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Targeting cancer antigens by T cell-engaging bispecific antibody (BiAb) or chimeric

antigen receptor T cell therapy has achieved successes in hematological cancers, but

attempts to use it to fight solid cancers have been disappointing, in part due to antigen

escape. MEK inhibitor had limited activity as a single agent, but enhanced antitumor

activity when combined with other therapies, such as targeted drugs or immunotherapy

agents. This study aimed to analyze the expression of B7-H3 in non-small-cell lung

cancer (NSCLC) and bladder cancer (BC) and to evaluate the combinatorial antitumor

effect of B7-H3 × CD3 BiAb with MEK inhibitor trametinib. We found B7-H3 was

highly expressed in NSCLC and BC compared with normal samples and its increased

expression was associated with poor prognosis. Treatment with trametinib alone could

induce apoptosis in tumor cell, while has no effect on T cell proliferation, and a

noticeable elevation of B7-H3 expression in tumor cells was also observed following

treatment. B7-H3 × CD3 BiAb specifically and efficiently redirected their cytotoxicity

against B7-H3 overexpressing tumor cells both in vitro and in xenograft mouse models.

While trametinib treatment alone affected tumor growth, the combined therapy increased

T cell infiltration and significantly suppressed tumor growth. Together, these data suggest

that combination therapy with B7-H3× CD3 BiAb and MEK inhibitor may serve as a new

therapeutic strategy in the future clinical practice for the treatment of NSCLC and BC.
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INTRODUCTION

Lung cancer is the second most common cancer with a 5-years survival rate of 19% (1).
Non-small-cell lung cancer (NSCLC) accounts for 85% of all lung cancer diagnoses (2, 3). Bladder
cancer (BC) is the ninth most common cancer worldwide, which is responsible for more than
160,000 deaths each year (1, 4). Although the progress in modern treatment modalities including
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FIGURE 1 | Expression of B7-H3 on human NSCLC and BC. (A–C) B7-H3 IHC staining patterns. Representative cases of normal lung and bladder samples (A),

NSCLC (B), and BC (C) samples including para cancer tissues at different grades (high, medium or low). Scale bar, 50µm. (D) Immunofluorescence staining of A549,

H460, T24 tumor cells for B7-H3. Scale bar, 20µm.

In vivo Experiments
In the H460 and T24 xenograft experiments, 2 × 106 H460 or
T24 cells were subcutaneously injected into NOD-SCIDmice and
were randomly divided into four groups consisted of n = 5 per

group. From the tenth day on, trametinib (0.6 mg/kg) or vehicle
control was administered for 10 consecutive days via oral gavage.
On day 13, all mice were intravenously treated with 8 × 106 T
cells and from the day on, mice were intravenously treated with
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FIGURE 2 | Effects of MEK inhibitor trametinib in A549, H460, T24, and human T cells. (A) Apoptosis detection with annexin V-FITC/7AAD double staining by flow

cytometry. A549 and H460 cells were cultured with 10µM trametinib for 48 h. (B) Inhibition rate of A549, H460, and T24 cells after exposure to trametinib with various

concentrations. After 48 h of treatment, inhibition rate was measured using Cell Counting Kit-8 assays. (C) B7-H3 expression after trametinib treatment with indicated

concentrations by flow cytometry. Histograms represent the measured fluorescence of cells incubated with the B7-H3 antibody. (D) Histogram of the mean

(Continued)
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FIGURE 2 | fluorescence intensity. (E) Western blot analysis of B7-H3, MEK, and P-MEK expression in A549 cells after trametinib treatment with indicated

concentrations. Expression of β-actin was used as an internal control. (F) Proliferation (CFSE dilution assay) of human T cells after 48 h of treatment with 1µM

trametinib by flow cytometry. Histograms represent the measured fluorescence of cells incubated with CFSE. *P < 0.05, **P < 0.01, ***P < 0.001.

100U IL-2 or in combination with 2 mg/kg BiAb or PBS for 7
consecutive days. The mice in the combination treatment group
received both trametinib and the BiAb at the above doses and
schedule. The vehicle control of trametinib was a mixture of 30%
PEG400, 0.5% Tween80, and 5% propylene glycol. Bodyweight
and tumor sizes were measured every 3 days. The tumor volume
was calculated using the following equation: (length × width
× width)/2.

IHC Assay
Tumor, heart, liver, spleen, lung, and kidney sections from
mice were preprocessed by paraformaldehyde and embedded in
paraffin. After slicing into sections, slides were performed with
H&E staining. Tumor paraffin sections were immunostained
with CD3 (Servicebio, GB13014), CD31 (Servicebio, GB11063),
or caspase-3 (Servicebio, GB11009) antibody. All procedures
followed the manufacturer’s protocol. In brief, tissue sections
were incubated at 65◦C for 1 h to retrieve antigenicity, blocked
with PBS containing 10% normal goat serum for 30min at
room temperature, and then incubated with primary antibody
at 4◦C overnight. The sections were then incubated with
secondary antibodies, and the staining was detected with 3,3

′

diaminobenzidine (ZSGB-Bio).

Statistical Analysis
Data were presented as the mean ± SD. Statistical analyses were
performed using GraphPad Prism 7.0. The difference between
various experimental and control groups was examined by
Student’s t-test and considered significant at ∗P < 0.05; ∗∗P
< 0.01; ∗∗∗P < 0.001. For bioinformatic analysis of B7-H3,
the relationship between B7-H3 expression and prognosis was
performed using the dataset of the Kaplan-Meier Plotter (KM
Plotter) (39). The meta-analysis and mRNA expression of B7-
H3 in tumor and normal tissues was analyzed by using the
Oncomine (40). The association of B7-H3 expression and the
tumor stage were examined by data mining in Oncomine or
The Cancer Genome Atlas (TCGA). Gene expression analysis
was performed together with the computation of the associated
box plots and violin plots in R (Version 3.6.1) using the
ggpubr package (Version 0.2.4) [https://CRAN.R-project.org/
package=ggpubr] and the ggstatsplot [https://CRAN.R-project.
org/package=ggstatsplot].

RESULTS

Analysis of B7-H3 Expression and Survival
From Online Database and Samples
Based on the data, we analyzed the association of B7-H3
expression with survival in 1145 NSCLC and 404 BC patients
(Supplementary Figures 1A,B). As shown, higher expression of
B7-H3 was significantly correlated to lower survival in both

NSCLC (P < 0.001) and BC (P < 0.001). Then, we tested the
presence of B7-H3 in major subtypes of NSCLC and BC. We
found differential B7-H3 expression with significantly higher
levels in NSCLC and BC subtypes as compared with normal lung
and bladder samples (P < 0.05; Supplementary Figures 1C,D).
In addition, the association between B7-H3 expression and
clinical stage of NSCLC or BC patients was also evaluated.
There was no significant difference in the expression of B7-H3
(P = 0.748; Supplementary Figure 1E) in NSCLC patients with
different pathologic stages. However, advanced stage BC patients
were likely to show higher B7-H3 expression compared with
early stage patients (P= 0.002; Supplementary Figure 1F). Also,
the results in heat maps of the previous studies (41–46) further
implied B7-H3 was highly expressed in NSCLC and BC samples
compared to normal tissues (Supplementary Figure 2). After
that, we performed IHC staining to identify the expression of B7-
H3 in tissue microarrays, including tumor, tumor-adjacent, and
normal tissues at different grades (Figures 1A–C). The intensity
of B7-H3 expression was markedly increased in malignant tumor
and tumor-adjacent tissues compared to normal tissues. Finally,
we evaluated the expression of B7-H3 in A549, H460, and T24
cell lines using immunofluorescence and flow cytometry. As
shown, B7-H3 stained positively in NSCLC and BC cell lines
(Figure 1D). Together, these results indicated that the B7-H3
marker might serve as a clinical target for the treatment of
patients with NSCLC and BC.

MEK Inhibitor Trametinib Suppressed Cell
Growth and Increased the Expression of
B7-H3 in NSCLC and BC Cell Lines
To explore the effect of MEK inhibitor trametinib on NSCLC
and BC cell lines, we used flow cytometry and CCK-8 assay
to investigate cell apoptosis and proliferation, respectively. The
results of flow cytometry revealed that incubating A549, H460,
and T24 with trametinib induced cell apoptosis compared
with the control groups (Figure 2A, Supplementary Figure 3).
Similarly, cells were treated with various concentrations of
trametinib and the results showed that trametinib has a dose-
dependent killing effect on A549, H460, and T24 cells, identified
via CCK8 assay (Figure 2B). As shown, the inhibition did not
exceed 25% when drug concentration was under 2µM. However,
when the concentration rose to 10µMor higher, inhibition could
be observed inmore than 50% of the cells. The IC50 of trametinib
on A549, H460, or T24 cells was 8, 8, or 10µM, respectively.
Furthermore, to investigate whether trametinib affected B7-
H3 expression in cell lines, A549, H460, and T24 cells were
cultured with different concentrations of trametinib for 48 h
and the expression levels were determined by flow cytometry.
Compared to control groups, we found that B7-H3 expression
was significantly upregulated in A549, H460, and T24 cells
after trametinib stimulation (Figure 2C). Based on the data, we
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FIGURE 3 | Construction, characterization and cytotoxicity of B7-H3 × CD3 BiAb. (A) The schematic representation of B7-H3 × CD3 BiAb. (B) Schematic diagram

of B7-H3 × CD3 BiAb expression vector. (C) SDS-PAGE analysis of B7-H3 × CD3 BiAb. The BiAb was run on reducing and non-reducing SDS-PAGE gels. (D) Dot

plot diagram of flow cytometry showing CD4+ and CD8+ percentage of human T cells after 5 or 10µg/mL B7-H3 × CD3 BiAb treatment for 48 h. (E–G) Morphology

of tumor cells after co-culture with human T cells. A549 (E), H460 (F), or T24 (G) cell lines were co-cultured with T cells for 12 or 24 h at a ratio of E:T = 4:1. Group

“BiAb + T cell” was treated with B7-H3 × CD3 BiAb at a concentration of 5µg/mL. Scale bar, 50µm. (H) 51Cr-release assays of T cells against A549, H460 and T24

cell lines with 5µg/mL B7-H3 × CD3 BiAb in different E:T ratios. (I) Quantification of IFN-γ by ELISA in the supernatant 24 h after co-culture of T cells with A549,

H460, or T24 cell lines at different E:T ratio. Group “BiAb” was treated with B7-H3 × CD3 BiAb at a concentration of 5µg/mL. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 4 | Antitumor activity by B7-H3 × CD3 BiAb in combination with trametinib in vitro. (A) Morphology of tumor cells after various treatments for 12 h. Scare bar,

50µm. (B) Real-time cytotoxicity assay of H460 cells after various treatments for 75 h. (C) Activation signal of human T cells after co-culture with tumor cells by

adding 1µM trametinib alone or in combination with 5µg/mL B7-H3 × CD3 BiAb. Cells were collected 24 h after co-culture with H460 and T24 cell lines and stained

with antibodies against CD4, CD8, CD25, CD69 for flow cytometry. (D,E) Killing activity of B7-H3 × CD3 BiAb or in combination with trametinib was detected using

the 3D tumorsphere model. A549 (D) and H460 (E) tumorspheres were co-cultured with CFSE labeled T cells including 5µg/mL B7-H3 × CD3 BiAb alone or in

combination with 1µM trametinib for 12 h. Scare bar, 100µm.
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FIGURE 5 | Antitumor activity by B7-H3 × CD3 BiAb in combination with trametinib in vivo. (A) Experiment design scheme. (B,C) Tumor growth curves from H460

(B) and T24 (C) mice models treated with T cell, T cell with trametinib, the BiAb or the BiAb combined with trametinib. Tumor volume measurements were recorded

every 3 days. (D,E) Tumors from H460 (D) and T24 (E) mice models on day 21 are shown. (F) H&E staining images of liver, spleen, kidney, heart, and lung in H460

mice models. (G,H) Bodyweight of H460 (G) and T24 (H) mice treated with T cell, T cell with trametinib, the BiAb or the BiAb combined with trametinib. Bodyweight

measurements were recorded every 3 days.
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FIGURE 6 | IHC analysis of tumors in H460 mice models. (A) Representative images of CD31 and caspase-3 staining in different groups. Scare bar, 50µm. (B)

Representative images of tumor-infiltrating T cells in different groups. T cells were detected by CD3 staining. Scare bar, 50µm. (C) Quantification of cleaved caspase 3

in different groups. (D) Quantification of T-cell infiltration in different groups. *P < 0.05, **P < 0.01.

analyzed the changes in percentage among various groups. The
up-regulation rate of the 0 nM group was set at 0–1%. For A549
cell line, the percentage rose to 6–15% in 100 nM, 1, 5, and
10µM groups. For H460 cell line, the percentage rose to 5–
19% in 100 nM, 5 and 10µM groups. For T24 cell line, the
percentage rose to 11–25% in 100 nM, 1, and 10µMgroups. Data
in Figure 2D showed the median fluorescence intensity (MFI) of
flow cytometry. For A549 cell line, the MFI of control group was
10699 compared to 18597 after stimulation with trametinib. For

H460 cell line, the MFI of control group was 143574 compared
to 205619 after stimulation with trametinib. For T24 cell line,
the MFI of control group was 220409 compared to 520226 after
stimulation with trametinib. The elevation of B7-H3 expression
was confirmed by western blot (Figure 2E). Treatment with
trametinib also inhibit MEK signaling, based on lower levels of
phosphorylated MEK (Figure 2E). In addition, we did not find
that trametinib suppressed the proliferation of human T cells by
CFSE staining (Figure 2F).
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Generation and Characterization of B7-H3
× CD3 BiAb
B7-H3 × CD3 BiAb was engineered by combining a B7-H3
single chain variable region (scFv) with a CD3 scFv. Each
scFv contained a corresponding light chain (VL) and heavy
chain (VH) joined together by a 5-amino-acid (G4S) linker
(Figures 3A,B). Figure 3C shows the SDS-PAGE analysis of
purified B7-H3 × CD3 BiAb. Before the in vitro and in vivo
antitumor assay, the ratio of CD4+/CD8+ human T cells
stimulated by B7-H3 × CD3 BiAb was analyzed by flow
cytometry (Figure 3D). Two days after stimulation, there was no
significant difference between the BiAb stimulated T cells and
control group.

Functional Test of B7-H3 × CD3 BiAb
in vitro
We photographed the growth of A549, H460, and T24 cells
after 12- or 24-h incubation periods in the co-culture assay.
Clusters of T cells and the lysis of cancer cells were observed in
groups with the BiAb (Figures 3E–G, Supplementary Figure 4).
We evaluated the cytotoxicity of the BiAb toward cancer cell lines
by 51Cr-release assay and the results under different E/T ratios are
shown in Figure 3H. After being treated with the BiAb, nearly
20% of the cells were lysed at an E/T ratio of 1:4. When the E/T
ratio rose to 1:1, specific lysis was 20–30%. Interestingly, specific
lysis rose to 40–60% at an E/T ratio of 4:1. Furthermore, co-
culture assay was carried out and supernatants were collected
to determine the relative cytokine secretion level. A significant
increase in IFN-γ release can be detected in groups with the BiAb
(Figure 3I).

Cytotoxicity of B7-H3 × CD3 BiAb in
Combination With Trametinib Is Superior to
Single Agents in vitro
We sought to investigate whether combining B7-H3×CD3 BiAb
and trametinib can enhance tumor cell killing in NSCLC and
BC cell lines. Co-culture assay was performed and representative
bright-field images were shown in Figure 4A. Then, we tested
the killing activity of various treatment groups on H460 cell
line by real-time cytotoxicity assay (Figure 4B). As shown in the
figure, the BiAb + T cell group showed a stronger inhibition
effect compared to that of the TRA group. The combination
group exhibited the best therapeutic results among all groups,
suggesting the advantages of combination therapy. Next, T cells
in co-culture assay were collected and the expression levels
of CD25 and CD69 were detected to access T-cell activation
(Figure 4C). Based on the data, we analyzed the changes in
percentage among various groups. The positive rate of the T cell
group was set at 3–6%. For CD25 analysis, the percentage rose to
22–52% in BiAb + T cell group and 45–64% in TRA + BiAb +

T cell group. For CD69 analysis, the percentage rose to 10–37%
in BiAb + T cell group and 26–54% in TRA + BiAb + T cell
group. Then we compared the MFI among various groups. For
the expression of CD25, theMFI of T cell and TRA+ T cell group
was 2803 compared to 12518 in BiAb + T cell group and 16698
in TRA + BiAb + T cell group. For the expression of CD69, the

MFI of T cell and TRA + T cell group was 211 compared to 311
in BiAb + T cell group and 478 in TRA + BiAb + T cell group.
These data showed that T cells, together with the BiAb alone or in
combination with trametinib, exhibited higher degrees of CD25
and CD69 activation compared to control and trametinib alone
groups. The ratio of CD4 and CD8 positive T cells was shown
in Supplementary Figure 5. The proportion of CD4+/CD8+ T
cells was not significantly altered throughout the co-culture assay.
Furthermore, in the three-dimensional (3D) cancer spheroid
model, although both groups with T cells and the BiAb were
found to target tumorsphere, groups with trametinib were more
lethal to spheres than groups without it (Figures 4D,E).

Trametinib Enhanced the Anti-tumor
Efficiency of B7-H3 × CD3 BiAb in
Xenograft Models
To determine the in vivo efficacy of B7-H3 × CD3 BiAb and
trametinib, NSCLC cell line H460 and BC cell line T24 were
used in mice xenograft models. The schema is presented in
Figure 5A. After subcutaneously injected with H460 or T24
cells, mice were daily administered with trametinib starting
on day 10. Then mice were treated with identical doses of
T cells, T cells with trametinib, T cells with the BiAb or T
cells with the BiAb and trametinib at indicated time points.
In the present study, NSCLC and BC tumor mass growth
were significantly suppressed by trametinib, the BiAb or the
BiAb combined with trametinib (Figures 5B,C). On day 21,
although trametinib or the BiAb was able to inhibit tumor
growth, the combination group was significantly more effective
(Figures 5D,E). During the experiment, no abnormalities
were observed in vital organs via H&E staining (Figure 5F).
Also, there was no significant bodyweight loss in all groups
(Figures 5G,H). We then analyzed mice-bearing tumor tissues
by CD31 and caspase-3 immunostaining. The results showed
that the combination groups appeared to have the highest rate
of apoptosis and the lowest vessel density (Figure 6A). To
further examine the recruitment of T cells in tumors, cell surface
marker CD3 was analyzed. CD3+ T cells were seen in all groups
(Figure 6B). Among these groups, the combined treatment
group exhibited the highest apoptosis rate and number of CD3+

TILs, followed by the group treated with the BiAb and T cells
(Figures 6C,D). The results of the study are summarized in a
model diagram (Figure 7).

DISCUSSION

To date, the FDA has approved the combination of dabrafenib
and trametinib for melanoma and lung cancer with the
V600E BRAF mutation. Although response rates are ∼60%,
the incidence of adverse events is high and nearly all patients
had at least one adverse event (98%) according to a phase II
study (47). Besides, the durability of response is limited to 7–11
months due to drug resistance, which is a weakness of targeted
therapy (48). By comparison, most immunotherapies do not
deliver the same response rates but can offer higher durability
(48). Thus, combination with trametinib and immunotherapy is
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FIGURE 7 | Schematic summary for synergistic effect between MEK inhibitor

trametinib and B7-H3 × CD3 BiAb in killing NSCLC and BC cells.

attractive and meaningful. According to our data, overexpression
of B7-H3 was revealed and it was associated with poor survival
in NSCLC and BC. Both B7-H3 × CD3 BiAb and trametinib
were able to inhibit NSCLC and BC cell growth in vitro and
in vivo. A combination of trametinib and B7-H3 × CD3 BiAb
inhibited NSCLC and BC cell growth and killed them by
activating T cell in vitro as well as promoting T cell infiltration
in vivo. In past studies, the inhibitory effect of trametinib on
KRAS or BRAF mutant cell line has been confirmed (34, 49).
Our data in A549 and H460 cell lines again corroborates the
above results. It should be noted that we discovered trametinib
could suppress the growth of T24 cells with HRAS mutation.
Similarly, MEK inhibitor might be partly responsible for HRAS-
mutated tumor reduction according to a phase I trial (50). This
hint HRAS mutation cells may sensitize toward treatment with
MEK inhibitors.

A previous report described the potential immunosuppressive
activity of MEK inhibitors in vitro, which has limited
the assessment of MEK inhibitor combination with
immunotherapies (51). However, our data of CFSE labeling
experiments did not show that trametinib could inhibit the
proliferation of T cells. The difference in results is probably due
to the fact that T cells were activated before adding trametinib in
our experiments compared to the previous study that activated T
cells during trametinib treatment. A recent research has implied
that trametinib selectively blocked activation of naive T cells
but did not suppress T cells which were already activated in
vitro (52). Their results are in line with ours. Another study
has demonstrated that MEK inhibitors potentiated rather than
hindered antitumor T cells by impairing TCR-driven apoptosis
(53). Similarly, we showed trametinib enhanced T cell activation
in the co-culture assay. In addition, several studies have
combined MEK inhibitor with PDL1 antibody or oncolytic virus
and obtained ideal results (53–55). Taken together, these results
suggest that blockage of MAPK signaling is critical and effective
to prime and synergize tumors in response to immunotherapy.

It is essential to understand the effects of targeted agents
on antitumor immune response. MEK inhibitors have been
found to up- or down-regulate the expression of immune
molecules, including MHC class I, PD-L1 in previous studies

(52, 55–57). These contradictory results indicate that the
differential expression of immune molecules may be context-
dependent. Notably, a recent study has identified that there was
a significant up-regulation of B7-H3 in the trametinib-treated
A375 melanoma cell line (52). The present study had similar
findings. We noticed that MEK inhibitor trametinib increased
B7-H3 expression in human NSCLC and BC cell lines. This may
be attributed to the complex regulatory pathways of B7-H3 which
remains largely unknown. According to previous studies, B7-
H3 can promote cell invasion via the STAT3 signaling pathway
(58, 59). Meanwhile, trametinib was reported to upregulate
MHC class I and PD-L1 by inducing STAT3 activation (55).
However, whether trametinib regulates B7-H3 via the STAT3 or
other signaling pathways requires further investigation. From
our data, we can only infer it is feasible for combination
therapy with trametinib and agents targeting B7-H3. Additional
research is definitely needed to clarify the mechanism underlying
our findings.

The most important factor in immunotherapy is to select a
proper TAA to target. B7-H3 has been identified as promising
immunotherapeutic targets for anticancer therapy, as it is
aberrantly upregulated on the cell surface of many types of
tumors (9–12). Several B7-H3 monoclonal antibodies have
been tested in patients with refractory neoplasms (MGA271,
clone 84D) (60) and glioma (antibody-drug conjugate, clone
8H9) (61). Recently, a B7-H3 × CD3 bispecific molecule
(MGD009) is in clinical trials for solid tumors (ClinicalTrials.gov:
NCT02628535). In our research, B7-H3 is confirmed abundant in
NSCLC, BC cell lines and tissues, but it is expressed at low levels
or almost undetectable in normal tissues. Moreover, according
to our data, the therapeutic efficacy of B7-H3 × CD3 BiAb was
significant and there were no related acute side effects. These
results give further evidence that B7-H3 can act as an effective
therapeutic target for the clinical management of NSCLC and BC.

In summary, we revealed that trametinib could inhibit cell
proliferation and upregulate the expression of B7-H3 in tumor
cells. B7-H3 × CD3 BiAb was able to directly guide T cell to
kill tumor cells in human NSCLC and BC models. Moreover,
we found trametinib could augment antitumor activity of B7-
H3 × CD3 BiAb in vitro and in vivo. Although the molecular
mechanism underlying the combination treatment needs to be
further elucidated, these data provide new insights into NSCLC
and BC treatment using a combination with MEK inhibitor and
B7-H3-redirected immunotherapy.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This
data can be found here: Oncomine (www.oncomine.org); TCGA
(http://cancergenome.nih.gov).

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by West China Hospital of Sichuan University
Biomedical Ethics Committee (Ethical approval document:

Frontiers in Oncology | www.frontiersin.org 12 August 2020 | Volume 10 | Article 1527

https://ClinicalTrials.gov
www.oncomine.org
http://cancergenome.nih.gov
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Li et al. Combination With BiAb and Trametinib

2018-061). The patients/participants provided their written
informed consent to participate in this study. The animal
study was reviewed and approved by West China Hospital
of Sichuan University Biomedical Ethics Committee (Ethical
approval document: 2018-061).

AUTHOR CONTRIBUTIONS

AT, HL, CH, and HY designed the study. YF analyzed the data
from Oncomine and TCGA. HL, CH, ZZ, ZW, GG, WG, and
LZ performed the experiment. HL, ZZ, YF, ZW, XT, KZ, YH,
and JX wrote the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (31471286 and 81772693), National

Major Scientific and Technological Special Project for
Significant New Drugs Development (2019ZX09301-
147), 1.3.5 project for disciplines of excellence of the
West China Hospital, Sichuan University (ZYJC18007),
and the Major Subject of the Science and Technology
Department of Sichuan Province (2017SZ0015, 2019YFS0330,
and 2019YFS0108).

ACKNOWLEDGMENTS

This article has been released as a preprint at Research
Square (62).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.01527/full#supplementary-material

REFERENCES

1. Siegel RL,Miller KD, Jemal A. Cancer statistics, 2019.CACancer J Clin. (2019)
69:7–34. doi: 10.3322/caac.21551

2. Qin A, Coffey DG, Warren EH, Ramnath N. Mechanisms of immune evasion
and current status of checkpoint inhibitors in non-small cell lung cancer.
Cancer Med. (2016) 5:2567–78. doi: 10.1002/cam4.819

3. Zappa C, Mousa SA. Non-small cell lung cancer: current treatment
and future advances. Transl Lung Cancer Res. (2016) 5:288–300.
doi: 10.21037/tlcr.2016.06.07

4. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer
statistics, 2012. CA Cancer J Clin. (2015) 65:87–108. doi: 10.3322/caac.21262

5. Bowman KJ, Al-Moneef MM, Sherwood BT, Colquhoun AJ, Goddard JC,
Griffiths TRL, et al. Comet assay measures of DNA damage are predictive of
bladder cancer cell treatment sensitivity in vitro and outcome in vivo. Int J
Cancer. (2014) 134:1102–11. doi: 10.1002/ijc.28437

6. Wei X, Lai Y, Li J, Qin L, Xu Y, Zhao R, et al. PSCA and MUC1 in
non-small-cell lung cancer as targets of chimeric antigen receptor T cells.
Oncoimmunology. (2017) 6:e1284722. doi: 10.1080/2162402X.2017.1284722

7. Chapoval AI, Ni J, Lau JS, Wilcox RA, Flies DB, Liu D, et al. B7-H3: a
costimulatory molecule for T cell activation and IFN-gamma production. Nat
Immunol. (2001) 2:269–74. doi: 10.1038/85339

8. Hofmeyer KA, Ray A, Zang X. The contrasting role of B7-H3. Proc Natl Acad
Sci USA. (2008) 105:10277–8. doi: 10.1073/pnas.0805458105

9. Seaman S, Zhu Z, Saha S, Zhang XM, Yang MY, Hilton MB, et al.
Eradication of tumors through simultaneous ablation of CD276/B7-H3-
positive tumor cells and tumor vasculature. Cancer Cell. (2017) 31:501–15.e8.
doi: 10.1016/j.ccell.2017.03.005

10. Inamura K, Yokouchi Y, Kobayashi M, Sakakibara R, Ninomiya H, Subat
S, et al. Tumor B7-H3 (CD276) expression and smoking history in
relation to lung adenocarcinoma prognosis. Lung Cancer. (2017) 103:44–51.
doi: 10.1016/j.lungcan.2016.11.013

11. Picarda E, Ohaegbulam KC, Zang X. Molecular pathways: targeting B7-
H3 (CD276) for human cancer immunotherapy. Clin Cancer Res. (2016)
22:3425–31. doi: 10.1158/1078-0432.CCR-15-2428

12. Li Y, GuoG, Song J, Cai Z, Yang J, Chen Z, et al. B7-H3 Promotes themigration
and invasion of human bladder cancer cells via the PI3K/Akt/STAT3 signaling
pathway. J Cancer. (2017) 8:816–24. doi: 10.7150/jca.17759

13. Du H, Hirabayashi K, Ahn S, Kren NP, Montgomery SA, Wang X, et al.
Antitumor responses in the absence of toxicity in solid tumors by targeting
B7-H3 via chimeric antigen receptor T cells. Cancer Cell. (2019) 35:221–37.e8.
doi: 10.1016/j.ccell.2019.01.002

14. Tang X, Zhao S, Zhang Y, Wang Y, Zhang Z, Yang M, et al. B7-H3 as a
novel CAR-T therapeutic target for glioblastoma.Mol Ther Oncolytics. (2019)
14:279–87. doi: 10.1016/j.omto.2019.07.002

15. Majzner RG, Theruvath JL, Nellan A, Heitzeneder S, Cui Y, Mount CW,
et al. CAR T cells targeting B7-H3, a pan-cancer antigen, demonstrate potent
preclinical activity against pediatric solid tumors and brain tumors. Clin
Cancer Res. (2019) 25:2560–74. doi: 10.1158/1078-0432.CCR-18-0432

16. Nehama D, Di Ianni N, Musio S, Du H, Patané M, Pollo B,
et al. B7-H3-redirected chimeric antigen receptor T cells target
glioblastoma and neurospheres. EBioMedicine. (2019) 47:33–43.
doi: 10.1016/j.ebiom.2019.08.030

17. Huang B, Luo L, Wang J, He B, Feng R, Xian N, et al. B7-H3 specific T
cells with chimeric antigen receptor and decoy PD-1 receptors eradicate
established solid human tumors in mouse models. Oncoimmunology. (2019)
9:1684127. doi: 10.1080/2162402X.2019.1684127

18. Yu T-T, Zhang T, Lu X, Wang R-Z. B7-H3 promotes metastasis, proliferation,
and epithelial-mesenchymal transition in lung adenocarcinoma. Onco Targets
Ther. (2018) 11:4693–700. doi: 10.2147/OTT.S169811

19. Castellanos JR, Purvis IJ, Labak CM, Guda MR, Tsung AJ, Velpula KK, et al.
B7-H3 role in the immune landscape of cancer. Am J Clin Exp Immunol.
(2017) 6:66–75.

20. Wu Z, Cheung NV. T cell engaging bispecific antibody (T-BsAb):
From technology to therapeutics. Pharmacol Ther. (2018) 182:161–75.
doi: 10.1016/j.pharmthera.2017.08.005

21. Perez P, Hoffman RW, Shaw S, Bluestone JA, Segal DM. Specific targeting of
cytotoxic T cells by anti-T3 linked to anti-target cell antibody. Nature. (1985)
316:354–6. doi: 10.1038/316354a0

22. Bargou R, Leo E, Zugmaier G, Klinger M, Goebeler M, Knop S, et al. Tumor
regression in cancer patients by very low doses of a T cell-engaging antibody.
Science. (2008) 321:974–7. doi: 10.1126/science.1158545

23. Lopez-Albaitero A, Xu H, Guo H, Wang L, Wu Z, Tran H, et al.
Overcoming resistance to HER2-targeted therapy with a novel
HER2/CD3 bispecific antibody. Oncoimmunology. (2017) 6:e1267891.
doi: 10.1080/2162402X.2016.1267891

24. Ishiguro T, Sano Y, Komatsu S-I, Kamata-Sakurai M, Kaneko A, Kinoshita
Y, et al. An anti-glypican 3/CD3 bispecific T cell-redirecting antibody
for treatment of solid tumors. Sci Transl Med. (2017) 9:eaal4291.
doi: 10.1126/scitranslmed.aal4291

25. Robinson HR, Qi J, Cook EM, Nichols C, Dadashian EL, Underbayev C,
et al. A CD19/CD3 bispecific antibody for effective immunotherapy of
chronic lymphocytic leukemia in the ibrutinib era. Blood. (2018) 132:521–32.
doi: 10.1182/blood-2018-02-830992

Frontiers in Oncology | www.frontiersin.org 13 August 2020 | Volume 10 | Article 1527

https://www.frontiersin.org/articles/10.3389/fonc.2020.01527/full#supplementary-material
https://doi.org/10.3322/caac.21551
https://doi.org/10.1002/cam4.819
https://doi.org/10.21037/tlcr.2016.06.07
https://doi.org/10.3322/caac.21262
https://doi.org/10.1002/ijc.28437
https://doi.org/10.1080/2162402X.2017.1284722
https://doi.org/10.1038/85339
https://doi.org/10.1073/pnas.0805458105
https://doi.org/10.1016/j.ccell.2017.03.005
https://doi.org/10.1016/j.lungcan.2016.11.013
https://doi.org/10.1158/1078-0432.CCR-15-2428
https://doi.org/10.7150/jca.17759
https://doi.org/10.1016/j.ccell.2019.01.002
https://doi.org/10.1016/j.omto.2019.07.002
https://doi.org/10.1158/1078-0432.CCR-18-0432
https://doi.org/10.1016/j.ebiom.2019.08.030
https://doi.org/10.1080/2162402X.2019.1684127
https://doi.org/10.2147/OTT.S169811
https://doi.org/10.1016/j.pharmthera.2017.08.005
https://doi.org/10.1038/316354a0
https://doi.org/10.1126/science.1158545
https://doi.org/10.1080/2162402X.2016.1267891
https://doi.org/10.1126/scitranslmed.aal4291
https://doi.org/10.1182/blood-2018-02-830992
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Li et al. Combination With BiAb and Trametinib

26. Leong SR, Sukumaran S, Hristopoulos M, Totpal K, Stainton S, Lu E,
et al. An anti-CD3/anti-CLL-1 bispecific antibody for the treatment of acute
myeloid leukemia. Blood. (2017) 129:609–18. doi: 10.1182/blood-2016-08-73
5365

27. Li J, Piskol R, Ybarra R, Chen Y-JJ, Li J, Slaga D, et al. CD3 bispecific
antibody-induced cytokine release is dispensable for cytotoxic T cell
activity. Sci Transl Med. (2019) 11:eaax8861. doi: 10.1126/scitranslmed.aax
8861

28. American Association for Cancer Research. A bispecific antibody for MUC16
and CD3 has preclinical antitumor activity. Cancer Discov. (2019) 9:994.
doi: 10.1158/2159-8290.CD-RW2019-099

29. Zhang X, Yang Y, Fan D, Xiong D. The development of bispecific antibodies
and their applications in tumor immune escape. Exp Hematol Oncol. (2017)
6:12. doi: 10.1186/s40164-017-0072-7

30. Caunt CJ, Sale MJ, Smith PD, Cook SJ. MEK1 and MEK2 inhibitors and
cancer therapy: the long and winding road.Nat Rev Cancer. (2015) 15:577–92.
doi: 10.1038/nrc4000

31. Lugowska I, Koseła-Paterczyk H, Kozak K, Rutkowski P. Trametinib: a MEK
inhibitor for management of metastatic melanoma. Onco Targets Ther. (2015)
8:2251–9. doi: 10.2147/OTT.S72951

32. Kidger AM, Sipthorp J, Cook SJ. ERK1/2 inhibitors: new weapons to inhibit
the RAS-regulated RAF-MEK1/2-ERK1/2 pathway. Pharmacol Ther. (2018)
187:45–60. doi: 10.1016/j.pharmthera.2018.02.007

33. Yuan J, NgWH, Tian Z, Yap J, BaccariniM, Chen Z, et al. Activatingmutations
in MEK1 enhance homodimerization and promote tumorigenesis. Sci Signal.
(2018) 11:eaar6795. doi: 10.1126/scisignal.aar6795

34. Lian T, Li C, Wang H. Trametinib in the treatment of multiple
malignancies harboring MEK1 mutations. Cancer Treat Rev. (2019)
81:101907. doi: 10.1016/j.ctrv.2019.101907

35. Thota R, Johnson DB, Sosman JA. Trametinib in the treatment
of melanoma. Expert Opin Biol Ther. (2015) 15:735–47.
doi: 10.1517/14712598.2015.1026323

36. Roskoski R Jr. Properties of FDA-approved small molecule protein kinase
inhibitors. Pharmacol Res. (2019) 144:19–50. doi: 10.1016/j.phrs.2019.03.006

37. Zheng M, Yu L, Hu J, Zhang Z, Wang H, Lu D, et al. Efficacy of
B7-H3-redirected BiTE and CAR-T immunotherapies against extranodal
nasal natural killer/T cell lymphoma. Transl Oncol. (2020) 13:100770.
doi: 10.1016/j.tranon.2020.100770

38. Li H, Hu Y, Huang J, Feng Y, Zhang Z, Zhong K, et al. Zika virus NS5 protein
inhibits cell growth and invasion of glioma. Biochem Biophys Res Commun.
(2019) 516:515–20. doi: 10.1016/j.bbrc.2019.06.064

39. Gyorffy B, Surowiak P, Budczies J, Lánczky A. Online survival analysis
software to assess the prognostic value of biomarkers using transcriptomic
data in non-small-cell lung cancer. PLoS ONE. (2013) 8:e82241.
doi: 10.1371/journal.pone.0082241

40. Rhodes DR, Kalyana-Sundaram S, Mahavisno V, Varambally R, Yu J, Briggs
BB, et al. Oncomine 3.0: genes, pathways, and networks in a collection
of 18,000 cancer gene expression profiles. Neoplasia. (2007) 9:166–80.
doi: 10.1593/neo.07112

41. Lee JS, Leem SH, Lee SY, Kim SC, Park ES, Kim SB, et al. Expression signature
of E2F1 and its associated genes predict superficial to invasive progression
of bladder tumors. J Clin Oncol. (2010) 28:2660–7. doi: 10.1200/jco.2009.25.
0977

42. Blaveri E, Simko JP, Korkola JE, Brewer JL, Baehner F, Mehta K, et al.
Bladder cancer outcome and subtype classification by gene expression.
Clin Cancer Res. (2005) 11:4044–55. doi: 10.1158/1078-0432.Ccr-0
4-2409

43. Garber ME, Troyanskaya OG, Schluens K, Petersen S, Thaesler Z, Pacyna-
Gengelbach M, et al. Diversity of gene expression in adenocarcinoma of the
lung. Proc Natl Acad Sci USA. (2001) 98:13784–9. doi: 10.1073/pnas.2415
00798

44. Du S, Guan Z, Hao L, Song Y, Wang L, Gong L, et al. Fructose-
bisphosphate aldolase a is a potential metastasis-associated marker of
lung squamous cell carcinoma and promotes lung cell tumorigenesis
and migration. PLoS ONE. (2014) 9:e85804. doi: 10.1371/journal.pone.00
85804

45. Okayama H, Kohno T, Ishii Y, Shimada Y, Shiraishi K, Iwakawa
R, et al. Identification of genes upregulated in ALK-positive and

EGFR/KRAS/ALK-negative lung adenocarcinomas. Cancer Res. (2012)
72:100–11. doi: 10.1158/0008-5472.Can-11-1403

46. Selamat SA, Chung BS, Girard L, Zhang W, Zhang Y, Campan M,
et al. Genome-scale analysis of DNA methylation in lung adenocarcinoma
and integration with mRNA expression. Genome Res. (2012) 22:1197–211.
doi: 10.1101/gr.132662.111

47. Planchard D, Smit EF, Groen HJM, Mazieres J, Besse B, Helland
Å, et al. Dabrafenib plus trametinib in patients with previously
untreated BRAF(V600E)-mutant metastatic non-small-cell lung
cancer: an open-label, phase 2 trial. Lancet Oncol. (2017) 18:1307–16.
doi: 10.1016/s1470-2045(17)30679-4

48. Zia Y, Chen L, Daud A. Future of combination therapy with dabrafenib
and trametinib in metastatic melanoma. Expert Opin Pharmacother. (2015)
16:2257–63. doi: 10.1517/14656566.2015.1085509

49. Watanabe M, Sowa Y, Yogosawa M, Sakai T. Novel MEK inhibitor trametinib
and other retinoblastoma gene (RB)-reactivating agents enhance efficacy of
5-fluorouracil on human colon cancer cells. Cancer Sci. (2013) 104:687–93.
doi: 10.1111/cas.12139

50. Martinez-Garcia M, Banerji U, Albanell J, Bahleda R, Dolly S, Kraeber-
Bodéré F, et al. First-in-human, phase I dose-escalation study of the
safety, pharmacokinetics, and pharmacodynamics of RO5126766, a
first-in-class dual MEK/RAF inhibitor in patients with solid tumors.
Clin Cancer Res. (2012) 18:4806–19. doi: 10.1158/1078-0432.CCR-12-
0742

51. Vella LJ, Pasam A, Dimopoulos N, Andrews M, Knights A, Puaux A-L,
et al. MEK inhibition, alone or in combination with BRAF inhibition, affects
multiple functions of isolated normal human lymphocytes and dendritic cells.
Cancer Immunol Res. (2014) 2:351–60. doi: 10.1158/2326-6066.CIR-13-0181

52. Liu L, Mayes PA, Eastman S, Shi H, Yadavilli S, Zhang T, et al.
The BRAF and MEK inhibitors dabrafenib and trametinib: effects
on immune function and in combination with immunomodulatory
antibodies targeting PD-1, PD-L1, and CTLA-4. Clin Cancer

Res. (2015) 21:1639–51. doi: 10.1158/1078-0432.CCR-14-
2339

53. Ebert PJR, Cheung J, Yang Y, McNamara E, Hong R, Moskalenko M,
et al. MAP kinase inhibition promotes T cell and anti-tumor activity in
combination with PD-L1 checkpoint blockade. Immunity. (2016) 44:609–21.
doi: 10.1016/j.immuni.2016.01.024

54. Bommareddy PK, Aspromonte S, Zloza A, Rabkin SD, Kaufman HL. MEK
inhibition enhances oncolytic virus immunotherapy through increased tumor
cell killing and T cell activation. Sci Transl Med. (2018) 10:eaau0417.
doi: 10.1126/scitranslmed.aau0417

55. Kang S-H, Keam B, Ahn Y-O, Park H-R, Kim M, Kim TM, et al. Inhibition
of MEK with trametinib enhances the efficacy of anti-PD-L1 inhibitor by
regulating anti-tumor immunity in head and neck squamous cell carcinoma.
Oncoimmunology. (2018) 8:e1515057. doi: 10.1080/2162402X.2018.15
15057

56. Atefi M, Avramis E, Lassen A, Wong DJL, Robert L, Foulad D, et al. Effects of
MAPK and PI3K pathways on PD-L1 expression in melanoma. Clin Cancer

Res. (2014) 20:3446–57. doi: 10.1158/1078-0432.CCR-13-2797
57. Frederick DT, Piris A, Cogdill AP, Cooper ZA, Lezcano C,

Ferrone CR, et al. BRAF inhibition is associated with enhanced
melanoma antigen expression and a more favorable tumor
microenvironment in patients with metastatic melanoma. Clin

Cancer Res. (2013) 19:1225–31. doi: 10.1158/1078-0432.CCR-12-
1630

58. Kang F-B, Wang L, Jia H-C, Li D, Li H-J, Zhang Y-G, et al. B7-H3
promotes aggression and invasion of hepatocellular carcinoma by
targeting epithelial-to-mesenchymal transition via JAK2/STAT3/Slug
signaling pathway. Cancer Cell Int. (2015) 15:45. doi: 10.1186/s12935-015-0
195-z

59. Wang J, Chong KK, Nakamura Y, Nguyen L, Huang SK, Kuo C,
et al. B7-H3 associated with tumor progression and epigenetic regulatory
activity in cutaneous melanoma. J Invest Dermatol. (2013) 133:2050–8.
doi: 10.1038/jid.2013.114

60. Powderly J, Cote G, Flaherty K, Szmulewitz RZ, Ribas A,Weber J, et al. Interim
results of an ongoing phase I, dose escalation study of MGA271 (Fc-optimized
humanized anti-B7-H3 monoclonal antibody) in patients with refractory

Frontiers in Oncology | www.frontiersin.org 14 August 2020 | Volume 10 | Article 1527

https://doi.org/10.1182/blood-2016-08-735365
https://doi.org/10.1126/scitranslmed.aax8861
https://doi.org/10.1158/2159-8290.CD-RW2019-099
https://doi.org/10.1186/s40164-017-0072-7
https://doi.org/10.1038/nrc4000
https://doi.org/10.2147/OTT.S72951
https://doi.org/10.1016/j.pharmthera.2018.02.007
https://doi.org/10.1126/scisignal.aar6795
https://doi.org/10.1016/j.ctrv.2019.101907
https://doi.org/10.1517/14712598.2015.1026323
https://doi.org/10.1016/j.phrs.2019.03.006
https://doi.org/10.1016/j.tranon.2020.100770
https://doi.org/10.1016/j.bbrc.2019.06.064
https://doi.org/10.1371/journal.pone.0082241
https://doi.org/10.1593/neo.07112
https://doi.org/10.1200/jco.2009.25.0977
https://doi.org/10.1158/1078-0432.Ccr-04-2409
https://doi.org/10.1073/pnas.241500798
https://doi.org/10.1371/journal.pone.0085804
https://doi.org/10.1158/0008-5472.Can-11-1403
https://doi.org/10.1101/gr.132662.111
https://doi.org/10.1016/s1470-2045(17)30679-4
https://doi.org/10.1517/14656566.2015.1085509
https://doi.org/10.1111/cas.12139
https://doi.org/10.1158/1078-0432.CCR-12-0742
https://doi.org/10.1158/2326-6066.CIR-13-0181
https://doi.org/10.1158/1078-0432.CCR-14-2339
https://doi.org/10.1016/j.immuni.2016.01.024
https://doi.org/10.1126/scitranslmed.aau0417
https://doi.org/10.1080/2162402X.2018.1515057
https://doi.org/10.1158/1078-0432.CCR-13-2797
https://doi.org/10.1158/1078-0432.CCR-12-1630
https://doi.org/10.1186/s12935-015-0195-z
https://doi.org/10.1038/jid.2013.114
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Li et al. Combination With BiAb and Trametinib

B7-H3-expressing neoplasms or neoplasms whose vasculature expresses
B7-H3. J Immunother Cancer. (2015) 3:O8. doi: 10.1186/2051-1426-3-
s2-o8

61. Souweidane MM, Kramer K, Pandit-Taskar N, Zhou Z, Haque
S, Zanzonico P, et al. Convection-enhanced delivery for diffuse
intrinsic pontine glioma: a single-centre, dose-escalation, phase 1
trial. Lancet Oncol. (2018) 19:1040–50. doi: 10.1016/S1470-2045(18)3
0322-X

62. Li H, Huang C, Zhang Z, Feng Y, Wang Z, Tang X, et al.
MEK Inhibitor Augments Antitumor Activity of B7-H3-Redirected

Bispecific Antibody. Research Square (2020). Available online at:
https://www.researchsquare.com/article/rs-22616/v1 (accessed May 20,
2020).

Conflict of Interest: ZZ, HY, and AT have filed patents related to this work.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Li, Huang, Zhang, Feng, Wang, Tang, Zhong, Hu, Guo, Zhou,

Guo, Xu, Yang and Tong. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 15 August 2020 | Volume 10 | Article 1527

https://doi.org/10.1186/2051-1426-3-s2-o8
https://doi.org/10.1016/S1470-2045(18)30322-X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

