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Abstract

Recent studies suggest that B cells could play an important role in the tumor microenvironment. 

However, the role of humoral responses in endometrial cancer remains insufficiently investigated. 

Using a cohort of 107 patients with different histological subtypes of endometrial carcinoma, 

we evaluated the role of coordinated humoral and cellular adaptive immune responses in 

endometrial cancer. Concomitant accumulation of T, B, and plasma cells at tumor beds predicted 

better survival. However, only B cell markers corresponded with prolonged survival specifically 

in high-grade endometrioid type and serous tumors. Immune protection was associated with 

class-switched IgA and, to a lesser extent, IgG. Expression of polymeric immunoglobulin 

receptor (pIgR) by tumor cells and its occupancy by IgA were superior predictors of outcome 

and correlated with defects in methyl directed DNA mismatch repair. Mechanistically, pIgR-

dependent, antigen-independent IgA occupancy drove activation of inflammatory pathways 

associated with IFN and TNF signaling in tumor cells, along with apoptotic and ER stress 
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pathways, while thwarting DNA repair mechanisms. Together, these findings suggest that 

coordinated humoral and cellular immune responses, characterized by IgA:pIgR interactions in 

tumor cells, determine the progression of human endometrial cancer as well as the potential for 

effective immunotherapies.

INTRODUCTION

Spontaneous immune responses in epithelial cancers are associated with improved patients’ 

outcome (1–4). Although most studies focus on uncovering the predictive value of T cells, 

recent studies support the importance of B cell infiltrations in the tumor microenvironment, 

suggesting that T cell responses do not work in isolation (4–7).

The role of B cells in the tumor microenvironment has been associated with both the 

production of antibodies against tumor antigens (5,8), and their capacity to present 

antigens (9). Antibodies can bind to the antigens or receptors on cancer cells and 

promote antibody-dependent cell-mediated cytotoxicity/phagocytosis (5,10,11). At least, 

some epithelial cancer cells express the receptor for polymeric IgM or IgA antibodies, 

polymeric immunoglobulin receptor (pIgR) (5,12–16). pIgR expression has been correlated 

with opposite disease prognosis in multiple cancers, including hepatocellular cancer and 

ovarian cancer (5,13,16). We recently showed that the binding and subsequent transcytosis 

of IgA antibodies through ovarian cancer cells promote MHC independent T cell-mediated 

killing of cancer cells, probably by the upregulation of interferon receptors (5). However, the 

immune landscape of endometrial cancer, which is one of the major cancer types in women 

across the world (17,18), remains incompletely understood.

In an effort to identify likely responders to different clinical interventions, endometrial 

carcinomas have been recently re-classified based on genomic features (19). Some of these 

clasifications include mutation-induced DNA repair gene dysfunction, which are typically 

associated with increased cancer risk. For instance, an individual with a germline mutation 

in one or more of the methyl directed DNA mismatch repair (MMR) genes such as MLH1, 

MSH2, MSH6 or PMS2 is more susceptible to colorectal cancer, endometrial cancer (20,21) 

and possibly, breast cancer (22), prostate cancer (23), pancreatic cancer (22), and cancers 

at many other locations (21). Accordingly, the immunogenicity of endometrial cancer was 

recently evaluated in terms of MMR defects in endometrial cancer patients (24).

In this study, we evaluated the elusive role of coordinated humoral and cellular adaptive 

immune responses in endometrial cancer, including the extent of class-switched IgA and 

IgG antibodies production across multiple histological subtypes. Our results indicate that 

coordinated B cell and T cell responses predict superior survival of endometrial cancer 

patients. Humoral responses are dominated by IgA in most patients, and its occupancy of 

pIgR in tumor cells is a major predictor of improved patient survival.
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MATERIALS AND METHODS

Human endometrial cancer tissue microarrays

We have analyzed two Tissue Microarrays (TMA) procured from Moffitt Cancer Center 

Tissue Core Facility, each of which include endometrial cancer tissues (n = 107, total; clear 

cell- n = 18 endometrioid type high grade (grade 3)- n = 28; endometrioid type low grade- 

n = 30; serous- n = 31) and some control tissues. The study protocol was approved by 

the institutional review board at the Moffitt Cancer Center. Individual tissue blocks were 

reviewed to confirm histology and grade and make TMAs. Lymph node contamination was 

ruled out. TMAs were arrayed using 1 mm sized needle and by taking two duplicate core 

biopsies from endometrial cancer tissue blocks or control tissues, and re-embedding the 

cores into a single block.

Multiplex Immunofluorescence and Immunohistochemistry Staining Procedure

FFPE TMAs were immunostained using the PerkinElmer OPAL TM 7-Color Automation 

IHC kit (Waltham, MA) on the BOND RX autostainer (Leica Biosystems, Vista, CA) and 

the following anti-human antibodies: CD3 (Dako, A0452), CD4 (Cell Marque, EP204, 

104R-25), CD8 (Dako, C8/144B, M7103,), CD19 (Dako, LE-CD19, M7296), CD138 

(Dako, MI15, M7228), pIgR (Abcam, ab96196), IgA (Abcam, EPR5367–76, ab124716), 

IgG (Abcam, EPR4421, ab109489) and pan Cytokeratin (PCK, Dako, AE1/AE3, M3515). 

Nuclei were stained with DAPI. Precisely, tissues were baked at 65°C for 2 hours then 

transferred to the BOND RX (Leica Biosystems) followed by automated deparaffinization, 

antigen retrieval using OPAL IHC procedure (PerkinElmer). Autofluorescence slides 

(negative control) were included, which use primary and secondary antibodies omitting the 

OPAL fluors. Slides were scanned and imaged with the PerkinElmer Vectra®3 Automated 

Quantitative Pathology Imaging System. Multi-layer TIFF images were exported from 

InForm (PerkinElmer) and loaded into HALO (Indica Labs, New Mexico) for quantitative 

image analysis. Each fluorescent fluorophore is assigned to a dye color and positivity 

thresholds were determined per marker based on published nuclear or cytoplasmic staining 

patterns. Quantitation in tumor islets and stroma were distinguished by PCK staining. 

Datasets were exported with cytoplasmic, nuclear and total cell counts for each fluorescent 

marker from the sample set.

DNA repair molecules were independently stained using a Ventana Discovery XT automated 

system (Ventana Medical Systems, Tucson, AZ) as per manufacturer’s protocol with 

proprietary reagents for MLH1 (M1, #790–5091, Ventana), MSH2 (G219–1129, #790–5093, 

Ventana), MSH6 (BC/44, CM265A, Biocare) and PMS2 (EPR3947, ab110638, Abcam) 

antibodies. The expression of these markers was evaluated by using 1% cut-off level. If 

any one of duplicate cores had 1% nuclear staining, the MMR protein was considered as 

“preserved”.

Optimization of multiplex immunofluorescence and immunohistochemistry staining 

experiments with appropriate positive and negative control tissues, including isotype control 

antibodies, are summarized in Supplementary Fig.S1. Sections of human tonsil tissues were 

used as a positive control for CD3, CD4, CD8, CD19, CD138, IgA, IgG and PCK, and 
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as a negative control for pIgR. Sections of healthy kidney tissues were used as a positive 

control for pIgR. Sections of Glioblastoma tissues were used as a negative control for CD3, 

CD4, CD8, CD19, CD138, IgA, IgG and PCK. Respective isotype control antibodies to rule 

out false-positive staining. Sections of human colon adenocarcinoma tissues were used as 

positive control for MLH1, MSH2, MSH6, PMS2.

Image processing and spatial analysis

Image registration-—Each sample core had two slices taken in close proximity, each of 

which was stained using a different panel of markers. The DAPI channel was extracted from 

each slice’s image and used to align the two slices as follows: 1) Each image’s features 

were detected using BRISK, and then described with the VGG feature descriptor (25); 2) 

features were matched using brute force, and the matched features subsequently used to 

find the similarity matrix, M, that can warp the matched features to align with one another; 

3) M was used to apply a rigid transformation to the image; 4) The rigid alignments were 

improved using a non-rigid transformation, using the deformation fields (dx, dy) found using 

Deep Optical Flow (26). The positions of each cell could then be warped using these same 

transformations. All image registration was conducted in Python 3.7.

Spatial association networks-—Using the image registration parameters (M, dx, dy) 

that aligned to the two images, the position of each cell was warped such that they also 

aligned. Spatial association networks were then found for the subset of samples that had 

an alignment error less than 25μm. First, each TMA core was divided into 100μm x 

100μm quadrats, and the of number of each cell type was counted within each quadrat. 

The ecoCopula package for R was then used to find the spatial association network for 

each core (27). An average association network for each histological type was then created 

from the individual networks. The averaged spatial associations were then clustered using 

the Leiden community detection algorithm (one graph of average positive associations 

and second graph of average negative associations) (28). Spatial communities contain cell 

types (i.e. “nodes”) that have strong spatial associations with one another (i.e. are “densely 

connected”), and weaker and/or negative spatial associations with other communities (i.e. 

are “loosely connected”). Grouping cell types into communities based on their spatial 

associations help to better understand the overall spatial structure of the tumor, as cells in 

one community tend to be found co-localized with one another, and potentially isolated from 

other communities. Combined with understanding of how cell types interact mechanistically 

(e.g. cytotoxic T-cells preying upon tumor cells), we can treat each community as a 

functional group. This, in turn, paints a bigger picture of the spatial interactions within 

the tumor, facilitating a better understanding of how and why cells are interacting with one 

another.

Summary of spatial patterns-—As image registration was not cell-cell perfect, 

summaries of spatial relationships based on cell positions (as opposed to quadrat counts) 

used the original un-warped cell positions. As such, each panel of markers was analyzed 

independently. Significance of departures from complete spatial randomness (CSR) was 

determined using the Diggle-Cressie-Loosmore-Ford (DCLF) test on the cross-type L-

function for homogeneous point patterns (i.e. Besag’s transformation of Ripley’s K 
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function) (29). Clustering was considered significant when p ≤ 0.05 for the alternative 

hypothesis of “greater”, i.e., there were more cells within a radius r than expected under 

CSR. If the two-sided alternative hypothesis could not be rejected, the spatial pattern for 

sample was defined as CSR. Fisher’s exact test for count data was used to determine if 

the number of samples with clustering was significantly different between each pairwise 

combination of histological types.

In addition to determining if there was significant clustering between pairs of phenotypes, 

we used simulation envelopes of the cross-type L-function to determine at which distances 

clustering is observed. In each core, the envelopes for each phenotype pair were determined 

using 100 simulated realizations of CSR, as described in (30). Distances at which significant 

clustering occurred were those where the observed cross-type L-function was greater than 

the upper envelope. Points where the observed cross-type L-function fell between the lower 

and upper envelopes were considered to be associated with complete spatial randomness 

(CSR).

t-distributed Stochastic Neighbor Embedding (t-SNE)-—We extracted cell 

segments per core to build a count matrix with cells as rows and known phenotypes 

as columns. The known phenotypes are defined as follows: Cytotoxic T cell: DAPI+/

CD3+/CD8+/CD4-/CD19-/CD138-, Helper T cell: DAPI+/CD3+/CD4+/CD8-/CD19-/CD138-, 

Non-Plasma B cell: DAPI+/CD19+/CD138-/CD3-/CD4-/CD8-, Plasma cell: DAPI+/CD19+/

CD138+/CD3-/CD4-/CD8-, IgG: DAPI+/IgG+/IgA-/pIgR-/CD19-/CD138-, IgA: DAPI+/IgA+/

IgG-/pIgR-/CD19-/CD138-, pIgR: DAPI+/pIgR+/IgA-/IgG-/CD19-/CD138-.

A Euclidean distance matrix of dimension cells x cells is generated from this count matrix to 

compute the neighboring cells for each cell. We then build a spatial neighborhood for each 

cell where the phenotype expression of each cell is the average of six of its spatially-nearest 

neighbors in Euclidean space. This approach is inspired by the cellular neighborhoods in 

(31).

Cells along with their spatial neighbors from all the cores are merged and clustered using 

a Gaussian mixture model (32) to extract heterogeneous cell types that are also spatially 

distinct. The differentially-expressed phenotypes used to annotate each cell type are those 

phenotypes with the highest z-score values for the log-normalized expression per cell type. 

The cells are further embedded in reduced 2D space using tSNE (33).

Cell line, culture and transduction

HEK-293T, and human endometrial cancer cell lines, KLE and HEC-1-A were procured 

from ATCC (Manassas, VA). HEK-293T, KLE, and HEC-1-A cells were routinely 

cultured in RPMI-1640 (Sigma), DMEM/F12 (Gibco), and McCoy’s 5A (Thermo) media, 

respectively, supplemented with 10% FBS, penicillin (100 I.U./ml), streptomycin (100 

μg/ml), L-glutamine (2 mM), and sodium pyruvate (0.5 mM) (ThermoScientific). Cell 

lines were routinely tested for negative mycoplasma contamination. Human PIGR-coding 

sequence was cloned into pLVX-IRES-ZsGreen1 lentiviral vector (Genscript), and virus 

were produced by co-transfecting with viral packaging plasmids into HEK-293T cells using 
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Lipofectamine-3000 (Invitrogen). KLE cells were transduced with 0.45μ filtered virus, and 

checked under microscope for ZsGreen-expression.

Western Blotting

Cells were lysed in RIPA buffer (ThermoScientific) with protease-phosphatase inhibitor 

cocktail (SigmaAldrich) and cleared by centrifugation. Proteins were quantified by BCA 

assay (ThermoScientific). Membranes were blotted with anti-pIgR (Abcam, ab96196), 

CHOP (CST, L63F7, 2895) and anti-β-actin (CST, 13E5, 5125) antibodies.

Fluorescence-activated cell sorting (FACS)

Sorting of PIGRtransduced KLE cells were performed by staining with DAPI 

(ThermoScientific) viability dye, blocking with anti-CD16/32 (BioLegend), and staining for 

30 min at 4°C with anti-human pIgR (ThermoScientific, PA5–35340) antibodies, followed 

by incubation with Alexa Fluor-647-conjugated secondary antibodies (CST). Samples were 

subsequently FACS sorted using BD FACS ARIA. Data were analyzed using FlowJo.

RNA sequencing

KLE (wild type or PIGRtransduced overexpressed) and HEC-1-A cell lines in 2% FBS 

containing DMEM/F12 or McCoy’s 5A media, respectively, were treated with or without 

0.5 μg/ml of natural human IgA or IgG for 72 hours. Total RNA were isolated from cultured 

cells using RNA isolation kit (Qiagen) and analyzed for RINe. Next gen RNA sequencing 

was performed by the Moffitt Cancer Center Molecular Genomics Facility. Paired-end 

RNA-seq reads were aligned to the GRCh37 human reference genome using STAR 

(34) (version 2.5.3a) following adaptor trimming by cutadapt (https://doi.org/10.14806/

ej.17.1.200) (version 1.8.1). Uniquely mapped reads were counted by featureCounts 

(35) (version 1.5.3) using Gencode V30 transcript annotations for human. Differential 

expression analysis was performed using DESeq2 (36). Heat-maps were made using z-score 

transformed log 2 (1 + normalized count).

For every differential expression analysis comparing antibody treated groups vs. untreated 

group, genes were ranked based on –log10(p-value)*(sign of log2(fold-change)). The pre-

ranked gene list was used to perform pre-ranked gene set enrichment analysis (GSEA 

version 4.0.2) (37) to assess enrichment of hallmarks, curated gene sets, and gene ontology 

(38) terms in MSigDB (37). The resulting normalized enrichment score (NES) and FDR 

controlled p-values were used to assess the IgA-induced transcriptome changes. Pathways 

have been seclected based on the magnitude of changes among the most significantly altered 

ones and commonalities of the effects of IgA on both the cell lines, and presented.

Quantitative reverse-transcriptase real-time PCR

RNA was reverse transcribed to cDNAs using SuperScript-IV (Invitrogen) and oligo-dT 

(Invitrogen). Quantification of human PIGR, CLIP3, LAMP3, CCL20, CCL5, TICAM1, 

DDIT3, MMP1, CEBPG, VEGFA, ARHGEF2, GADD45A, and FEN1 mRNA, was 

performed using SYBR Green mastermix reagent (Applied Biosystems). Expression was 

normalized by α-tubulin levels. Fold changes relative to average cycle threshold (CT) values 

in control samples were calculated by the equation 2−ΔΔC
T.
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Analysis of TCGA data

RNA-seq HTSeq raw count generated from Gencode v22 for The Cancer Genome Atlas 

Uterine Corpus Endometrial Carcinoma (UCEC) was downloaded from Genomic Data 

Commons Data Portal (https://portal.gdc.cancer.gov/). Variance stabilization transformation 

(vsd) implemented in DESeq2 (36) was performed on the raw gene count to create a 

log2-scaled variance-stabilized gene expression matrix for downstream analyses. Clinical 

data was obtained from cBio Cancer Genomics Portal (http://www.cbioportal.org/). A total 

of 528 patients with matched clinical information and tumor RNA-seq data were used in 

this study. Another detaset of 547 patients with information for mutations or deletions of 

four MMR genes MLH1, MSH2, MSH6 and PMS2 and overall survival information was 

downloaded from cBioPortal and used. Pre-calculated RNA-seq based enrichment for 64 

immune and stromal cell types was downloaded for TCGA 33 cancer types from xcell 

(39). Enrichment scores of T cells, B cells, and Plasma cells across TCGA pan-cancer were 

visualized by boxplots.

Statistical analyses

Unpaired two-tailed non-parametric Mann-Whitney test were performed between two 

groups, unless indicated otherwise. In addition to Kaplan-Meier plots, Cox regression model 

has been used for adusting for covaraites, wherever feasible. We limited survival analysis to 

univariate Mantel-Cox test in occassions where data from a single histology type are used, 

or between groups with low sample volumes. Analyses were carried out in Graph Pad Prism 

(v.9.0) or R (v.3.6.1) software. A significance threshold 0.05 for P values was used.

DATA AVAILABILITY STATEMENT:

The data generated in this study are available within the article and its supplementary 

data files. RNA sequencing datasets generated in this study have been deposited in Gene 

Expression Omnibus (NCBI) under accession number GSE180455.

RESULTS

Humoral response in endometrial cancer is dominated by class-switched IgA antibodies

We recently showed that in serous ovarian cancer, IgA antibodies and, in a lesser extent, 

IgG responses, govern the magnitude of anti-tumor immunity (5). To understand the role 

of humoral immunity in endometrial cancer, we stained 107 endometrial cancer specimens 

from four histological subtypes for expression of IgA and IgG antibodies (Supplementary 

Fig.S2). Clinicopathological information of tissue specimens are summarized in Table 

1. We found similar densities of PCK+ tumor cells across different histological types 

(Supplementary Fig.S3A), which were quasi-universally coated by both IgA and IgG (Fig. 

1A&B). High-grade endometrioid type tumors showed significantly higher density of IgA 

and IgG antibodies at PCK+ tumor islets, compared to other histology types, while clear 

cell endometrial cancers showed the lowest intra-epithelial IgA and IgG accumulation 

(Fig. 1B). Notably, virtually all endometrial tumors of any histology expressed pIgR 

(Supplementary Fig.S2), the IgA/IgM receptor associated with other epithelial cancers 

(5,40–42). Accordingly, the density of coating of tumor cells by IgA is higher than 
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IgG-coating in 63% of tumors (Fig. 1A). t-SNE analysis of spatial interactions between 

different immune markers showed large clusters of PCK+ tumors cells expressing pIgR, 

and multiple clusters of IgA and IgG with pIgR-expressing cancer cells (Fig. 1C). 

The tSNE depicts 90 thousand PCK+ tumors cells of which the proportion of cells 

expressing pIgR is 23.6%, pIgR with IgA is 11.7%, pIgR with IgA and IgG is 22.4%, 

and pIgR with IgG is 33%. These clusters are consistent across all four histology types 

of endometrial cancer (Supplementary Fig.S3B). Endometrioid type tumors (both high- 

and low-grade) exhibited higher pIgR expression, compared to serous cancer, while clear 

cell endometrial tumors showed the lowest pIgR abundance (Fig. 1D). Interestingly, we 

found that higher pIgR+ cancer cell density predicts improved, albeit not significant, 

patient survival (Fig.1E, Supplementary Fig.S3C), with corresponding results for PIGR 
mRNA expression in endometrial cancer TCGA dataset (n = 528) (Fig.1F, Supplementary 

Fig.S3C). Most importantly, IgA occupancy of pIgR at tumor cells, rather than mere IgA 

density, strongly predicts patients’ survival (Fig.1G, Supplementary Fig.S3C). As expected, 

endometrioid type tumors showed the highest percentages of pIgR occupancy by IgA 

(Fig.1H). Together, these results indicate that, similar to ovarian cancer, IgA production 

at tumor beds determines endometrial cancer progression through interactions with pIgR, 

quasi-universally expressed in tumor cells.

Human IgA, but not IgG, alters multiple signaling pathways in pIgR+ endometrial cancer 
cells in an antigen-independent manner

To understand the effect of IgA binding to pIgR on endometrial cancer cells, we used pIgR+ 

HEC-1-A endometrial cancer cells, along with pIgR-negative KLE endometrial cancer cells, 

which we lentivirally transduced with pIgR or mock-transduced (Supplementary Fig.S3D–

G). Treatment with irrelevant IgA, but not IgG, induced genome-wide transcriptional 

changes in both systems in a pIgR-dependent manner (Fig.2A&B, Supplementary 

Fig.S3H&I). GSEA pathway analyses and subsequent Q-PCR analyses revealed IgA-

driven activation of multiple inflammatory pathways, including tumor necrosis factor 

(TNF)-signaling and interferon production, among other cytokines. Furthermore, pIgR:IgA 

interactions induced the transcription of multiple genes associated with endoplasmic 

reticulum (ER)-stress and the unfolded protein response (UPR), which converge in 

CHOP/DDIT3-mediated apoptosis (Fig.2C&D, Supplementary Fig.S3J&4). In addition, IgA 

signaling dampened DNA repair pathways in pIgRtransduced KLE and pIgR+ HEC-1-A 

cells (Fig.2C, Supplementary Fig.S3J&4), which positively correlate with the progression 

of multiple cancer types, and can be targeted with existing and emerging drugs (43–

46). Therefore, the favorable prognostic value of pIgR:IgA interactions at tumor beds is 

determined by the activation of pro-apoptotic and inflammatory pathways in tumor cells, 

independently of antigen recognition.

Delayed malignant progression is associated with concomitant B- and T- cell infiltration at 
tumor beds and high density of class-switched antibodies

Recent studies have underscored the importance of B cell activity synchronized with T 

cell activity at the tumor beds for a sustained, robust anti-tumor humoral response in 

multiple cancer types (4,5,47,48). To understand the importance of coordinated T cell and 

B cell responses in the production of IgA and IgG antibodies, and subsequent immune 
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protection, we also stained our cohort of endometrial cancer patients, along with some 

healthy endometrium samples, with markers of B and T lymphocytes, and plasma cells 

(Supplementary Fig.S5). We observed significant infiltration by lymphocytes of both 

lineages, with distinct t-SNE clusters of cytotoxic T cells, helper T cells, B cells and plasma 

cells in all histological types of endometrial cancer, consistent with TCGA enrichment 

scores (Fig.3A, Supplementary Fig.S6). For the 84 thousand cells depicted on the tSNE, 

the proportion of cytotoxic T cells is 30.2%, helper T cells is 40.5%, plasma cells is 

5%, and B cells is 10%. The highest density of T cell and B cell infiltration was found 

again in high-grade endometrioid type tumors (Fig.3B). Supporting coordinated cellular and 

humoral adaptive immune responses, B cell infiltration significantly correlated with T cell 

accumulation (Fig.3C, Supplementary Fig.S7A&B). Accordingly, the densities of IgA and 

IgG were maximum in tumors where denser concomitant T cell and B cell infiltrates are 

identified (Fig.3D).

Spatial point pattern analyses revealed important differences in the spatial relationship 

of cytotoxic and helper T cells with non-plasma B cells. We observe that the serous 

histology type and endometrioid type low grades exhibited the earliest switch in spatial 

pattern, transitioning from complete spatial randomness to spatial clustering, starting around 

100μm (Fig.4A). However, the distribution of the distances at which spatial clustering was 

observed between non-plasma and plasma B cells with helper T cells was significantly 

different between serous type and endometrioid type low grade (Fig.4B). The distribution 

of clustering distances between non-plasma B-cells and helper T cells also similar between 

serous and clear cell endometrial tumors, but each of the two types was significantly 

different compared to low and high grade endometrial cancer (Fig.4B). In contrast, the 

distribution of clustering distances between non-plasma and plasma B cells with cytotoxic 

T cells did not differ significantly between serous type and endometrioid type low grade 

samples (Fig.4B). Interestingly, the only B cell – T cell clustering distribution that differed 

significanctly between serous and clear cell endometrial tumors was that between non-

plasma B-cells and cytotoxic T cells (Fig.4B).

Analysis of the spatial association networks within each histology type in PCK+ 

tumor epithelium or in total tumor tissues showed that each histology type has 

distinct spatial communities, detected by clustering the strength of spatial associations 

(Fig.4C, Supplementary Fig.S7C). Notably, the tumor epithelium exhibits different 

spatial communities compared to respective total tumor areas (Fig.4C, Supplementary 

Fig.S7C). Consistent with the clustering between B cells and T cells, spatial pattern and 

distribution analyses between IgA and pIgR at varying distances discovered maximum 

clustering as a function of the distances in the serous type (Fig.4D&E, Supplementary 

Fig.S7D&E). Consequently, endometrial tumors with increased accumulation of B cells 

and CD19+CD138+ plasma cells and, to a lesser extent, T cells, exhibited improved 

overall survival (Fig.5A–C, Supplementary Fig.S7F–I). Corresponding associations between 

increased abundance of pan-B cell marker CD19 (a cell surface protein restricted 

to B cell lymphocytes, and continuously and stably expressed on all stages of B 

lineage differentiation), and pan-T cell marker CD3, and delayed malignant progression 

were also identified in 528 patients in endometrial cancer TCGA datasets (Fig.5D&E, 

Supplementary Fig.S7J). Notably, in high-grade endometrioid type and serous tumors, 
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superior outcome was associated with infiltration of CD19+ B cells, but not CD3+ 

T lymphocytes (Supplementary Fig.S8A–D), suggesting a predominant role of antibody-

mediated protection in these patients. In contrast, the predictive value of T cells is stronger 

in clear cell endometrial cancer, compared to B cell accumulation. Together, these data 

indicate that the production of IgA or IgG is consistently associated with concurrent 

infiltration of T and B lymphocytes in endometrial cancer, which predicts delayed malignant 

progression. This is suggestive of coordinated activation of both arms of the adaptive 

immune system, with a predominant role of humoral vs. cellular responses depending on 

histological subtypes.

Alterations in methyl directed DNA mismatch repair (MMR) pathway genes are associated 
with higher pIgR-occupancy by IgA in endometrial cancer

Endometrial carcinomas have been recently re-classified based on genomic features (19). To 

gain additional insight about how defects in MMR proteins influence the immunogenicity 

of endometrial cancer, we stained our cohort for MLH1, MSH2, MSH6 and PMS2 proteins. 

Low-grade endometrioid type tumors showed the highest percentage of loss of one or 

more MMR protein expression (23.33%; n = 37), followed by high-grade endometrioid 

type carcinomas (21.43%; n = 34). In contrast, serous and clear cell endometrial cancers 

showed infrequent loss of MMR protein expression (9.68%; n = 34 and 11.11%; n = 20, 

respectively) (Fig.6A). We did not find a significant association between B cell, plasma 

cell, or T cell infiltration and loss of one or more MMR proteins (Fig.6B–E). However, 

deregulated MMR protein expression is significantly associated with higher percentages 

of IgA bound to pIgR (Fig.7A). This is associated with a significant increase in pIgR 

expression, but not IgA or IgG densities (Fig.7B–D), suggesting an intrinsic property 

of MMR-deregulated endometrial cancer cells to upregulate pIgR and favor IgA-pIgR 

interaction. Similar to available TCGA data, combined or individual loss of one or 

more MMR protein expressions do not predict overall survival (Fig.7E–I, Supplementary 

Fig.S8E–I).

DISCUSSION

Here we show that coordinated B cell and T cell responses can predict the outcome of 

patients with endometrial cancer of multiple combined histological subtypes, but only B and 

plasma cell infiltration predicts survival in patients specifically with serous and high-grade 

endometrioid type tumors. Humoral responses are dominated by IgA in terms of staining, 

followed by IgG. Accordingly, pIgR occupancy by IgA in tumor cells is consistently 

associated with better outcome and elicitiation of pro-apoptotic pathways.

In an effort to inform adjuvant treatment, endometrial carcinomas have been recently 

re-classified based on molecular features into four categories: POLE ultramutated, 

microsatellite instability hypermutated, copy-number low, and copy-number high (19). 

Previous studies reported that immune responses correlate with endometrial cancer 

molecular subtype but does not carry independent prognostic significance (49). Although 

these studies did not include the analyses of antibody isotypes and used an alternative 

molecular classification, we also found a significant correlation between MMR protein 
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deregulation and higher percentages of IgA bound to pIgR, along with overall increase 

in pIgR density. Moreover, we found that B and plasma cell infiltration has predictive 

value in specifically serous and high-grade endometrioid type tumors. In contrast, the 

outcome of patients with clear cell carcinomas, which were restricted to 5 samples in 

the aforementioned study (49), depends on tumor-infiltrating T cells, rather than humoral 

responses. Our study, therefore, suggests that different histological subtypes of endometrial 

cancer orchestrate different immune responses that spontaneously determine the patients’ 

outcome, but it is also consistent with their dependence on the molecular make-up of each 

tumor.

A major finding of our study is that, as we reported for other gynecologic malignancies 

(5), pIgR is quasi-universally expressed in endometrial cancer cells. The highest expression 

levels correspond to endometrioid type tumors. An exception is the KLE cell line, which 

allowed us to investigate the effect of pIgR-mediated IgA signaling by restoring pIgR 

expression. Independently of antigen recognition, irrelevant IgA, but not IgG, elicited an 

array of inflammatory, ER stress and pro-apoptotic transcriptional pathways in tumor cells. 

This is consistent with the significant anti-tumor effects of control IgA in pIgR+ ovarian 

tumors in vivo (5), and provides a rationale for testing dimeric IgA as an alternative reagent 

for immunotherapeutic antibodies in cancer patients. High-grade endometrioid type tumors 

also showed higher density of both IgA and IgG antibodies coating tumor cells. However, 

the density of IgA is higher than that of IgG-coating in the majority of tumors. IgA, 

therefore, dominates the antibody response in endometrial cancer, although IgG responses 

are also very strong in endometrioid type and serous tumors.

B cells infiltrating most established tumors have been traditionally associated with 

immunosuppressive activity, through the production of IL-10, IL-35 and/or TGF-β (50). 

However, a flurry of recent studies in human cancer consistently associates B cell responses 

with better outcome and concomitant T cell infiltration (5,50). Beyond the elusive role 

of tertiary lymphoid structures (51), our study suggests that humoral responses, and in 

particular IgA responses, are as important in many gynecologic tumors as effector T cells. 

Modulating humoral responses that synergize with existing T cell-centric immunotherapies 

could pave the way for novel interventions to control aggressive endometrial cancers, which 

could be applicable to other gynecologic malignancies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

This study provides new insights into the crucial role of humoral immunity in human 

endometrial cancer, providing a rationale for designing novel immunotherapies against 

this prevalent malignancy.
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Figure 1. IgA and IgG coat pIgR+ endometrial cancer cells.
(A) Graph showing Log2 IgA/IgG densities per tumor (%), showing 63% of all endometrial 

tumors have more IgA densities compared to IgG. (B) Densities of IgA and IgG (cells/mm2 

PCK+ tumor) in pan-cytokeratin positive (PCK+) cancer epithelial cells based on histology 

types, calculated using the number of IgA+ or IgG+ cells among only the PCK+ cells 

and further normalized with unit area (mm2) and averaged from duplicated cores. *, P ≤ 

0.05; **, P ≤ 0.01. Unpaired two-tailed Mann Whitney test. (C) Left, t-SNE combining all 

four histology types embedding of 90 thousand PCK+ tumor epithelial cells highlighting 
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diverse antibody clusters. Each dot is a cell and colors correspond to cell types inferred by 

spatial neighborhood-based clustering. Unique spatial neighborhoods are characterized by 

spatially-distinct clusters. The proportion of PCK+ tumor cells expressing pIgR is 23.6%, 

pIgR with IgA is 11.7%, pIgR with IgA and IgG is 22.4%, and pIgR with IgG is 33%. 

Certain clusters with the same name are differently colored because they are spatially 

distinct clusters. Each cell represents not only itself but also its immediate neighborhood 

and this is used for identifying spatial clusters or ‘cellular neighborhoods’. A sample can 

be viewed as a collection of such cellular neighborhoods where the same functional cluster 

can exist in multiple spatial locations. Right, phenotype expression distribution in t-SNE 

embedded reduced space for 90 thousand PCK+ tumor cells. Relative phenotype expression 

is visualized by the color bar (from yellow to red) with highest expression in red. (D) 

Densities of pIgR expression (cells/mm2 PCK+ tumor) in PCK+ cancer epithelial cells based 

on histology types, calculated using the number of pIgR+ cells among only the PCK+ cells 

and further normalized with unit area (mm2) and averaged from duplicated cores. *, P 
≤ 0.05; ***, P ≤ 0.001. Unpaired two-tailed Mann Whitney test. (E) Survival outcome 

associated with the density of pIgR+ cells (averaged from duplicated cores, normalized by 

unit PCK+ tumor area) in tumor islets (threshold, median; P = 0.1202). Two-sided log-rank 

(Mantel–Cox) test. (F) Survival outcome associated with the expression of PIGR mRNA 

in 528 annotated endometrial cancers in TCGA UCEC datasets (threshold, median; P = 

0.0077). **, P ≤ 0.01, two-sided log-rank (Mantel–Cox) test. (G) Increased percentages of 

total IgA bound with pIgR per PCK+ tumor islet area (averaged from duplicated cores) are 

associated with improved outcome (threshold, median; P = 0.0224). *, P ≤ 0.05, two-sided 

log-rank (Mantel–Cox) test. (H) Percentages of total IgA bound with pIgR per PCK+ tumor 

area (averaged from duplicated cores) based on histology types. ***, P ≤ 0.001; ns, not 

significant, P > 0.05. Unpaired two-tailed Mann Whitney test. CC, clear cell endometrial 

cancer; EH, endometrioid type high grade (grade 3) endometrial cancer; EL, endometrioid 

type low grade endometrial cancer; Ser, Serous endometrial cancer.
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Figure 2. pIgR-dependent IgA signaling drives genome-wide transcriptional changes in 
endometrial cancer cells.
(A-B) Volcano plots showing differential analysis results for comparisons between IgA- 

and IgG-treated (A) or between IgA-treated and untreated (B) pIgR+ KLE cells. The 

cutoff for significance is FDR adjusted p-value <0.05 and log2FC>1 or log2FC< −1. (C) 

Pre-ranked gene-set enrichment analysis (GSEA), showing the top upregulated gene sets 

in pIgRtransduced KLE cells treated with irrelevant IgA compared to IgG or untreated cells 
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(n = 3), Kolmogorov–Smirnov test. (D) Western blot showing induced CHOP (DDIT3) 

expression in pIgRtransduced KLE cells upon IgA, but not IgG, treatment.
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Figure 3. Concurrent B cell and T cell infiltration is associated with increased IgA and IgG 
densities at endometrial tumor beds.
(A) Left, t-SNE embedding of 84 thousand cells highlighting diverse T-cell and B-cell 

clusters. Each dot is a cell and colors correspond to cell types inferred by spatial 

neighborhood-based clustering. Unique spatial neighborhoods are characterized by spatially-

distinct T-cell and B-cell clusters. The proportion of cytotoxic T cells is 34.2%, helper T 

cells is 40.5%, plasma cells is 5%, and B cells is 10%. Certain clusters with the same 

name are differently colored because they are spatially distinct clusters. Each cell represents 
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not only itself but also its immediate neighborhood and this is used for identifying spatial 

clusters or ‘cellular neighborhoods’. A sample can be viewed as a collection of such cellular 

neighborhoods where the same functional cluster can exist in multiple spatial locations. 

Right, Phenotype expression distribution in t-SNE embedded reduced space for 84 thousand 

cells. Relative phenotype expression is visualized by the color bar (from yellow to red) with 

highest expression in red. (B) Violin plots showing percentages of CD19+ B cells (left), 
CD19+CD138+ plasma cells (middle), and CD3+ T cells (right) in different histology types 

of endometrial cancer. (C) Percentages of CD3+ T cells is significantly higher in tumors 

with B cell infiltration (left), and tumors with higher (median threshold) B cell infiltration 

have significantly higher T cell infiltration (right). (D) Densities of IgA-coated (left) and 

IgG-coated (right) PCK+ tumor cells, calculated using the number of IgA+ or IgG+ cells 

among only the PCK+ cells and further normalized with unit area (mm2) and averaged from 

duplicated cores, according to the median of percentages of CD19+ B cell and CD3+ T cell 

infiltrations. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ns, not significant, P > 0.05. Unpaired 

two-tailed Mann Whitney test. CC, clear cell endometrial cancer; EH, endometrioid type 

high grade (grade 3) endometrial cancer; EL, endometrioid type low grade endometrial 

cancer; Ser, Serous endometrial cancer; HE, healthy endometrium.
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Figure 4. Spatial association between B cells, T lymphocytes and antibody coated pIgR+ tumor 
cells depends on the histological subtype of endometrial carcinoma.
(A) Histogram of observed spatial patterns between non-plasma B cells and cytotoxic T 

cells, non-plasma B cells and helper T cells, plasma cells and cytotoxic T cells, or plasma 

cells and helper T cells at varying distances, as measured using the cross-type L-function. 

The height of each bar indicates how many cores exhibited the spatial pattern (random or 

clustered) at each radius for each histological type. (B) Empirical cumulative distribution 

function of the distances at which clustering between non-plasma B cells and cytotoxic 
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T cells, non-plasma B cells and helper T cells, plasma cells and cytotoxic T cells, or 

plasma cells and helper T cells was observed. The Kolmogorov-Smirnov test was used to 

determine if there was a significant difference in the distribution of clustering radii among 

the different histology types. (C) Averaged spatial association networks of each histology 

type in PCK+ tumor area. The color and width of each edge in the network represents 

the spatial association, with reds indicating clustering, and blues indicating the markers 

are found in different areas. The color of each node reflects the ranked average quadrat 

count, across histological type: 1 (yellow) indicates the histological type has the highest 

average cell density (i.e. quadrat count), while 4 (black) means the histological type has 

the lowest cell density.. Polygons around collections of markers indicate that the markers 

are part of a spatial “community” or niche, found using the Leiden community detection 

algorithm. (D) Histogram of observed spatial patterns between IgA and pIgR at varying 

distances in PCK+ tumor area, as measured using the cross-type L-function. The height of 

each bar indicates how many cores exhibited the spatial pattern (random or clustered) at 

each radius for each histological type. (E) Empirical cumulative distribution function of the 

distances at which clustering between IgA and pIgR was observed in PCK+ tumor area. 

The Kolmogorov-Smirnov test was used to determine if there was a significant difference 

in the distribution of clustering radii among the different histology types. CC, clear cell 

endometrial cancer; EH, endometrioid type high grade (grade 3) endometrial cancer; EL, 

endometrioid type low grade endometrial cancer; Ser, Serous endometrial cancer.
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Figure 5. Concurrent T, B and plasma cell infiltration is associated with improved survival in 
endometrial cancer.
(A) Percentage of CD19+ B cells (averaged from duplicated cores) is associated with 

improved outcome (threshold, median; P = 0.0261). *, P ≤ 0.05, two-sided log-rank 

(Mantel–Cox) test. (B) Percentage of CD19+ CD138+ plasma cells (averaged from 

duplicated cores) is associated with improved outcome (threshold, median; P = 0.0372). *, 

P ≤ 0.05, two-sided log-rank (Mantel–Cox) test. (C) Percentage of CD3+ T cells (averaged 

from duplicated cores) is associated with improved outcome (left, threshold, median; P = 
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0.2948; right, threshold highest/lowest 30%; P = 0.0099). **, P ≤ 0.01, two-sided log-rank 

(Mantel–Cox) test. (D) Survival outcome associated with the expression of CD19 (pan 

B cell marker) mRNA in 528 annotated endometrial cancer in TCGA UCEC datasets 

(threshold, median; P = 0.0164). *, P ≤ 0.05, two-sided log-rank (Mantel–Cox) test. 

(E) Survival outcome associated with the expression of CD3 mRNA in 528 annotated 

endometrial cancer in TCGA UCEC datasets (threshold, median; P < 0.001). ***, P ≤ 0.001, 

two-sided log-rank (Mantel–Cox) test.

Mandal et al. Page 25

Cancer Res. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Defects in methyl-directed mismatch repair (MMR) protein expression in endometrial 
cancer do not predict lymphocyte infiltrates.
(A) Bar graphs showing number of tumors in each histology type of endometrial cancer with 

(red color) or without (blue color) defects in one or more of the four MMR gene expression, 

MLH1, MSH2, MSH6 and PMS2, converted to percentages. CC, clear cell endometrial 

cancer; EH, endometrioid type high grade (grade 3) endometrial cancer; EL, endometrioid 

type low grade endometrial cancer; Ser, Serous endometrial cancer. (B) CD19+ B cell (left), 
CD19+CD138+ plasma cells (middle), and CD3+ T cell (right) infiltrations compared in 
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tumors with and without defects in one or more of the four MMR gene expressions. ns, not 

significant, P > 0.05. (C) CD19+ B cell infiltrations compared in tumors with and without 

expression of MLH1, MSH2, MSH6 and PMS2. ns, not significant, P > 0.05. N/A, not 

applicable (statistics not feasible due to single data point in the MSH6absent group). (D) 

CD19+CD138+ plasma cell infiltrations compared in tumors with and without expression of 

MLH1, MSH2, MSH6 and PMS2. ns, not significant, P > 0.05. N/A, not applicable. (E) 

CD3+ T cell infiltrations compared in tumors with and without expression of MLH1, MSH2, 

MSH6 and PMS2. ns, not significant, P > 0.05. N/A, not applicable. Unpaired two-tailed 

Mann Whitney test.
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Figure 7. Defects in MMR protein expression is associated with IgA:pIgR interactions.
(A) Violin plot showing percentage of total IgA bound with pIgR in PCK+ tumor area is 

significantly higher when one or more of the four MMR gene expression is absent. Unpaired 

two-tailed Mann Whitney test. *, P ≤ 0.05. (B) Violin plot showing density of pIgR in PCK+ 

tumor area is significantly higher when one or more of the four MMR gene expression 

is absent. Unpaired two-tailed Mann Whitney test. *, P ≤ 0.05. (C) Violin plot showing 

TCGA PIGR mRNA level is significantly higher in tumors with MMR gene expression ≤ 

median. Unpaired two-tailed Mann Whitney test. ***, P ≤ 0.001. (D) Violin plot showing 
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differences in the density of IgA+ cells (left) and IgG+ cells (right) in PCK+ tumor area are 

not significant when one or more of the four MMR gene expression is absent. Unpaired two-

tailed Mann Whitney test. ns, not significant, P > 0.05. (E) Survival analysis with or without 

defects in one or more of the four MMR protein expression. P = 0.1587; two-sided log-rank 

(Mantel–Cox) test. (F) Survival analysis according to absence of MLH1 expression. P = 

0.6581; two-sided log-rank (Mantel–Cox) test. (G) Survival analysis according to absence of 

MSH2 expression. P = 0.2628; two-sided log-rank (Mantel–Cox) test. (H) Survival analysis 

according to absence of MSH6 expression. P = 0.4418; two-sided log-rank (Mantel–Cox) 

test. (I) Survival analysis according to absence of PMS2 expression. P = 0.5769; two-sided 

log-rank (Mantel–Cox) test.
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Table 1.

Clinicopathological information summary of tissue specimens used.

Characteristics Number of samples

Endometrial cancer tissues 

Total 107

Age (median and range) 65 (27–92)

Vital Status 

 Dead 67

 Alive 40

Stage 

 I 52

 II 8

 III 29

 IV 6

 Unknown 12

Grade 

 1 (Well Differentiated) 15

 2 (Moderately Differentiated) 16

 3 (Poorly Differentiated) 46

 Unknown 30

Histology Subtype 

 Clear Cell 18

 Endometrioid Type High Grade 28

 Endometrioid Type Low Grade 30

 Serous 31

Control Tissues 

 Healthy Endometrium 20

 Control Tonsil 2

 Control Lymph Node 2

 Control IDC Breast 2

 Control Colon Adenocarcinoma 2

 Control Lung Adenocarcinoma 2
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