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Background

For patients with high grade serous carcinoma of the ovary (HGSC), survival rates have remained static for the last half century. Despite the presence of tumor mutations and infiltration of immune cells, existing immunotherapies have achieved little success against HGSC. These observations highlight a gap in the understanding of how the immune system functions and interacts within HGSC tumors.





Methods

We analyzed duplicate core samples from 939 patients with HGSC to understand patterns of immune cell infiltration, localization, and associations with clinical features. We used high-parameter immunohistochemical/Opal multiplex, digital pathology, computational biology, and multivariate analysis to identify immune cell subsets and their associations with HGSC tumors.





Results

We defined six patterns of cellular infiltration by spatially restricted unsupervised clustering of cell subsets. Each pattern was represented to some extent in most patient samples, but their specific distributions differed. Overall (OS) and progression-free survival (PFS) corresponded with higher infiltration of CD16a+ cells, and their co-localization with macrophages, T cells, NK cells, in one of six cellular neighborhoods that we defined with our spatial assessment.





Conclusions

Immune cell neighborhoods containing CD16a+ cells are associated with improved OS and PFS for patients with HGSC. Patterns of immunologic neighborhoods differentiate patient outcomes, and could inform future, more precise approaches to treatment.
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Introduction

High grade serous carcinoma of the ovary (HGSC) is the most common, aggressive, genetically unstable, and fatal form of ovarian cancer (1–3). Lack of effective screening methods and specific early symptoms typically lead to late-stage diagnosis: 80% of patients are diagnosed at stage III or IV, when the disease has already metastasized (1, 2). HGSC tumors initially respond to a combination of platinum- and taxane-based chemotherapy, but over 70% recur, and second-line treatments aim primarily at prolonging life rather than curing disease (2, 4). Overall survival (OS) in patients with HGSC corresponds with infiltration of immune cells in the tumor, but a better understanding of the interactions that facilitate anti-cancer immunity are required to maximize immune-mediated cancer control.

Despite the presence of intra-tumoral immune cells and an intermediate neoantigen load (5, 6), anti-PD-L1 therapies have been largely ineffective against HGSC, with an overall response rate of 10-15% (7–12). T cells (13), macrophages (14, 15), plasma cells (16), and NK cells (17) infiltrating HGSC, especially the epithelial regions (18), have each been associated with improved prognosis for patients. Although individual cells can be prognostic in isolation, the generation and execution of immune responses requires collaboration between different immune cell types. For instance, activation of T cell responses against a tumor requires HLA presentation of a tumor antigen, alongside the requisite co-stimulation and cytokines (19). Since defects in components of the HLA processing and presentation pathway and antigen escape variants are common in cancers, lymphocytes like NK cells that act independently of these are key players in comprehensive tumor control (20, 21). Finally, antibody production by plasma cells requires help from activated effector T cells, and additional cellular mediators to carry out antibody-dependent functions.

Antibody-dependent cellular cytotoxicity (ADCC) is facilitated by binding of the CD16a receptor (FCGR3A) to the fragment-crystallizable (Fc) region of an IgG antibody (22), which activates cytotoxic killing of antibody-bound targets. Expression of the CD16a isoform is typically restricted to natural killer (NK) cells and monocytes/macrophages, though there are reports of its expression by other immune populations in specific disease contexts, including conventional and non-conventional T cells (23, 24) and fibroblasts (25). The presence of CD16a+ immune cells in the tumor associates with greater sensitivity to chemotherapy and longer progression-free survival (PFS) and overall survival in patients with recurrent HGSC (25), suggesting a role for CD16a+ cells in tumor control.

Immunity is multifaceted, and interactions between immune cell subtypes might be important considerations in defining prognosis and designing future immunotherapies. With spatial biology approaches, patterns of immune cell infiltration – “cellular neighborhoods” – provide proof of this concept. For example, enrichment of PD-1+CD4+ T cells within granulocyte rich neighborhoods is associated with survival in a high-risk of patients with colorectal cancer (26). In patients with HGSC, spatial transcriptomics and single cell RNA sequencing followed by computational clustering differentiate responders and non-responders to neoadjuvant chemotherapy and long versus short term survivors (27, 28). These studies have identified prognostic features that represent anti-tumor immunity, and therefore, additional investigation to understand immune mechanisms and to modify their function toward anti-tumor immunity is warranted.

We designed multiplex immunofluorescence panels to simultaneously identify HGSC epithelium, T cells, macrophages, NK cells, and CD16a+ cells in an HGSC tissue microarray (TMA). Using digital pathology and spatial analyses, we quantified immune cell density, distribution into epithelial and stromal compartments, and spatial proximity to other cells. We find that CD68+CD16a+ cells are associated with longer OS, and co-localize in the HGSC microenvironment in non-random patterns. With unsupervised clustering, we define major “cellular neighborhoods”, including two enriched for CD16a+ cells. A higher ratio of area covered by CD16a+ enriched neighborhoods, especially when they contained NK cells, T cells and macrophages, to neighborhoods lacking immune infiltration also associated with longer OS and PFS. Our data collectively imply that CD16a+ cells mark neighborhoods of immune cells that may co-operate to mount effective immunity against HGSC.





Methods




Patients and tissue microarrays

TMA slides were obtained after scientific review from the COEUR (The Canadian Ovarian Experimental Unified Resource) committee. Patient samples included in the TMA were collected from 12 Canadian ovarian cancer biobanks, from 1992 to 2014, and detailed patient demographics and tumor characteristics have been published (29) (A summary of these cohorts is available in Supplementary Table 1). The COEUR TMA (TMA A) consists of duplicate core tumors isolated from 1,159 patients with HGSC. Following tissue staining, image processing, and pathologist review, 939 patients were analyzed. The second TMA (TMA B) represented a subset of patients, n=24. All methods for specimens and clinical information collection and subsequent analyses were approved by Dalhousie University’s Research Ethics Board (#2020-5060). The use of primary peripheral blood mononuclear cells (PBMC) to validate antibodies was approved by the Dalhousie University REB (#2016-3842) and the Canadian Blood Services REB (#2016-016) and collected in collaboration with the Canadian Blood Services Blood4Research program.





Opal multiplex immunofluorescence

Our multiplex immunofluorescence protocol was established in accordance with the Society for Immunotherapy of Cancer’s best practices for multiplex immunohistochemistry and immunofluorescence staining and validation (30) and we used equipment, software, and reagents from Akoya Biosciences unless otherwise indicated. Antibody staining was validated using cell pellets created from primary PBMC (Supplementary Figure 1). CD56 is the antibody expected to best identify NK cells in tissues, but staining for CD56 in HGSC is complicated because it is overexpressed in a subset of tumors. To circumvent this challenge, we instead used anti-CD94, which identifies cells expressing the NKG2A or NKG2C receptor found on most NK cells (Supplementary Figure 2). TMA slides were de-paraffinized, rehydrated, and fixed in 10% neutral buffered formalin for 25 min. Antigen retrieval was conducted by microwave treatment (2 min at 100% power followed by 15 min at 20% power, 1000W microwave) in Tris-EDTA buffer (pH 9). Slides were cooled for 15 min at room temperature, then rinsed with deionized water, Tris-Buffered Saline, and Tween-20 (TBS-T) buffer. The tyramide signal amplification (TSA)-based IF staining protocol was conducted according to the Opal 7-color manual IHC kit. Slides were incubated in blocking buffer for 10 min to stabilize epitopes and reduce background staining. Slides were then incubated with a primary antibody for 45 min, rinsed in TBS-T, and incubated with secondary anti-mouse and anti-rabbit HRP for 10 min. Slides were rinsed and Fluorophore staining was then conducted with an Opal fluorophore in Opal amplification diluent for 10 min. The slides were then rinsed and underwent a second microwave treatment to remove the previous antibody. Steps were sequentially repeated for each antibody in the multiplex panel [Panel 1: (CD3 (LN10, 1/50), CD16a (SP175, 1/50), CD94 (ERP21003, 1/100), CD68 (SP251, 1/100), panCK (AE1/AE3, 1/50)] [Panel 2: CD163 (ERP19518, 1/100), CD68 (SP251, 1/100), CD94 (ERP21003, 1/50), panCK (AE1/AE3, 1/50), CD16a (SP175, 1/50), CD8 (C8/144, pre-diluted)] (Supplementary Table 2). The order of antibody staining was optimized empirically, and generally occurred in the order from most to least frequent epitope in the panel. Following staining of the last antibody, slides were incubated with Spectral DAPI for 5 min, rinsed and mounted in Prolong Gold mounting media (Invitrogen). Cell surface specific antibody binding patterns were validated by a board-certified pathologist (TA) (Figure 1; Supplementary Figure 3).




Figure 1 | Identifying CD16a+ cell populations in HGSC. (A) Schematic representation of analysis workflow steps (top labels) and analysis (bottom labels). TMA staining is conducted with Opal multiplexing (staining and imaging), followed by spectral unmixing to enable visualization of each marker independently. Tissue segmentation (based on anti-Pan-cytokeratin staining) segregates the epithelial and stromal tumor compartments, and cell segmentation (facilitated by DAPI nuclear staining) enables identification of individual cells. Cell phenotypes are trained with a board-certified pathologist (TA), and automatically counted using InForm software, which includes geographic coordinates. Cells are thereafter counted and analyzed with FlowSOM in RStudio; nearest neighbor neighborhood analysis is conducted using the Spatial algorithm in Python. (B, C) Representative images of an HGSC tumor with immune cell infiltration in the (B) epithelial or (C) stromal compartments of the tumor. Individual signals from multispectral images were used to produce “pathology-view” pseudo-stained images. Images represent individual markers that together represent the multiplex staining as imaged in the fluorescent micrograph. The fluorescent images represent pseudo-colored micrographs taken at 20X magnification (scale bar = 0.2mm). Computationally reconstructed phenotype map after tissue and cellular segmentation and cellular phenotyping.







Multispectral analysis and automated quantitative pathology

Images were captured using a PhenoImager Quantitative Pathology workstation with multispectral separation capabilities, at 10 nm wavelength intervals from 420 nm to 740 nm, and 20x magnification. Images were visualized and processed in InForm Tissue Finder Software to conduct multispectral analysis (extracting fluorescent signatures) and subsequent quantitative pathology (Figure 1). Monoplexed stains were used to calibrate spectral imaging by creating a spectral reference library. Following spectral unmixing, tissues were virtually segmented based on pan-cytokeratin staining and autofluorescence to define regions as tumor epithelia, tumor stroma, vasculature/autofluorescence. This was followed by cellular segmentation to identified individual cell nuclei based on DAPI staining. Each cell was then assigned a unique cell ID which was used to quantify the antibody signal surrounding the individual nuclei and establish X,Y coordinates. These antibody signals were used to phenotype cells using FlowSOM in R Studio (version 4.2) where cells were phenotyped into unique clusters. Specifically, the fluorescent signals (markers) from each cell X,Y coordinate were extracted and underwent log normalization, followed by transformation into a flow frame using the ‘DFtoFF’ function available within the FlowSOM package. Elbow plots were generated to established the optimal number of clusters. Unsupervised clustering was then conducted using the ‘FlowSOM’ function with no scaling and optimal cluster number: panel 1 = 43, panel 2 = 40). Following this, FlowSOM defined clusters were re-assigned as one of the following phenotypes based on their expression of markers; panCK+ were identified as epithelial cells (regardless of expression of other markers), panCK-CD68+ cells were identified as the myeloid population (+/-CD16a), panCK-CD68-CD3+ cells were identified as T cells (+/-CD94+/- CD16a), panCK-CD68-CD3-CD94+ cells were identified as NK cells (+/- CD16a), panCK-CD68-CD3-CD94-CD16a+ were identified as CD16a+ cells and cells negative for all markers were identified as Other.





Spatial analyses

Spatial analysis was conducted using Python version 3.10.9 with the following packages: matplotlib (v.3.6.3), NumPy (v.1.22.4), pandas (v.1.5.3), scikit-learn (v.1.2.2), and seaborn (v.0.12.2). This analysis was based on the bioinformatics approach described previously (26) using input data that was generated and exported from our automated quantitative pathology in InForm. This file contained individual cell IDs, their corresponding patient sample ID, X/Y coordinates, and reported phenotypes.

For each individual cell in each sample, we quantified the phenotypes of the closest “k” (5, 10, 15 or 20) neighboring cells based on their X/Y coordinates using the scikit-learn NearestNeighbors module. The result was a data frame that included the initial data and additional columns with counts for each neighboring phenotype. Next, we employed MiniBatchKMeans to cluster cells into “n” (5-10) neighborhoods based on the phenotype counts of their neighboring cells. To evaluate the composition of each neighborhood and select the optimal “k” and “n” values to avoid under or over fitting, we graphed in a heatmap the enrichment of individual phenotypes in each neighborhood. We performed multiple combinations of this analysis by using different values of “n” and “k”. To select the final values, we examined similarities between neighborhoods in the same run and in previous iterations. Optimal “k” and “n” were considered when there were no highly similar neighborhoods in the same run and if reducing the values merged two clusters of interest. After defining the final number of neighborhoods, we generated tables containing the most frequent neighboring cells for each phenotype, the frequency of neighborhoods for each patient, and plots showing the spatial distribution of neighborhoods in each sample.





Statistical analysis

GraphPad Prism 9 and R Studio were used to generate graphically visualized data, and R Studio was used to conduct Cox regression survival analyses. Both univariate and multivariate Cox regression analyses were conducted to determine significant differences in survival between various groups. High and low infiltrated tumors were defined based on median infiltration density (cells/mm2) of each immune cell subset, and quartiles were defined for categorical Cox regressions. Differences in infiltration numbers between groups categorized by clinical parameters were determined by one or two-way ANOVAs correcting for false discovery rates and presenting as adjusted p-values using the “fdr” method from the p.adjust() function in R Studio (Version 4.2.2), as appropriate. Chemosensitivity was defined by responsiveness at six months post-treatment. To evaluate the co-infiltration between intratumoral immune cells or neighborhoods, a Pearson’s correlation was conducted with all r values listed for each pair in the correlation matrix. The threshold for statistical significance was set at alpha = 0.05; however, non-statistical but clinically relevant associations, defined by the authors, were described along with corresponding p values.






Results




HGSC tissue microarray and patient characteristics

We conducted multiplex immunofluorescence staining and quantitative analysis on a formalin-fixed paraffin-embedded (FFPE) HGSC tissue microarray (TMA) containing duplicate samples from 1,159 patients. After staining, quality control, and removal of patients who histologically classified as having non-HGSC tumors, 939 patients could be analyzed (886 treatment naïve, 53 chemotherapy-treated; Supplementary Table 1). We first conducted univariate analysis to define whether tumor stage, tumor grade, debulking status, age, or BRCA1/2 mutation status were independently associated with survival outcomes among treatment-naïve patients (Table 1; Supplementary Table 3). Lower tumor stage, surgical debulking status, and younger age at diagnosis were significant predictors of OS, and lower tumor stage and surgical debulking status were also significant predictors of PFS. Neither age, grade (2 vs 3) nor BRCA1/2 mutation status were significant predictors of PFS in this cohort (Table 1).


Table 1 | Cox proportional hazards analysis for PFS and OS.



To identify immune cell populations in HGSC with spatial resolution, we developed a novel Opal multiplex IF panel and analysis workflow (Figure 1). To circumvent challenges associated with epithelial expression of CD56 in HGSC that have been reported previously (31), we included and validated staining for CD94, a protein that heterodimerizes with natural killer group-2 (NKG2) family members, which are present on most NK cells (Supplementary Figure 2). To separate the two canonical subsets of NK cells, we included staining for CD16a, a receptor associated with the CD56dim cytolytic population and performance of antibody-dependent cellular cytotoxicity (ADCC) (32). We also included CD3 and CD68 to identify T cells and macrophages, respectively. Automated tissue segmentation (i.e., epithelium vs stroma) was highly concordant with the pathologist (TA) assessment (Supplementary Figure 3). Automated cellular segmentation slightly undercounted (~84% of actual) cells in epithelial regions and overcounted (~108% of actual) in stromal regions (Supplementary Figure 3).

After spectral unmixing, digital pathology and unsupervised clustering, we quantified each cell population separately in the intrastromal (S) or intraepithelial (E) regions of tumor cores (Figures 2A, B). Of the immune cell populations evaluated, CD16a+ cells were the most abundant subset: almost every tumor on the TMA contained at least some CD16a+ cells (CD16a+CD68-CD3-CD94-). The second-most abundant cell population was macrophages (CD68+CD16a-CD3-CD94-/+ and CD68+CD16a+CD3-CD94-/+), followed by T cells (CD3+CD16a-CD68-CD94-/+ and CD3+CD16a+CD68-CD94-/+), and NK cells (CD94+CD16a-CD3-CD68- and CD94+ CD16a+CD3-CD68-). All immune cells were present at higher frequencies within the stromal compartment compared with the epithelial compartment.




Figure 2 | Frequency, clinical associations, and hazard ratios based on independent cell populations and localization in HGSC. (A) Cell density in the stromal and epithelial compartments of HGSC tumor cores (E, epithelium; S, stromal). (B) Percentage of patients positive for each cell population. (C–E) Cell densities of statistically significant cell population based on tumor characteristics: (C) grade (D) Stage and (E) Chemo-sensitivity at six months (statistical significance determined by two-way ANOVA controlling for false discovery rates, adjusted p-values are represented by ****p < 0.0001, ***p < 0.001, *p < 0.05). (F–H) Forrest plots representing the hazard ratio based on univariate Cox proportional hazard models. Plots show 95% confidence interval comparing (F, G) high (above the median) versus low (below the median) infiltration, or (H, I) the highest quartile compared to the lowest quartile. Survival outcomes represent (F, H) five-year overall survival (OS) or (G, I) five-year progression free survival (*adjusted p < 0.05).



We next considered the relationship between infiltrating cell densities and clinical characteristics including tumor grade, stage, and chemotherapy response (chemo-sensitive or -resistant at six months). Compared with grade 2 tumors, grade 3 tumors were more infiltrated with CD16a+ cells, while exhibiting no significant differences in CD16a- immune populations (Figure 2C). Tumor stage was also significantly correlated with immune cell densities: we observed significantly higher densities of CD16a+, and CD68+CD16a+ cells in the stromal compartments of stage IV compared with stage III HGSC tumors (Figure 2D). No significant associations were observed for infiltrating immune cell density comparing chemo-sensitive to chemo-resistant patients, however stromal CD16a+ cells demonstrated a trend towards an decrease in chemo-resistant patients (p=0.15) (Figure 2E). We also observed significant associations with OS when comparing the high vs low (around the median) immune cell density of epithelial or stromal CD68+CD16a+ and the top and bottom quartiles of stromal CD68+CD16a+ or CD16a+ cells (Figures 2F–I; Table 1). When comparing the tumor cells themselves, we observed significantly shorter OS when panCK+ cells were present in the stromal regions. These associations remained after controlling for other significant variables in multivariate Cox regression (Table 2). Altogether, these findings demonstrate that CD16a+ cells are abundant within HGSC, their density increases as a tumor progresses, and their localization and presence is associated with survival outcomes.


Table 2 | Multivariate Cox proportional hazards analysis for PFS and OS in patients for variables defined as significant in univariate analysis.







CD16a+ immune cells form distinct cellular neighborhoods within HGSC tumors

A co-ordinated immune response likely requires both co-infiltration (co-incident presence) and co-localization (close proximity) of immune cells in the same tumor. We used Pearson’s correlations to assess co-infiltration, examining the densities of cell subsets for each patient, averaging between their duplicate cores. Regardless of tumor region, CD16a+ cells co-infiltrated with each other, but rarely with CD16a- immune cell populations (Figure 3A).




Figure 3 | Co-infiltration, colocalization and spatial cell clustering into cellular neighborhoods within HGSC tumor cores. (A) Co-infiltration of cell densities within HGSC cores as determined by Pearson’s correlation matrix. Strength of association is represented by color scale and size of dot. (B) Percent co-localization of each cell phenotype with another as determined by nearest neighbor analysis (k=15). (C) Median neighborhood coverage among all HGSC tumor cores. (D) Heatmap depicting the density of each individual cell phenotype in each of the spatially defined cellular neighborhoods. (E) Three representative computationally reconstructed HGSC tumor cores and their spatial distribution of cellular neighborhoods.



That immune cell infiltration appeared to be non-random prompted us to consider how they co-localize into spatially-defined cellular neighborhoods. We first quantified the nearest neighbors for cells from each population, and observed that CD16a+ cells indeed spatially co-localize within HGSC cores (Figure 3B). Notably, CD16a- cells do not show a similarly high degree of proximity to CD16a+ cells, indicating that the effect is not merely due to the relative abundance of CD16a+ cells. We next conducted spatial analyses to cluster cell subsets into multicellular neighborhoods, using unsupervised clustering to consider the 15 nearest neighbors of each cell. This revealed six unique cellular neighborhoods that varied in their frequency, distribution, and cellular composition between patients (Figures 3C, D). Two of these neighborhoods were devoid of immune infiltration and predominantly either epithelial or stromal; we refer to them as (i) cold epithelium and (ii) cold stroma, respectively. The remaining four neighborhoods were immune infiltrated; among them, two were highly infiltrated with CD16a+ cells: (iii) CD16a enriched stroma and (iv) CD16a enriched epithelium, and the remaining two neighborhoods were defined based on the extent of immune cell infiltration, as (v) immune-rich or (vi) immune-moderate (Figure 3D).

We observed patterns of cellular neighborhoods’ localization in cores (Figure 3E). CD16a enriched neighborhoods (stromal and epithelial) had similar collections of cell subtypes. In some patients, cells were mostly localized to the stromal regions (CD16a enriched stroma), while others had these cells in both the stromal and epithelial regions (CD16a enriched epithelium). CD16a enriched neighborhoods were mostly found at the junction between the stromal and epithelial regions. The majority of cold epithelium was found within “tumor nests” (regions of epithelial cells alone). Similarly, cold stromal regions were often distanced from the immune cell neighborhoods, representing regions of tumors where immune cells are excluded.





CD16a enriched cellular neighborhoods are associated with better OS and PFS

To consider the relevance of the six immune cell neighborhoods we defined, we explored their associations with clinical variables. Compared with grade 2 tumors, grade 3 tumors were generally infiltrated with more immune cells (Figure 2C), grade 3 tumors were occupied by more CD16a enriched stroma (p = 0.09) and significantly less cold epithelium (Figure 4A). We found CD16a enriched stroma was the only neighborhood to differ between stage III and IV tumors (p = 0.07), with stage IV tumors having higher proportions of CD16a+ cells (Figure 4B). Neighborhoods were also associated with chemotherapy response: tumors resistant to chemotherapy exhibited greater ratios of cold epithelium (Figure 4C). Chemo-sensitive patients also exhibited a non-significant trend toward larger areas of CD16a enriched neighborhoods compared with chemo-resistant patients. A larger area of both CD16a enriched stroma and epithelium predicted better PFS (Figure 4D) and a larger area of CD16a enriched epithelial neighborhood predicted better OS (Figure 4E; Table 1). This association with OS remained for CD16a enriched epithelium when controlling for other significant variables by multivariate Cox regression analysis (Table 2). Taken together, these findings suggest that co-operation between leukocyte subsets occurs in CD16a+ cell regions, where NK cells, T cells, and macrophages co-localize.




Figure 4 | CD16a enriched cellular neighborhoods are associated with better OS and PFS. (A–C) Neighborhood coverage proportion of HGSC tumor cores based on tumor characteristics: (A) Grades, (B) Stages and (C) Chemo-sensitivity (statistical significance determined by two-way ANOVA, controlling for false discovery rates, adjusted p-values are represented by ****p < 0.0001). (D, E) Forrest plots representing univariate Cos proportional hazard ratios, 95% confidence interval for the high compared to low neighborhood coverage, split based on median, for (D) five-year PFS survival outcomes or (E) five-year OS (*p < 0.05). (F) Proportion of cellular neighborhood coverage across a random set of representative patients. (G) Co-occupancy of cellular neighborhoods determined by Pearson’s correlation matrix. (H, I) Forrest plots representing univariate Cox proportional hazard ratios, 95% confidence interval for the high compared to low ratios of immune rich, immune moderate or CD16a enriched neighborhoods for (H) five-year OS or (I) five-year PFS (*p < 0.05). (J) Kaplan-Meier survival plot comparing the PFS of high vs low ratio of CD16a enriched stroma to cold epithelium. (K) Neighborhood coverage in a HGSC tumor cores isolated from patients pre- vs post- chemotherapy at the time of sample collection (statistical significance determined by one-way ANOVA between all neighborhoods, *p < 0.05, ***p < 0.001). Forrest plots representing univariate Cox proportional hazard ratios, 95% confidence interval for the high compared to low neighborhood coverage, for (L) five-year OS or (M) five-year PFS (**p < 0.01).



Each cell neighborhood was present in nearly all patients, but their relative abundances differed (Figure 4F). Cold epithelium was inversely correlated with CD16a enriched stroma, immune rich stroma, and cold stroma (Figure 4G). We found that greater ratios of CD16a enriched stroma:cold epithelium were associated with improved PFS and OS, and greater CD16a enriched stroma:cold stroma was associated with longer PFS. However, a greater ratio of immune moderate stroma:cold epithelium was associated with worse OS (Figures 4H–J). These findings highlight that proximal associations of specific cell types (neighborhoods) – especially around CD16a+ cells – is predictive of outcomes for patients with HGSC, not simply immune cell infiltration alone.

A small subset of patients (n=53) were treated with chemotherapy prior to surgery. We excluded these patients from earlier analyses but used these patients to investigate whether chemotherapy treatment influences the proportion of cellular neighborhoods. We found that the area of epithelial neighborhoods (infiltrated and non-infiltrated) was lower in post-chemotherapy patients, and stromal neighborhoods were enriched (Figure 4K). We observed a decrease in the area of CD16a enriched epithelial neighborhoods in patients that received chemotherapy (Figure 4K). When evaluating if any neighborhoods associated with survival, we again found that CD16a enriched stromal cellular neighborhoods are associated with better OS (Figures 4L, M). In sum, and despite a smaller cohort, our findings suggest that chemotherapy could impact the distribution of cell neighborhoods in patients with HGSC.





CD8+ cells colocalize in CD16a enriched neighborhoods and together predict clinical outcomes

Previous studies have demonstrated a prognostic benefit of T cells, but our assessment of T cells alone, using anti-CD3, did not yield significant impact on OS or PFS. Reasoning that more specifically identifying T cell and macrophage subsets might better highlight prognostic differences, we expanded our panel to include anti-CD8 and anti-CD163. CD8+ T cells are generally cytotoxic and associated with beneficial outcomes; conversely, CD163+ macrophages are associated with immune regulation and poorer outcomes (14, 33). We stained cores from a subset of 24 patients of the original cohort and found that while most infiltrating immune cell types co-infiltrated HGSC tumors, stromal CD163+ and epithelial CD8+ cells were not as strongly correlated with other immune populations (Figure 5A). When looking at nearest neighbors within this panel, we again observed that CD16a+ cells co-localize with each other (Figure 5B).




Figure 5 | CD8+ cells colocalize in CD16a enriched neighborhoods and together predict clinical outcomes. (A) Co-infiltration of cell densities within HGSC cores as determined by Pearson’s correlation. The strength of each association is represented by color scale and size of dot. (B) Percent co-localization of cell subtypes as determined by nearest neighbor analysis. (C) Median neighborhood coverage among HGSC tumor cores. (D) Heatmap depicting the density of each individual cell phenotype in each of the spatially defined cellular neighborhoods. (E–H) Forrest plots representing univariate Cox proportional hazard ratios, 95% confidence interval for the high compared to low for (E) five-year overall survival (OS) or (F) five-year progression free survival (*p < 0.05). Forrest plots representing the hazard ratio, result from univariate Cox proportional hazard models, +/- 95% confidence interval for the high compared to low neighborhood coverage, split based on median, against survival outcomes (G) five-year OS or (H) PFS (*p < 0.05). (I) Kaplan-Meier survival plot comparing the PFS of high vs low N6 neighborhood coverage within HGSC tumor cores.



Next, we applied our spatial algorithm to define distinct cellular neighborhoods and generated eight unique clusters, which we termed N0 – N7 (Figure 5C). The output of this analysis resembled our earlier clustering; N0 and N3 mirrored the cold epithelium, and N2 mirrored the cold stroma (Figure 5D). We also observed immune (non-CD16a) enriched neighborhoods, in the stroma (N1) and epithelium (N7), as in our previous analyses (similar to immune-moderate and immune-rich, respectively). Finally, we found clusters that mirrored the CD16a enriched neighborhoods: N4 was highly enriched for epithelial CD16a+ and CD68+CD163+CD16a+ cells, while N5 was enriched for broad immune populations but localized to the stroma. N6 most closely mirrored our CD16a enriched epithelial neighborhood and notably, this neighborhood was also enriched for stromal and epithelial CD8+ cells.

Next, we evaluated how cell infiltration or proportion of neighborhoods within the cores correlated to an exploratory survival analysis. Although we examined only 24 cases in this subset analysis, we found that epithelial infiltration by CD163+CD16a+ cells or CD68+CD163+CD16a+ cells were favorably prognostic for overall survival, while cells expressing CD163+ or CD68+CD163+ were not (Figures 5E–G). In terms of neighborhood proportion,  N4 approached a survival benefit but was not statistically significant (Figures 5E–G). Only N6 (CD16a and CD8 enriched epithelium) predicted OS, (p=0.011, Figures 5G, I), but not PFS (Figure 5H). In sum, the presence of immune-enriched neighborhoods, especially those with CD16a+ cells, is prognostically beneficial.






Discussion

New and effective treatments for HGSC are urgently needed, but the ideal configuration and activities of immune cells to combat these tumors is not yet clear. We studied immunologic features of 939 patients with HGSC using a TMA; most were treatment-naïve. We used digital pathology to interrogate the distribution and spatial relationships of intratumoral immune cell populations, quantifying cells known to associate with outcomes in patients with HGSC: macrophages, T cells, and NK cells and testing their infiltration and localization for associations with clinical characteristics. Nearly all patients had some immune cell infiltration in their tumors, and the intrastromal presence of CD16a+ cells – which can potentially facilitate ADCC and ADCP (34) – is associated with improved survival. We find that immune cells spatially cluster into non-random cellular “neighborhoods”, which are found to occupy varying area in HGSC tumors. Patients with leukocytes organized into “CD16a+ enriched” neighborhoods (which contain CD16a+ cells, NK cells, T cells, and macrophages), had the longest OS and PFS of any group, suggesting that a co-ordinated immune response might facilitate the best tumor growth control. Our results provide insight into how spatial analysis of tumor samples may inform prognosis, and highlights a beneficial immune configuration for immunotherapies.

In recurrent HGSC, and primary colorectal carcinoma, CD16a+ infiltrating immune cells have been previously associated with OS and PFS by univariate analysis (25, 35), but whether these cells are relevant, and why, has not been studied in treatment-naïve patients with HGSC. We confirm and extend this finding here: CD16a+ cell infiltration predicts longer OS for patients with HGSC, even after controlling for other significant variables, including tumor stage where CD16a cell density is elevated in stage IV compared to stage III HGSC. A limitation of our work is that we cannot conclude the specific cellular identity of the single positive CD16a+ population, and that it likely represents more than one type of cell (Supplementary Figure 4). CD16a is the key antibody receptor leading to ADCC, involved in ADCP, and, when activated, its downstream signaling can promote cytokine release for further immune cell activation (34). CD16a is primarily expressed on subsets of NK cells, macrophages, and monocytes, and can be present and functional on other cellular populations including cancer-associated fibroblasts (36) and subsets of T cells (23, 24, 37). Indeed, we observed CD16a frequently being co-expressed on cells positive for CD68 and CD3 (Supplementary Figure 5). CD16a expression in macrophages, including tumor-associated macrophages, has been associated with an “M1”-like phenotype, which promotes inflammation via cytokine release and antigen presentation (38). Finally, any cell that has the capacity for trogocytosis could take up CD16a and maintain its expression on the cell surface with or without downstream functionality depending on the cell type (39, 40).

Immune mechanisms rarely act in isolation, and for CD16a, ADCC and ADCP require bound antibodies, which are produced by plasma cells activated with help from T cells (41). Indeed, future studies exploring ADCC and ADCP should consider their interaction with plasma cells or available anti-tumor antibodies. In this study, and others, infiltration of each of CD8+ T cells, macrophages, plasma cells, and CD57+ NK cells into HGSC were associated with improved survival for patients (17). Here, we find CD16a+ cells, macrophages, NK cells, and T cells often co-infiltrate and co-localize in the same cores. This likely reflects shared trafficking or signals for immune cell infiltration into tumors – a feature that might be exploited to design immunotherapies.

Since immune cells co-operate, cellular co-localization could be an indicator of immune activity in the tumor. With an unsupervised analysis, we identified six patterns of immune cell colocalization that were defined by the proximity and ratios of cell subsets. Interestingly, most patients had representation from each the neighborhoods in their tumors, but the relative area represented by these neighborhoods varied. With additional markers, we found that greater area represented by N6 neighborhoods which contain the highest proportions of CD8+, CD94+, and CD16a+CD94 in the tumor epithelium, was associated with longer OS and PFS. Noteworthy, larger representation of this population by area is associated with responsiveness to chemotherapy, suggesting that this configuration is more amenable to effective treatment.

We observed both CD8+ and CD163+ cells in CD16a+ cellular neighborhoods. While cytotoxic CD8+ T cells are well-established to correspond with beneficial outcomes, we were surprised to record a benefit of CD163+CD16a+ cells, since the CD163 marker is typically associated with M2 macrophages and poorer anti-cancer functions (14). Nevertheless, CD163+CD16a+ cells have been previously described in a group of HGSC patients, and to associate with superior outcomes with high densities of both CD3+ and CD163+ immune populations (42). Perhaps CD163+ cells represent a dysfunctional or exhausted macrophage population that lost CD16 expression, as has been reported in breast cancer (43) and other pathologies (44). Additional studies are warranted to fully characterize this population of cells and explore its responsiveness to therapy or ways to reinvigorate it for anti-cancer function.

We were able to assess the impact of platinum chemotherapy in a subset of 53 patients. Prior treatment with any chemotherapy resulted in a shift from high epithelial neighborhood proportions towards more stromal neighborhood proportions and a decrease in the CD16a+ enriched epithelium, confirming the value of CD16a enriched stromal neighborhoods persists even after chemotherapy. Although we observed statistical significance with this small subset of patients, we did not have repeat sampling on the same patients, so further investigation will be needed to define whether these alterations are directly prompted by chemotherapy.

Most of our patients were treatment-naïve at the time of sampling, and usually went on to receive standard chemotherapy. The associations that we observe – where immune neighborhoods are associated with improved survival – reflect patient’s outcomes after treatment. Our results therefore imply that there is an “ideal” immunologic configuration for patients with HGSC treated with existing and conventional therapy, but also endorse strategies to understand how existing and nascent immunotherapies shape the immune contexture of tumors, develop immunotherapies that drive formation of productive immune cell neighborhoods, or stratify treatment based on the immunologic contexture of a patient’s tumor. These may include opportunities to prevent CD16a cleavage with matrix metalloproteinase inhibitors, or cellular therapies with non-cleavable CD16a+ molecules (45–47). Immunologic modifiers, such as immune checkpoint inhibitors that rescue leukocytes from inhibition and anergy, or bi- and tri-specific engagers that force interactions between key immune populations could change the immune contexture to make patients’ tumors more amenable for immune recognition (48–50).

Here, we identified that CD16a-expressing immune cells and their spatial localization within HGSC tumors is associated with distribution and localization of other immune cells, and together, these neighborhoods of cells can be prognostic markers for patient outcomes in HGSC and may help stratify responders from non-responders to therapeutic agents. Colocalization of CD16a+ and CD8+ cells suggests a potential synergistic effect that promotes anti-tumor immunity. It is likely that there are additional features of each of these, and other immune cell populations that are informative, and will help to refine the definition of an “ideal” immune configuration.
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Univariate analysis Progression-free survival Overall survival

Clinical Variables HR 95% Cl P Adj. p 95% ClI P

Age (older vs. younger patients) 1.00 0997, 1.01] 0.234 0234 102 1.01, 1.03] <0.0001 | <0.0001
Stage (high stage vs. low stage) 193 168, 2.22] <0.0001 | <0.0001 176 148, 2.11] <0.0001 | <0.0001
Debulking status (not debulked vs. successfully debulked) 218 1.80, 2.64] <0.0001 | <0.0001 248 1.95, 3.15] <0.0001 | <0.0001

Immune Infiltration (categorical variable, +/- median)
Stroma CD68CD16A 0.869 0.739, 1.02 0.0913 0.0913 0799 0653, 0.978 0.0295 00295
Epithelium CD68CD16A 0.869 0.738, 1.02 0.0902 0.0902 0782 0.639, 0.958 0.0177 00177
Neighborhood proportion (categorical variable, +/- mean)
CDI16A enriched epithelium 0.835 0710,0.982] 00297 0.0297 0781 0639, 0.955 0.0160 0.0160
CDI16A enriched stroma 0.850 0.723, 100, 0.0499 0.0499 0.850 0.695, 1.04] 0.111 0.111

Immune Infiltration (categorical variable, Q1/Q4)

Stroma CD16A 0.777 0.618, 0.977] 0.0307 0.0307 0.688 0.515, 0.920 0.0115 0.0115
Stroma CD68CD16A 0.828 0.657, 1.05 0.113 0.113 0.715 0.539, 0.948 0.0199 0.0199
Stroma PanCK 110 0.813, 1.28] 0.399 0.399 134 1.01, 1.78] 0.0407 0.0407
Epithelium CD16A 0.802 0.636, 1.01 0.0645 0.0645 0.753 0.563, 1.01] 0.0556 0.0556

Neighborhood proportion (categorical variable, +/- mean) (n=24)

N6 0.588 0.238, 1.45 0.250 0.250 0.242 0.0748, 0.785] 0.0181 0.0181

Statistically significant Cox proportional hazards analysis are shown for progression-free survival (PFS) and overall survival (OS) for 886 treatment-naive patients based on clinical characteristics,
infiltrating immune cells and area covered by immune cell neighborhoods.





