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Introduction

Targeted-immunotherapies such as antibody-drug conjugates (ADC), chimeric antigen receptor (CAR) T cells or bispecific T-cell engagers (eg, BiTE®) all aim to improve cancer treatment by directly targeting cancer cells while sparing healthy tissues. Success of these therapies requires tumor antigens that are abundantly expressed and, ideally, tumor specific. The CD34-related stem cell sialomucin, podocalyxin (PODXL), is a promising target as it is overexpressed on a variety of tumor types and its expression is consistently linked to poor prognosis. However, PODXL is also expressed in healthy tissues including kidney podocytes and endothelia. To circumvent this potential pitfall, we developed an antibody, named PODO447, that selectively targets a tumor-associated glycoform of PODXL. This tumor glycoepitope is expressed by 65% of high-grade serous ovarian carcinoma (HGSOC) tumors.





Methods

In this study we characterize these PODO447-expressing tumors as a distinct subset of HGSOC using four different patient cohorts that include pre-chemotherapy, post-neoadjuvant chemotherapy (NACT) and relapsing tumors as well as tumors from various peritoneal locations.





Results

We find that the PODO447 epitope expression is similar across tumor locations and negligibly impacted by chemotherapy. Invariably, tumors with high levels of the PODO447 epitope lack infiltrating CD8+ T cells and CD20+ B cells/plasma cells, an immune phenotype consistently associated with poor outcome.





Discussion

We conclude that the PODO447 glycoepitope is an excellent biomarker of immune “cold” tumors and a candidate for the development of targeted-therapies for these hard-to-treat cancers.
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1 Introduction

Ideal cancer therapies directly target tumor cells and spare healthy tissues resulting in increased efficacy and reduced side-effects. Antibody-drug conjugates (ADC), chimeric antigen receptor (CAR) T cells or bispecific T-cell engagers (eg, BiTE®) are examples of attempts to exploit these properties of tumor-targeting cancer therapies. The choice of the epitope is crucial in reaching this level of cancer specificity but, unfortunately, true tumor-specific epitopes are extremely rare, especially in solid lesions (1).

Podocalyxin (PODXL) is a CD34-related stem cell sialomucin, expressed by induced pluripotent stem cells (iPSCs) and a range of embryonic tissues during development, but much more restricted to vascular endothelia and kidney podocytes in adult (2–5). This family of proteins act as blockers of cell adhesion and enhancers of cell mobility (4) and we and others have shown that PODXL, in particular, is upregulated by a wide array of tumors and its expression consistently correlates with poor outcome (6–9). We and others previously showed that inactivation of PODXL in cancer cell lines cripples their ability to form tumors in xenografted mice and correlates with a decrease in tumor-initiating cell (TIC) frequency in vivo (10–12). We also showed that antibodies targeting a functional domain of PODXL can block tumor growth in xenografts (10). Nevertheless, the expression of the PODXL core protein by normal podocytes and vascular endothelia presents a potential barrier to further antibody-targeted therapies due to the possibility of normal tissue toxicity.

Intriguingly, dysregulation of glycosylation pathways are known to frequently occur during cancer development and this can lead to the generation of tumor-associated carbohydrate antigens (TACA) which represent a potential array of tumor-specific neo-epitopes (13, 14). Taking advantage of this peculiarity of neoplastic cells, we recently developed a novel monoclonal antibody (mAb), named PODO447, that targets a glycopeptide epitope of PODXL expressed on cancer cells, but is absent on normal, PODXL-expressing podocytes and vascular endothelia (15, 16). This glycoepitope comprises a peptide sequence within the mucin domain of PODXL together with a core 1 disaccharide (Galβ1-3GalNAc-α-1-O-Thr/Ser), also called the “T-antigen” (16). Since the core protein of PODXL is aberrantly expressed by many human tumors and its expression is consistently linked to poor prognosis (reviewed in (4, 8, 14, 17, 18)), this PODO447 epitope serves as an excellent candidate for the development of targeted cancer immunotherapies. Indeed, we recently documented the effectiveness of a PODO447-directed ADC against human xenografted tumors as proof-of-principle to further support this concept (16). Intriguingly, in the case of high-grade serous ovarian carcinoma (HGSOC), we previously found that roughly 65% of these tumors express the PODO447 epitope (15). Effective therapies for HGSOC are relatively limited and these tumors are typically controlled through debulking surgery combined with perioperative platinum-based chemotherapy. Unfortunately, they frequently recur as incurable disease within the first five-years (19). Moreover, tumor lesions frequently appear in a variety of anatomical locations that include the site of origin in the distal portion of the fallopian tubes and the ovary as well as other abdominal sites including the peritoneum, omentum and the small and large intestines (19, 20).

HGSOC are generally considered to be “immune-cold” as the lesions often display few tumor-infiltrating lymphocytes (TILs). Indeed, this likely explains their generally poor response rate to immune checkpoint inhibitors (21, 22). Nevertheless, a fraction of HGSOC patients present tumors with infiltrating CD8+ T cells in combination with intraepithelial or stromal CD20+ cells, a marker of B cells and plasma cells. Importantly, patients with dual infiltration exhibit statistically better survival/outcome than patients presenting with immune-cold tumors or tumors that are only infiltrated by CD8+ T cells (23, 24).

Here we evaluate the expression of the PODO447 epitope and immune infiltrates using four different HGSOC patient cohorts that include pre-chemotherapy, post-neoadjuvant chemotherapy (NACT) and relapsing tumors as well as tumors from various peritoneal locations. We find that the PODO447 epitope is expressed across tumor locations and expression is retained after standard chemotherapy. Furthermore, we find that, consistently, tumors with high levels of the PODO447 epitope exhibit poor infiltration with CD8+ and CD20+ cells. Our data suggest that targeting the PODO447 epitope may offer a novel opportunity to treat immune-cold HGSOC tumors as well as those for whom standard-of-care therapies have failed.




2 Materials and methods



2.1 High-grade serous ovarian carcinoma patient cohorts

This study was performed under the University of British Columbia Research Ethics Review Board protocol H21-01513 and includes data from four different cohorts described in Table 1. Cohort A (GPEC 08-001) was obtained from the Genetic Pathology Evaluation Centre TMA Database (Vancouver, Canada) and includes cases from 2000 to 2007 taken at surgery. Cohort B (CHUM THT3) was obtained from the Terry Fox research institute (TFRI) Canadian Ovarian Experimental Unified Resource (COEUR) and includes cases from 1998 to 2011 taken at surgery at different time points from the same patient. Cohort C (CHUM pre/post-chemotherapy) tumor samples were obtained from patients who underwent surgery in the CHUM Department of Gynecologic Oncology between 1993 and 2014. Cohort D (IROCPROS5) consists of untreated surgical samples collected through BC Cancer’s Tumor Tissue Repository from 2007 to 2014.


Table 1 | Main characteristics of the study population.






2.2 Histology

PODO83, a mAb that recognizes the PODXL protein in both normal and tumor tissues independently of its glycosylation status was used to monitor expression of the PODXL core protein (10, 15). PODO83, tumor-specific PODO447 and Palivizumab (negative control) DAB (3,3’-Diaminobenzidine) immunohistochemistry (IHC) staining protocols were performed on consecutive sections of Cohort A, B and C tumor microarray (TMA) slides. For Cohort D, only PODO83 and PODO447 staining protocols were performed. The threshold over which a tumor was considered positive for PODO83 or PODO447 was set as five percent of positive tumor cells. Cohort D immune infiltration analysis was performed using a multiplex three-color IHC panel to detect CD3, CD8 and CD20. Cohort A multiplex panel to detect CD8, CD20 and Pan-cytokeratin (Pan-CK) markers and Cohort D multiplex panel to detect CA125, Mesothelin (MSLN), Folate receptor alpha (FOLRA) and Pan-CK markers were performed using the fluorescent Opal multiplex technology. Additional information regarding the detailed staining protocols and the concentration of antibodies used can be found in Supplementary Methods and Supplementary Table S1 & S2.




2.3 Histology analysis

Stained TMA slides were scanned and analyzed using QuPath software (v0.4.3) (25) to determine the percentage of positive tumor cells (PODO83, PODO447, CA125, MSLN and FOLRA), the tumor H-score (PODO83, PODO447) or the number of immune cells in the tumor or stroma areas (CD8, CD3, CD20).



2.3.1 Detailed QuPath analysis workflow




PODO83 and PODO447 DAB staining analysis (Cohort A, B, C & D)

Because the TMAs for the different cohorts were stained at different time points and in different research facilities, an individual QuPath analysis using cohort-specific parameters was done for each cohort (same analysis for PODO83 and PODO447). A training image that includes representative cores from the TMA was created and then used to determine the optimal parameter for the detection of the background, hematoxylin, and DAB staining. The training image was then used to determine the optimal parameters for the automated cell detection command. An object classifier was then trained to distinguish between stromal and tumor areas based on manual annotation of the training image. An automated quantification of DAB staining was then applied to the tumor area using three different DAB intensity thresholds (1st threshold = DAB-positive, low intensity, 2nd = moderate intensity, 3rd = high intensity). A script of the analysis performed on the training image was generated and applied to all the TMA cores. QuPath measurements that include number of negative cells, number of positive cells for each threshold and tumor H-score were used for subsequent analysis.




2.3.1.2 CD3, CD8 and CD20 brightfield multiplex analysis (Cohort D)

QuPath analyses were similar to the ones described in the previous section, but instead of performing an automated annotation of the immune populations, following the application of the tumor vs stroma classifier to all the TMA cores, immune cell populations were manually counted. CD3+CD8+, CD3+CD8-, CD3-CD20+ were identified as CD8+ T cells, CD4+ T cells and CD20+ B cells respectively. Immune cells surrounded by three or more cancer cells were identified as intra-tumoral, while the remaining were labeled as stromal immune cells.




2.3.1.3 Opal fluorescent multiplex analysis (Cohort A & D)

Using an approach described previously, cell detection and classifier scripts were used to identify individual cells and classify areas as “tumor epithelium” (pan-CK+) or “stroma” (pan-CK-). For CA125, MSLN and FOLRA analyses, a single intensity threshold was determined to classify tumor cells (pan-CK+) as positive or negative for the marker of interest. CD8+ and CD20+ cells were identified as CD8 T cells and CD20 B cells/plasma cells respectively and were automatically labeled as intra-tumoral or stromal based on the area classifier (surrounded by pan-CK+ vs - cells).





2.3.2 Data normalization and tumor quantification

All the QuPath analyses (25) were performed twice leading to two data sets for each core. Percentage of positive tumor cells (PODO83, PODO447, CA125, MSLN, FOLRA) was obtained by calculating the summation of all positive tumor cells from each core in both sets of data and dividing this result by the total number of tumor cells.

To calculate a single tumor H-score value for PODO83 and PODO447 staining, the tumor H-score values for each core, from the same tumor, in each data set were normalized by multiplying the tumor H-score value of a specific core by the total number of cancer cells in this core. Then, the summation of these normalized tumor H-score values was divided by the total number of cancer cells in all the cores from both data sets.

Number of immune cells was calculated by dividing the summation of the number of the specific immune cell types in each core of both data sets by the total stroma or tumor area (cells/μm2) for all the cores from the same tumor in both data sets. This number was then multiplied by the average stroma or tumor area for one core (μm2), leading to a normalized number of immune cells per core.





2.4 Statistical analysis

Statistical analyses were performed using GraphPad Prism (v10.0.0). Statistical tests performed for each figure panel are mentioned in their associated figure legend.





3 Results



3.1 Heterogeneous expression of the PODO447 tumor glycoepitope in HGSOC

As a first step to determining the proportion of patients that could benefit of a PODO447-based immunotherapy, we evaluated the expression of the PODXL core protein (PODO83 immunoreactivity) and the PODO447-reactive epitope across multiple HGSOC tumors by IHC using tumor samples from the four different HGSOC patient arrays described in Table 1 (different colors Figures 1B, C). Consistent with previous publications (15), we found that virtually all tumors analysed (97.4% combined data of the four cohorts) were uniformly positive for the PODXL core protein (PODO83+) (Table 2). We found that most of these tumors (57.6% combined data of the four cohorts) were also positive for the expression of the PODO447 glycoepitope (Table 2) though with a more restricted expression pattern in a subset of cells within each tumor. While the measure of the positivity using a single threshold is useful in estimating the proportion of patients that express PODXL epitopes, this method fails to fully capture the variability in the proportion of tumor cells that express PODXL epitopes or their level of expression (intensity of the staining, Figure 1A). In general, there was a positive correlation between PODO83 and PODO447 expression (Figure 1B). However, because PODO83 was expressed in most tumor cells (the majority approaching 100% of the cells) the full extent of this positive correlation was only exposed when the expression of both epitopes was measured using the tumor H-score (Figure 1C).




Figure 1 | Heterogeneous expression of the PODO447 tumor glycoepitope across high-grade serous ovarian carcinoma. (A) Representative PODO447 and PODO83 immunohistochemistry (IHC) staining in HGSOC tumors. PODO447 staining was classified as negligible, moderate and high (top row) with matching cores for PODO83 staining (bottom row) (B, C) Spearman’s correlation of PODO447 and PODO83 expressing tumors presented as (B) the percentage of positive tumor cells or (C) the tumor H-score. All specimens analyzed were from naïve ovarian tumors (no-chemotherapy) in cohort A (red), B (blue), C (green) and D (black).




Table 2 | PODO83 and PODO447 immunoreactivity in HGSOC patient cohorts.






3.2 PODO447 immunoreactivity is similar in ovarian or distal tumors

In addition to ovarian lesions that originally arose in the fallopian tubes, HGSOC patients frequently have tumors that have spread to distal locations within the abdomen including the omentum, peritoneum, pelvis and intestines (19, 20). We therefore evaluated the expression of the PODXL core protein and the PODO447 glycoepitope collected from different anatomical sites from the same patients (Cohort B). We found no clear trend toward increased or decreased expression of PODO83 or PODO447 when comparing a range of anatomical sites (Figures 2A, B). In fact, analyses of the mean tumor H-score from all the tumors in the same group (ovary or other tissues) revealed no significant differences between groups (Figures 2A, B; right panels). Individual patient analyses instead show that PODO83 and PODO447 expressions are similar across tumor locations from the same patient resulting in a significant patient pairing (Spearman; PODO83: p = 0.0200, PODO447: p = 0.0375) (Figures 2A, B). To confirm these results, PODO83 and PODO447 expression was also compared between tumors collected from the ovary and the omentum from Cohort D and again no significant differences were observed in unpaired data and patient-paired data (Figures 2C, D). Importantly, these results suggest that, if developed as a therapy, PODO447 would be capable of targeting HGSOC lesions in all anatomical locations.




Figure 2 | PODO447 tumor glycoepitope is also expressed on non-ovarian tumoral lesions in HGSOC patients. (A) PODO83 and (B) PODO447 tumor H-score in ovarian tumors (red) compared to tumors in other tissues (blue) presented as individual values and median for each patient (left panel) or mean of all the ovarian vs mean of all the tumors from other tissues for the same patient (right panel). (C) PODO83 and (D) PODO447 tumor H-score compared between ovarian tumors (red) and omentum tumors (blue) in unpaired (left panel) or paired samples (right panel). Data for AB) are from Cohort B (including naïve and post-chemotherapy samples) and data for CD) are from Cohort D. ns= non-significant; Wilcoxon (paired-data) and Mann-Witney (unpaired-data) tests.






3.3 The PODO447 epitope persists following chemotherapy

Previous reports suggest that the expression level of some tumor epitopes can vary dramatically through the course of anti-cancer treatment (26–28). To determine whether this is also the case with PODXL epitopes, PODO83 and PODO447 tumor H-scores were evaluated in pre-chemotherapy (naïve), post-neoadjuvant chemotherapy (NACT) and recurrent post-chemotherapy tumors in three different cohorts (Figure 3 and Table 2). Individual patient analyses (Cohort B) revealed some modulation in both PODO83 and PODO447 expression between naïve and post-chemotherapy recurrent tumors, but these modulations include both up- and down-regulation resulting in no overall significant trends (Figures 3A, B). Similar results were observed in un-paired tumor data from Cohort C, with no significant difference in PODO83 or PODO447 expression between naïve and post-NACT tumors (Figure 3C). In Cohort A, the expression of PODO83 is significantly increased in post-NACT samples compared to unpaired naïve tumors (Figure 3D), but this upregulation was not reflected in the intensity of the expression of the PODO447 glycoepitope and was stable between groups (Figure 3D). Interestingly, despite this absence of PODO447 tumor H-score modulation, in all three cohorts (A, B, C) the proportion of tumors that are PODO447 positive and the median PODO447 tumor H-score are slightly higher in patients that previously received chemotherapy, although this trend did not reach statistical significance (Table 2). Importantly, the persistence of PODO447 expression in post-NACT and post-chemotherapy recurrent tumors suggest that PODO447-based therapies could also be of value as a second-line treatment.




Figure 3 | PODO447 expression persists following chemotherapy treatment. (A) PODO83 and (B) PODO447 tumor H-score in naïve tumors (pre-chemotherapy: purple) compared to recurrent post-chemotherapy tumors (gray) presented as individual values with the median for each patient (left panel) or mean of all the naïve vs mean of all the recurrent tumors for the same patient (right panel). (C, D) PODO83 and PODO447 tumor H-score compared between naïve (purple) and post-chemotherapy (gray) in unpaired tumor samples from (C) cohort C and (D) cohort A. ns = non-significant; ****p <0.0001; Wilcoxon (paired-data) and Mann-Witney (unpaired-data) tests.






3.4 HGSOC tumors expressing a high level of the PODO447 epitope exhibit an immune-cold phenotype

Immune infiltration of solid tumors is an important predictor of disease outcome and response to some cancer immunotherapies (29). In the case of HGSOC, infiltration by a combination of CD8+ T cells and CD20+ B cells/plasma cells has been associated with improved survival (23, 24). Accordingly, we evaluated the expression of the PODO447 tumor glycoepitope and the number of CD4+, CD8+ and CD3+ T cells and CD20+ B cells/plasma cells via multiplex IHC staining of Cohort D (Figure 4A). In tumors where the stroma-rich areas were highly infiltrated with these lymphocytes, we found proportionally lower levels of PODO447 epitope expression in tumor cells (Figure 4B, upper panel). Conversely, high PODO447-expressing tumors were consistently poorly infiltrated by all three immune populations (Figure 4B, upper panel). The same trends were observed when the tumor-rich stroma-free regions for CD4+ and CD8+ T cells were examined (Figure 4B, bottom panel). In contrast, overall, there was a low number of CD20+ cells within the tumor-regions of all the specimens in Cohort D regardless of their PODO447 expression status (Figure 4B, bottom panel, right graph). To better visualize these differences in immune infiltration, we segregated tumors into three groups based on their PODO447 tumor H-score (Low <5, Med 5 to 50, High >50). In both the stroma and the tumor areas, a clear trend emerged toward lower infiltration for all the immune cell populations in the PODO447 high group (except for CD20+ cells in tumor-rich areas). This is exemplified by the lower median in the PODO447 high group compared to the two other groups (Supplementary Figure 1A). This association between PODO447 glycoepitope expression and low immune infiltrates is not directly caused by an increase in overall PODXL core protein expression in the PODO447 high tumors, as we find no clear associations between PODXL expression (i.e. PODO83 immunoreactivity) and immune infiltration in the stroma or tumor areas (Supplementary Figure 1B). Instead, it argues for a more selective association with the tumor-specific glycosylation of PODXL that is recognized by the PODO447 antibody. To provide additional information about their immune profile, tumors were segregated into three immune-phenotypes groups based on both CD8+ cell and CD20+ cell infiltration as well as the localization of these immune cells. The criteria used to describe these immune-phenotypes groups (immune-desert, -excluded and -inflamed) are presented in Supplementary Figure 2A. Although, no significant differences were observed, the highest PODO447 tumor H-score median was in the immune-desert group (Supplementary Figure 2B). Again, this was not due to a general overexpression of the core PODXL protein as PODO83 level was not elevated in the immune-desert group (Supplementary Figure 2B). Interestingly, while most PODO447Low/Med expressing tumors were either immune-excluded or inflamed, the majority of the PODO447High expressing tumors displayed an immune-desert phenotype (Supplementary Figure 2C).




Figure 4 | High expression of the PODO447 epitope is associated with a lower level of immune infiltrates in HGSOC. (A) Representative image of the multiplex IHC staining for CD8 (DAB), CD3 (Ferengi Blue) and CD20 (Warp Red). (B) Spearman’s correlation between PODO447 tumor H-score and the number of CD4+, CD8+ and CD3+ T cells and CD20+ cells in the stroma area (upper panel) or the tumor area (bottom panel). (C) Spearman’s correlation between PODO447 tumor H-score and the percentage of CA125, Mesothelin (MSLN) and folate receptor alpha (FOLRA) positive tumor cells. Data are from Cohort D.



We next attempted to correlate expression levels of PODO447 immunoreactivity with other well-characterized ovarian tumor markers including CA125 (a mucin 16 epitope), mesothelin (MSLN) and folate receptor alpha (FOLRA), three tumor antigens expressed by HGSOC that are under development as therapeutic targets for the treatment of ovarian cancer (30–36). None of these markers showed a clear correlation with PODO447 expression (Figure 4C). Furthermore, and in contrast with PODO447 expression, none of these tumor antigens was associated with an overall lower level of immune infiltration (Suppl Figures 3A-C). In aggregate, our data indicate that the PODO447 epitope is a highly selective biomarker for distinguishing immunologically cold tumors and could serve as an alternative target for the treatment of these immune-cold HGSOC tumors and provide a higher degree of specificity than CA125, MSLN and FOLRA.




3.5 Validation of the association between PODO447 expression and immune-cold phenotype

To validate the association between PODO447 immunoreactivity and low level of immune infiltration obtained in Cohort D, we optimized a multiplex opal immunofluorescent panel that includes pan-CK, to distinguish between tumor and stromal areas and CD8 and CD20 immune markers and used this panel to stain the samples from the Cohort A (Figure 5A). Comparison of immune infiltration with PODO447 tumor H-score were performed using PODO447 staining data from the DAB IHC staining used in previous figures. In naïve (pre-chemotherapy) tumors only, expression of the PODO447 epitope was negatively correlated with CD8+ cell number in both the stroma and the tumor areas (Figures 5B, C). Unsurprisingly, no significant correlations between PODO447 glycoepitope expression and B cell infiltration were observed in the stroma or tumor areas, likely due to the very low level of B cell infiltration overall (median<1 in all groups) (Figures 5B, C). In accordance with previously published studies (37–39), the level of CD8+ cell and CD20+ B/plasma cell infiltration in both stromal and tumor areas was significantly increased in tumors previously treated with NACT (Figure 5D). Importantly, those NACT-treated tumors that were most highly infiltrated with CD8+ or CD20+ cells in both the tumor-rich and stromal areas tended to have low levels of PODO447 epitope expression. Conversely, treated tumors that expressed high levels of the PODO447 epitope tended to have low levels of immune infiltration (Figure 5E). The analysis of immune-phenotype, using a similar strategy to the one presented above (Supplementary Figure 4A), revealed that while most tumors expressing low to intermediate level of the PODO447 epitope display an immune-inflamed phenotype, tumors expressing a high level of the PODO447 epitope fell within the immune-desert group (Supplementary Figure 4C). These results confirm the association between PODO447 epitope expression and an immune-cold phenotype and suggest that targeting the PODO447 epitope could be a strategy to target these hard-to-treat, immune-cold tumors both before and after chemotherapy.




Figure 5 | Validation of the negative association between PODO447 expression and the level of CD8+ cell infiltration. (A) Representative images of the opal multiplex immunofluorescent staining used to identify CD8+ (blue) cells and CD20+ (yellow) cells in the tumor (pan-CK+) and stroma (pan-CK-) areas. (B, E) Spearman’s correlation between PODO447 tumor H-score and the number of CD8+ cells and CD20+ cells in the stroma (upper panel) or the tumor (bottom panel) areas (B) in naïve tumors and (E) in tumors that previously received NACT. (C) Scatter plot with median comparing the number of CD8+ cells and CD20+ cells in the stroma (upper panel) or in the tumor (bottom panel) areas in naïve tumors that express low (tumor H-score <5), medium (tumor H-score 5 to 50) or high level (tumor H-score >50) of the PODO447 epitope. (D) Scatter plot with median comparing the number of CD8+ cells and CD20+ cells in the stroma or in the tumor areas between tumors that previously received NACT and tumors that did not. Data are from Cohort A. * p<0.05; **p<0.01; ***p<0.001 using C: Kruskal-Wallis test and D: Mann-Whitney test. Only p-values below 0.1 are displayed.







4 Discussion

Two main objectives are being currently pursued in the development of new cancer therapies: 1) targeting tumors that are refractory to current treatments and 2) developing safer treatments with reduced side effects/toxicities compared to conventional anti-cancer therapies. Together these would permit the targeting of aggressive tumors and extend disease-free survival without diminishing quality of life. To achieve this level of tumor specificity, immune-based targeted-therapies require epitopes that are highly expressed on the surface of cancer cells and weakly expressed or absent on healthy tissues (40, 41). We previously demonstrated that the PODO447 glycopeptide epitope fulfills these criteria (15, 16).

In this study, we evaluated PODO447’s potential utility in treating HGSOC as an unmet medical need. Our results demonstrate that PODO447 epitope expression is minimally impacted by previous chemotherapy treatment and persists on recurrent tumors. Furthermore, we find that PODO447 epitope is similarly retained on tumors that spread to secondary peritoneal locations, boding well for its widespread utility for multiple disseminated tumor sites. These results also suggest that a patient with a PODO447-positive tumor at the time of the initial surgery or biopsy could still be treated with PODO447-based therapies after first-line treatment with chemotherapeutic agents and that this treatment could also be effective against distal tumor lesions.

HGSOC is generally considered to be an immune-cold cancer type (21, 22). Nevertheless, better outcomes are observed in patients with tumors that are highly infiltrated with CD8+ T cells and CD20+ B/plasma cells (23, 24). Strikingly, we find that tumors expressing a high level of the PODO447 epitope are consistently poorly infiltrated with both CD8+ T cells and CD20+ cells (illustrated in Figure 6A). Furthermore, we found that even in NACT-treated tumors that display a general increase level of CD8+ T cell and CD20+ cell infiltration, high expression of the PODO447 epitope remains associated with poor immune infiltration (37–39). Thus, PODO447-based therapies could provide an alternative or complementary treatment option for patients that present with ‘immune-desert’ HGSOC tumors. This patient group is less likely to respond to immune checkpoint inhibitors (ICI) as the efficiency of this type of treatment is strongly associated with pre-existing immune infiltration (29). Interestingly, some targeted therapies, including ADC, can induce immune activation and turn “cold” tumors “hot” (42–44). In this regard, it is noteworthy that we have previously shown that although PODO447-ADC show efficacy against xenografted tumors in both NOD-SCID Il2Rγ−/− (NSG) and Nude mice, Nude mice with residual B and NK cell activity respond much more robustly to PODO447-ADC treatment (16). These observations suggest that PODO447-ADC targeting even a subset of tumor cells may offer a strategy for turning immune-cold PODO447-expressing tumors into immune-hot tumors, and enhance their clearance or, alternatively, make them more likely to respond to ICI therapies (illustrated in Figure 6B).




Figure 6 | Schematic representation of PODO447 expressing tumors. (A) Graphical representation of the low level of immune infiltration in HGSOC that expresses a high level of the PODO447 glycoepitope and representation of all the immune-phenotypes (immune-desert, immune-excluded and immune-inflamed) observed in HGSOC tumors that express low to intermediate level of the PODO447 epitope. (B) Illustration of how a PODO447-ADC could be used to turn cold PODO447-expressing tumors into hot tumors and promote immune-mediated tumor elimination. Picture created using BioRender.com.



When expression of PODO447 was compared to expression of CA125, MSLN and FOLRA (three of the most common tumor antigens currently used or under development for targeted therapies in HGSOC), only the PODO447 epitope showed a tight, inverse correlation with immune infiltration of T cells and B lineage cells. Furthermore, despite being highly expressed on HGSOC tumors, none of these epitopes are truly tumor-specific (45–47) and thus are at increased relative risk for toxic side effects through the targeting of normal tissues. Due to its exquisite tumor specificity this is less of a concern for the PODO447 epitope. Finally, we previously showed in xenograft experiments that the few remaining tumor cells following PODO447-ADC treatment are negative not only for the PODO447 glycoepitope, but also for the PODXL core protein. A similar result was obtained when PODO447 was used as a radioisotope-conjugate (manuscript in preparation). These data suggest that tumors cannot simply escape by altering PODXL glycosylation and instead suggest that the expression of this tumor glycoepitope is more intimately linked to PODXL function in these tumors (16). Because we and others have shown that loss of PODXL core protein expression cripples tumor growth in vivo, the loss of core protein expression likely explains the slow growth rate observed in relapsing tumors post treatment with PODO447-ADC (10–12).

The tight, inverse correlation between expression of the PODO447 epitope by a subset of tumor cells and the observed immune-cold phenotype argues strongly for a functional linkage but the mechanistic nature of this linkage remains obscure. A critical component of the tumor-specific PODO447 epitope is a disaccharide glycan structure called a “core 1 glycan” or T-antigen (16), a cryptic precursor of extended O-mucin glycosylation present in normal tissues (48). Importantly, PODO447 only recognizes this glycan in the context of a PODXL core protein poly-peptide as this epitope is not on any other tumor-associated sialomucins (16). Lectins are a large family of glycan-binding proteins and several classes of lectins such as C-type lectins, siglecs or galectins are known to influence anticancer immunity by detecting specific glycan structures (49). In this regard, it is noteworthy that elegant experiments by Román-Fernández and colleagues have shown PODXL to be a decoy receptor for galectin-3 which modifies its ability to alter integrin-dependent tumor cell invasion (12). However, it remains to be determined if this interaction also influences the immune-cold status of tumors in vivo. Thus, the link between altered PODXL glycosylation and poor infiltration of immune cells in tumors could be mediated by several mechanisms including a general alteration in the glycosylation profile of PODO447-expressing tumors leading to an array of new interactions between lectins and their glycan ligands or a direct interaction between a specific lectin and the PODO447 epitope. These could serve to either directly shield tumors from immune detection and/or recruit a rare subset of myeloid or stromal suppressor cells that alter the tumor environment and lead to a cold phenotype. Alternatively, the alterations in glycosylation could reflect more general changes in the metabolic activity of tumors with downstream effects on immune recognition (50). Accordingly, the characterization of the mechanisms linking PODO447 epitope expression and tumor immune phenotype and patient outcome is a top priority of future studies. Because the expression of this epitope by only a subset of tumor cells is predictive, we are focusing our attention on the production of soluble mediators selectively by PODO447- and PODO447+ HGSOC tumors and also the possibility that PODO447 epitope endows cells with stem cell properties that are similarly at play during embryonic development and organogenesis; two scenarios known to proceed in the absence of immune-driven inflammation. Regardless of the mechanisms, we have previously shown that mice bearing PODO447+ xenografted tumors respond well to PODO447-ADCs and that this consistently leads to loss of expression of the PODXL core polypeptide rather than a more subtle down modulation of glycosylation of the PODO447 epitope (16). Because we and others have shown that loss of the PODXL core polypeptide expression cripples tumor growth (10–12) these data suggest that a PODO447-ADC targeted strategy could prove highly effective with a lower risk of immune escape.

While other markers, such as CA125, MSLN, FOLRA or trophoblast antigen 2 (TROP2) (30–36), are high priority candidates for the development of immune-targeting therapies to treat HGSOC, we show that PODO447 epitope has several key characteristics that distinguish it as an interesting alternative. First, PODO447 is exquisitely tumor-specific, reducing the risk of side-effect (45–47, 51). Second, the PODXL core protein has an essential role in primary and metastatic tumor cell function (10–12). Because targeting the PODO447 epitope has been shown to down regulate core protein expression this bodes well for a crippling effect on tumor growth and dissemination. Finally, despite not being express on all HGSOC, the data presented here showing a tight correlation with expression by even a subset of cells and immune-cold status suggest targeting this epitope could potentially activate an anti-cancer immune response. This therapeutic ‘trigger’ could, in turn, allow complementary treatments (like ICI) to be more effective in treating difficult-to-eliminate tumors. We are currently at the pre-clinical stage of developing multiple therapeutic strategies to target PODO447-expressing tumors, including ADC, radioisotope conjugates and cell therapy (eg, CAR T cells). It will be important to develop approaches (eg, liquid biopsies) to quickly and efficiently determine which patients express this epitope and would be likely to benefit from these therapies.

In conclusion, in this study, we demonstrated that the PODO447 epitope is minimally impacted by chemotherapy treatments and similarly expressed across different anatomical locations. We also showed a negative correlation between PODO447 expression and tumor infiltration by T cells and CD20+ cells. These results, in combination with our previous demonstration of the presence of this epitope only on a tumor-glycoform of PODXL, suggest that the PODO447 epitope is an excellent candidate for targeted cancer immunotherapies such as CAR T cells, T cell engagers or ADC.
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Supplementary Figure 1 | Association between the immune infiltrates and PODO447 or PODO83 expression. (A) Scatter plot with median comparing the number of CD4+, CD8+, CD3+ T cells and CD20+ cells in the stroma (upper panel) or in tumor (bottom panel) areas in HGSOC tumors that express low (tumor H-score <5), medium (tumor H-score 5 to 50) or high level (tumor H-score >50) of the PODO447 epitope. (B) Spearman’s correlation between PODO83 tumor H-score and the number of CD4, CD8 and CD3 T cells and CD20+ cells in the stroma area (upper panel) or in the tumor area (bottom panel). Data are from Cohort D. *= p<0.05 using Kruskal-Wallis test; Only p-values below 0.1 are displayed.

Supplementary Figure 2 | Association of PODO447 epitope expression and immune phenotype in Cohort D. (A) Segregation strategy used to categorize tumors as immune-desert, immune-excluded or immune-inflamed based on the number of CD20+ and CD8+ cells localized in the tumor and the stroma areas. (B) Bar plot with median comparing PODO447 or PODO83 tumor H-score between the three immune-phenotype groups. Kruskal-Wallis test with Dunn’s multiple comparisons test was performed leading to no significant differences. (C) Pie-chart showing the proportions of immune-desert, immune-excluded or immune-inflamed tumors within the PODO447low/med group (tumor H-score <50) or within the PODO447high group (tumor H-score >50).

Supplementary Figure 3 | Association between the immune infiltrate and CA125, MSLN or FOLRA. Spearman’s correlation between the percentage of tumor positive cells for (A) CA125, (B) MSLN or (C) FOLRA and the number of CD4+, CD8+, CD3+ T cells and CD20+ cells in the stroma area (upper panel) or the tumor area (bottom panel). Data are from Cohort D.

Supplementary Figure 4 | Association of PODO447 epitope expression and immune phenotype in Cohort A. (A) Segregation strategy used to categorize tumors as immune-desert, immune-excluded or immune-inflamed based on the number of CD20+ and CD8+ cells localized in the tumor and the stroma areas. (B) Bar plot with median comparing PODO447 or PODO83 tumor H-score between the three immune-phenotype groups. Kruskal-Wallis test with Dunn’s multiple comparisons test was performed leading to no significant differences. (C) Pie-chart showing the proportions of immune-desert, immune-excluded or immune-inflamed tumors within the PODO447low/med group (tumor H-score <50) or within the PODO447high group (tumor H-score >50).




References

1. Cheever, MA, Allison, JP, Ferris, AS, Finn, OJ, Hastings, BM, Hecht, TT, et al. The prioritization of cancer antigens: a national cancer institute pilot project for the acceleration of translational research. Clin Cancer Res (2009) 15:5323–37. doi: 10.1158/1078-0432.CCR-09-0737

2. Kerjaschki, D, Sharkey, DJ, and Farquhar, MG. Identification and characterization of podocalyxin–the major sialoprotein of the renal glomerular epithelial cell. J Cell Biol (1984) 98:1591–6. doi: 10.1083/jcb.98.4.1591

3. Mcnagny, KM, Pettersson, I, Rossi, F, Flamme, I, Shevchenko, A, Mann, M, et al. Thrombomucin, a novel cell surface protein that defines thrombocytes and multipotent hematopoietic progenitors. J Cell Biol (1997) 138:1395–407. doi: 10.1083/jcb.138.6.1395

4. Nielsen, JS, and Mcnagny, KM. Novel functions of the CD34 family. J Cell Sci (2008) 121:3683–92. doi: 10.1242/jcs.037507

5. Strilić, B, Kucera, T, Eglinger, J, Hughes, MR, Mcnagny, KM, Tsukita, S, et al. The molecular basis of vascular lumen formation in the developing mouse aorta. Dev Cell (2009) 17:505–15. doi: 10.1016/j.devcel.2009.08.011

6. Somasiri, A, Nielsen, JS, Makretsov, N, Mccoy, ML, Prentice, L, Gilks, CB, et al. Overexpression of the anti-adhesin podocalyxin is an independent predictor of breast cancer progression. Cancer Res (2004) 64:5068–73. doi: 10.1158/0008-5472.CAN-04-0240

7. Cipollone, JA, Graves, ML, Köbel, M, Kalloger, SE, Poon, T, Gilks, CB, et al. The anti-adhesive mucin podocalyxin may help initiate the transperitoneal metastasis of high grade serous ovarian carcinoma. Clin Exp Metastasis (2012) 29:239–52. doi: 10.1007/s10585-011-9446-0

8. Mcnagny, KM, Hughes, MR, Graves, ML, Debruin, EJ, Snyder, K, Cipollone, J, et al. Podocalyxin in the diagnosis and treatment of cancer. In:  M Ravinder, editor. Advances in Cancer Management. Rijeka: IntechOpen (2012). Ch. 8.

9. Wang, J, Zhao, Y, Qi, R, Zhu, X, Huang, C, Cheng, S, et al. Prognostic role of podocalyxin-like protein expression in various cancers: A systematic review and meta-analysis. Oncotarget (2017) 8:52457–64. doi: 10.18632/oncotarget.14199

10. Snyder, KA, Hughes, MR, Hedberg, B, Brandon, J, Hernaez, DC, Bergqvist, P, et al. Podocalyxin enhances breast tumor growth and metastasis and is a target for monoclonal antibody therapy. Breast Cancer Res (2015) 17:46. doi: 10.1186/s13058-015-0562-7

11. Fröse, J, Chen, MB, Hebron, KE, Reinhardt, F, Hajal, C, Zijlstra, A, et al. Epithelial-mesenchymal transition induces podocalyxin to promote extravasation via ezrin signaling. Cell Rep (2018) 24:962–72. doi: 10.1016/j.celrep.2018.06.092

12. Román-Fernández, A, Mansour, MA, Kugeratski, FG, Anand, J, Sandilands, E, Galbraith, L, et al. Spatial regulation of the glycocalyx component podocalyxin is a switch for prometastatic function. Sci Adv (2023) 9:eabq1858. doi: 10.1126/sciadv.abq1858

13. Berois, N, Pittini, A, and Osinaga, E. Targeting tumor glycans for cancer therapy: successes, limitations, and perspectives. Cancers (Basel) (2022) 14. doi: 10.3390/cancers14030645

14. Brassard, J, Hughes, MR, Roskelley, CD, and Mcnagny, KM. Antibody-drug conjugates targeting tumor-specific mucin glycoepitopes. Front Biosci (Landmark Ed) (2022) 27:301. doi: 10.31083/j.fbl2711301

15. Canals Hernaez, D, Hughes, MR, Dean, P, Bergqvist, P, Samudio, I, Blixt, O, et al. PODO447: a novel antibody to a tumor-restricted epitope on the cancer antigen podocalyxin. J Immunother Cancer (2020) 8. doi: 10.1136/jitc-2020-001128

16. Canals Hernaez, D, Hughes, MR, Li, Y, Mainero Rocca, I, Dean, P, Brassard, J, et al. Targeting a tumor-specific epitope on podocalyxin increases survival in human tumor preclinical models. Front Oncol (2022) 12:856424. doi: 10.3389/fonc.2022.856424

17. Nielsen, JS, and Mcnagny, KM. The role of podocalyxin in health and disease. J Am Soc Nephrol (2009) 20:1669–76. doi: 10.1681/ASN.2008070782

18. Le Tran, N, Wang, Y, and Nie, G. Podocalyxin in normal tissue and epithelial cancer. Cancers (Basel) (2021) 13. doi: 10.3390/cancers13122863

19. Lisio, MA, Fu, L, Goyeneche, A, Gao, ZH, and Telleria, C. High-grade serous ovarian cancer: basic sciences, clinical and therapeutic standpoints. Int J Mol Sci (2019) 20. doi: 10.3390/ijms20040952

20. Lengyel, E. Ovarian cancer development and metastasis. Am J Pathol (2010) 177:1053–64. doi: 10.2353/ajpath.2010.100105

21. Fucikova, J, Coosemans, A, Orsulic, S, Cibula, D, Vergote, I, Galluzzi, L, et al. Immunological configuration of ovarian carcinoma: features and impact on disease outcome. J Immunother Cancer (2021) 9. doi: 10.1136/jitc-2021-002873

22. Wu, JWY, Dand, S, Doig, L, Papenfuss, AT, Scott, CL, Ho, G, et al. T-cell receptor therapy in the treatment of ovarian cancer: A mini review. Front Immunol (2021) 12:672502. doi: 10.3389/fimmu.2021.672502

23. Milne, K, Köbel, M, Kalloger, SE, Barnes, RO, Gao, D, Gilks, CB, et al. Systematic analysis of immune infiltrates in high-grade serous ovarian cancer reveals CD20, FoxP3 and TIA-1 as positive prognostic factors. PloS One (2009) 4:e6412. doi: 10.1371/journal.pone.0006412

24. Nielsen, JS, Sahota, RA, Milne, K, Kost, SE, Nesslinger, NJ, Watson, PH, et al. CD20+ tumor-infiltrating lymphocytes have an atypical CD27- memory phenotype and together with CD8+ T cells promote favorable prognosis in ovarian cancer. Clin Cancer Res (2012) 18:3281–92. doi: 10.1158/1078-0432.CCR-12-0234

25. Bankhead, P, Loughrey, MB, Fernández, JA, Dombrowski, Y, Mcart, DG, Dunne, PD, et al. QuPath: Open source software for digital pathology image analysis. Sci Rep (2017) 7:16878. doi: 10.1038/s41598-017-17204-5

26. Van Den Bent, MJ, Gao, Y, Kerkhof, M, Kros, JM, Gorlia, T, Van Zwieten, K, et al. Changes in the EGFR amplification and EGFRvIII expression between paired primary and recurrent glioblastomas. Neuro Oncol (2015) 17:935–41. doi: 10.1093/neuonc/nov013

27. Sethy, C, Goutam, K, Nayak, D, Pradhan, R, Molla, S, Chatterjee, S, et al. Clinical significance of a pvrl 4 encoded gene Nectin-4 in metastasis and angiogenesis for tumor relapse. J Cancer Res Clin Oncol (2020) 146:245–59. doi: 10.1007/s00432-019-03055-2

28. Miglietta, F, Griguolo, G, Bottosso, M, Giarratano, T, Lo Mele, M, Fassan, M, et al. Evolution of HER2-low expression from primary to recurrent breast cancer. NPJ Breast Cancer (2021) 7:137. doi: 10.1038/s41523-021-00343-4

29. Bai, R, Lv, Z, Xu, D, and Cui, J. Predictive biomarkers for cancer immunotherapy with immune checkpoint inhibitors. biomark Res (2020) 8:34. doi: 10.1186/s40364-020-00209-0

30. Weekes, CD, Lamberts, LE, Borad, MJ, Voortman, J, Mcwilliams, RR, Diamond, JR, et al. Phase I study of DMOT4039A, an antibody-drug conjugate targeting mesothelin, in patients with unresectable pancreatic or platinum-resistant ovarian cancer. Mol Cancer Ther (2016) 15:439–47. doi: 10.1158/1535-7163.MCT-15-0693

31. Banville, AC, Wouters, MCA, Oberg, AL, Goergen, KM, Maurer, MJ, Milne, K, et al. Co-expression patterns of chimeric antigen receptor (CAR)-T cell target antigens in primary and recurrent ovarian cancer. Gynecol Oncol (2021) 160:520–9. doi: 10.1016/j.ygyno.2020.12.005

32. El Bairi, K, Al Jarroudi, O, and Afqir, S. Revisiting antibody-drug conjugates and their predictive biomarkers in platinum-resistant ovarian cancer. Semin Cancer Biol (2021) 77:42–55. doi: 10.1016/j.semcancer.2021.03.031

33. Liu, J, Burris, H, Wang, JS, Barroilhet, L, Gutierrez, M, Wang, Y, et al. An open-label phase I dose-escalation study of the safety and pharmacokinetics of DMUC4064A in patients with platinum-resistant ovarian cancer. Gynecol Oncol (2021) 163:473–80. doi: 10.1016/j.ygyno.2021.09.023

34. Terlikowska, KM, Dobrzycka, B, and Terlikowski, SJ. Chimeric antigen receptor design and efficacy in ovarian cancer treatment. Int J Mol Sci (2021) 22. doi: 10.3390/ijms22073495

35. Yeku, OO, Rao, TD, Laster, I, Kononenko, A, Purdon, TJ, Wang, P, et al. Bispecific T-cell engaging antibodies against MUC16 demonstrate efficacy against ovarian cancer in monotherapy and in combination with PD-1 and VEGF inhibition. Front Immunol (2021) 12:663379. doi: 10.3389/fimmu.2021.663379

36. Gilbert, L, Oaknin, A, Matulonis, UA, Mantia-Smaldone, GM, Lim, PC, Castro, CM, et al. Safety and efficacy of mirvetuximab soravtansine, a folate receptor alpha (FRα)-targeting antibody-drug conjugate (ADC), in combination with bevacizumab in patients with platinum-resistant ovarian cancer. Gynecol Oncol (2023) 170:241–7. doi: 10.1016/j.ygyno.2023.01.020

37. Pölcher, M, Braun, M, Friedrichs, N, Rudlowski, C, Bercht, E, Fimmers, R, et al. Foxp3(+) cell infiltration and granzyme B(+)/Foxp3(+) cell ratio are associated with outcome in neoadjuvant chemotherapy-treated ovarian carcinoma. Cancer Immunol Immunother (2010) 59:909–19. doi: 10.1007/s00262-010-0817-1

38. Lo, CS, Sanii, S, Kroeger, DR, Milne, K, Talhouk, A, Chiu, DS, et al. Neoadjuvant chemotherapy of ovarian cancer results in three patterns of tumor-infiltrating lymphocyte response with distinct implications for immunotherapy. Clin Cancer Res (2017) 23:925–34. doi: 10.1158/1078-0432.CCR-16-1433

39. Cao, G, Hua, D, Li, J, Zhang, X, Zhang, Z, Zhang, B, et al. Tumor immune microenvironment changes are associated with response to neoadjuvant chemotherapy and long-term survival benefits in advanced epithelial ovarian cancer: A pilot study. Front Immunol (2023) 14:1022942. doi: 10.3389/fimmu.2023.1022942

40. Damelin, M, Zhong, W, Myers, J, and Sapra, P. Evolving strategies for target selection for antibody-drug conjugates. Pharm Res (2015) 32:3494–507. doi: 10.1007/s11095-015-1624-3

41. Wei, J, Han, X, Bo, J, and Han, W. Target selection for CAR-T therapy. J Hematol Oncol (2019) 12:62. doi: 10.1186/s13045-019-0758-x

42. Müller, P, Martin, K, Theurich, S, Schreiner, J, Savic, S, Terszowski, G, et al. Microtubule-depolymerizing agents used in antibody-drug conjugates induce antitumor immunity by stimulation of dendritic cells. Cancer Immunol Res (2014) 2:741–55. doi: 10.1158/2326-6066.CIR-13-0198

43. Müller, P, Kreuzaler, M, Khan, T, Thommen, DS, Martin, K, Glatz, K, et al. Trastuzumab emtansine (T-DM1) renders HER2+ breast cancer highly susceptible to CTLA-4/PD-1 blockade. Sci Transl Med (2015) 7:315ra188. doi: 10.1126/scitranslmed.aac4925

44. Liu, J, Yu, Y, Liu, C, Gao, C, Zhuang, J, Liu, L, et al. Combinatorial regimens of chemotherapeutic agents: A new perspective on raising the heat of the tumor immune microenvironment. Front Pharmacol (2022) 13:1035954. doi: 10.3389/fphar.2022.1035954

45. Matsuoka, Y, Endo, K, Kawamura, Y, Yoshida, T, Saga, T, Watanabe, Y, et al. Normal bronchial mucus contains high levels of cancer-associated antigens, CA125, CA19-9, and carcinoembryonic antigen. Cancer (1990) 65:506–10. doi: 10.1002/1097-0142(19900201)65:3<506::AID-CNCR2820650322>3.0.CO;2-0

46. Chang, K, Pastan, I, and Willingham, MC. Isolation and characterization of a monoclonal antibody, K1, reactive with ovarian cancers and normal mesothelium. Int J Cancer (1992) 50:373–81. doi: 10.1002/ijc.2910500308

47. Köbel, M, Madore, J, Ramus, SJ, Clarke, BA, Pharoah, PD, Deen, S, et al. Evidence for a time-dependent association between FOLR1 expression and survival from ovarian carcinoma: implications for clinical testing. An Ovarian Tumour Tissue Analysis consortium study. Br J Cancer (2014) 111:2297–307. doi: 10.1038/bjc.2014.567

48. González-Ramírez, AM, Grosso, AS, Yang, Z, Compañón, I, Coelho, H, Narimatsu, Y, et al. Structural basis for the synthesis of the core 1 structure by C1GalT1. Nat Commun (2022) 13:2398. doi: 10.1038/s41467-022-29833-0

49. Rabinovich, GA, Van Kooyk, Y, and Cobb, BA. Glycobiology of immune responses. Ann N Y Acad Sci (2012) 1253:1–15. doi: 10.1111/j.1749-6632.2012.06492.x

50. Depeaux, K, and Delgoffe, GM. Metabolic barriers to cancer immunotherapy. Nat Rev Immunol (2021) 21:785–97. doi: 10.1038/s41577-021-00541-y

51. Dum, D, Taherpour, N, Menz, A, Höflmayer, D, Völkel, C, Hinsch, A, et al. Trophoblast cell surface antigen 2 expression in human tumors: A tissue microarray study on 18,563 tumors. Pathobiology (2022) 89:245–58. doi: 10.1159/000522206




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 © 2023 Brassard, Hughes, Dean, Hernaez, Thornton, Banville, Smazynski, Warren, Zhang, Milne, Gilks, Mes-Masson, Huntsman, Nelson, Roskelley and McNagny. 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A tumor-restricted glycoform of podocalyxin is a highly selective marker of immunologically cold high-grade serous ovarian carcinoma

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 High-grade serous ovarian carcinoma patient cohorts

          



          		

            2.2 Histology

          



          		

            2.3 Histology analysis

          

            		

              2.3.1 Detailed QuPath analysis workflow

            

              		

                PODO83 and PODO447 DAB staining analysis (Cohort A, B, C & D)

              



              		

                2.3.1.2 CD3, CD8 and CD20 brightfield multiplex analysis (Cohort D)

              



              		

                2.3.1.3 Opal fluorescent multiplex analysis (Cohort A & D)

              



            



            



            		

              2.3.2 Data normalization and tumor quantification

            



          



          



          		

            2.4 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Heterogeneous expression of the PODO447 tumor glycoepitope in HGSOC

          



          		

            3.2 PODO447 immunoreactivity is similar in ovarian or distal tumors

          



          		

            3.3 The PODO447 epitope persists following chemotherapy

          



          		

            3.4 HGSOC tumors expressing a high level of the PODO447 epitope exhibit an immune-cold phenotype

          



          		

            3.5 Validation of the association between PODO447 expression and immune-cold phenotype

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1286754-g006.jpg
PODO447"ow/med POD0447*s"

©CD20" cell :
@®CD8Tcell :
- CD4Tcell
Immune-cold POD0447-ADC Immune-hot Tumor elimination

PODO0447" tumor

tumor

immune
recruitment
T —

Elimination of Immune elimination of
POD0447" cells POD0447 tumor cells





OEBPS/Images/table2.jpg
HGSOC cohorts

Scorable cases

PODO83

% positive cases

Positive (% + 95%CI?)

Tumor H-score

Median + 95%CI

GPEC Pre-chemo 14 132 (91.7% + 86.0; 95.2) — 1133 £ 105.7; 121.9) s

08-001 Post-chemo 29 29 (100% + 88.0; 100) oo 157.6 12995 193.3 o001

(4) Total 173 161 (93.1% + 88.3; 96.0) p=0- 1212 £ 1116; 1305 p<0

" Pre-chemo 62 62 (100% + 94.2; 100) 1066 + 93.73; 132.2

g:UM THI Post-chemo 35 35 (100% + 90.1; 100) 0% 93.06 + 67.73; 1186 :33;1591
Total 97 97 (100% + 96.2; 100) 10105 + 88.95; 119.3 PaR
Pre-chem 74 74 (100% + 95.1; 100) 99.44 £89.60; 110.0

%IUM (pre/post chemo) Post-chem 66 66 (100% + 94.5; 100) 0% 9427 + 85.59; 106.9 ;215_77928
Total 140 140 (100% + 97.3; 100) 96.71 + 89.60; 104.4 P

P 23 + 16505 177

%EC)),C RO%3 Pre-chemo (Total) 58 58 (100% =+ 93.8; 100) 4 L2227 Loo 0yl 773 z
Pre-chemo 338 326 (96.5% + 93.9; 98.0) 3.5% 118.6 + 111.1; 126.9 1362

All four cohorts Post-chemo 130 130 (100% + 97.1; 100) B 60643 105.0 + 94.7; 117.3 0. 6550
Total 468 456 (97.4% + 95.6; 98.5) Late 113.6 + 108.0; 121.4 =

GPEC Pre-chemo 145 86 (59.3% + 51.2; 67.0) i 10.14 + 5.92; 1591 555

08-001 Post-chemo 31 22 (71.0% + 53.4; 83.9) o 1236 +7.69; 19.7 oeist

(A) Total 176 108 (61.3% + 54.05 68.2) L 1138 +7.6% 15.28 L
Pre-chemo 62 32 (51.6% + 39.4; 63.6) 7.40 + 2.52 41.34

"

g?UM THTS Post-chemo 37 22 (59.5% + 43.5, 73.7) _7‘3‘?5 5 8.14 + 3.89; 23.38 0_‘;4;; 4
Total 99 54 (54.5% + 44.7; 64.0) L2 8.02 + 3.96; 2445 P2
Pre-chemo 71 39 (54.9% + 43.3; 66.0) 8.13 £ 3.36; 16.99

(cC]-)IUM (pre/post chemo) Post-chemo 53 34 (64.2% + 50.7; 75.7) f‘gz’q N 1564 + 5.43; 2128 3651(’; a
Total 124 73 (58.9% + 50.1; 67.1) p=0 9.97 + 5.45; 1699 p=0

IE‘;CPROSS Pre-chemo (Total) 61 30 (49.2% + 37.1; 61.4) o L o
Pre-chemo 339 187 (55.2% + 49.8; 60.4) o3+ 8.50 +6.39; 13.63 .

Al four cohorts Post-chemo 121 78 (64.5% + 55.61; 72.43) e 1197 + 8.02; 17.92 560
Total 460 265 (57.6% + 53.0; 62.0) Lk 9.53 +7.69; 1321 Lo

* Includes tumors from different peritoneal locations.

CI*: Confidence interval calculated using Wilson/Brown test;

Delta® %Post-chemo - %Pre-chemo (p-value calculated using Chi-square with Yates’ correction);
Delta®: Median Post-chemo — Median Pre-chemo (p-value calculated using Mann Whitney test).





OEBPS/Images/fonc-13-1286754-g004.jpg
(9]

Stroma

Tumor

[ cos, paAB
- CD3, Ferengi Blue
B cp20, Warp Red

% positive
tumor cells

CD4 CD8 CD3 CD20
x ;P=0. 1-0. 5 p=0. :-0.2253 ; p=0.! : 0. 5 P=0.
80 r:-0.1841 ; p=0.1591 150 r:-0.2418 ; p=0.06268 200 r p=0.08343 30 r: -0.1704 ; p=0.193
150 ©
100 20
(-]
100 ®,
50 10
50 e
0 0 0
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200 O 50 100 150 200
25 r:-0.04732; p=0.7196 r:-0.08328; p=0.527 150 r:-0.09173; p=0.4858 r: 0.05309; p=0.6871
20 8
(-]
- 100 "
10 50 4
5 2
]
0 0 0
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200 O 50 100 150 200
PODO447 tumor H-score
CA125 MSLN FOLRA
:-0.1507 ; p=0.2465 :-0.1406 ; p= 0.2799 HoX ; p=0.6127
1008 00 " o 100g" P 100 "0 0% PPN o
[
75 .f 75
)
(-] )
50 e 50
()
25 . 25
° @

0 50 100 150 200 O 50 100 150 200 O 50 100 150 200
PODO0447 tumor H-score






OEBPS/Images/fonc-13-1286754-g002.jpg
Cohort B

Cohort B

[\ M

300

e e e o 9
n S n =3 w
N & - -
9109s-H Jown}] €80A0d
ot o
o $o
o ele .
e .
o o
e ols
e
. ¢ o
e ¢ 8
¢ oo
+
® ooo
o o
*
st
¥ o
ol
LI
o8 o
mw e oo
w e 8 o
.AQ“v r X1} L
= o ol
2 £
~ne
o O -

.
0
®
-
H

9109s-H Jown] £80d0d

551 544 372 419 554 494 11431103 552 537 540 535 1133 5

a
-
<
)
2
©
o

Cohort B

Cohort B

1000
100

2109s-H Jown] /#yOAOd

o ¢
o e
° o 1
"
. o | o o
S%ie o
o elee
.
e |
o o 4o
o 1
.
oo | o0
. 1
L1 X
ol
o 8
@ oo
o]
=
7]
2 2
Nu ”
g £
o O
o o
o Q =] Q Cl
o o] S )
& - -
9109s-H Jown] /yyOA0d

o -
-

551 544 372 419 554 494 11431103 552 537 540 535 1133 §

Patient ID

Cohort D
&
@“o\o
[e)

0

=) -
-

0.1

=]
-

8109s-H Jown] /$¥0A0d

(=]

t

o

K=

o

(8]
g 8 = T 3
o b - e
8103s-H Jown] /#y0A0d

[a]

CohortD
ns
0/.

&
O
4@&
o

250
0
5
0
5

8109s-H Jown] £8000d
. no»o-aMo-o oooo

» ﬁ °

c
o o -‘*N 114

9109s-H Jown] £80A0d

Cohort D

300
0|
1]





OEBPS/Images/fonc.2023.1286754_cover.jpg
, frontiers ‘ Frontiers in Oncology

A tumor-restricted glycoform of podocalyxin
is a highly selective marker of
immunologically cold high-grade serous
ovarian carcinoma





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





OEBPS/Images/fonc-13-1286754-g005.jpg
CD8 CD20

r:0.1802 ; P=0.03013 r:0.01405 ; p= 0.8668 1000 1000

250
200 e .
© 3¢ 58
£ 150 S8 85
5 ° 3 g & E
5 100 s a3
) g8a e
50 e o
0
PODO447 PODO447
0 50 100 150 200 O 50 100 150 200 Tumor H-score <2 580 >80 Lo rHscore <5 550 >50
1000 r:-0.2874 ; p= 0.0004576 500 r:0.002125; P=0.9798 Kk
I 1
400 1000 : f 000
5 o wl i g
300 .- -
g § i3
°a =G
e 200 iR T 85
100 85 Tl 85
aE ST e 8E
3 . 9 B 3]
o %
0 50 100 150 200 O 50 100 150 200 000 "~ oonos
e ————————————————— PODO447 7
PODO447 tumor H-score Tumor H-score  <® 50 %0 qumor Hoscore <5 350 >%0
E CcD8 CD20
1000 lﬁl 400 O ip= 0188 o 102226 5 p=02287
; .
£ = 100 E ° °
it é g g 300 200
=3 & =3 g
E E 7 08 EE) 9 2001,% [
B 5 S5 - ) e
88 41§ @ ge 77) ° ® 10019,
2
—r—T 18B%w > o
NACT * 0 50 100 150 200 0 50 100 150 200
* 800 r:0.1552 ; p=0.4043 300+ r:0.1291 ; p=0.4888
10004 1 o
% - -
£ 1004 €. o 200+
g8 88 £ °
S5 P g5 5
88 ™ T o0 e = 100-|
w3 " H o3 b
8% 4 ! 8t ®
0*’. (-] Iy
0 50 100 150 200 0 50 100 150 200

POD0O447 tumor H-score





OEBPS/Images/fonc-13-1286754-g001.jpg
PODO0447

PODO83

% PODO83* tumor cells

PODOA447 expression level

100 r:0.3099 ;p=2.806e-008
w ve SVedT Tu o @®
f’ﬁ' -. :. b “%
‘maa
A §

A

L I e
AA
.
50 e as .
¥ .
o« o

0 20 40 60 80 100
% POD0447* tumor cells

Moderate

PODO83 Tumor H-score

300

50 100 150
PODO447 Tumor H-score

200

Cohort A
Cohort B
Cohort C
Cohort D





OEBPS/Images/table1.jpg
GPEC 08-001

Cohorts

CHUM THT3

IROCPROS5

Identification

# cores per tumor

TMA

data core size

# tumors per patient

Scorable tumors for
PODO447 staining

Age-
year + SD

FIGO stage

0.8 mm
1

Patients/tumors n = 176
 Pre-chemo: 145
« Post-chemo: 31

Age at surgery
61.98 + 11.96

Unknown: 16
L11

1: 13

1L 117

v: 19

0.8 mm
3-10

Patients n = 14
Tumors n = 99
« Pre-chemo: 62
« Post-chemo: 37

Age at diagnosis
58.64 + 1027

III: 14

CHUM (pre/post chemo)

23

0.8 mm
1

Patients/tumors n = 124
« Pre-chemo: 71
« Post-chemo: 53

Age at diagnosis
60.45 £ 9.7

Unknown: 2
L2

1: 6

1I1: 99

1v: 15

D

4
2 tumor, 2 stroma area

0.6 mm
1-2

Patients n = 52
Tumors n = 61

« Ovary: 33

+ Omentum: 26

« Fallopian Tube:1
« Pelvic Mass: 1

Age at surgery
64.23 1125

L1

IL: 5
1II: 40
v:6

Chemotherapeutic agent

Time since chemo started (months
+ SD)

Time since chemo ended (months
+ SD)

Number of chemo cycles + SD

No chemo (145)

Taxol/carboplatin (21)
Carboplatin/paclitaxel (4)
Carboplatin/taxotere (1)
Cisplatin/topotecan (1)
Carboplatin/paclitaxel/epirubicin (1)
Unspecified platinum/taxane (1)
Unknown (2)

Min 3; Max 9
Mean: 3.77 + 1.3

SD: standard deviation; N/A: non-applicable.
*Includes only patients with data available for PODO447 IHC staining.

No chemo (1)
Taxol/carboplatin (8)
Taxol/cisplatin (2)
Carboplatin/taxotere (1)
Cisplatin/topotecan (1)
Carboplatin/paclitaxel (1)

Min 3; Max 81
Mean: 30.54 + 28.15

Min 0; Max 77
Mean: 26.77 + 27.92

Min 4; Max 8
Mean: 5.69 + 1.03

No chemo (71)

Taxol/carboplatin (36)
Paclitaxel (1)
Doxorubicin (1)
Cisplatin/topotecan (1)
Unknown (13)

No chemo (52)

N/A

N/A

N/A





OEBPS/Images/fonc-13-1286754-g003.jpg
Cohort B

Cohort B

-

Cohort B

300
0
0

300

tumor

naive

. e | oeo

Patient ID
Cohort B

recurrent tumor

.
.
-

9109s-H Jown] £80A0d

)
4\%@
(=3 o o e
=3 o -
o -
=
3103s-H Jown] /yy0A0d
¢
YRS $
wee ¢ B
”,
e | e <
wieee WS
()
o 4o &V
. oo | awv
[ o
o 4o &@
‘e
oo ¢o 0,
£
. I a
%,
% o
%o
N .
: i
.o
s 2 e,
] *
25 ‘%
¢ 3 N
2z 3
IS o*
o o
\ﬁ“o

(=] o (= (= =]
< e e a
8109s-H Jown] /#FOA0d

Patient ID

Cohort A

Cohort A

1000
0

Fkkk

o
n
N

0
10
1
1

1
0
0.01

8109s-H Jown] /yy0A0d

@109s-H Jown] £80d0d

10
1
1

o o o o o
& ¢ & *
9109s-H Jown] £80d0d





