU 145 cell viability in response to HGF treat-
ment was conducted using the CellTiter-Glo Luminescent Cell
Viability Assay (Thermo Scientific) according to the manufac-
turer’s instructions.
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