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ABSTRACT Objective: More than half of human glioblastomas show EGFR gene amplification and mutation, but EGFR inhibitors have not
been effective in treating EGFR-positive glioblastoma patients. The mechanism behind this type of primary resistance is not well
understood. The aim of this study was to investigate gefitinib resistance in glioblastoma, and explore ways to circumvent this
significant clinical problem.

Methods: MTT method was used to test the cell viability after EGFR-positive glioblastoma cells were treated with indicated drugs;
real-time quantitative PCR method was included to detect the TNFo mRNA levels in glioma tissues and cell lines. ELISA was
introduced to measure the TNFa protein levels in cell culture supernatant of glioblastoma cells treated with gefitinib. Western blot
was used to detect the activity change of intracellular kinases in drug-treated glioblastoma cells. Two mouse xenograft tumor
models were carried out to evaluate the in vivo effects of a combination of EGFR and TNFa inhibitors.

Results: We found that glioblastoma resistance to gefitinib may be mediated by an adaptive pro-survival TNFo-JNK-AxI signaling
axis, and that high TNFa levels in the glioblastoma microenvironment may further intensify primary resistance. A combination of
the TNFa-specific small-molecule inhibitor C87 and gefitinib significantly enhanced the sensitivity of glioblastoma cells to
gefitinib in vitro and in vivo.

Conclusions: Our findings provide a possible explanation for the primary resistance of glioblastoma to EGFR inhibitors and
suggest that dual blockade of TNFoand EGFR may be a viable therapeutic strategy for the treatment of patients with

chemotherapy-refractory advanced glioblastoma.
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Introduction

that invade the normal brain parenchyma!. Complete
resection of gliomas is difficult because these tumors are not

Glioma is the most common primary tumor of the central encapsulated and are typically enmeshed with other brain

nervous system, and is characterized by aggressive tumors
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cells>. Gliomas are associated with poor prognosis as
chemotherapies, and anti-tumor traditional Chinese
medicines are hampered by factors such as the inability to
cross the blood-brain barrier?. Glioblastoma accounts for
more than 60% of all newly diagnosed glioma cases, and is
categorized by the World Health Organization (WHO) as

grade IV glioma. Glioblastomas are more malignant than



Cancer Biol Med Vol 16, No 3 August 2019

lower grade gliomas (WHO II-III), such as astrocytomas and
oligodendrogliomas®>. The standard treatment for newly
diagnosed glioblastoma consists of surgical resection,
radiotherapy, and concomitant adjuvant chemotherapy with
temozolomide (TMZ). Despite this treatment approach, the
median overall survival of glioblastoma patients is only
14.6 months, with a 2-year survival rate of less than 26.5%
and a 5-year survival rate of less than 5%?°.

Precision medicine and targeted therapies specifically
target oncogenes or closely related signaling pathways to
inhibit tumor growth. In recent years, targeted therapies have
achieved significant clinical efficacy and have become a
standard treatment option along with surgery, radiotherapy,
and chemotherapy’. Most notably, the discovery of the EGFR
oncogene and the development of EGFR-targeting tyrosine
kinase inhibitors (TKIs) are important milestones in the
development of tumor-targeted therapy®°. Furthermore,
small-molecule inhibitors targeting EGFR, such as gefitinib,
erlotinib, icotinib, and lapatinib, have been shown to be
beneficial for numerous patients with advanced non-small
cell lung cancer who have failed regular chemotherapy®10.
Aberrantly activated EGFR affects various human cancers
such as lung cancer, colorectal cancer, head and neck
squamous carcinoma, and glioblastoma, among which
glioblastoma has the highest rate of EGFR gene alteration!!-14.
Over 50% of human GBMs show amplification,
rearrangement, or point mutations in EGFR, and half of
EGFR-amplified tumors express the mutant receptor
EGFRvVIII, which causes constitutive activation of
the receptor in a ligand-independent manner!®. So far,
EGFRVIII has not yet been detected in normal human tissue,
thereby making it a potentially promising tumor-specific
antigen'®.

However, despite extensive preclinical and clinical efforts,
EGFR inhibitors fail to produce significant clinical benefits in
glioblastoma, and glioblastomas appear to be refractory to
such inhibitors!7-1°. This intrinsic drug resistance is different
from secondary drug resistance caused by long-term
application of the same EGFR inhibitor in patients with non-
small cell lung cancer. The underlying mechanism of the
primary resistance of glioblastomas to EGFR inhibitors is
largely unknown. Identifying the primary and intrinsic
resistance mechanism of glioblastoma cells to EGFR
inhibitors and finding ways to overcome it is of great value to
recurrent glioblastoma patients with aberrantly activated
EGEFR signals who have no effective alternative treatment
options. Therefore, this study used glioblastoma cell lines
(U87MG and LN229) transfected with the EGFRvIII mutant
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(hereafter correspondingly referred to as U87vIII and
LN229vVIII cells), to explore the primary resistance
mechanism of glioblastoma to gefitinib and identify ways to
reverse this primary drug resistance.

Materials and methods
Cell lines and patient tissues

Human glioblastoma cell line U87MG and LN229 were
obtained from American Type Culture Collection (ATCC).
Lentivirus containing the EGFRVIII sequence and a negative
control sequence was obtained from GenePharma and
infected the two glioblastoma cell lines according to
manufacturer's instructions. U87MG and LN229 cells stably
expressing the EGFRVIII mutant were screened out with
puromycin for two weeks and then used in the subsequent
experiments. All glioblastoma cell lines were grown in
Dulbecco’s modified Eagle’s medium supplemented with
10% bovine calf serum (HyClone). Only early-passage cells
were used in the study. No cell lines used in this study were
found in the database of commonly misidentified cell lines
that is maintained by ICLAC and NCBI BioSample. Fifteen
cases of low-grade astrocytoma tissues and sixteen cases of
glioblastoma tissues were from newly diagnosed glioma
patients who were admitted to the Neurosurgery and Neuro-
oncology Department of Tianjin Medical University Cancer
Institute and Hospital from 2014 to 2016 with definite
pathological diagnosis after surgery. All subjects signed
informed consent forms, and this study was approved by the
Ethics Committee of Tianjin Medical University Cancer
Institute and Hospital.

Reagents and primers

Gefitinib, temozolomide (TMZ), Axl inhibitor R428 and JNK
inhibitor SP600125 were purchased from Selleck Chemicals,
C87 from Tocris, and TNFa from Peprotech. Detailed
antibody information used in this study was summarized in
Supplementary Table S1. Human TNFa ELISA kit was
obtained from Elabscience, and protein concentrating
column was obtained from Millipore. Annexin V Apoptosis
Detection Kit was from BD Biosciences. The quantitative
real-time PCR (qRT-PCR) Kit was purchased from Takara.
MTT was obtained from Sigma. qRT-PCR primers for
GAPDH and TNFa were synthesized by Invitrogen
Biotechnology, and the sequences have been previously
reported?>2l: GAPDH-F: 5'-GAAGGTGAAGGTCGGAGTC-
3'; GAPDH-R: 5'-GAAGATGGTGATGGGATTTC-3'; TNFa-
F: 5'-AGCCCATGTTGTAGCAAACC-3; TNFa-R: 5-TGAGGT
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ACAGGCCCTCTGAT-3'".
Cell survival

Cell viability was evaluated using MTT according to the
manufacturers’ instructions. Glioblastoma cells (5-10 X
103/well) were seeded into 96-well plate and cultured in their
corresponding medium for the indicated numbers of days.
Cells treated with DMSO were used as controls. Cells were
then incubated with MTT for 4 h. Viability was calculated as
follows: Percentage viability = (ODexp — ODyank Zlverage)/ (OD
average ~ ODblank average) X100%-

Western blot

Glioblastoma cells were divided into control and several
experimental groups. Different drug combinations were
added and incubated for 24 or 48 h. Cells were then lysed in
cold RIPA working buffer including protease/phosphatase
inhibitor cocktail (Cell Signaling Technology) and PMSF.
Frozen patients’ glioma tissues (approximately 50 mg per
case) were resuspended in 500 pL cold RIPA working buffer
and homogenized with a homogenizer. Thereafter, all protein
samples followed the pretreatment protocol for western
loading as we have previously reported®?3.10 pg total
protein/sample were separated using SDS-PAGE method.
Then, all proteins were transferred to PVDF membranes and
incubated with indicated antibodies. ECL substrate solution
(Pierce) was dripped onto the membranes, and protein
signals were captured on film (Kodak).

RNA extraction, reverse transcription, and
quantitative PCR

Frozen patients’ glioma tissues (approximately 50 mg per
case) were resuspended in 1 mL of TRIzol and homogenized
using a homogenizer, and then followed by chloroform
extraction, isopropanol precipitation, and ethanol washing.
RNA was reverse transcribed into total cDNA according to
the Reverse Transcription Kit instructions (Invitrogen). qRT-
PCR cycle parameters were as follows: 95°C for 10 s; 95°C for
5 s, and 60°C for 40 s, for a total of 40 cycles. Human
GAPDH was used as the internal reference and ABI7500
built-in software was used for data analysis.

Animal studies

All mouse experiments were approved by the Institutional
Animal Care and Use Committee of Tianjin Medical
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University Cancer Institute and Hospital. Four- to six-week-
old female athymic nude mice were purchased from Beijing
Vital River Laboratory Animal Technology. Glioblastoma cells
(1 x 106) were subcutaneously injected into the right flank of
each nude mouse. When xenograft tumors were
approximately 50 mm?, mice were randomly divided into
control and experimental groups (6 mice for each group),
and treated with the indicated drugs for 16 days. Tumor
dimensions were measured using calipers every 2 days and
tumor volumes were calculated with the formula: volume =
(length x width?)/212. Mice were euthanized when tumor
volumes exceeded 2000 mm?, or 16 days from the first day of
treatment. Tumors from nude mice were fixed in 10%
formalin and embedded in paraffin. Immunohistochemical
staining was performed using the ABC streptavidin—biotin
method with the SPlink Detection Kit (ZSGB-BIO) according
to the manufacturer's protocol. Ki67 was scored as the
percentage of nuclei-stained cells out of all cancer cells of hot
spots in X 400 high-power fields; totally 500 to 1,000 tumor
cells were counted in each case.

Statistical analysis

All data were analyzed for significance using GraphPad Prism
7.0. Each experiment was repeated at least three times. Unless
otherwise indicated, all data were presented as mean + SEM
of three independent experiments. Two-tailed Student's ¢ test
was used to compare two groups for independent samples.
The results for statistical significance tests were included in
the legend of each figure. P < 0.05 was considered statistically
significant.

Results

Gefitinib treatment led to increased TNFa
levels that triggered an adaptive pro-survival
signaling pathway in glioblastoma cells

Although U87MG and LN229 cell lines are two of the most
commonly used glioblastoma cell lines, their endogenous
EGEFR signal activation is very weak and both of them lack
the EGFRVIII mutation. Thus, we overexpressed EGFRVIII in
U87MG and LN229 to establish glioblastoma cell lines in
which the EGFR downstream pathway was permanently
activated in a ligand-independent manner, and used them as
in vitro cell models to mimic the cytological behavior of
glioma patients with the same mutation. Such cell models
have already been widely used in glioma research field?4-26. As
shown in Figure 1A, EGFR mutation was successfully
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Figure 1 Gefitinib treatment led to increased TNFa levels that triggered an adaptive pro-survival signaling pathway in glioblastoma cells.
(A) Immunoblotting of EGFRwt, EGFRVIIL, and phospho-EGFR in glioblastoma cell lines stably transfected with EGFRVIII mutation. GAPDH
was used as loading control. EGFRwt, EGFR wide-type. (B) U87VIII and LN229VIII cells were treated with indicated concentrations of gefitinib
for 48 hours, and thereafter cell viability was tested by MTT assay. Data were mean + SEM, n = 3 independent experiments. (C) U87VIII and
LN229VIII cells were treated with 2 uM gefitinib for the indicated time intervals, and total EGFR, phospho-EGFR, total Axl, phospho-Axl, total
JNK and phospho-JNK were detected by immunoblotting. (D) After U87VIII or LN229VIII cells were treated with 2 uM or 12 uM gefitinib for
indicated time points, ELISA was introduced to detect the TNFa concentration in cell culture supernatant. U87VIII cells (E) or LN229VIII cells
(F) were treated with 2 uM gefitinib for the indicated time intervals, and TNFa mRNA level was evaluated by gRT-PCR assay. In (D), (E) and
(F), data were mean + SEM, n = 3 independent experiments. Student's t-test, P < 0.05, ”P < 0.01.

imported into U87MG and LN229 cells and the EGFR kinase the sensitivity of glioblastoma cell lines with EGFRvIII

activity was also significantly increased. Next, we evaluated mutation to gefitinib treatment. As shown in Figure 1B,
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gefitinib lower than 12 pM had no obvious effect on the
survival of LN229vIII or U87VIII cells. We added 2 puM
gefitinib to U87vIII and LN229VIII cells for different time
intervals and found that with time, phosphorylation of EGFR
decreased, but the activation of the pro-survival intracellular
kinase Axl and its upstream kinase JNK gradually increased
(Figure 1C and Supplementary Figure S1A). This indicated
that new pro-survival signals appeared to replace the
weakened EGFR signal and thus, cells were able to survive.
Actually, we also detected the activation of other survival
closely related kinases such as Akt, STAT3 and p38 MAPK
after gefitinib treatment, but their activity didn’t increase
(Supplementary Figure S1B).

Considering that TNFa is known to be the strongest
upstream activation factor of JNK kinase?”-?8, we used ELISA
to assess the effect of gefitinib treatment on the expression of
TNFa. As expected, gefitinib treatment induced a time- and
dose-dependent increase in the concentration of TNFa in the
cell culture supernatant of LN229vIII and U87vVIII cells
(Figure 1D). Moreover, the TNFa mRNA levels were
upregulated after gefitinib treatment in U87vIII (Figure 1E)
and LN229VIII cells (Figure 1F), indicating that the TNFa
increase in cell culture may be due to transcriptional
activation to some extent.

Together, these results suggest that primary resistance to
gefitinib may be mediated by an adaptive TNFa-JNK-Axl
signaling in glioblastoma.

High levels of TNFa in the glioblastoma
microenvironment contributed to the primary
resistance to EGFR inhibition

To determine if TNFa was sufficient to confer primary
resistance to gefitinib in glioblastoma cells, we designed a
reverse compensation experiment to detect whether the
activation of TNFa signaling by addition of exogenous
excessive TNFa could result in protection from cell death in
gefitinib-treated glioblastoma cells. In this experiment, we
used a gefitinib concentration of 25 uM, which induced
statistically significant cell death in U87vIII and LN229vIII
cells, and found that addition of exogenous TNFa protected
these two cell lines from cell death induced by gefitinib
(Figure 2A and 2B).

We collected 15 low-grade astrocytoma (WHO II-11I) and
16 glioblastoma tissues, extracted mRNA from each, and
compared the TNFa mRNA expression in the two patient
groups using qRT-PCR. All patients were newly diagnosed
glioma patients admitted to our department, who had no
neo-adjuvant radiotherapy, chemotherapy, biotherapy, or

other targeted treatment before surgery. The sex ratio and age
span of the two groups were similar (Supplementary Table S2).
As shown in Figure 2C, the expression of TNFa was
significantly higher in the glioblastoma group than in the
astrocytoma group (P < 0.001). Additionally, TNFa protein
levels were consistent with the gene expression data, as TNFa
protein was generally higher in the glioblastoma group than
in the astrocytoma group (Figure 2D). In clinical practice,
glioblastoma tissues are often accompanied by large areas of
ischemic necrosis and inflammatory cell infiltration?®3%, and
TNFa is the most important and frequent regulator of the
innate immune and inflammatory responses in the body3!.
Therefore, this may be one of the reasons for the high levels
of TNFa in glioblastoma tissues. Together with previous
studies, we infer that high TNFa levels in glioblastoma tissues
may intensify the primary resistance of glioblastoma cells
to gefitinib.

Therefore, the combination of a specific TNFa inhibitor
and gefitinib may be a viable therapeutic strategy for
overcoming primary EGFR-inhibitor resistance in
glioblastoma, and provide improved clinical outcomes for
glioblastoma patients.

TNFa inhibition with C87 sensitized
glioblastoma cells to EGFR inhibition

A novel TNFa inhibitor, C87, as we have previously
reported3?, was screened out of a compound library of
approximately 90,000 small-molecule compounds. C87 was
identified as a hit compound using a combination of
computer-aided drug design and in vitro cell-free and cell-
based assays. C87 has been shown to effectively and
specifically inhibit the biological activity of TNFa both in
vitro and in vivo, thus making it an ideal candidate for
synergistic combination with EGFR inhibitors. Next, we
explored whether the addition of C87 could increase the
sensitivity of glioblastoma cells to gefitinib. Glioblastoma
cells treated with a combination of a TNFa neutralizing
antibody and gefitinib was used as a positive control. MTT
results showed that C87, TNFa neutralizing antibody, or
gefitinib (2 uM) alone did not induce significant cell death in
U87VII and LN229vIII cells, as cell viability was maintained
above 85% (Figure 3A and 3B). However, gefitinib combined
with C87 significantly decreased the viability of U87vIII cells
to 45.6 = 3.4% (P < 0.01, vs. gefitinib), and decreased the
viability of LN229VIII cells to 41.3 £ 2.5% (P < 0.001, vs.
gefitinib). The combination of gefitinib and the TNFa-
neutralizing antibody achieved similar results in U87vIII cells
(P < 0.01, vs. gefitinib) and in LN229vIII (P < 0.01, vs.
gefitinib). We also detected the apoptosis of U87VvIII cells
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Figure 2 High levels of TNFa in the glioblastoma microenvironment contributed to the primary resistance to EGFR inhibition. After TNFa

(1 ng/mL) alone, or gefitinib (25 pM) alone, or combination of the two treated U87VIII (A) or LN229VIII (B) cells for 48 hours, cell viability was

tested by MTT assay. (C) The relative expression of TNFae mRNA in 15 low grade astrocytoma (WHO II-III) tissues and 16 glioblastoma

tissues were detected with qRT-PCR method. In (A), (B), and (C), data were mean + SEM, n = 3 independent experiments, Student'’s t-test,

*P < 0.05, P < 0.01, ™P < 0.001. (D) Top: Immunoblotting analysis of protein levels of TNFa in the 15 low grade astrocytoma tissues (WHO

II-11I, serial number 1#-15#) and 16 glioblastoma tissues (serial number 16#-31#). Bottom: Western blot band intensity of TNFa was

quantified and normalized to the internal control (mean + SD, n = 3 independent experiments).

after gefitinib treatment with flow cytometry and the results
further verified the combined effects of TNFa inhibitors and
gefitinib (Figure 3C). From a more intuitive point of view,
the morphological effect of TNFa inhibition in combination
with gefitinib on glioblastoma cells was easily observed using
light microscopy (Figure 3D). In that, control cells treated
with vehicle, C87, TNFa-neutralizing antibody, or gefitinib
alone maintained their morphology with long spindle-like
shapes and clear edges. In contrast, more than half of the cells

treated with a combination of C87 and gefitinib or gefitinib
and a TNFa-neutralizing antibody underwent apoptosis, and
cell debris was clearly visible in the microscopic fields.
Additionally, gefitinib-induced activation of Axl kinase and
JNK kinase was inhibited when U87VIII cells were treated
with a combination of gefitinib and C87 or a combination of
gefitinib and a TNFa-neutralizing antibody for 48 hours
(Figure 3E). Together, these results showed that C87
combined with gefitinib could significantly increase the



612

Ma et al. TNFa inhibitor C87 sensitizes glioblastoma cells to gefitinib

A B
K% *k
120 ~ sk 120 - sk
g 01 P g F o 9 = -
> 80 > 80 4
3 60 - 3 604
2 & 2 =
Z 40 Z 40 A
3 -3 o >
Y201 O 5
0 . . . . . . 0 T T T T T T
S & ® & W© S & X ® & W°
& Cbe@Y & }/g@? & ébé(o‘?@ xc,é(c?
<&@ N C O & ENEINC 2N SR
P SR
(:)QJ (\\;0(‘ (DQ' s'\\‘&\
2 12
C
Control c87 TNFa Ab
10° 10° 107 *% **
A 100,
1044 1043 103
10°4 o 1z 10°3 a1 02 104 o w
wo; w i o_g
OBl D 18T TR by o) 187 R ey @ 50
_142 0 10% 100 10* 10° _142 0 10% 100 10* 10° 142 0 10? 100 104 10° g
Gefitinib Gefitinib + C87 Gefitinib + TNFot Ab v
1054
104
0
104 a | e A\ R A
&éo (55\ . 0 s_\{_\\éo & . )
0] & & e R&;\@ x/\é
o759 N
=l | ¢ &
_142 0 10 [ 10° 10
Annexin V
D Control c87 TNFa Ab
Gefitinib 48 h
E N
X
& A X
SN CRNY
PAXI | w———
Al ———
JNK
EGFR - e
GAPDH “- —

Figure 3 TNFa inhibition with C87 sensitized glioblastoma cells to EGFR inhibition. After C87 (2.5 pM), or TNFa antibody (1 ug/mL), or
gefitinib (2 pM) alone, or combination treated U87VIII (A) or LN229vIII (B) cells for 48 hours, cell viability was tested by MTT assay. (C)
Apoptotic assay of U87VIII cells with the above-mentioned treatments. In (A), (B) and (C), data were mean + SEM, n = 3 independent
experiments, Student’s t-test, *P < 0.05, P < 0.01. (D) Representative morphology of U87VIII cells with the above-mentioned treatments,
scale bar, 100 pm. (E) After U87VIII cells were treated with gefitinib combined with C87 or TNFa antibody for 48 h, expression of total Axl,
phospho-Ax|, total JNK, phospho-JNK, total EGFR and phospho-EGFR were detected by immunoblotting.
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sensitivity of glioblastoma cells to gefitinib treatment in vitro.

In order to prove the synergistic effect of C87 on gefitinib
was indeed mediated by a concurrent inhibition of TNFa
signaling, not by a simple combination of compound
toxicity, we evaluated whether C87 could increase the
sensitivity of glioblastoma cells to TMZ. As expected, TMZ
treatment didn’t increase the TNFa mRNA expression in
U87VIII or LN229vVIII cells (Supplementary Figure S2A).
Correspondingly, C87 failed to work synergistically with
TMZ in the cytotoxic assay of glioblastoma cells
(Supplementary Figure S2B). These results indicated from
another perspective that the adaptive pro-survival TNFa
signaling to some extent was unique and specific in the
resistance of glioblastoma cells to gefitinib, and dual
inhibition of EGFR and TNFa signaling might be a viable
strategy to overcome gefitinib resistance.

We also explored the combined effects of gefitinib with Axl
inhibitor or JNK inhibitor in U87vIII and LN229VIII cells. As
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shown in Supplementary Figure S3A and S3B, a concurrent
blockade of Axl or JNK could sensitize these two cells to
gefitinib treatment. Together with Figure 1C and Figure 3E,
these results indicate that the TNFa-JNK-AxI signaling axis
indeed plays an important role in the gefitinib resistance and
inhibiting this axis at multiple nodes renders EGFRVIII-
mutant glioblastoma cells sensitive to EGFR inhibitors.

C87 sensitized mouse xenograft tumors to
gefitinib monotherapy

The in vivo therapeutic potential of the combination of
gefitinib and the TNFa inhibitor C87 was examined using
The
experiment was conducted by injecting U87vIII or LN229vIII

subcutaneous  glioblastoma  xenograft models.

cells into the right flank of athymic mice. Once subcutaneous

Lty

tumors became visible, the mice were divided into four
treatment groups: control, gefitinib alone, C87 alone, or
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Figure 4 (C87 sensitized mouse xenograft tumors to gefitinib treatment. (A) U87VIII subcutaneous xenograft tumors were once a day

treated with C87 (10 mg/kg) intraperitoneally or gefitinib (50 mg/kg) by oral gavage, or combination of the two. (B) LN229VIII subcutaneous

xenograft tumors were treated daily with the same doses as in (A). In (A) and (B), tumor volumes were calculated as indicated in the

Method. Values are mean + SD, n = 6 mice for each group, Student's t-test, ™*P < 0.001 g (gefitinib group vs. gefitinib + C87 group). Inserts
were representative tumor photos of gefitinib group or gefitinib + C87 group. (C) U87VIII (top) or LN229VIII (bottom) subcutaneous
xenograft tumors of each group were resected, fixed in formalin, and stained for Ki67. Scale bar, 100 um.
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gefitinib+C87. While gefitinib and C87 as monotherapy
modestly reduced tumor growth, the combination was
significantly more effective than either compound alone
(Figure 4A and 4B). Additionally, the combination was more
potent than the single agents at inhibiting tumor cell growth,
as shown by immunohistochemical staining of Ki67
(Figure 4C and Supplementary Table S3). For example, the
combination group significantly decreased the Ki67 index of
U87vIII tumors to 9.0£4.6% (P < 0.01, vs. gefitinib), and
decreased the Ki67 index of LN229vIII tumors to 12.6+3.9%
(P < 0.01, vs. gefitinib). Collectively, our in vivo observations
recapitulated the in vitro results, suggesting that concurrent
inhibition of TNFa has the potential to significantly improve
the efficacy of EGFR inhibitors for treating EGFR-positive
glioblastoma patients.

Discussion

Epidermal growth factor receptor (EGFR), the coding
C-ErbB-1, is a
transmembrane protein®34. The EGFR signaling pathway

product of the proto-oncogene
plays an important role in the proliferation, survival,
invasion, metastasis, and angiogenesis of tumor cells?>%.
EGEFR signaling is highly activated in many epithelial cell-
derived tumors, such as non-small cell lung cancer, glioma,
head and neck cancer, and colorectal cancer'?37. EGFR
inhibitors (EGFR-TKIs) are highly effective in the treatment
of EGFR-positive non-small cell lung cancer and other
tumors!®3. However, with extended use, secondary drug
resistance to EGFR-TKIs is acquired, and the disease
progresses rapidly after drug resistance?®. Currently, there are
two schools of thought for this kind of secondary drug
resistance: one is the emergence of the EGFR-T790M
mutation in tumor cells after long-term treatment with
EGFR-TKIs, which activates Axl, Met, or other kinases,
leading to the restoration of pro-growth signals*; the other
one is that, after long-term inhibition of EGFR signaling,
tumor cells increase the activity of the STAT3 signaling
pathway to resist the death signals elicited by EGFR
inhibition*!. However, little is known about why most EGFR-
positive glioblastoma patients do not appear to be oncogene
addicted, and EGFR TKIs, so far, have not been effective in
this patient population, even in newly diagnosed patients.
Gefitinib is the most commonly used EGFR-TKI in China,
and is the preferred EGFR-TKI of choice because of its
efficacy and price. In our study, we explored the mechanism
of primary drug resistance to gefitinib in glioblastoma cells.
We found that the primary resistance of glioblastoma cells to
gefitinib may be related to the rapid activation of intracellular

TNFa signaling after drug administration, and with clinical
samples, we also confirmed that the high expression of TNFa
in glioblastoma tissues further intensified gefitinib resistance.
Additionally, C87, as a novel inhibitor which could
competitively and specifically interrupt the binding between
TNFa and its receptor and thus block the TNFa downstream
signaling, sensitized glioblastoma cells to gefitinib treatment
both in vitro and in vivo (summarized in Figure 5).
Therefore, dual blockade of TNFa and EGFR may provide a
new therapeutic strategy for patients with advanced EGFR-
positive glioblastoma who have failed conventional
chemotherapy regimens.

Existing TNFa inhibitors (e.g., infliximab, adalimumab,
cimzia, and enbrel) are all water-soluble macromolecular
protein preparations of antibodies or receptors and have
already achieved great success in the treatment of some
autoimmune diseases (rheumatoid arthritis, inflammatory
bowel disease, etc.)*>-44. However, their physical structures
result the poor stability and the exclusion from blood-brain
barrier. Small-molecule TNFa inhibitors such as thalidomide
also have strong off-target pharmacological activity and thus,
serious side effects®>. Guo et al. 2¢have demonstrated that the
primary resistance of established glioblastoma cell lines to
erlotinib could be overcome by combining Sp600125 (JNK
inhibitor) or thalidomide with erlotinib. In our study, we
treated glioblastoma cells with a combination of the TNFa
specific small-molecule inhibitor C87 and gefitinib. We also
used a combination of gefitinib and a TNFa-neutralizing
antibody as a positive control. The results showed that C87
could significantly increase the sensitivity of glioblastoma to
gefitinib both in vitro and in vivo, and the in vitro effect was
comparable to that of the TNFa-neutralizing antibody. With
deference to the blood-brain barrier, the combination of C87
and gefitinib for the treatment of glioblastoma may have
greater clinical advantages and more potential for clinical
translation than existing TNFa inhibitors.

Although the roles and signaling pathways of TNFa in
innate immune and inflammatory responses have been
extensively defined*®47, the relationship between TNFo and
downstream signaling mechanisms in tumor cells has not
been well established. Numerous studies have shown that
TNFa in the tumor microenvironment not only fails to kill
tumor cells, but also plays an important role in the
occurrence and development of tumors*®4°. For example,
TNFo can promote the proliferation, malignant
transformation, angiogenesis, invasion, and metastasis of
tumor cells®®>1. The roles of cytokines, including TNFa, in
glioblastoma had long been noticed>?. However, the roles of
TNFa in the tumorigenesis and development of glioma failed
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Figure 5 A diagrammatic sketch illustrates how C87 overcomes the resistance of glioblastoma cells to gefitinib. (A) In glioblastoma cells

treated with gefitinib alone, the pro-survival TNFa signaling pathway, either derived from the irritated tumor cells themselves, or tumor

environment, enables the cells to bypass cell death induced by EGFR inhibition. (B) C87, as a novel inhibitor which competitively and

specifically interrupts the binding between TNFa and its receptor and thus blocks the TNFa downstream signaling, induces glioblastoma

cell death together with gefitinib.

to attract considerable attention, partially due to the
“immune privilege” characteristic of brain’? and the
complexity of TNFa function4. Kusne et al.2> once reported
that the myeloid cell-derived TNFo promotes glioblastoma
cell proliferation, motility and resistance to erlotinib through
a RTKs-aPKC-NFKB pathway. Our study also supports that
TNFa in glioblastomas may induce primary drug resistance
to gefitinib, and the TNFa specific small-molecule inhibitor
C87 is able to significantly increase the sensitivity of
glioblastoma to gefitinib. Interestingly, tumor growth was
slightly slower in tumor-bearing mice treated with C87 alone

in comparison to cohorts treated with vehicle. This indicated
that TNFa signaling itself might play a role in glioblastoma
development. In summary, this study has provided vital
information about the relationship between inflammatory
factors represented by TNFo and brain tumorigenesis.

Conclusions

Overall, our study showed that the primary resistance of
glioblastoma cells to gefitinib may be related to the rapid
activation of intracellular TNFa signaling after drug
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administration, and with clinical samples, we also confirmed
that the high expression of TNFa in glioblastoma tissues
further intensified gefitinib resistance. Furthermore, C87, as a
novel inhibitor which could competitively and specifically
interrupt the binding between TNFa and its receptor and
thus block the TNFo downstream signaling, sensitized
glioblastoma cells to gefitinib treatment both in vitro and in
vivo. Therefore, dual blockade of TNFa and EGFR may
provide a new therapeutic strategy for patients with advanced
EGFR-positive glioblastoma who have failed conventional
chemotherapy regimens.
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Figure S1 Gefitinib inhibition triggers an adaptive response in glioblastoma cells. (A) The band intensity of immunoblots in Figure 1C were
quantified (mean t s.d,, n = 3 independent experiments, Student's t-test). (B) U87VIII cells were treated with 2 uM gefitinib for the indicated
time intervals, and total Akt, phospho-Akt, total STAT3, phospho-STATS3, total p38 MAPK and phospho-p38 MAPK were detected by
immunoblotting.
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Figure S2 (87 failed to work synergistically with TMZ in the cytotoxic assay of glioblastoma cells. (A) In U87VIII cells (left) or LN229VIII cells
(right), TMZ treatment didn't increase the TNFae mRNA expression. (B) 2 pM C87 had no effect on the sensitivity of U87VIII cells (left) or
LN229VIII cells (right) to TMZ. In (A) and (B), data were mean = SEM, n = 3 independent experiments.
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Figure S3 Inhibition of Axl and JNK renders glioblastoma cells sensitive to gefitinib. After Axl inhibitor R428(2 uM), or JNK inhibitor
SP600125 Add a space (2 pM), or gefitinib (2 pM) alone, or combination treated U87VIII (A) or LN229VIII (B) cells for 48 hours, cell viability
was tested by MTT assay. In (A) and (B), data were mean + SEM, n = 3 independent experiments, Student's t-test, "P < 0.05, P < 0.01.
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Table S1 Antibodies used in this study

Antigen Catalog number Manufacturer Application Dilution
EGFR 4267 Cell signaling wB 1:1,000
EGFRVIII 10627R Bioss antibodies WB 1:200
pEGFR 2236 Cell signaling wB 1:1,000
Axl 8661 Cell signaling WB 1:1,000
pAxI 44463 Cell signaling WB 1:1,000
JNK 9252 Cell signaling WB 1:1,000
pJNK 4668 Cell signaling WB 1:1,000
Akt 9271 Cell signaling wB 1:1,000
pAkt 9272 Cell signaling WB 1:1,000
STAT3 9139 Cell signaling WB 1:1,000
pSTAT3 9131 Cell signaling WB 1:1,000
p38 MAPK 9212 Cell signaling wB 1:1,000
phospho-p38 MAPK 9216 Cell signaling wB 1:1,000
GAPDH 2118 Cell signaling WB 1:2,000
TNFa 6945 Cell signaling WB 1:1,000
Ki67 9449 Cell signaling IHC 1:200

TNFa AF-210-NA R&D Cytotoxicity assay 1:1,000
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Table S2 Clinical characteristics of glioma patients

Variable

Value

Age (years), mean (range)
Gender
Male
Female
Histological grade
WHO I
WHO III
WHO IV
Tumor size (cm)
Family history
Yes
No
KPS score, mean (range)
Surgery
Partial
Complete
Radiotherapy (pre-operation)
Yes
No
Chemotherapy (pre-operation)
Yes
No

Biotherapy or other targeted therapies
(pre-operation)

Yes

No
EGFRVIII

Yes

No

49 (11-76)

16
15

16
39+17

1
30
90 (70-100)

26

31

31

31

29

Table S3 Ki67 positive percentage of mouse xenograft tumors

621

Vehicle c87 Gefitinib Gefitinib+C87
ug7vill 19.3+6.3% 20.2+8.5% 18.4+5.2% 9.0+4.6%
LN229vIIl 37.8+9.1% 33.2+7.2% 29.5+5.4% 12.6+3.9%




