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The human epidermal growth factor receptor-2 (ERBB2; formerly HER2)isoform ERBB2ΔEx16 (ERBB2d16) was oncogenic by mediating epithelial-mesenchymal transition (EMT), immune evasion, and resistance cell death to the anti-HER2 (trastuzumab) therapy. However, its physiological implications in gastric cancer were unclear. In this study, we examined a total of 110 patients with either locally advanced or metastatic HER2+ gastric cancer for the expression of ERBB2d16 and EMT markers, and the infiltration of CD3+ T cells in tumor tissues, and evaluated their relevance with the responses to the standard chemotherapy plus trastuzumab according to the RECIST criteria. We found that the ERBB2d16 isoform was present at a relatively high level in about half of the tumor samples examined (53/110) and an elevated ERBB2d16/ERBB2 ratio was positively associated with the expression of high E-cadherin and low vimentin indicating EMT, and with poor CD3+ T cell infiltration and strong intratumoral expression of programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1) as well as reduced diversity of T cell receptor clones. Moreover, the progression-free survival and overall survival of patients treated with trastuzumab were substantially shorter in those with a high ERBB2d16/ERBB2 ratio. In agreement, analysis by Cox proportional hazards models confirmed that high ERBB2d16 expression was a risk factor associated with an adverse prognosis. Thus, our data fit well with an oncogenic role of ERBB2d16 in gastric cancer by promoting EMT and immunosuppression. We also found that ERBB2d16 expression resists gastric cell death in patients treated with trustuzumab, and the ERBB2d16/ERBB2 ratio may serve as a novel prognostic maker for patients with gastric cancer that receive trastuzumab therapy.
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Introduction

Gastric and gastroesophageal junction (G/GEJ) adenocarcinomas are the 4th leading cause of cancer-related death worldwide (1). Overexpression of ERBB2, a marker of highly aggressive tumors, is observed in 20-23% of G/GEJ adenocarcinomas. Treatment with the anti-HER2 antibody trastuzumab combined with platinum-containing chemotherapy combinations improves progression-free and overall survival in advanced HER2-overexpressing G/GEJ adenocarcinoma (2); however, resistance to the therapy eventually develops, although the mechanisms are poorly understood (3–6).

In HER2-overexpressing breast cancer, one emerging explanation for resistance to trastuzumab is the presence of the ERBB2d16 isoform, which contains a 16-amino-acid in-frame deletion in the juxta transmembrane domain (Figure 1A). Initial evidence suggests that ERBB2d16 promotes tumor invasion and metastasis and resistance to trastuzumab (7). Furthermore, the notch pathway is highly activated in the presence of ERBB2d16 but not in the presence of full-length ERBB2; thus, ERBB2d16 expression is associated with stemness and EMT (8), both of which are related to therapeutic resistance.




Figure 1 | Transcriptional expression of ERBB2d16 and ERBB2 in gastric cancer. (A) The schematic structure of the ERBB2d16 protein; (B) The transcriptional expression of ERBB2 and ERBB2d16 by quantitative RT-PCR in gastric cancer tissue with beta-actin as an internal control (n = 110); (C) The ratios of the ERBB2d16/ERBB2 in HER2-positive gastric cancer tissues (n = 110). (D) An ERBB2d16/ERBB2 ratio-dependent expression pattern of ERBB2d16 relative to ERBB2 expression. Δ16 low: ERBB2d16/ERBB2 ratio < 0.88; Δ16 high: ERBB2d16/ERBB2 ratio ≥ 0.88. ERBB2: human epidermal growth factor receptor-2; ERBB2d16: ERBB2ΔEx16; RT-PCR: reverse transcriptive polymerase chain reaction.



As some reports have confirmed that tumors exhibiting EMT markers also demonstrate immunosuppressive features [including low levels of class I major histocompatibility complex (MHC-I), high levels of PD-L1 and PD-1 (9) and stromal infiltration of regulatory T cells, M2 (protumor) macrophages, and exhausted CD8+ T cells (9, 10)]. The diversity of the T cell receptor (TCR) repertoire correlates with the presence of tumor neoantigen-specific T cells (11). When a tumor occurs, many new antigens are produced by mutations in the gene, the production of some new antigen stimulates T cells with TCR that recognize this neoantigen, and then amplified itself and killed tumor cells. By sequencing the V (D) J region in the TCR ecosystem, we can indirectly understand the immune micro-environment around the tumor (12).

Considering the role of ERBB2d16 in the therapeutic resistance of HER2-overexpressing G/GEJ adenocarcinomas has not been well described, in the present study, we analyzed the expression of ERBB2d16 and markers of EMT (E-cadherin, vimentin) in tumors from 110 patients with HER2 positive gastric cancer who had been treated with standard chemotherapy plus trastuzumab and explored the correlation of ERBB2d16 expression with EMT, intratumoral infiltration of immune cells along with TCR repertoire diversity, and prognosis.



Materials and Methods


Collection of Samples and Clinical Data

All participants provided written informed consent for the use of their specimens and clinical data in this research. These specimens were formalin-fixed, paraffin-embedded (FFPE) gastric cancer specimens collected as part of standard-of-care gastrectomy procedures from patients subsequently treated with at least one line of conventional chemotherapy plus trastuzumab between February 2017 and January 2020 in Beijing Shijitan Hospital and First Hospital of Shanxi Medical University. The study protocol was approved by the Institutional Review Board of Beijing Shijitan Hospital Ethics Committee, and the ethics number is sjtk11-1x-2021 (34) and (2019) (SK014). All patients were treated in accordance with the Declaration of Helsinki. All patients were confirmed to have HER2-overexpressing gastric cancer using the IHC method, and HER2++ status was confirmed by the fluorescence in situ hybridization (FISH) method. Patient characteristics (sex, age, stage at the time of diagnosis according to the eighth edition of the American Joint Committee on Cancer [AJCC] tumor-node-metastasis [TNM] staging system (13), alcohol use and smoking status), tumor characteristics (histology, primary localization and the number of metastatic sites, site in stomach, cardia involvement status and H. pylori status), number of previous chemotherapy lines, date of initiation of trastuzumab and date of death were extracted from patient medical records (Table 1).


Table 1 | Patient and tumor characteristics (N = 110).





Extraction of Total RNA

FFPE tissue blocks were sectioned on a standard microtome (Leica Microsystems RM 2145) to generate successive 10-μm sections. A pathologist evaluated each slide and confirmed and marked regions of invasive carcinoma. For each sample, marked regions from several slides (number depending on the size of the invasive area, according to the manufacturer’s instructions) were microdissected using a new sterile blade, and the dissected tissues were placed immediately into an RNase-free microcentrifuge tube. After deparaffinization with xylene, the tissues were digested with protease and treated with DNase. After washing, the RNA, including the small microRNA fraction, was eluted with 60 μl distilled water. The concentration and quality of the RNA recovered were measured using a Nanodrop 2000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). The median 260/280 ratio was 2.05 (interquartile range [IQR]: 2.01–2.1), and the median concentration was 246.27 ng/μl (IQR: 120.5–455.5).



Primers

For polymerase chain reaction (PCR) amplification of ERBB2d16, ERBB2, E-cadherin, vimentin, PD-1, PD-L1 and the reference gene β-actin, primers were designed using Primer Premier 5.0 software (Applied Biosystem, USA). See Table 2 for details.


Table 2 | Prime sequence.





Reverse Transcription-PCR Analysis

Total RNA was converted to cDNA using Maxima H Minus cDNA Synthesis Master Mix with ds DNase (Thermo Scientific MAN0016393, USA). Quantitative PCR was performed in triplicate using 1/10 of the RT product with the Power SYBR Green RNA-to-CT 1-Step Kit (Applied Biosystems A25742). All samples were analyzed in triplicate with error bars representing SD. We calculated the differences in expression amount according to CT values of each sample using 2-ΔCT to define the differences in gene expression among samples. β-Actin was used as the internal reference.



Immunofluorescence Staining and Antibody

We selected 20 patients with the highest ERBB2d16/ERBB2 ratio (ERBB2d16 high) and 20 patients with the lowest ERBB2d16/ERBB2 ratio (ERBB2d16 low) for immunofluorescence staining. For Histo-Cytometry (Multiplex Quantitative Tissue Imaging Analysis), 10-μm sections from the gastrectomy FFPE tissue blocks were loaded onto slides, deparaffinized in xylene, and rehydrated in a series of graded alcohols. Antigen retrieval was performed in citrate buffer (pH 6) in a microwave (Sharp, R-331ZX) for 20 min at 95°C followed by a 20-min cool down at room temperature. After quenching endogenous peroxidase in 3% H2O2, the slides were incubated with a blocking reagent (ZSGB-BIO, ZLI-9022) for 30 min at room temperature. Antigens were then successively detected using the Opal protocol (14, 15). Briefly, the sections were incubated with the primary antibody for 120 min in a humidified chamber at 37°C, followed by detection using an HRP-conjugated secondary antibody (GBI Labs, Polink-1 HRP polymer detection kit) and TSA-fluors (PerkinElmer, Opal 7-color IHC Kit, NEL797001KT, 1:100, 20–60 sec), after which the primary and secondary antibodies were thoroughly eliminated by heating the slides in citrate buffer (pH 6.0) for 10 min at 95°C in a microwave. Serially, each antigen was labeled by distinct fluorophores. The nuclei were subsequently visualized with DAPI (1:2000), and a coverslip was applied using Prolong Gold Antifade Mountant (Thermo Fisher, P36934). The multiplex antibodies applied in this study were as follows: anti-CD3 (Abnova MAB9626, 1:100, Opal 690), PD-1 (CST, #43248, 1:200, Opal 620), PD-L1 (CST, #13684, 1:200, Opal 650), E-cadherin (CST, #3195, 1:500, Opal 650), and anti-vimentin (Abcam, ab137321,1:400, Opal 570).



Digital Image Acquisition and Analysis

We used a TissueFAXS slide scanning system (Tissue Gnostics) based on the Zeiss Axio Imager Z2 vertical epifluorescence microscope to scan the fluorescently labeled slides. At the same time, we used a Zeiss 20 Plan Apochromat air objective (0.8 NA) to capture the image. Tissue Quest software (Tissue Gnostics) was used to analyze the fluorescence values. The DAPI-stained nuclei were segmented, and thresholds set for different intensities were used to identify all DAPI-stained nuclei. We used the Polaris imaging system to scan the whole section of the samples with low magnification (4X), then selected the representative fields of views (10-15) from the sample panorama, scanned with 20X, and then did sample analysis. The software provided with Polaris system was used to distinguish the tumor and the stromal area through the method of tissue self-learning, and then the tissue and stromal cells were identified by the DAPI channel. Based on the intensity of the fluorescent signal of each cell, the software identified positive cells and counted the number of positive cells for a specific phenotype. For each sample, the sum of the number of positive cells in all fields of a view was divided by the sum of the areas of the tissue regions corresponding to all fields of the view to obtain the cell density of the specific cell phenotype for each sample (16).



T Cell Receptor (TCR) Sequencing

For TCR sequencing, twenty patients with the highest ERBB2d16/ERBB2 ratio (ERBB2d16 high) and 20 patients with the lowest ERBB2d16/ERBB2 ratio (ERBB2d16 low) were selected and 10 ml peripheral blood sample was collected before treatment for metastatic or relapsed disease. Then the DNA was extracted by using a Qiagen DNA blood kit, or DNA blood mini kit (Qiagen).

Complementarity determining region-3 (CDR3) in the TCR β chain (TRB) was inclusively and semiquantitatively amplified by multiplex PCR; the multiplex amplification included both first and second rounds of PCR (PCR1 and PCR2). The primer sequences have been filed as a part of a Chinese patent (CN105087789A). During the first round of PCR (PCR1), 10 cycles were used to amplify CDR3 sequences using specific primers for each V and J gene. In the second round of PCR, PCR was performed using universal primers. For PCR1, template DNA (600 ng) was amplified after adding 2× QIAGEN Multiplex PCR Master Mix (25 µl), 5× Q solution (5 µl), the forward primer set pool (1 μl), and the reverse primer set pool (1 μl) to make a reaction system by using a Multiplex PCR Kit (QIAGEN, Germany). Then, PCR was performed with 1 cycle of 95°C for 15 min, 10 cycles of denaturation at 94°C for 30 seconds, and 10 cycles of annealing at 60°C for 90 seconds and extension for 30 seconds at 72°C. After a final extension for 5 min at 72°C, the system was cooled to 4°C. The multiplex PCR products was purified with magnetic beads (Agencourt no. A63882, Beckman, Beverly, MA, USA). All PCR1 products were used as templates for the second step of amplification after adding pooled primers (2 µl), Phusion master mix prepared using a Phusion® High-Fidelity PCR Kit (25 µl; New England Biolabs, America), and nuclease-free water to reach a total volume of 50 µl. The reactions were then transferred to a thermal cycler that carried out the following program: one cycle at 98°C for 1 min; 25 cycles of denaturation at 98°C for 20 seconds, annealing at 65°C for 30 seconds and extension at 72°C for 30 seconds; and a final extension at 72°C for 5 min. The samples were then held at 4°C. Size selection was performed by agarose gel electrophoresis (400 mA/100 V, 2 h), and the targeted fragments (between 200-350 bp) were retrieved and purified by a QIAquick Gel Purification Kit (QIAGEN, Germany). The paired-end sequencing of these samples was carried out with a read length of 151 bp using an Illumina HiSeq 3000 platform (17).

Raw sequencing data were processed and analyzed as follows. 1) Undesired sequences that did not contain the primers were filtered using Cutadapt (https://cutadapt.readthedocs.org/), 2) reads were merged to obtain contigs using Pear (https://cme.h-its.org/exelixis/web/software/pear/doc.html), 3) sequences were aligned with the reference TRB V/(D)/J gene sequences (http://www.imgt.org) using MiXCR to determine the TRB V/(D)/J gene segment in each contig, 4) the CDR3 region was identified based on the conserved sequence of the CDR3 region, and 5) CDR3 species were clustered to eliminate sequencing errors according to the base quality and sequence similarity (18).



Interpretation of Immune Repertoire Analysis Results

In this study, Shannon index for diversity and clonality index along with evenness index were used to exhibit the characteristics of immune repertoire as previously reported (19–21). The diversity of the TCR repertoire was calculated based on the Shannon–Wiener index (Shannon index), which is a function of both the relative number of clonotypes presence and the relative abundance or distribution of each clonotype (19). The Shannon index is calculated as follows. In the Shannon index, “ni” is the clonal size of the clonotype (that is, the copies of a specific clonotype), “s” is the number of different clonotypes, and “n” is the total number of TCR/B cell receptor (BCR) sequences analyzed.

	

Clonality index is defined as 1- (Shannon index)/ln(# of productive unique sequences) (20). A maximally diverse population is associated with a clonal score of 0, and a perfect monoclonal population is associated with a clonality score of 1.

Mathematically, the evenness index is defined as a diversity index, similar to the clonicity index (21). Evenness measured the homogeneity of clones. The higher Evenness value was, the more evenly distributed the clones were. The lower Evenness value was, the more oligo-clones were amplified.



Clinical Outcome Data

Clinical and laboratory examinations were carried out within 7 days before enrollment and each cycle of chemotherapy afterward. Tumor measurement was conducted on the basis of computed tomographic scans, within 15 days before enrollment and every 3 months in the admission. Discontinuation of therapy occurred in the event of progression of the disease, patient refusal, unacceptable toxicity, or death. Overall Survival (OS) was defined as the period from the date of first treatment until death. Patients who did not experience an event were censored on the date of the last contact. Progression-free survival (PFS) was measured from the day that chemotherapy plus trastuzumab was initiated until progression of disease or death was documented.



Statistical Analysis

Continuous variables were expressed as mean ± SD (standard deviation) and compared using a two-tailed unpaired Student’s t-test; categorical variables were compared using χ2 or Fisher analysis. The correlations were measured by calculating the Pearson’s correlation coefficient (r). Life-table estimates of survival time were calculated for the evaluation of PFS and OS as the primary end-point, according to the Kaplan and Meier methodology. A Cox proportional hazards regression approach was chosen for the evaluation of PFS and OS as the primary end-point. All statistical evaluations were carried out using GraphPad Prism (GraphPad Software, version 8.0) and SPSS software (Statistical Package for the Social Science, version 15.0, SPSS Inc.). (*: P<0.05; **: P<0.001; ***: P<0.0001; ns: not significant).




Results


Expression of ERBB2d16 and ERBB2 in Gastric Cancer

The expression of ERBB2 and ERBB2d16 was examined using quantitative RT-PCR in the pretreatment gastrectomy specimens of 110 patients with HER2-overexpressing gastric cancer. As shown in Figure 1B, both ERBB2 and ERBB2d16 were detectable in each specimen, the ERBB2d16 isoform was present at a relatively high level in about half of the tumor samples examined (53/110). Here, a ratio value (Ct d16/Ct actin) of 0.02 was set as the cut-off for high and low expression. Whereas, the level of ERBB2d16 relative to that of ERBB2 varied substantially, as previously reported in breast cancer specimens. To standardize the expression level of ERBB2d16, the ratio of the expression of ERBB2d16 to the expression of ERBB2 (ERBB2d16/ERBB2) was calculated and used to present the relative expression level of ERBB2d16 with a defined cutoff as 0.88 (Figure 1C). Patients were then stratified into two groups according to the ratio (ERBB2d16/ERBB2) with a cutoff value of 0.88 derived from ROC curve, one group (ERBB2d16 low expression) included 67 patients with the ratios less than 0.88 and the other group (ERBB2d16 high expression) included 43 patients with the ratios no less than 0.88. The expression of ERBB2 and ERBB2d16 all exhibited significant differences between the two groups (Figure 1D).

Detailed clinical information for all patients was shown in Table 1. The result of univariate analysis demonstrated that ERBB2d16 expression was not associated with known clinicopathological features, including patient age, gender, smoking or drinking history, adjuvant chemotherapy, H. pylori status, tumor location, the differentiation and TNM stage of the tumor.



Correlation of an Elevated ERBB2d16/ERBB2 Ratio With the EMT-Like Phenotype

To explore the relationship between ERBB2d16 and EMT in tumor tissue samples, we performed quantitative RT-PCR to examine the difference in gene expression levels of E-cadherin and vimentin between the high and low ERBB2d16 groups. As shown in Figure 2A, the expression of vimentin in the high ERBB2d16 expression group was significantly higher than that in the low ERBB2d16 expression group (P < 0.0001). However, the expression of E-cadherin was not significantly different between the high and low ERBB2d16 groups (P = 0.093). The expression of E-cadherin was significantly higher than that of vimentin in the low ERBB2d16 expression group (P = 0.04), whereas the expression of vimentin was higher than that of E-cadherin in the high ERBB2d16 expression group (P = 0.014). This result suggested that the increase in ERBB2d16 may mainly affect vimentin expression.




Figure 2 | Correlation of high ERBB2d16 expression with EMT-like phenotype. (A) Relative mRNA expression levels of E-cadherin (Ecad) and vimentin (Vim) in ERBB2d16 (Δ16) -low (n = 67) and -high (n = 43) groups, respectively. (B) The correlations between ERBB2 isoforms and EMT markers (E-cadherin and vimentin) by the Pearson’s correlation analysis (n = 110); (C, D). Hematoxylin and eosin (H&E) and immunofluorescent staining (E-cadherin and vimentin) of paired para-carcinoma tissue (C) and tumor tissues (D). Scale bar, 100 μm; (E). The expression of E-cadherin and vimentin, which was represented by the density of positive cells, in tumor tissue of low ERBB2d16 (n = 20), of high ERBB2d16 (n = 20), and paired para-carcinoma tissues (n = 40). (*p < 0.05, **p < 0.001, ***p < 0.0001, ****p < 0.00001), ns, not significant. Δ16 low: ERBB2d16/ERBB2 ratio < 0.88; Δ16 high: ERBB2d16/ERBB2 ratio ≥ 0.88. ERBB2: human epidermal growth factor receptor-2; ERBB2d16: ERBB2ΔEx16.



Furthermore, Pearson linear regression was then performed to analyze the correlation between ERBB2 or ERBB2d16 expression and E-cadherin or vimentin expression. The result indicated that as the expression of ERBB2 increased, the expression of E-cadherin increased accordingly while expression of vimentin decreased, suggesting an inverse correlation (Figure 2B). In contrast, as ERBB2d16 expression increased, the expression of vimentin increased while the expression of E-cadherin decreased. Therefore, the results suggested that the elevated ERBB2d16 might be associated with EMT.

We also validated these results at the protein level using multitarget immunofluorescence staining to label E-cadherin and vimentin in the patient tumor tissues and the paired para-carcinomous tissues with fluorescently labeled antibodies (Figures 2C, D). The fluorescence intensity of each pixel point on a microscopy image reflects the expression level of the targeted protein such that the mean of the total number of fluorescence values in an image reflects the corresponding mean protein expression level. As shown in Figure 2E, the expression of E-cadherin or vimentin was represented by the density of positive cells. We found that expression of vimentin was significantly higher in tumor tissues with high ERBB2d16 expression than in the surrounding nonmalignant tissues, while the expression of E-cadherin was lower; in contrast, the expression of vimentin was similar in tissues with low ERBB2d16 expression and the surrounding, nonmalignant tissues, while E-cadherin was significantly higher than in the surrounding, nonmalignant tissues. Additionally, we noticed that the expression level of vimentin was different between the ERBB2d16 low and high groups although the difference was not statistically significant. As far as the difference of vimentin expression between ERBB2d16 high and low groups, it was also reflected partially by the density of vimentin-positive cancer cells. Meanwhile, the vimentin-positive stromal cells were present in both ERBB2d16 high and low groups, which may largely compromise the differences caused by EMT in cancer cells.



Association of an Elevated ERBB2d16/ERBB2 Ratio With Immunosuppressive Microenvironment

Because of previous observation that EMT is associated with an immunosuppressive environment, we evaluated the relationship of ERBB2d16 expression and the immune markers PD-1 and PD-L1 at the gene expression level and intratumoral infiltration with CD3+ T cells. As shown in Figure 3A, tumors with high ERBB2d16 levels had higher PD-1 and PD-L1 levels, and the expression levels of these molecules tended to be correlated with those of ERBB2d16 (Figure 3B). In addition, the highest number of T cells was observed in the nonmalignant surrounding tissue; however, the number of CD3+ T cells in samples with low ERBB2d16 expression was significantly higher than that in the samples with high ERBB2d16 expression (P=0.038, Figure 3D), and as the expression level of ERBB2d16 increased, the PD-L1 expression increased concomitantly (P=0.0003, Figure 3E). We confirmed the findings of the gene expression analyses with immunofluorescence staining for CD3 and PD-L1. PD-L1-expressing cells accumulated in patients with high ERBB2d16-expressing tumors (Figure 3C). Taken together, these data suggest that tumors with high ERBB2d16 expression might have immunosuppressive microenvironments.




Figure 3 | Association of an elevated ERBB2d16/ERBB2 ratio with immunosuppressive microenvironment. (A) Relative mRNA expression levels of PD-L1 and PD-1 in ERBB2d16 (Δ16) -low (n = 67) and -high (n = 43) groups, respectively. (B) ERBB2d16 expression is positively correlated with those of PD-1 and PD-L1 as determined by Pearson’s correlation analysis (n = 110). (C) Hematoxylin and eosin (H&E) and immunofluorescent staining (CD3, PD-1 and PD-L1) of tumor tissues and the paired para-carcinoma tissues. Scale bar, 100 μm; (D) The percentage of the CD3-positive cells in the stroma of ERBB2d16-high (n = 20), and -low tumor tissue (n = 20), and the paired para-carcinoma tissue (n = 40), respectively. (E) The percentage of PD-L1-positive tumor cells in ERBB2d16-high (n = 20), and -low tumor tissue (n = 20) tumor tissues, respectively. (*p < 0.05, **p < 0.001, ***p < 0.0001). Δ16 low: ERBB2d16/ERBB2 ratio < 0.88; Δ16 high: ERBB2d16/ERBB2 ratio ≥ 0.88. ERBB2: human epidermal growth factor receptor-2; ERBB2d16: ERBB2ΔEx16; PD-1: programmed death 1; PD-L1: programmed death ligand 1.





Reduced Diversity of TCR Clones in ERBB2d16 High Patients

Through background knowledge, we had learned that neoantigens can stimulate the T cell activation of the corresponding TCR receptor. Through TCR sequencing Vβ ecological region, we can learn the diversity of TCR. And, in terms of reflecting TCR diversity, it was mainly by Shannon, that was, the more species, the higher the value and Clonality on the opposite side (22). And Evenness, it was the accumulation of the frequency from high to low, adding up to 50% of the corresponding clonotype number/total clonotype, the larger represents the more even the distribution. We sequenced 40 samples for TCR before trastuzumab therapy, the results showed that the Shannon index was significantly reduced in 20 patients of high ERBB2d16 expression compared with 20 cases of low ERBB2d16 expression (P = 0.042) (Figure 4A). In the ERBB2d16-high cases, clonality value increased significantly, which represented for a decrease in the number of species (P = 0.014) (Figure 4B). In terms of Evenness, the changes were significantly reduced in ERBB2d16-low cases. The results suggested that high ERBB2d16 expression reduced the diversity of TCR clones. (P = 0.023) (Figure 4C).




Figure 4 | Reduced diversity of TCR clones in ERBB2d16-high patients. (A) Shannon index was lower in the ERBB2d16-high patients (n = 20) compared with the ERBB2d16-low patients (n = 20). (B) Clonality index was higher in the ERBB2d16-high patients (n = 20) compared with the ERBB2d16-low patients (n = 20). (C) Evenness index was higher in the ERBB2d16-high patients (n = 20) compared with the ERBB2d16-low patients (n = 20). (*p < 0.05, **p < 0.001, ***p < 0.0001). Δ16 low: ERBB2d16/ERBB2 ratio < 0.88; Δ16 high: ERBB2d16/ERBB2 ratio ≥ 0.88. ERBB2: human epidermal growth factor receptor-2; ERBB2d16: ERBB2ΔEx16; TCR: T cell receptor.





Association of an Elevated ERBB2d16/ERBB2 Ratio With Less Clinical Benefit From Trastuzumab

We hypothesized that tumors with high ERBB2d16 expression may be resistant to trastuzumab. Possible explanations include the lack of a juxta-membrane region in ERBB2d16 that would reduce trastuzumab binding to ERBB2d16, resulting in resistance to trastuzumab therapy (Figure 1A). Additionally, EMT, which is associated with high ERBB2d16 expression in tumors, may also render tumors resistant to therapy. We, therefore, evaluated the PFS from the date of initiating chemotherapy plus trastuzumab in the high and low ERBB2d16 groups. The median PFS for the low ERBB2d16 group was significantly longer than that for the high ERBB2d16 group (25 versus 4months, respectively, P < 0.0001) (Figure 5A). Furthermore, our results showed that the increased ERBB2d16 expression in human gastric cancer was associated with the reduced overall survival time (OS). The median OS for the low ERBB2d16 group was significantly longer than that for the high ERBB2d16 group (254 versus 52 months, respectively, P < 0.0001) (Figure 5B).




Figure 5 | Unfavorite prognosis in patients with high ERBB2d16 expression. (A, B) Kaplan–Meier plotting of PFS (A) and OS (B) for patients stratified by ERBB2d16 expression who had been treated with chemotherapy plus trastuzumab (n = 110). Δ16 low: ERBB2d16/ERBB2 ratio < 0.88; Δ16 high: ERBB2d16/ERBB2 ratio ≥ 0.88. PFS; progression free survival; OS: overall survival; HR: hazard ratio; ERBB2: human epidermal growth factor receptor-2; ERBB2d16: ERBB2ΔEx16.



Cox proportional hazards models were then used to quantify the prognostic significance of risk factors after multivariable adjustment. A multivariable analysis was performed to assess the factors that demonstrated significant effects as in the univariate analysis. After adjusting for competing risk factors, high ERBB2d16 expression was identified as a risk factor in PFS (HR: 1.462; 95% CI: 1.314–1.806, P = 0.01), which means high ERBB2d16 expression increases the risk of progression or death by 46.2% compared with low ERBB2d16 expression. High vimentin expression was associated with an adverse prognosis in patients (HR: 1.364; 95% CI: 0.983– 1.843, P =0.05), which means high vimentin expression increases the risk of progression or death by 36.4% compared with low vimentin expression. Furthermore, high ERBB2d16 expression was identified as the only risk factor in OS (HR: 1.255; 95CI: 1.008-1.442, P=0.05), which means high ERBB2d16 expression increases the risk of death by 25% compared with low ERBB2d16 expression. However, E-cadherin, gender, age, TNM stage and degree of differentiation had no significant effect on PFS and OS. The details are shown in Table 3.


Table 3 | Multivariable Cox proportional hazard regression analysis of patients’ demographic and clinical characteristics and survival (n = 110).



According to the above findings, we concluded that the elevated expression of ERBB2d16 was associated with the shortened survival of patients with gastric cancer and resistance to trastuzumab. In patients with locally advanced or metastatic HER2-overexpressing gastric cancer, elevated ERBB2d16 can be an independent risk factor affecting prognosis.




Discussion

In this study we clarified that ERBB2d16 expression in HER2-positive gastric cancer was associated EMT phenotype, immunosuppression, and resistance to trastuzumab treatment. Moreover, the increased expression of ERBB2d16 might serve as an independent prognostic factor for patients with advanced HER2-positive gastric cancer.

The role of ERBB2d16 played in promoting EMT has been reported in breast cancer, and in the prior studies, the number of mesenchymal cells was significantly increased in high ERBB2d16 tumor tissues compared with high ERBB2 breast tumor tissues (7). Western blotting demonstrated that mesenchymal markers were overexpressed in high ERBB2d16 cell line compared with the high ERBB2 cell line, and some EMT transformation pathways, such as the notch pathway, that were suppressed by ERBB2 were also overexpressed in the high ERBB2d16 group. These results illustrated that ERBB2d16 may promote EMT, increase the number of circulating tumor cells, accelerate tumor metastasis, and render resistance to trastuzumab. ERBB2 exon 16 skipping is also reported to be another mechanism of TKI resistance in EGFR-mutated patients with lung cancer, in addition to its role in other solid malignancies as an oncogenic driver (23, 24). Furthermore, ERBB2d16 expression in lung cancer cells suggested that ERBB2d16 might be an oncogene in lung cancer as well (25).

In this study we used ERBB2d16/ERBB2 ratio to indicate and differentiate the expression of ERBB2d16 for the first time and found that high expression of ERBB2d16 was related to EMT and resistance to trastuzumab, which was consistent with the previous study in breast cancer.

Notably, upon multivariate analysis, the increased expression of ERBB2d16 turned out to be an independent prognostic factor of the shortened PFS and OS for patients with HER2-positive metastatic or advanced gastric cancers. Its prognostic value was even better than those of the classic pathologic factors such as TNM stage and differentiation of tissue, which suggested that the expression of ERBB2d16 might be a novel factor to predict the prognosis of patients with HER2-positive gastric cancer. It should be point out that ERBB2d16 expression has been reported to indicate benefit of trastuzumab treatment in cell experiments and 6 patients. Considering the different sample size and design across studies concerning on ERBB2d16, the value of ERBB2d16 in predicting trastuzumab treatment efficacy merits validation in well-designed prospective clinical trial (26–28). However, whether the expression of ERBB2 could be regulated by ERBB2d16 and whether ERBB2d16 can increase the therapeutic effect of trastuzumab in combination with other gene expression in some specific populations remains to be explored in the near future.

It has been reported that EMT can alter the immune microenvironment of tumors (29, 30). As indicated in these reports, mesenchymal marker expression increased, the infiltration of suppressive immune cells in the tumor microenvironment, including CD3+ CD8+ PD-1+ T cells, CD4+ FOXP3+ Tregs, and M2 macrophages, increased, and the infiltration of cytotoxic T cells decreased. PD-L1 expression also increased significantly. Based on these data and our observation of increased EMT in ERBB2d16-high tumors, we propose that the expression of ERBB2d16 might be associated with the suppressive immune microenvironment and promote the expression of inhibitory immune signals. At the gene and protein expression levels, we observed that the expression of PD-L1 increased significantly in the high ERBB2d16 expression group. The reason for the obvious increase in PD-L1 in ERBB2-overexpressing gastric cancer is that STAT3 in the ERBB2 pathway and the ERBB2d16 pathway can directly increase the expression of PD-L1 in tumor tissue, as reported (31–33). High ERBB2d16/ERBB2 expression may also promotes EMT, which increases PD-L1 expression and constitutively activates the STAT3 pathway (34, 35). However, the ramification of this increased expression of PD-1 and PD-L1 is unclear, and future studies need to evaluate whether ERBB2d16-high tumors are more or less sensitive to checkpoint blockade with anti-PD-1 or anti-PD-L1 therapies.

Some research verified that the production of tumor neoantigens can be presented to T cell receptors through MHC and cause T cell killing (11, 12). It was accepted widely that TCR clonal diversity can reflect tumor immune status. The increased TCR clonal diversity detected in peripheral blood represents for an activation of anti-tumor immunity where more tumor clone subsets could be recognized and killed by immune cells. Moreover, TCR diversity can also reflect the number of neoantigens in tumor tissues and the strength of tumor immune response (36, 37). To better understand the effect of ERBB2d16 expression on immune response, we collected patients’ peripheral blood for TCR sequencing to explore whether ERBB2d16 expression affects TCR clone diversity. The result indicated that high ERBB2d16 expression in tissues could reduce the diversity of TCR clones. Compared with low ERBB2d16 expression, high ERBB2d16 expression was significantly correlated with reduced tumor immune response and immunosuppression. At present, anti-PD-1 therapy combined with anti-HER2 treatment has been used in HER2-positive gastric cancer and has achieved good clinical effects (38). In such cases, based on the result in this study, ERBB2d16 expression verification should be performed to determine whether the patient is suitable for immunotherapy when anti-PD-1 treatment is considered for the patients with HER2-positive gastric cancer.

We have to address several limitations in our study. Firstly, the limited sample size and tumor heterogeneity might influence the reliability of conclusion. Secondly, E-cadherin and vimentin without concomitant examination of other EMT genes might reduce the accuracy of EMT assessment to some extent. However, the mesenchymal cell makers including N-cad, twist and ZEB1 were examined in partial samples using RT-PCR and the result also suggested that ERBB2d16 might promote EMT phenotype (Supplementary Figure 1 and Supplementary Table 1). Similarly, in the examination of immunosuppression in microenvironment, total CD3-positive T cells rather than subtyped T cells were examined using multiple immunofluorescence staining in this study provided limited clues to figure out the complexity of microenvironment. Lastly, the mechanism underlying EMT, immunosuppression as well as resistance to trastuzumab by ERBB2d16 remains unclear.

In summary, this study found that EMT and an impaired tumor immune microenvironment resulting from high ERBB2d16 expression could influence the clinical response to trastuzumab in gastric cancer patients. These results provided new directions for ERBB2d16-targeted treatment in patients with gastric cancer in the future. For example, the combinational effect of PD-1 and PD-L1 monoclonal antibodies with inhibitors of the AKT/PI3K/mTOR signaling pathway (downstream of HER2) has been observed (10, 39) and could potentially be applied to ERBB2d16-high tumors. In the future, we will study the relationship of ERBB2d16 with other cell populations and molecules associated with immune responses, such M2 macrophages, Tregs, and MHC molecules, to identify other novel therapies for these aggressive malignancies. At the same time, we will summarize the evaluation on the efficacy of trastuzumab combined with antiPD-1 in patients with high ERBB2d16 expression.



Data Availability Statement

The data presented in the study are deposited in the dryad repository and is available here: https://datadryad.org/stash/share/Cs1TzRScI_svVy6r2t6nGvJKHcOTwRjIWfykFfqNP_c.



Ethics Statement

All participants provided written informed consent for the use of their specimens and clinical data in this research. The study protocol was approved by the Institutional Review Board of Beijing Shijitan Hospital Ethics Committee, and the ethics number is sjtk11-1x-2021 (34) and [2019] (SK014). All patients were treated in accordance with the Declaration of Helsinki.



Author Contributions

All authors contributed to data analysis, drafting or revising the article, have agreed on the journal to which the article will be submitted, gave final approval of the version to be published, and agree to be accountable for all aspects of the work.



Funding

This work was supported by the Key Science & Technology Project of Beijing Educational Committee and the Beijing Municipal Natural Science Foundation (grant number KZ202110025029), National Natural Science Foundation of China (grant number 81572799).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.855308/full#supplementary-material



References

1. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer Incidence and Mortality Worldwide: Sources, Methods and Major Patterns in GLOBOCAN 2012. Int J Cancer (2015) 136:E359–386. doi: 10.1002/ijc.29210

2. Boku, N. HER2-Positive Gastric Cancer. Gastric Cancer (2014) 17:1–12. doi: 10.1007/s10120-013-0252-z

3. Baselga, J, Gelmon, KA, Verma, S, Wardley, A, Conte, P, Miles, D, et al. Phase II Trial of Pertuzumab and Trastuzumab in Patients With Human Epidermal Growth Factor Receptor 2-Positive Metastatic Breast Cancer That Progressed During Prior Trastuzumab Therapy. J Clin Oncol (2010) 28:1138–44. doi: 10.1200/JCO.2009.24.2024

4. Cortes, J, Fumoleau, P, Bianchi, GV, Petrella, TM, Gelmon, K, Pivot, X, et al. Pertuzumab Monotherapy After Trastuzumab-Based Treatment and Subsequent Reintroduction of Trastuzumab: Activity and Tolerability in Patients With Advanced Human Epidermal Growth Factor Receptor 2-Positive Breast Cancer. J Clin Oncol (2012) 30:1594–600. doi: 10.1200/JCO.2011.37.4207

5. Nahta, R, Yu, D, Hung, MC, Hortobagyi, GN, and Esteva, FJ. Mechanisms of Disease: Understanding Resistance to HER2-Targeted Therapy in Human Breast Cancer. Nat Clin Pract Oncol (2006) 3:269–80. doi: 10.1038/ncponc0509

6. Nahta, R, and Esteva, FJ. HER2 Therapy: Molecular Mechanisms of Trastuzumab Resistance. Breast Cancer Res (2006) 8:215. doi: 10.1186/bcr1612

7. Turpin, J, Ling, C, Crosby, EJ, Hartman, ZC, Simond, AM, Chodosh, LA, et al. The ErbB2DeltaEx16 Splice Variant Is a Major Oncogenic Driver in Breast Cancer That Promotes a Pro-Metastatic Tumor Microenvironment. Oncogene (2016) 35:6053–64. doi: 10.1038/onc.2016.129

8. Castagnoli, L, Ghedini, GC, Koschorke, A, Triulzi, T, Dugo, M, Gasparini, P, et al. Pathobiological Implications of the D16her2 Splice Variant for Stemness and Aggressiveness of HER2-Positive Breast Cancer. Oncogene (2017) 36:1721–32. doi: 10.1038/onc.2016.338

9. Chen, L, Xiong, Y, Li, J, Zheng, X, Zhou, Q, Turner, A, et al. PD-L1 Expression Promotes Epithelial to Mesenchymal Transition in Human Esophageal Cancer. Cell Physiol Biochem (2017) 42:2267–80. doi: 10.1159/000480000

10. Terry, S, Savagner, P, Ortiz-Cuaran, S, Mahjoubi, L, Saintigny, P, Thiery, JP, et al. New Insights Into the Role of EMT in Tumor Immune Escape. Mol Oncol (2017) 11:824–46. doi: 10.1002/1878-0261.12093

11. Gros, A, Parkhurst, MR, Tran, E, Pasetto, A, Robbins, PF, Ilyas, S, et al. Prospective Identification of Neoantigen-Specific Lymphocytes in the Peripheral Blood of Melanoma Patients. Nat Med (2016) 22:433–8. doi: 10.1038/nm.4051

12. Roh, W, Chen, PL, Reuben, A, Spencer, CN, Prieto, PA, Miller, JP, et al. Integrated Molecular Analysis of Tumor Biopsies on Sequential CTLA-4 and PD-1 Blockade Reveals Markers of Response and Resistance. Sci Transl Med (2017) 9(379). doi: 10.1126/scitranslmed.aah3560

13. Patriarca, S, Ferretti, S, and Zanetti, R. [TNM Classification of Malignant Tumours - Eighth Edition: Which News?]. Epidemiol Prev (2017) 41:140–3. doi: 10.19191/EP17.2.P140.034

14. Chevrier, S, Levine, JH, Zanotelli, VRT, Silina, K, Schulz, D, Bacac, M, et al. An Immune Atlas of Clear Cell Renal Cell Carcinoma. Cell (2017) 169:736–749 e718. doi: 10.1016/j.cell.2017.04.016

15. Bajpai, G, Schneider, C, Wong, N, Bredemeyer, A, Hulsmans, M, Nahrendorf, M, et al. The Human Heart Contains Distinct Macrophage Subsets With Divergent Origins and Functions. Nat Med (2018) 24(8):1234–45. doi: 10.1038/s41591-018-0059-x

16. Mattox, AK, Lee, J, Westra, WH, Pierce, RH, Ghossein, R, Faquin, WC, et al. PD-1 Expression in Head and Neck Squamous Cell Carcinomas Derives Primarily From Functionally Anergic CD4(+) TILs in the Presence of PD-L1(+) TAMs. Cancer Res (2017) 77:6365–74. doi: 10.1158/0008-5472.CAN-16-3453

17. Jia, Q, Wu, W, Wang, Y, Alexander, PB, Sun, C, Gong, Z, et al. Local Mutational Diversity Drives Intratumoral Immune Heterogeneity in Non-Small Cell Lung Cancer. Nat Commun (2018) 9:5361. doi: 10.1038/s41467-018-07767-w

18. Bolotin, DA, Poslavsky, S, Mitrophanov, I, Shugay, M, Mamedov, IZ, Putintseva, EV, et al. MiXCR: Software for Comprehensive Adaptive Immunity Profiling. Nat Methods (2015) 12:380–1. doi: 10.1038/nmeth.3364

19. Ruggiero, E, Nicolay, JP, Fronza, R, Arens, A, Paruzynski, A, Nowrouzi, A, et al. High-Resolution Analysis of the Human T-Cell Receptor Repertoire. Nat Commun (2015) 6:8081. doi: 10.1038/ncomms9081

20. Cooper, ZA, Frederick, DT, Juneja, VR, Sullivan, RJ, Lawrence, DP, Piris, A, et al. BRAF Inhibition Is Associated With Increased Clonality in Tumor-Infiltrating Lymphocytes. Oncoimmunology (2013) 2:e26615. doi: 10.4161/onci.26615

21. Attaf, M, Malik, A, Severinsen, MC, Roider, J, Ogongo, P, Buus, S, et al. Major TCR Repertoire Perturbation by Immunodominant HLA-B*44:03-Restricted CMV-Specific T Cells. Front Immunol (2018) 9. (Original Research). doi: 10.3389/fimmu.2018.02539

22. Greiff, V, Miho, E, Menzel, U, and Reddy, ST. Bioinformatic and Statistical Analysis of Adaptive Immune Repertoires. Trends Immunol (2015) 36:738–49. doi: 10.1016/j.it.2015.09.006

23. Shi, L, Xu, C, Ma, Y, Ou, Q, Wu, X, Lu, S, et al. Clinical Significance of ERBB2 Exon 16 Skipping: Analysis of a Real-World Retrospective Observational Cohort Study. ESMO Open (2020) 5:e000985. doi: 10.1136/esmoopen-2020-000985

24. Shi, L, Xu, C, Ma, Y, Ou, Q, Wu, X, Lu, S, et al. Corrigendum to 'Clinical Significance of ERBB2 Exon 16 Skipping: Analysis of a Real-World Retrospective Observational Cohort Study': [ESMO Open Volume 5, Issue 6, 2020, E000985]. ESMO Open (2021) 6:100052. doi: 10.1016/j.esmoop.2021.100052

25. Smith, HW, Yang, L, Ling, C, Walsh, A, Martinez, VD, Boucher, J, et al. An ErbB2 Splice Variant Lacking Exon 16 Drives Lung Carcinoma. Proc Natl Acad Sci USA (2020) 117:20139–48. doi: 10.1073/pnas.2007474117

26. Castagnoli, L, Iezzi, M, Ghedini, GC, Ciravolo, V, Marzano, G, Lamolinara, A, et al. Activated D16her2 Homodimers and SRC Kinase Mediate Optimal Efficacy for Trastuzumab. Cancer Res (2014) 74:6248–59. doi: 10.1158/0008-5472.CAN-14-0983

27. Castagnoli, L, Ladomery, M, Tagliabue, E, and Pupa, SM. The D16her2 Splice Variant: A Friend or Foe of HER2-Positive Cancers? Cancers (Basel) (2019) 11(7):902. doi: 10.3390/cancers11070902

28. Volpi, CC, Pietrantonio, F, Gloghini, A, Fuca, G, Giordano, S, Corso, S, et al. The Landscape of D16her2 Splice Variant Expression Across HER2-Positive Cancers. Sci Rep (2019) 9:3545. doi: 10.1038/s41598-019-40310-5

29. Dongre, A, Rashidian, M, Reinhardt, F, Bagnato, A, Keckesova, Z, Ploegh, HL, et al. Epithelial-To-Mesenchymal Transition Contributes to Immunosuppression in Breast Carcinomas. Cancer Res (2017) 77:3982–9. doi: 10.1158/0008-5472.CAN-16-3292

30. Noman, MZ, Janji, B, Abdou, A, Hasmim, M, Terry, S, Tan, TZ, et al. The Immune Checkpoint Ligand PD-L1 Is Upregulated in EMT-Activated Human Breast Cancer Cells by a Mechanism Involving ZEB-1 and miR-200. Oncoimmunology (2017) 6:e1263412. doi: 10.1080/2162402X.2016.1263412

31. Koh, J, Jang, J-Y, Keam, B, Kim, S, Kim, M-Y, Go, H, et al. EML4-ALK Enhances Programmed Cell Death-Ligand 1 Expression in Pulmonary Adenocarcinoma via Hypoxia-Inducible Factor (HIF)-1α and STAT3. OncoImmunology (2016) 5(3). doi: 10.1080/2162402X.2015.1108514

32. Marzec, M, Zhang, Q, Goradia, A, Raghunath, PN, Liu, X, Paessler, M, et al. Oncogenic Kinase NPM/ALK Induces Through STAT3 Expression of Immunosuppressive Protein CD274 (PD-L1, B7-H1). Proc Natl Acad Sci USA (2008) 105:20852–7. doi: 10.1073/pnas.0810958105

33. Yamamoto, R, Nishikori, M, Tashima, M, Sakai, T, Ichinohe, T, Takaori-Kondo, A, et al. B7-H1 Expression Is Regulated by MEK/ERK Signaling Pathway in Anaplastic Large Cell Lymphoma and Hodgkin Lymphoma. Cancer Sci (2009) 100:2093–100. doi: 10.1111/j.1349-7006.2009.01302.x

34. Zhou, K, Rao, J, Zhou, ZH, Yao, XH, Wu, F, Yang, J, et al. RAC1-GTP Promotes Epithelial-Mesenchymal Transition and Invasion of Colorectal Cancer by Activation of STAT3. Lab Invest (2018) 98(8):989–98. doi: 10.1038/s41374-018-0071-2

35. Gyamfi, J, Lee, YH, Eom, M, and Choi, J. Interleukin-6/STAT3 Signalling Regulates Adipocyte Induced Epithelial-Mesenchymal Transition in Breast Cancer Cells. Sci Rep (2018) 8:8859. doi: 10.1038/s41598-018-27184-9

36. Tumeh, PC, Harview, CL, Yearley, JH, Shintaku, IP, Taylor, EJ, Robert, L, et al. PD-1 Blockade Induces Responses by Inhibiting Adaptive Immune Resistance. Nature (2014) 515:568–71. doi: 10.1038/nature13954

37. Jung, D, Giallourakis, C, Mostoslavsky, R, Alt, FW, et al. Mechanism and Control of V (D) J Recombination at the Immunoglobulin Heavy Chain Locus[J]. Annu Rev Immunol (2006) 24:541–70. doi: 10.1146/annurev.immunol.23.021704.115830

38. Catenacci, DVT, Kang, YK, Park, H, Uronis, HE, Lee, KW, Ng, MCH, et al. Margetuximab Plus Pembrolizumab in Patients With Previously Treated, HER2-Positive Gastro-Oesophageal Adenocarcinoma (CP-MGAH22-05): A Single-Arm, Phase 1b-2 Trial. Lancet Oncol (2020) 21:1066–76. doi: 10.1016/S1470-2045(20)30326-0

39. Hugo, W, Zaretsky, JM, Sun, L, Song, C, Moreno, BH, Hu-Lieskovan, S, et al. Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma. Cell (2016) 165:35–44. doi: 10.1016/j.cell.2016.02.065




Conflict of Interest: The 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Zhao, Song, Qiao, Di, Zhao, Sun, Zheng, Huang and Huang. 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.


OEBPS/Images/fonc-12-855308-g002.jpg
-

0 P=00083 R=0402 P=01048,R=0045
2 = I st e
2 £ D S
- % l o me TSN R
p £ et

R I O ]
i H st steiovt 0= 110,

£
A P-osaR=007 P=00000R=055
e 3
= 3o —ym
b [ [

e 3
20 2.
< FO I T O

&P e ooz e 04101

Para carcinoma tissue

B

EcadDAPI  VimDAPI

Gancerous tsue

it U OIS





OEBPS/Images/fonc.2022.855308_cover.jpg
, frontiers ‘ Frontiers in Oncology

ERBB2D16 Expression in
HER?2 Positive Gastric Cancer
Is Associated With Resistance

to Trastuzumab





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        ERBB2D16 Expression in HER2 Positive Gastric Cancer Is Associated With Resistance to Trastuzumab

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Collection of Samples and Clinical Data

          



          		

            Extraction of Total RNA

          



          		

            Primers

          



          		

            Reverse Transcription-PCR Analysis

          



          		

            Immunofluorescence Staining and Antibody

          



          		

            Digital Image Acquisition and Analysis

          



          		

            T Cell Receptor (TCR) Sequencing

          



          		

            Interpretation of Immune Repertoire Analysis Results

          



          		

            Clinical Outcome Data

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Expression of ERBB2d16 and ERBB2 in Gastric Cancer

          



          		

            Correlation of an Elevated ERBB2d16/ERBB2 Ratio With the EMT-Like Phenotype

          



          		

            Association of an Elevated ERBB2d16/ERBB2 Ratio With Immunosuppressive Microenvironment

          



          		

            Reduced Diversity of TCR Clones in ERBB2d16 High Patients

          



          		

            Association of an Elevated ERBB2d16/ERBB2 Ratio With Less Clinical Benefit From Trastuzumab

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-855308-g004.jpg
© sisiow
© atongn

‘Shannon Index

o stsiow
o atenon

© oo ——
o oo o stgiow
oo o 1o non





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Prime

ERBB2
ERBB2d16
E-cadherin
Vimentin
PD-1
PD-L1

B actin

Forward

5'-CTGCACCCACTCCTGTGTGGACCTG
5'-CTGCACCCACTCCCCTCTGAC
5'-CGAGAGCTACACGTTCACGG
5'-GACGCCATCAACACCGAGTT
5-CGTGGCCTATCCACTCCTCA

5'- AAATGGAACCTGGCGAAAGC

5'- TTAGTTGCGTTACACCCTTTC

Reverse

5"-CTGCCGTCGCTTGATGAGGATC
5"-CTGCCGTCGCTTGATGAGGATC
5'-GGGTGTCGAGGGAAAAATAGG
5-CTTTGTCGTTGGTTAGCTGGT
5"-ATCCCTTGTCCCAGCCACTC

5'- GATGAGCCCCTCAGGCATTT
5'- ACCTTCACCGTTCCAGTTT

ERBB2, human epidermal growth factor receptor-2; ERBB2d16, ERBB2AEx16; PD-1, programmed death 1; PD-L1, programmed death ligand 1.





OEBPS/Images/table3.jpg
Variables

ERBB2d16
High

Low
Vimentin
High

Low
E-cadherin
High

Low

PD-L1

High

Low

Sex

Female

Male

Age

> 60

<60

TNM staging:
\%

-l
Differentiation
Well

Poor

No. of metastases
>1

=1

43
67

31
79

52
58

34
76

52
58

14
%

12
98

27
83

7
5

HR (95%Cl)

1.462 (1.314-1.806)

1.364 (0.983-1.843)

0.862 (0.833-1.083)

1.033 (1.0002-2.112)

1.071 (0.604-1.352)

1.048 (0.827-1.282)

1.102 (0.923-1.935)

0.759 (0.684-1.171)

1.135(0.871-1.371)

PFS

P-value

0.01

0.05

0.072

0.035

0.641

0.886

0.697

0.073

0.264

HR(95%Cl)

1.255 (1.008-1.442)

1.026 (0.843-1.524)

0.423 (0.112-0.84)

1.021 (0.911-2.312)

1.113 (0.244-1313)

1.245 (0.132-2.1)

1.099 (0.879-1.562)

1.242 (0.782-1.293)

1.31 (0.988-1.882)

os

P-value

0.05

0.103

0.098

0.062

0.77

0.892

0.109

0.113

0.092

PFS, progression free survival: OS, overall survival: HR, hazard ratio; ERBB2, human epidermal growth factor receptor-2; ERBB2d16, ERBB2AFx16; PD-L1, programmed death ligand 1.





OEBPS/Images/fonc-12-855308-g003.jpg
Relative expression

R odns ofim
n o sroma

- 810w
= Sienan

Reatwe oxprosson @

e
l sttton
stonin

& & @a?

o 2 2 e 2 B 2
Relatve 16 evel (1 110)

» % %
5501 POLI" tumor colls





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-855308-g001.jpg
v

TrestuaUmaDh binding (SO7-003)

t

2[s]

Fuika S Jil

TR

]
|
g

P o r—. L

20-
15
10-
0s-
o0-

Ex0n 16 (634:849). CVDLODKGCPAEQRAS

A

Pasent sangies (1= 10)

i

e
eroez

18

erosz

—_
= Erese

— sieEREs2

2%

= oA ] AT at6iow
- g
! @D |
e
- afpe

i e e





OEBPS/Images/M1.jpg
Shannon index = —






OEBPS/Images/fonc-12-855308-g005.jpg
e AT IR R R T

| stomneer |
| atewgnness

o 0 2 ) o £
Survu time (months)
G Wi VRO P

B Thoimpact of ERBB2 16 exprossion on patient’s 05

- stehigh, a3,

200 300 0 550
Sunval time (months)

G e ie FROE) e
nsszatengh  S2mone

amsssn oo






OEBPS/Images/table1.jpg
Characteristics

Age, years
Median (range)
Sex
Male
Female
Differentiation grade
Poor-undifferentiated
Well-moderate
TNM stage
1l
v
Site of tumor
Body of stomach
Cardia
Number of metastatic lesions
0
1
22
Chemotherapy
CapeOX
SOX
Others*
Line of treatment
1
2
>3
Smoking history
Yes
No
Drinking history
Yes
No
Helicobacter Pylori infection
Yes
No

No. of cases (n, %)

55 (30-81)

58 (53%)
52 (47%)

83 (75%)
7 (25%)

98 (89%)
12 (11%)

100 (91%)
10 (9%)

98 (89%)
5.(5%)
7 (6%)

48 (47%)
39 (29%)
23 (24%)

33 (380%)
4 (13%)
63 (67%)

61 (55%)
49 (45%)

52 (47%)
58 (63%)

90 (82%)
20 (8%)

ERBB2d16 High
n =43 (39%)

53 (30~61)

26 (60%)
17 (40%)

34 (79%)
9(21%)

35 (81%)
8 (19%)

39(91%)
4(9%)

35 (81%)
2 (5%)
6 (14%)

19 (44%)
15 (35%)
9 (21%)

12 (28%)
5 (12%)
26 (60%)

24 (56%)
19 (44%)

9 (44%)
24 (56%)

35 (81%)
8 (9%)

ERBB2d16 Low
n =67 (61%)

56 (41~81)

32 (48%)
35 (52%)

49 (73%)
18 (27%)

63 (96%)
4 (4%)

61 (91%)
6 (9%)

63 (94%)
3 (4%)
1(2%)

29 (43%)
24 (36%)
14 (21%)

21 (31%)
9 (13%)
37 (65%)

37 (55%)
30 (45%)

33 (49%)
34 (51%)

55 (82%)
12 (18%)

P-value

0.82

0.75

0.093

0.051

0.87

0.51
0.29
0.36

0.66
0.14
0.24
0.68
0.91
0.27

0.51

0.52

0.44

CapeOX ,capecitabine+oxaliplatin; SOX, S1+ oxaliplatin; *Capecitabine (n = 5); FOLFOX (n = 8); Cisplatin+5-Fu (n = 6); Cisplatin+ capecitabine (n = 4).





