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Background: To evaluate the safety and therapeutic efficacy of WX-0593, a newly developed potent 
anaplastic lymphoma kinase (ALK) inhibitor, in combination with an epithelial growth factor receptor (EGFR) 
monoclonal antibody (QL1203 or Vectibix) for the treatment of xenograft tumors carrying mutant EGFR 
and osimertinib-resistant mutations (EGFR/T790M/C797S). 
Methods: The inhibition of tumor cell proliferation by WX-0593 and Vectibix alone or combined was 
evaluated in four EGFR triple-mutant cell lines: PC9 (EGFR Del19/T790M/C797S), NCI-H1975 (EGFR 
L858R/T790M/C797S), Ba/F3 (EGFR L858R/T790M/C797S and EGFR Del19/T790M/C797S). The in 
vivo antitumor efficacy of WX-0593 alone or combined with QL1203 or Vectibix was evaluated in xenograft 
tumor models of BALB/c nude mice developed from H1975 (EGFR-Del19/T790M/C797S) and Ba/F3 
(EGFR-L858R/T790M/C797S) cell lines. Mice were randomized into groups and treated with or without 
WX-0593, QL1203, Vectibix, or their combination. The tumor volume, mouse body weight, and therapeutic 
side effects were monitored routinely. Blood samples were obtained from all mice at different time points 
after the last dosage of treatment to evaluate the pharmacokinetic parameters of the drugs.
Results: WX-0593 and Vectibix showed a strong synergistic inhibitory effect on the proliferation of two 
EGFR triple-mutant Ba/F3 cell lines (EGFR L858R/T790M/C797S and Del19/T790M/C797S), but little 
synergistic inhibitory effect on the proliferation of NCI-H1975 (EGFR L858R/T790M/C797S) and PC9 
(EGFR Del19/T790M/C797S). In vivo, WX-0593 (25 mg/kg) showed a modest therapeutic effect when 
combined with QL1203 or Vectibix, but had no effect on tumor growth as a monotherapy at this dosage. 
WX-0593 (75 mg/kg) exhibited modest antitumor efficacy that was further enhanced in combination with 
QL1203 or Vectibix in both tumor models (H1975 and Ba/F3). No significant body weight alteration, any 
other side effect, or deaths were observed during treatment. Pharmacokinetic analysis showed that the serum 
level of QL1203 or Vectibix was significantly increased and lasted longer when combined with WX-0593.
Conclusions: WX-0593 exhibited a synergetic effect with an EGFR monoclonal antibody on osimertinib-
resistant EGFR-mutant non-small cell lung cancer (NSCLC) both in vitro and in vivo. Their combination 
showed potent antitumor efficacy and an acceptable safety profile, which may be a promising strategy for the 
treatment of patients with EGFR triple-mutant NSCLC resistant to osimertinib.
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Introduction

A driver mutation on epithelial growth factor receptor 
(EGFR) is one of the most common oncogene mutations 
in non-small cell lung cancer (NSCLC), especially lung 
adenocarcinoma among Asian female patients (1,2). The 
studies showed significantly higher incidence of EGFR 
mutation that in NSCLC patients with adenocarcinomas, 
advanced stage, female, non-smoker, stages Ia–IIIa. 
Mutation (3,4). An analysis based on large-scale data from 
China showed that advanced NSCLC patients with EGFR 
mutations occur in approximately 35% of Asian patients, 
and 60% of patients with adenocarcinoma (5). Subtypes 
of EGFR mutations, such as exon 19 deletions and exon 
21 L858R substitutions, etc., have been widely detected 
in NSCLC patients and show an impressive response to 
tyrosine kinase inhibitors (TKIs) targeting EGFR (6). 
There is a potent therapeutic efficacy of EGFR-TKIs 
against tumors with mutant EGFR, which has largely 
changed the treatment of NSCLC, becoming the most 
successful paradigm of targeted therapy (7-9). However, 
even with this outstanding therapeutic efficacy, resistance 
will always develop in tumors after treatment with EGFR-
TKIs for a certain period of time (10,11). Among all of the 
resistance mechanisms identified, secondary mutations are 
the most common and are well known in clinical practice 
(12,13). The secondary mutation of T790M on EGFR is 
the most common mechanism mediating resistance to first-
generation TKIs such as erlotinib and gefitinib. A recently 
developed third-generation EGFR-TKI (osimertinib) 
successfully overcame EGFR-TKI resistance driven by 
T790M (14-16), but recent studies have identified another 
resistance mutation on EGFR, C797S, that occurs after 
long-term treatment with osimertinib (17-20). Therefore, 
more effective targeted therapy is strongly sought for 
tumors that carry mutant EGFR with the secondary 
mutations T790M and C797S and are resistant to all of the 
current EGFR-TKIs. 

A monoclonal antibody targeting EGFR has been 
applied as a later line of treatment for tumors with mutant 
EGFR that have established resistance to EGFR-TKIs 
(21-23). However, its therapeutic efficacy has always 
been modest and associated with some therapeutic side 

effects. Echinoderm microtubule-associated protein-like 
4-anaplastic lymphoma kinase (ALK) is another targetable 
oncokinase that drives the development and progression of 
cancer; its fusion is commonly detected in NSCLC. Several 
TKIs have shown potent inhibition of tumor growth driven 
by ALK activation and have been approved for the clinical 
treatment of NSCLC with ALK rearrangement (24,25). 
ALK-TKIs have shown a certain therapeutic efficacy against 
tumors with an EGFR mutation and have been explored 
as an alternative treatment for tumors that have developed 
resistance against EGFR-TKIs (26-28). WX-0593 is a 
newly developed ALK inhibitor that has shown potent 
therapeutic efficacy in patients with lung cancer driven by 
ALK rearrangement, in preclinical studies the result have 
showed that it can effectively inhibited the activity of both 
wild type and resistant mutants of ALK in vitro and strong 
antitumor activity in a crizotinib-resistant in vivo (29,30); 
however, its effect on EGFR-mutant tumors with secondary 
mutations of T790M and C797S is unclear. Also, whether 
there is any synergistic effect between WX-0593 as an ALK 
inhibitor and a monoclonal antibody targeting EGFR in the 
treatment of tumors with mutant EGFR/T790M/C797S is 
yet to be clarified.

Utilizing two xenograft tumor models driven by 
mutant EGFR/T790M/C797S (NCI-H1975 and Ba/F3), 
we tested the therapeutic effect of WX-0593 and two 
EGFR monoclonal antibodies (QL1203 and Vectibix) as 
single agents and in combination in these tumor models. 
Compared with previous study the pharmacokinetics and 
safety profiles were also explored in this study. We present 
the following article in accordance with the ARRIVE 
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-22-2780/rc).

Methods

Cell culture

Five commercially available EGFR triple-mutant cell lines 
(Ba/F3 (EGFR L858R/T790M/C797S), Ba/F3 (EGFR 
Del19/T790M/C797S), NCI-H1975 (EGFR L858R/
T790M/C797S), H1975 (EGFR Del19/T790M/C797S), 
and PC9 (EGFR Del19/T790M/C797S)) were used in the 
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present study (Table S1). All cell lines were cultured in 
RPMI-1640 containing 10% fetal bovine serum (Gibco), 
1% penicillin-streptomycin, and 10 µg/mL blasticidin, in a 
humidified incubator under 5% CO2 at 37 ℃.

Drug preparation

Three drugs were used in the present study: one ALK 
inhibitor (WX-0593) and two recombinant monoclonal 
antibodies targeting EGFR (QL1203 and Vectibix). WX-
0593 was provided by Qilu Pharmaceutical Co., Ltd. (Lot 
no. T9001L51Ns) as a powder and kept away from light 
at 2–8 ℃. QL1203 (Lot no. 201905001KJB) and Vectibix 
(Lot no. 1100612/1092837) were obtained from Qilu 
Pharmaceutical Co., Ltd. and Amgen, and as a solution 
at a concentration of 20 mg/mL and kept away from light 
at 2–8 ℃. For the in vitro experiments, WX-0593 was 
dissolved in DMSO at a concentration of 2.0 mM. For in 
vivo administration, WX-0593 was first dissolved in alcohol 
and then mixed with PEG-40 castor oil at a ratio of 1:1, 
after which the mixture (5%) was diluted in 0.9% sodium 
chloride (95%) to obtain a working solution of 7.5 mg/mL. 
Both QL1203 and Vectibix were diluted in 0.9% sodium 
chloride to achieve a working concentration of 0.5 mg/mL. 
All drugs were prepared prior to use. 

Drug-combination treatment in vitro

Ba/F3 (EGFR L858R/T790M/C797S) and Ba/F3 (EGFR 
Del19/T790M/C797S) were seeded in 96-well plates at a 
density of 5×104 cells/mL, with 50 µL/well. To each well 
was added 50 µL of 9 different concentrations of WX-
0593 (6.25–1,600 nM in 2-fold serial dilutions) or Vectibix 
(0.011–2.67 nM in 2-fold serial dilutions) or WX-0593 
combination with Vectibix (ratio of 600:1 with 1600 nM 
and 2.67 nM the highest concentrations in 2-fold serial 
dilutions). NCI-H1975 (EGFR L858R/T790M/C797S) 
and PC9 (EGFR Del19/T790M/C797S) were seeded in  
96-well plates at a density of 4×104 cells/mL, with  
75 µL/well. To each well was added 25 µL of 5 different 
concentrations of WX-0593 (125–2,000 nM in 2-fold 
serial dilutions) in combination with 25 µL of 8 different 
concentrations of Vectibix (0.0128–1,000 µg/mL in 2-fold 
serial dilutions). Cells were continuously cultured for  
72 h, and cell viability was detected using the Cell Titer-
Glo luminescent cell viability assay (Promega, USA) 
according to the manufacturer’s protocol. A synergistic 
effect was evaluated using the combination index (CI), 

which is the fractional sum of the inhibitory concentrations 
of the two drugs and calculated as CI = (D)1/(Dx)1 + (D)2/
(Dx)2. (Dx)1 and (Dx)2 represented the concentrations of 
each drug alone to exert x% effect, and (D)1 and (D)2 were 
the concentrations of the drugs in combination to elicit the 
same effect. 

Tumor growth: dose-effect studies

To develop the xenograft tumor model, tumor cells 
resuspended in 1:1 Matrigel/phosphate-buffered saline were 
subcutaneously injected into the right flank fat pads of nude 
mice (6–8-week-old female BALB/c nude mice, weighing ~18–
22 g; purchased from Zhejiang Weitong Lihua Laboratory 
Animal Technology Co., Ltd.). A total of 1×105 early T-cell 
precursor tumor cells in a volume of 100 µL were injected into 
the right fat pad of each mouse. Tumor growth was monitored 
by measuring the tumor size with digital calipers every 3 days. 
The greatest longitudinal diameter (length) and the greatest 
transverse diameter (width) were measured to determine the 
tumor volume: 0.50 × length × width2. 

Treatment was initiated when the average tumor volume 
reached 185 mm3. The mice were randomized into different 
groups (n=6) before treatment to ensure the average tumor 
volume was comparable across groups. The mice were 
treated with WX-0593, QL1203, and Vectibix as single 
agents or in combination. WX-0593 was administered by 
daily gavage at two dosages (25 or 75 mg/kg). Both QL1203 
and Vectibix were administered as a weekly intravenous 
injection at a dosage of 0.1 mg/mouse. Two parameters [the 
tumor growth inhibition rate (TGI) and the relative tumor 
proliferation rate (T/C)] were used to evaluate the efficacy 
of each therapeutic regimen. TGI (%) was calculated as: 
[1 – (Tn – T0)/(Vn – V0)] × 100 (Tn, tumor volume of the 
treatment group at the nth day of treatment; T0, tumor 
volume of the treatment group right before the initiation of 
treatment; Vn, tumor volume of the control group at the nth 
day of treatment; V0, tumor volume of the control group 
at a certain time point after treatment). The relative tumor 
volume (RTV) was calculated as Vt/V0 (Vt, tumor volume at 
a certain time point after treatment; V0, tumor volume right 
before the initiation of treatment). T/C was calculated as 
T/C (%) = TRTV/CRTV × 100 (TRTV, RTV in the treatment 
group; CRTV, RTV in the control group).

Tumor xenograft model and monitoring of side effects

The mice were housed in sterile cages (3 per cage) in 
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IVC (individually ventilated) laminar flow hoods housed 
in specific pathogen-free animal rooms with temperature 
20–26 ℃, relative humidity 40–70% and a 12:12-h day–
night light cycle. They had free access to autoclaved water 
and commercial mouse food. Baseline information included 
the number of animals per cage, sex, strain, date of receipt, 
dosing regimen, experiment number, group, and the date 
the experiment commenced. The health status of each 
mouse was monitored daily. Specifically, we monitored 
their appearance, physical activity, and water consumption 
by close observation. The body weight of each mouse was 
measured daily with electronic scales. Any abnormality 
was recorded. The mice were humanely killed by CO2 
inhalation when the tumor volume met humane endpoints 
described in the Institutional Animal Care and Use 
Committee protocols (i.e., 20-mm diameter) or upon severe 
health deterioration. The formulation and any modification 
of this experimental protocol have been evaluated and 
approved by the laboratory animal management and use 
Committee (IACUC) of Wuxi Apptec (Shanghai) Co., 
Ltd. (No. ON01-003-2019v1.0). The use and welfare 
of laboratory animals shall comply with the provisions 
of the International Committee for the evaluation and 
Accreditation of laboratory animals (AAALAC).

Pharmacokinetic analysis

Blood samples were obtained from each mouse at several 
time points after the last dosage of drug for pharmacokinetic 
analysis: 1, 3, 8, 24, 72, 120, and 168 after the last dosage of 
drug for each treatment group; 72 and 168 h after the last 
dosage for the control group. The serum concentrations 
of each drug at the different time points were measured by 
Qilu Pharmacy Co., Ltd. 

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
v8 or SPSS 17.0. Experiments with multiple comparisons 
of multiple data sets were analyzed by one-way analysis of 
variance before the Student-Newman-Keuls test or after 
Bonferroni’s test for samples with a normal distribution, or 
by the Kruskal-Wallis test for samples with a non-normal 
distribution. Comparisons between groups were performed 
using the unpaired Student’s t-test for parameters with a 
normal distribution and the Wilcoxon rank sum test for 
parameters with a non-normal distribution. A P value <0.05 
was considered statistically significant.

Results

Synergistic effect of WX-0593 and Vectibix on the 
proliferation of EGFR triple-mutant cell lines

First, we investigated the effect of WX-0593 in combination 
with Vectibix on the proliferation of the four EGFR triple-
mutant cell lines. WX-0593 + Vectibix exhibited an obvious 
synergistic effect on the inhibition of cell proliferation of 
the Ba/F3 (EGFR L858R/T790M/C797S) and Ba/F3 (EGFR 
Del19/T790M/C797S) cell lines (Figure 1). For Ba/F3 
(EGFR L858R/T790M/C797S), the CI was 0.39, 0.35, 0.31, 
and 0.27 when the proliferation inhibition was 30%, 50%, 
75%, and 90% respectively (Figure 1A). The CI was 0.36, 
0.29, 0.27, and 0.28 for proliferation inhibition of 30%, 
50%, 75%, and 90%, respectively in Ba/F3 (EGFR Del19/
T790M/C797S) (Figure 1B). WX-0593 + Vectibix showed 
little synergistic effect on the inhibition of cell proliferation 
of NCI-H1975 (EGFR L858R/T790M/C797S) and PC9 
(EGFR Del19/T790M/C797S) (Figure 1C,1D).

Therapeutic efficacy and safety of drugs in the H1975 
(EGFR Del19/T790M/C797S) model

In the subcutaneous xenograft model using H1975 cells 
(EGFR Del19/T790M/C797S), we tested the therapeutic 
efficacy and safety profiles of WX-0593, QL1203, Vectibix, 
and their combination. The in vivo experiment was 
terminated on the 21st day of treatment, when the median 
tumor volume of the vehicle group reached 1,683 mm3 
(Figure 2A). The tumor growth curves of the different 
groups are shown in Figure 2A, and the detailed data 
of the tumor volume and therapeutic parameters at the 
endpoint (21st day of treatment) of the different groups 
are summarized in Table 1. WX-0593 was tested at two 
dosages (25 mg/kg, OD; 75 mg/kg, OD). Neither WX-0593  
(25 mg/kg, OD), QL1203 (0.1 mg/mouse, QW), nor 
Vectibix (0.1 mg/mouse, QW) as a single agent exhibited 
significant inhibition of tumor growth (Figure 2B and Table 
S1). The combination of WX-0593 (25 mg/kg, OD) with 
QL1203 (0.1 mg/mouse, QW) or Vectibix (0.1 mg/mouse, 
QW) showed a modest effect in controlling tumor growth 
(Table S1). WX-0593 (75 mg/kg, OD) as a single agent 
showed significant inhibition of tumor growth, which 
was further enhanced after its combination with QL1203  
(0.1 mg/mouse, QW) or Vectibix (0.1 mg/mouse, QW) 
(Figure 2C). Specifically, the combination of WX-0593  
(75 mg/kg, OD) with QL1203 or Vectibix was significantly 
better than all of the other treatment groups in the control 
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of tumor growth (Figure 2B,2C and Table S1). In addition, 
no significant difference was observed between Vectibix + 
WX-0593 and QL1203 + WX-0593. 

To monitor the side effects of the different therapeutic 
regimens, the body weights of the mice were routinely 
monitored during the treatment and compared across the 
different groups (Table S2). The body weights of the mice 
in the groups receiving WX-0593 (75 mg/kg, OD) in 
combination with QL1203 (0.1 mg/mouse, QW) or Vectibix 
(0.1 mg/mouse, QW) decreased slowly with treatment, with 
a reduced average body weight at the endpoint (compared 
with the body weight when the treatment was first initiated). 
For WX-0593 + QL1203, the body weight was reduced by 
an average of 1.65 mg; and for WX-0593 + QL1203, by 
an average of 1.21 mg. No obvious body weight reduction 
was observed for the other treatment groups (Figure 
2D,2E). All of the mice were otherwise healthy, without 
any recognizable abnormalities in appearance or physical 

activity during the treatment. No treatment-related deaths 
occurred.

Therapeutic efficacy and safety of drugs in the Ba/F3 
(EGFR L858R/T790M/C797S) model

We also tested WX-0593, QL1203, Vectibix, and their 
combination in another xenograft model (Ba/F3 cells with 
the EGFR mutations of L858R, T790M, and C797S) to 
further validate their therapeutic efficacy and safety profiles. 
As the results derived from the H1975 (EGFR Del19/
T790M/C797S) model showed no therapeutic effect for 
WX-0593 at a dosage of 25 mg/kg QD, we only tested 
WX-0593 at a dosage of 75 mg/kg QD in the Ba/F3 (EGFR 
L858R/T790M/C797S) model. The tumor growth curves 
and relative tumor growth rates of the different groups 
are shown in Figure 3A,3B. Therapeutic parameters such 
as median tumor volume, TGI (%), T/C, etc. at two time 

Figure 1 Effect of WX-0593 + Vectibix on the proliferation of four EGFR triple-mutant cell lines: (A) Ba/F3 (EGFR L858R/T790M/
C797S), (B) Ba/F3 (EGFR Del19/T790M/C797S), (C) NCI-H1975 (EGFR L858R/T790M/C797S) and (D) PC9 (EGFR Del19/T790M/
C797S).
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Figure 2 Therapeutic efficacy and safety of WX-0593 alone or combined with QL1203 or Vectibix in the H1975 (EGFR Del19/T790M/
C797S) tumor mouse model. (A) Tumor pictures of tumor mouse model. (B) Tumor growth. (C) Relative tumor growth change. (D) Body 
weight. (E) Relative body weight change. *P<0.001 compared to all other groups; ###P<0.001 compared with Vectibix alone; &&&P<0.001 
compared with QL1203 alone.
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points (10th and 14th days of treatment) are summarized 
in Tables S3,S4, respectively. The median tumor volume 
of the vehicle group reached 449 mm3 on the 10th day of 
treatment. All single agents exhibited significant inhibition of 
tumor growth by the 10th day of treatment (Table S3). The 
combination of WX-0593 + QL1203 or Vectibix achieved 
impressive therapeutic efficacy (Figure 3). The therapeutic 
efficacy of all treatment groups was more prominent on the 
14th day of treatment (Table S4). Six tumors (75%) in the 
WX-0593 + QL1203 group and five (62.5%) in the WX-
0593 + Vectibix group partially regressed, and one tumor 
(12.5%) in the WX-0593 + QL1203 and two tumors (25%) 
in the WX-0593 + Vectibix group completely regressed 
(Table S4).

The safety profiles in the Ba/F3 model were similar to 
those in the H1975 (EGFR Del19/T790M/C797S) model. 
The body weights of each individual mouse at different 
time points are summarized in Table S5 and the body 
weight of each individual mouse during treatment in the 
Ba/F3 (EGFR-L858R/T790M/C797S) model were shown 
in Table S6. The body weights and relative body weight 
change in all treatment groups were stable throughout the 
treatment and showed no significant difference compared 
with the vehicle-treated group (Figure 3D,3E). No 
abnormality in appearance or physical activity was observed 
in any of the treatment groups during the treatment. No 
treatment-related deaths occurred. 

Pharmacokinetic properties of the different treatments 

The pharmacokinetic properties of the various drugs were 
evaluated by assessing the blood concentration of the drugs 
at different time points after administration of the last 

dosage. As shown in Table 1, the peak concentrations (Cmax) 
and the area under the concentration time curve (AUC0–168h) 
of QL1203 after intravenous administration of 0.1 mg/mouse 
were different under the three conditions: QL1203 as a 
single agent, QL1203 + WX-0593 (25 mg/kg), and QL1203 
+ WX-0593 (75 mg/kg). Similarly, the pharmacokinetic 
properties of Vectibix were also altered in combination with 
WX-0593 or not (Table 1).

Discussion

In the present study, we evaluated the synergistic inhibitory 
effect of WX-0593 and EGFR monoclonal antibody 
Vectibix on the proliferation of four EGFR triple-mutant 
cell lines carrying both mutant EGFR and resistance 
mutations (T790M and C797S). We also systematically 
evaluated the therapeutic efficacy of WX-0593 and EGFR 
monoclonal antibodies (QL1203 and Vectibix) as single 
agents or in combination for tumors with triple EGFR 
mutations using two xenograft tumor models (H1975 
(EGFR Del19/T790M/C797S) and Ba/F3 (EGFR L858R/
T790M/C797S)), following the ARRIVE guidelines to the 
use of experimental animals and rigorously recording the 
data in the laboratory (27,28). We found that WX-0593 
+ Vectibix showed a strong synergistic inhibition on the 
proliferation of two EGFR triple-mutant Ba/F3 cell lines 
(EGFR L858R/T790M/C797S and Del19/T790M/C797S), 
but a weak synergistic inhibitory effect on the proliferation 
of NCI-H1975 (EGFR  L858R/T790M/C797S) and 
PC9 (EGFR Del19/T790M/C797S). We also found that 
treatment with the monoclonal antibody as a single agent 
showed marginal inhibition on tumor growth. WX-0593 
exhibited a modest therapeutic efficacy at a dose rate of  

Table 1 Summary of the pharmacokinetic properties of the different treatments 

Parameter
QL1203  

(0.1 mg/mouse)
Vectibix  

(0.1 mg/mouse)
WX-0593 (25 mg/kg) 

+ QL1203
WX-0593 (75 mg/kg) 

+ QL1203
WX-0593 (25 mg/kg) 

+ Vectibix
WX-0593 (75 mg/kg) 

+ Vectibix

No. of samples 6 6 6 6 6 6

HL_Lambda_z (h) 40.5 26.0 61.1 194 52.2 143

Tmax 1 1 1 1 1 1

Cmax (µg/mL) 77.6 64.5 96.6 175 91.7 181

AUClast (h·µg/mL) 3174 2204 7015 16,766 5864 16,385

Cl_obs (mL/h/k) 1.49 2.24 0.611 0.139 0.754 0.167

Vss_obs (mL/kg) 81.4 88.3 52.4 37.9 58.0 34.8

AUC, area under the curve; Cmax, peak concentration; CI, combination index.

https://cdn.amegroups.cn/static/public/ATM-22-2780-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-2780-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-2780-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-2780-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-2780-Supplementary.pdf
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75 mg/kg (daily), but the effect was enhanced when combined 
with QL1203 or Vectibix. No significant side effects were 
observed during treatment, even among the mice receiving 
the combination treatment. Pharmacokinetic analysis 
confirmed the enhancement and prolongation of the blood 
concentrations of the drugs. Our findings revealed that 
WX-0593 in combination with an EGFR monoclonal 
antibody might be a promising therapeutic strategy for 
EGFR-mutated tumors that are resistant to EGFR-TKIs 
due to the existence of resistance mutations (T790M and 
C797S). 

The development of resistance mutations is the most 
troublesome issue in targeted therapy. With the T790M 
mutation mediating resistance to first- and second-
generation EGFR-TKIs (15,16) and the C797S mutation 
driving the resistance to third-generation EGFR-TKIs (20),  
the coexistence of the mutations T790M and C797S is 
untreatable by EGFR-TKIs right now. Many ongoing 
studies have sought to tackle this issue by developing 
fourth-generation EGFR-TKIs that can overcome the 
resistance driven by T790M and C797S (31). Some mutant-
selective allosteric inhibitors such as EAI-001/045 and JBJ-
04-125-02 have shown potent therapeutic effects against 
tumors carrying EGFR L858R/T790M/C797S mutations, 
but they failed to inhibit those with EGFR Del19/T790M/
C797S mutations (32-34). Another recently discovered 
inhibitor, CH7233163, is effective against tumors harboring 
EGFR Del19/T790M/C797S mutations, but its therapeutic 
efficacy against EGFR L858R/T790M/C797S mutations is 
modest (13). Novel TKIs that can overcome EGFR/T790M/
C797S mutations, regardless of the mutation subtype, have 
yet to be identified. Alternative strategies must be explored 
for the treatment of tumors with such triple mutations. 

EGFR antibodies inhibit EGFR activation and have been 
used as the next line of treatment after EGFR-TKIs and 
chemotherapy (35-37). The chemotherapy effect showed 
no significant difference from the EGFR gene changes. 
The platinum-based chemotherapy in EGFR mutation 
positive patients had a curative effect that was better than 
that of patients with a negative status (38). However, the 
therapeutic efficacy of EGFR antibodies is only modest for 
tumors driven by mutant EGFR, whose activation largely 
relies on autophosphorylation rather than the binding of 
epithelial growth factor (39-41). Consistent with previous 
findings, the EGFR antibodies proved to be ineffective 
or only marginally effective for the treatment of tumors 
harboring EGFR/T790M/C797S triple mutations in our 
study. Recent studies have started to explore the therapeutic 

potential of EGFR antibodies combined with other TKIs 
that originally targeted the activation of other oncogenes. 
One of the most promising treatments is the combination 
of brigatinib with anti-EGFR antibody in the treatment of 
EGFR-mutated NSCLC that is resistant to osimertinib (21).  
Brigatinib is an ALK inhibitor that also exhibits a certain 
inhibition of EGFR (31). Its combination with cetuximab 
as a monoclonal antibody targeting EGFR has shown 
outstanding therapeutic efficacy for EGFR/T790M/
C797S triple-mutated NSCLC in both preclinical and 
clinical studies (21,23,42). EGFR and ALK, both of 
which are tyrosine kinases, share some commonality in 
phosphorylation sites and downstream pathways; thus, 
their inhibitors target both of these kinases. WX-0593 
is a TKI that primarily targets ALK and also has been 
shown to inhibit EGFR in vitro (43). As its mode of action 
is different from that of conventional EGFR-TKIs, it 
can bypass the resistance mediated by mutations such as 
T790M (43). Consistent with the in vitro findings, our study 
demonstrated that WX-0593 can also significantly inhibit 
tumor growth; however, a relatively higher concentration is 
needed. Of note, WX-0593 alone is not sufficient to achieve 
potent inhibition of tumor growth, indicating that WX-
0593 incompletely inhibits EGFR activation. Similar to the 
combination of brigatinib and cetuximab, the preclinical 
study showed that the combination therapy of brigatinib 
with anti-EGFR antibody in EGFR-mutated against 
triple-mutation in vitro and in vivo is an effective measure, 
supplementation with an anti-EGFR antibody as in our 
study also significantly enhanced the therapeutic efficacy 
of WX-0593, At present, such studies are not fully carried 
out, but these preclinical experimental data could indicated 
that the new therapeutic modality may become a promising 
treatment (21). Specifically, the therapeutic efficacy of the 
combination was tested using two tumor models driven by 
distinct subtypes with triple mutations, including EGFR 
Del19/T790M/C797S mutations and EGFR L858R/
T790M/C797S mutations., Our findings indicated the 
therapeutic efficacy of WX-0593 or its combination with 
anti-EGFR-antibody is not restricted by the subtype of 
EGFR mutations. The strength of this research portfolio is 
it may provide a new treatment idea for the clinical patients 
without effective therapeutic drugs for EGFR triple-mutant 
NSCLC resistant to osimertinib.

To better understand the mechanism by which the 
synergetic effect was achieved by the combination of WX-
0593 and an anti-EGFR-antibody, the pharmacokinetic 
properties of the different treatment combinations were 
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evaluated in this study. Our findings demonstrated that the 
maximal blood concentration of the drugs was significantly 
increased when they were administered in combination. 
Also, the reduction of the drug concentration in the blood 
over time was also significantly slowed when the drugs 
were used in combination. The mutual effects of the drugs 
when administered together could be attributed to their 
competition for the same metabolic pathway in vivo (44). 
The interaction between WX-0593 and the anti-EGFR 
antibody in terms of the pharmacokinetic process could 
be one of the reasons for their synergetic effect on tumor 
growth. Another possible explanation could be the distinct 
mode of action of these two types of drugs. On the one 
hand, WX-0593 as a TKI can block the binding site of ALK 
to kinase, thus preventing its autoactivation. On the other 
hand, anti-EGFR antibody inhibits activation of EGFR 
through blocking the binding of EGFR with its ligand, 
EGF. Their combination exerts enhanced inhibition of the 
downstream pathways of EGFR and thus inhibits tumor 
growth more potently. 

Targeting EGFR with recombinant antibodies has been 
associated with a high incidence of adverse events compared 
with EGFR-TKIs due to the nonspecific targeting of all 
EGFR sites (45,46). In addition, WX-0593 as a single 
agent for the treatment of ALK-positive or ROS1-positive 
NSCLC has been found to induce some treatment-
associated adverse events, including hypercholesterolemia, 
hypertension, mild liver damage, etc. (29). The combination 
of WX-0593 with QL1203 or Vectibix was associated 
with a high maximal blood concentration and prolonged 
retention of this drug in the circulatory system, which 
makes the therapeutic safety of the combination treatment 
an even bigger concern. Our study showed that the body 
weights of the mice receiving the drug combination were 
mildly reduced after the treatment, but all of the mice 
were otherwise healthy and did not exhibit any other 
abnormalities. Our findings indicated an acceptable safety 
profile of WX-0593 combined with QL1203 or Vectibix, 
which improves the potential of clinical application.

Even with these promising findings, the limitations of the 
present study must be objectively addressed. First, this was 
a preclinical study carried out on xenograft tumor models 
that aimed to provide a proof of concept that WX-0593 
combined with QL1203 or Vectibix could be a promising 
treatment for tumors harboring EGFR/T790M/C797S 
triple mutations. The clinical significance of these findings 
needs to be confirmed in by further clinical studies. Second, 
the xenograft model may not fully recapitulate the biological 

characteristics of clinical tumors with EGFR/T790M/
C797S triple mutations. One of the xenograft models was 
developed using the Baf3 cell line, which is a malignant 
cell line derived from murine B cells and may not be well 
represent the characteristics of solid tumors, especially 
lung cancer (47). Last but not the least, the evaluation 
of safety profiles using animal models is associated with 
some intrinsic limitations. Some subtle abnormalities and 
human-specific side effects would not be observed in mice. 
The therapeutic dosage for humans is also different from 
that of mice, which could also cause inconsistencies in the 
safety profiles between humans and animal models. Besides, 
several studies indicate that monitoring the changes in levels 
of serum tumor makers such as Serum carcinoembryonic 
antigen (CEA), cytokeratin 19 fragment (CYFRA21-1) and 
squamous-cell carcinoma-related antigen (SCC-Ag) might 
be relevant for the prognosis of advanced NSCLC patients 
(48,49). Developing new therapies is a good medical 
strategy, but it is also important for prognostic judgments in 
order for patients to benefit more from clinical.

To conclude, our study demonstrated the safety and 
efficacy of WX-0593 in combination with QL1203 or 
Vectibix for the treatment of EGFR-mutated tumors 
that are resistant to EGFR-TKIs due to the existence of 
resistance mutations (T790M, C797S). Our study provides 
a proof of concept that the combination of WX-0593 with 
an anti-EGFR antibody could be a promising therapeutic 
strategy for tumors harboring EGFR/T790M/C797S triple 
mutations; however, no corresponding clinical trials have 
been carried out, these findings need to be validated by 
further clinical studies. 
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Supplementary

Table S1 General characteristics of cell lines

Cell lines Organism Cell type EGFR mutations

Ba/F3 (EGFR L858R/T790M/C797S) Mouse Primary B cell L858R/T790M/C797S

Ba/F3 (EGFR Del19/T790M/C797S) Mouse Primary B cell Del19/T790M/C797S

NCI-H1975 (EGFR L858R/T790M/C797S) Human Non-small cell lung cancer cell L858R/T790M/C797S

H1975 (EGFR Del19/T790M/C797S) Human Non-small cell lung cancer cell Del19/T790M/C797S

PC9 (EGFR Del19/T790M/C797S) Human Lung cancer cell Del19/T790M/C797S

Table S2 Summary of the tumor growth and therapeutic efficacy on the 21st day after treatment in the different groups using the H1975 EGFR 
(Del19/T790M/C797S) model

Group
Tumor volume 

(mm3)a
T/C (%) TGI (%) Pb Pc Pd Pe Pf Pg Ph

Vehicle 1683±201 – – – – – – – – –

WX-0593 (25 mg/kg) 1639±256 97.37 2.9 0.999 – – – – – –

WX-0593 (75 mg/kg) 798±124 47.34 59.1 0.001 0.010 – – – – –

QL1203 (0.1 mg/mouse) 1,955±282 115.36 −18.1 0.999 0.999 0.010 – – – –

Vectibix (0.1 mg/mouse) 2,202±305 130.78 −34.6 0.999 0.999 0.012 0.999 – – –

WX-0593 (25 mg/kg) + QL1203 (0.1 mg/mouse) 1,272±232 75.46 27.5 0.229 0.697 0.410 0.477 0.415 – –

WX-0593 (75 mg/kg) + QL1203 (0.1 mg/mouse) 262±103 15.57 94.8 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

WX-0593 (25 mg/kg) + Vectibix (0.1 mg/mouse) 1,419±339 83.86 17.7 0.3302 0.771 0.737 0.555 0.481 0.999 0.001

WX-0593 (75 mg/kg) + Vectibix (0.1 mg/mouse) 196±46 11.65 99.2 <0.001 0.01 <0.001 <0.001 <0.001 <0.001 0.982
a, tumor volume (on the 21st day after treatment) presented as the median value ± SEM; b, P value compared to the vehicle group; c, P 
value compared to the WX-0593 (25 mg/kg) group; d, P value compared to the WX-0593 (75 mg/kg) group; e, P value compared to the 
QL1203 group; f, P value compared to the Vectibix group; g, P value compared to the WX-0593 (25 mg/kg) + QL1203 group; h, P value 
compared to the WX-0593 (75 mg/kg) + QL1203 group.

Table S3 Body weight of each individual mouse during treatment in the H1975 (EGFR-Del19/T790M/C797S) model

BW Animal No. 0a 4 7 11 14 18 21 

Group 1, Vehicle, PO, QD, n=6 326 21.8 21.8 21.1 21.9 21.4 22.6 22.7 

359 24.1 23.5 23.0 23.6 24.4 24.7 25.3 

332 22.1 21.9 21.8 22.5 21.8 22.7 23.0 

309 21.8 21.5 21.0 21.8 21.6 22.3 22.1 

342 20.6 20.5 20.0 20.3 20.7 20.5 20.7 

329 22.9 23.2 22.7 23.3 23.5 24.8 24.0 

Mean 22.2 22.1 21.6 22.2 22.2 22.9 23.0 

SEM 0.5 0.5 0.5 0.5 0.6 0.7 0.6 

Table S3 (continued)
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Table S3 (continued)

BW Animal No. 0a 4 7 11 14 18 21 

Group 2, WX-0593 25 mg/kg PO, QD, n=6 358 22.0 21.9 21.9 23.0 23.1 23.3 23.5 

334 22.2 22.9 22.8 24.7 24.7 24.9 25.7 

348 23.2 23.0 22.2 24.0 23.8 23.7 24.5 

351 22.5 22.1 22.1 23.2 23.3 22.7 22.9 

371 20.8 21.9 22.2 22.8 23.2 23.1 24.0 

352 23.5 22.9 22.9 23.6 23.1 23.4 23.8 

Mean 22.4 22.5 22.4 23.5 23.5 23.5 24.1 

SEM 0.4 0.2 0.2 0.3 0.3 0.3 0.4 

Group 3, WX-0593 75 mg/kg PO, QD, n=6 301 22.3 21.9 22.5 22.8 23.4 22.3 22.1 

350 19.9 19.1 18.6 19.9 19.8 20.0 20.2 

340 22.2 22.5 23.3 24.8 24.8 24.1 24.0 

307 21.8 21.3 21.2 23.3 21.2 20.9 22.0 

304 23.1 22.6 22.7 23.5 22.7 22.7 23.3 

372 23.8 23.8 23.3 23.7 22.7 23.1 24.8 

Mean 22.2 21.9 21.9 23.0 22.4 22.2 22.7 

SEM 0.5 0.7 0.7 0.7 0.7 0.6 0.7 

Group 4, QL1203 0.1 mg/mouse IV, BIW, n=6 382 22.7 22.9 22.9 23.5 24.7 24.4 24.3 

357 22.1 21.9 21.9 22.8 23.3 22.9 23.3 

321 20.9 21.5 21.5 22.6 22.4 23.4 23.6 

362 24.8 23.5 23.1 24.4 24.8 25.2 24.0 

335 22.6 22.2 22.6 23.2 23.4 24.5 22.7 

325 20.3 20.4 19.9 20.6 21.3 22.0 23.2 

Mean 22.2 22.1 22.0 22.8 23.3 23.7 23.5 

SEM 0.6 0.4 0.5 0.5 0.6 0.5 0.2 

Group 5, Vectibix 0.1 mg/mouse IV, BIW, n=6 387 19.8 19.8 19.9 20.9 21.5 21.4 21.9 

377 22.6 21.8 22.0 22.9 23.8 25.0 26.6 

315 23.1 22.2 22.2 23.1 23.3 24.6 27.2 

327 21.5 21.1 22.0 23.5 22.9 22.5 22.9 

363 22.8 22.9 23.4 23.9 23.3 24.9 26.2 

373 23.1 22.9 22.9 23.4 23.0 23.3 24.0 

Mean 22.1 21.8 22.1 22.9 23.0 23.6 24.8 

SEM 0.5 0.5 0.5 0.4 0.3 0.6 0.9 

Table S3 (continued)
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Table S3 (continued)

BW Animal No. 0a 4 7 11 14 18 21 

Group 6, WX-0593, 25 mg/kg PO, QD + QL1203,  
0.1 mg/mouse IV, BIW, n=6

302 21.5 21.5 22.0 22.4 22.8 23.4 24.5 

313 19.5 19.3 19.4 19.3 19.8 20.4 20.7 

316 21.5 21.1 21.5 21.8 21.9 22.3 22.7 

337 24.0 23.4 23.4 24.9 24.8 24.9 25.5 

374 21.4 21.3 21.0 21.4 21.7 21.8 21.9 

383 24.2 24.5 24.0 25.1 25.3 25.4 26.1 

Mean 22.0 21.8 21.9 22.5 22.7 23.0 23.6 

SEM 0.7 0.7 0.7 0.9 0.8 0.8 0.9 

Group 7, WX-0593, 75 mg/kg PO, QD + QL1203,  
0.1 mg/mouse IV, BIW, n=6

380 22.8 22.5 21.5 21.1 21.2 21.4 21.5 

338 24.8 24.7 23.7 25.0 24.9 23.5 21.7 

360 20.2 20.3 19.7 19.6 18.5 18.5 19.5 

356 20.1 20.3 19.1 19.1 18.1 17.1 16.6 

393 21.4 22.3 21.6 21.9 21.4 20.0 22.2 

368 23.1 23.6 22.9 23.7 22.9 23.6 24.6 

Mean 22.1 22.3 21.4 21.7 21.2 20.7 21.0 

SEM 0.7 0.7 0.7 0.9 1.1 1.1 1.1 

Group 8, WX-0593, 25 mg/kg PO, QD + Vectibix,  
0.1 mg/mouse IV, BIW, n=6

346 23.5 23.4 22.7 24.1 25.1 23.8 24.8 

323 20.5 20.7 20.4 21.2 20.9 21.8 22.1 

306 21.2 21.1 20.8 20.8 21.4 22.4 23.5 

381 20.3 20.7 21.2 22.0 22.4 22.0 23.7 

365 24.7 23.9 23.3 24.2 24.7 23.7 24.6 

308 22.4 22.1 21.5 22.2 22.3 22.6 24.2 

Mean 22.1 22.0 21.7 22.4 22.8 22.7 23.8 

SEM 0.7 0.6 0.5 0.6 0.7 0.4 0.4 

Group 9, WX-0593, 75 mg/kg PO, QD + Vectibix,  
0.1 mg/mouse IV, BIW
n=6

328 23.6 21.6 21.8 22.4 21.4 20.9 20.6 

349 22.2 21.9 21.3 21.3 22.2 20.9 21.4 

394 23.7 23.7 22.8 24.4 24.8 21.9 21.5 

345 20.3 19.7 19.2 18.9 18.3 18.6 18.8 

386 21.6 21.5 20.4 20.2 20.8 21.6 21.5 

336 22.9 22.6 21.6 22.0 21.4 21.5 22.3 

Mean 22.4 21.8 21.2 21.5 21.5 20.9 21.0 

SEM 0.5 0.5 0.5 0.8 0.8 0.5 0.5 
a, days after the initiation of treatment. BW, body weight; BIW, twice a week; SEM, standard error of mean.
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Table S4 Summary of the tumor growth and therapeutic efficacy on the 10th day after treatment in the different groups using the Baf3 EGFR 
(L858R/T790M/C797S) model

Group Tumor volume (mm3)a T/C (%) TGI (%) Pb Pc Pd Pe

Vehicle 449±30 – – – – – –

WX-0593 (75 mg/kg) 289±27 64.26 46.55 <0.001 – – –

QL1203 (0.1 mg/mouse) 123±14 27.27 95.01 <0.001 <0.001 – –

Vectibix (0.1 mg/mouse) 98±19 21.84 102.12 <0.001 <0.001 0.946 –

WX-0593 (75 mg/kg) + QL1203 (0.1 mg/mouse) 58±3 12.86 113.86 <0.001 <0.001 0.193 0.685

WX-0593 (75 mg/kg) + Vectibix (0.1 mg/mouse) 56±5 12.54 114.24 <0.001 <0.001 0.174 0.652
a, tumor volume (on the 10th day after treatment) presented as the median value ± SEM; b, P value compared to the vehicle group; c, P 
value compared to the WX-0593 (75 mg/kg) group; d, P value compared to the QL1203 group; e, P value compared to the Vectibix group. 
SEM, standard error of mean; EGFR, epidermal growth factor receptor.

Table S5 Summary of the tumor growth and therapeutic efficacy on the 14th day after treatment in the different groups using the Baf3 EGFR 
(L858R/T790M/C797S) model

Group Tumor volume (mm3)a Pb Pc Pd Partial regressione Complete regressionf

WX-0593 (75 mg/kg) 483±34 – – – 0 0

QL1203 (0.1 mg/mouse) 225±28 <0.001 – – 0 0

Vectibix (0.1 mg/mouse) 171±40 <0.001 0.747 – 25% 0

WX-0593 (75 mg/kg) + QL1203 (0.1 mg/mouse) 51±14 <0.001 0.004 0.082 75% 12.5%

WX-0593 (75 mg/kg) + Vectibix (0.1 mg/mouse) 58±18 <0.001 0.006 0.115 62.5% 25%
a, tumor volume (on the 14th day after treatment) presented as the median value ± SEM; b, P value compared to the WX-0593 (75 mg/kg)  
group; c, P value compared to QL1203 group; d, P value compared to the Vectibix group; e, tumor is partially regressed with a tumor 
volume at the endpoint (on the 14th day after treatment) greater than 0 but less than the tumor volume when the treatment was first 
initiated; f, tumor is completely regressed with a tumor volume at the endpoint (on the 14th day after treatment) being 0; EGFR, epidermal 
growth factor receptor.
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Table S6 Body weight of each individual mouse during treatment in the Ba/F3 (EGFR-L858R/T790M/C797S) model

TV Animal No. 0a 3 5 7 10 12 14

Group 1 Vehicle PO, QDX2W, n=8 404 122 184 259 363 596 833 1172 

413 86 146 221 314 427 529 –

416 102 165 252 359 519 657 931 

417 119 164 241 373 498 630 –

426 94 124 178 222 329 430 603 

431 85 133 204 280 375 –b –

441 130 175 241 351 425 550 677 

472 104 152 202 296 420 – –

Mean 105 155 225 320 449 605 846 

SEM 6 7 10 18 30 56 130 

Group 2, WX-0593 75 mg/kg PO, QDX2W, n=8 407 113 127 166 204 239 276 370 

434 132 157 229 272 369 491 717 

436 98 113 159 201 269 365 493 

450 85 94 129 147 196 286 381 

456 89 139 185 228 321 409 567 

461 121 181 259 315 421 518 656 

469 94 129 163 186 216 289 383 

473 111 125 187 212 281 377 503 

Mean 105 133 185 221 289 376 509 

SEM 6 9 15 18 27 33 46 

Group 3, QL1203 0.1 mg/mouse IV, QWX2W, n=8 403 104 111 138 150 132 164 250 

410 112 131 147 178 202 236 350 

427 82 91 103 108 98 104 166 

437 100 98 107 116 89 112 181 

439 97 80 87 96 118 147 228 

443 133 111 120 129 124 154 230 

452 125 98 109 136 146 210 295 

462 92 72 82 85 71 73 99 

Mean 105 99 112 125 123 150 225 

SEM 6 7 8 11 14 19 28 

Table S6 (continued)
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Table S6 (continued)

TV Animal No. 0a 3 5 7 10 12 14

Group 4, Vectibix 0.1 mg/mouse IV, QWX2W, n=8 409 93 83 103 111 126 153 229 

414 137 164 215 241 219 291 412 

428 117 100 97 97 71 65 66 

440 103 93 98 107 76 88 120 

447 88 85 97 98 86 85 88 

448 104 86 74 75 59 88 154 

449 88 69 58 61 47 48 82 

463 112 104 111 124 99 147 213 

Mean 105 98 107 114 98 121 171 

SEM 6 10 17 19 19 28 40 

Group 5, WX-0593 + QL1203 75 mg/kg +  

0.1 mg/mouse PO + IV, QD + QWX2W, n=8

411 126 103 91 68 55 35 0 

420 126 115 96 91 58 49 59 

432 87 80 68 56 46 26 9 

433 108 86 84 82 71 84 129 

442 82 72 66 62 51 49 57 

445 101 120 107 79 68 60 57 

467 95 74 69 56 48 35 34 

476 118 93 87 76 65 56 64 

Mean 105 93 84 71 58 49 51 

SEM 6 6 5 5 3 6 14 

Group 6, WX-0593 + Vectibix 75 mg/kg +  

0.1 mg/mouse PO + IV, QD + QWX2W, n=8

402 86 66 55 44 37 27 0 

419 95 74 60 51 37 27 17 

435 119 96 76 60 53 43 55 

454 132 112 92 82 75 92 99 

465 85 78 69 59 50 40 0 

470 98 74 61 57 55 83 137 

474 107 84 73 63 67 51 53 

485 119 94 90 80 77 72 105 

Mean 105 85 72 62 56 54 58 

SEM 6 5 5 5 5 9 18 
a, days after the initiation of treatment; b, animal death. TV, tumor volume.
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