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Most high grade serous ovarian cancers (HGSOC) originate in the fallopian tube but spread to

the ovary and peritoneal cavity, highlighting the need to understand antitumor immunity across
HGSOC sites. Using spatial analyses, we discover that tertiary lymphoid structures (TLSs) within
ovarian tumors are less developed compared with TLSs in fallopian tube or omental tumors. We
reveal transcriptional differences across a spectrum of lymphoid structures, demonstrating that
immune cell activity increases when residing in more developed TLSs and produce a prognostic,
spatially derived TLS signature from HGSOC tumors. We interrogate TLS-adjacent stroma and
assess how normal mesenchymal stem cells MSCs (nMSCs) may support B cell function and TLS,
contrary to cancer-educated MSCs (CA-MSCs) which negate the prognostic benefit of our TLS
signature, suggesting that pro-tumorigenic stroma could limit TLS formation.

Graphical Abstract
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In brief

Therapies that harness the immune response are lacking for ovarian cancer patients. MacFawn et
al. utilize spatial transcriptomics to understand how tumor site, stroma, and cellular interactions
govern the activity of tertiary lymphoid structures. These studies reveal how we may promote
development of these prognostic structures to bolster adaptive antitumor immunity.
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INTRODUCTION

High grade serous ovarian cancer (HGSOC) is the most common and aggressive subtype

of epithelial ovarian cancer, which is the deadliest gynecological malignancy.! Although
poly (ADP) ribose polymerase (PARP) inhibitors have demonstrated efficacy in a subset

of patients, effective targeted therapies are lacking, leaving the 5-year survival rate at
~48%.2 To compound this, there are no effective immunotherapy options for HGSOC.
Checkpoint inhibition response rates have been dismal at 10-15%,3~7 despite the infiltration
and prognostic benefit of T and/or B cells into HGSOC tumors.8-10 Humoral immunity and
effective B and T cell crosstalk have emerged as important arms of antitumor immunity.

In HGSOC, B cell infiltration has positive prognostic benefit, and plasma cell frequency
synergizes with cytotoxic CD8" T cells for improved survival.11:12 Despite these data,

no current immunotherapeutic approaches have targeted B cells or cellular neighborhoods
containing B cells in HGSOC.

Infiltration but also location and organization of immune cells impact prognosis and
response to therapy.13-16 Tertiary lymphoid structures (TLSs) represent well-organized,
functional, and cellularly diverse immunological hubs that arise ectopically in solid tumors.
Clinically, TLS are associated with improved survival and immunotherapeutic response in
many solid tumors, thus their presence in HGSOC tumors holds great potential to improve
patient survival and response to therapy.13-16 TLS formation in HGSOC is infrequent (~15%
of patients).Understanding what drives the low frequency of TLS in ovarian tumors is an
important biological question. While single-cell RNA-seq has revealed distinct immune
landscapes between disease site, a spatial comparison of anatomic sites may uncover TLS
suppression and regulation as new immunotherapeutic targets.1’ Moreover, most HGSOC
arise from fallopian tube epithelium where they likely start as a serous tubal intraepithelial
carcinoma (STIC) before progressing to invasive cancer and spreading to the ovary and
beyond.18-22 While recent studies have revealed disparate immune landscapes between
adnexal and non-adnexal disease, a closer comparison of adnexal anatomic sites (i.e.,
fallopian tube versus ovary) is of high value.’

TLSs are dominated by B and T cells with other hallmarks such as high endothelial venules
(HEVSs), follicular dendritic cells (fDCs), increased clonal expansion of lymphocytes, and
affinity maturation of B cells.23 Some TLSs contain a B cell-rich germinal center (GC),
which maximizes B and T cell education, even in tumors.16-22.24 TLSs with GCs are defined
by B and T cell zoning, presence of B cell follicles or GCs, and fDC networks. TLSs with
GCs often have increased antigen presentation, cell proliferation, lymphocyte activation,
affinity maturation, and chemokine secretion.16:25-28 Stromal cells, which function as
lymphoid tissue organizers (Lto) within normal lymphoid organs i.e., tonsil and lymph
node, function analogously during TLS formation.2%-31 Murine models demonstrated

that fDCs and fibroblast reticular cells (FRCs) differentiate from tissue-resident stromal
cell populations.31-33 Further, human tonsillar MSCs can be differentiated into an fDC-
like state /n vitro.3* However, tumorigenesis disturbs homeostatic stroma in HGSOC,

with MSC populations becoming “cancer educated” through epigenomic reprogramming
resulting in cancer-associated MSCs (CA-MSCs), which contribute to poor prognosis,
immunosuppression, and chemo-resistance.3>40 This transition from MSC to CA-MSC
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is coordinated by the transcription factor WT1 and may be reversible.37:4142 This cancer
educated stromal tumor microenvironment (TME) may also impact TLS formation and
antitumor activity.

Here, we applied spatial biology techniques to compare the immune TME across HGSOC
anatomical sites to identify clinical features and stromal populations regulating TLS
formation.

B cells and tertiary lymphoid structures correlate with improved survival in HGSOC but
differ across tumor anatomical site

B cells correlate with improved survival in several solid tumors, including HGSOC .43
Further, the ability of infiltrating B and plasma cells to secrete immunoglobulin is directly
associated with antitumor immunity in HGSOC.11:44 To test this association in a large
transcriptional database, we used the TCGA Ovarian Serous Cystadenocarcinoma mRNA
cohort (HGSOC, grade 2 + 3, previously untreated) and measured the prognostic benefit of
B cell enrichment (MS4A1 and/or CD19 expression >2 standard deviations above mean).
10% of 495 patients contained B cell enrichment and demonstrated significantly improved
overall survival (Figure 1A, B cell high versus unaltered: log rank p value = 0.0287

[overall survival (OS) 66.5 months (95% confidence interval [CI]: 33.64 — N/A) versus 43.9
months (95% C1:39.55-48.06)]). A “B cell intermediate” group was associated with reduced
prognostic benefit (Figure S1A), solidifying the importance of high B cell infiltration in
HGSOC tumors. To further assess the role of B cells in HGSOC, we acquired a cohort of
104 HGSOC tumors through our University of Pittsburgh biospecimen collection protocol
(Table S1, see STAR Methods). This cohort represented tumors involving the ovary (OV),
fallopian tube (FT), and/or omentum (OM): the most common sites of HGSOC growth.
First, we quantified B cell subsets within freshly resected and viably banked HGSOC tissue
via a 26-marker B cell cytometry panel. B cell infiltration was variable across tumors,
tending to be lower than 5% of all live cells within the bulk tumor. Benign ovarian tissue
was used as a negative control with very low to no B cell infiltration and lymphoid tissues
such as tonsils and lymph nodes as a positive control with high B cell infiltration (Figure
1B). GC B cells and antibody-secreting cells (ASC) were enriched within tumors compared
to healthy donor peripheral blood (PBL), suggesting the presence of adaptive immunity via
GC reactions (Figure 1C). We performed unbiased dimensionality reduction using ViSNE
(via Cytobank) on patients with high B cell infiltrate which revealed expanded GC-like

B cells, ASCs (plasmablasts and plasma cells) and reduced naive B cells compared to

HD PBL and lymphoid tissue (Figures S1B and S1C). The expanded GC population in
HGSOC tumors showed variable BCL6 expression. BCL6 is a fundamental marker of

GC B cells, suggestive of isotype switching and somatic hypermutation. We measured

the percentage of BCL6™" cells in the GC population, finding intermediate expression in
HGSOC compared with negative and positive controls (Figure 1D), suggesting that GC

B cell development is incomplete in HGSOC. Further, the percentage of cells expressing
immunoglobulin G (1gG) significantly increased in the BCL6" versus BCL6~ GC B cell
population, and IgA expression non-significantly trended similarly (Figures 1E and S1D).
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These data suggest GC B cells in HGSOC tumors could carry out adaptive immunity, yet
may be attenuated compared to normal lymphoid tissues. Expanded gating strategies found
in (Figure S2A). To give further evidence toward the importance of cellular neighborhoods
like TLS on patient survival, we utilized the 12-chemokine (12-CK) transcriptional score
which is well established as a predictor of TLS formation across multiple solid tumor
types, including HGSOC.#> We confirmed that patients within the highest tertile of 12-CK
expression exhibited superior overall survival versus low expressers within the TCGA
Ovarian Serous Cystadenocarcinoma mRNA dataset (Figure 1F). Given increased TLS-
related B cell subsets in tumors and these survival data, we sought to spatially interrogate
TLS in HGSOC patients, especially as tumors are frequently present at multiple sites (FT,
OV, and OM), but most studies predominantly analyzed OV tumors. Because B cells are

a key hallmark of a TLS, we utilized our cohort of HGSOC for CD20 quantification
(n=104) representing tumors involving the OV, FT, and OM (Figure S2B; Table S1).
Using QuPath image analysis software we trained a classifier to identify CD20-rich regions
>15,000 pm? containing >20 cells using immunohistochemistry/immunofluorescence. We
identified these regions as “lymphoid structures™; a broad classification ranging from small,
lymphoid aggregates to large TLS containing thousands of cells (Figure 1G). Only ~50%
of OV tumors had lymphoid aggregates compared to over 90% of FT and OM tumors
(Figure S3A). Quantification revealed a marked reduction in number and size of lymphoid
structures in OV tumors compared to tumors in the FT and OM (Figures 1H and S3B).

On a subset of samples, we used CD4 and CD20 multiplex immunofluorescence paired
with machine learning to quantify structures, which recapitulated the findings in Figure 1H
(Figures S3C and S3D). While it is known that the OM contains homeostatic lymphoid
structures termed “milky spots”, the profound increase in large lymphoid structures in the
FT tumors was unexpected, and not observed in benign FT samples, or in serous tubal
intraepithelial carcinoma (STIC) (/in sitt HGSOC precursor lesions in the FT). Thus, we
next queried the cellular composition of lymphoid structures in the FT and OV using
multiplex immunofluorescence (TLS composition panel: CD4, CD20, CD8, Foxp3, PNAd,
and PanCK) (Figure S3E). Significant differences in the cellular composition of lymphoid
structures within the FT vs. OV were observed. The ratio of B to T cells was sharply
reduced in OV lymphoid structures compared with FT with invasive cancer or precursor
lesions (STIC). CD4* Foxp3* T regulatory cells (Tregs) and CD8" T cells were detected
at higher frequency in OV versus FT lymphoid structures (Figure 11). Quantification of
peripheral node addressin (PNAd*) cells, marking HEVs, revealed a lower frequency in the
OV TLS, suggesting reduced vasculature for immune cell infiltration, which may reflect
why B cells are reduced in OV TLS (Figures 1J and 1K). Of note, absence of B cell
infiltration neutralized the survival benefits of patients enriched for genes from the 12-CK
TLS-predictive score (Figure 1L). These data further solidify the importance of B cells for
TLS formation, which are markedly reduced in OV TLS.

Spatial transcriptomics reveals an in situ TLS-derived transcriptional signature prognostic
in HGSOC patients and indicates site-specific adaptive immunity

We next sought to explore features of TLS within HGSOC that could provide prognostic
benefit and potentially provide the basis to stratify patients for future clinical trials. We
utilized the Nanostring GeoMX Digital Spatial Profiler (DSP) to identify transcriptional
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signatures of TLS within the ovary. CD20, CD45, PanCK, and Syto13 were used as
morphology markers to identify four distinct cell types for analysis (Figure 2A). We sampled
multiple TLS from four independent patient samples (/7= 4 patients/ROls = 24). To identify
top genes defining TLS in OV tumors, we grouped TLS regions (/7= 24) and compared them
against tumor and stroma regions from the same patients (77 = 45). This revealed 330 genes
(false discovery rate [FDR]<0.05, adj. pvalue < 0.05 and raw fold change of at least 1.5)
that definitively mark OV TLS within this cohort (Figure 2B). The top 44 genes upregulated
in TLS versus tumor + stroma (no TLS) are arranged in a differentially expressed gene
(DEG) heatmap (Figure S4A). Comparison of TLS versus tumor + stroma (no TLS) by Gene
Set Enrichment Analysis (GSEA) revealed signatures related to lymphoid cells, naive CD8
T cells, immunoglobulin production, CD8 TCR, and expression of chemokine receptors.

In contrast, tumor + stroma regions (no TLS) demonstrated signatures related to integrins,
stemness, and bone marrow stroma (Figure S4B). Given the clear transcriptomic differences
in TLS regions, we next sought to determine if the top TLS-derived DEGs were prognostic
in a large cohort of HGSOC patients. By setting a threshold of 2-fold enrichment in the
“TLS” enriched DEGs, we produced a 20-gene “TLS-DSP” signature (Figure 2C). We
applied this /n situ “TLS-DSP” signature to the TCGA Ovarian Serous Cystadenocarcinoma
dataset, divided patients into tertiles, and compared overall survival (7= 501 patients). This
revealed a prognostic benefit for patients with TLS-DSP scores in the top tertile (Figure

2D, log rank pvalue = 0.027, HR:0.75). We assessed differences with our TLS-DSP score
with younger vs. older patients as many factors including age and menopause (commonly
45-55 years) can influence the immune response. The benefit of the TLS-DSP signature
was more pronounced in younger patients (<55 years old) (Figure 2E, log rank p value
=0.020, HR 0.53). We validated this prognostic effect in an independent dataset: NCBI
GEO: GSE18520 (Figure S4C).4647 We performed the same analysis using the conventional
12-CK TLS-predictive score and found that the TLS-DSP and 12-CK score were strongly
correlated (Figure S4D) and that they both associated similarly with survival (Figure S4E).
To understand if age differences in survival was simply driven by increased expression

of the TLS-DSP signature in the under 55 group, we compared average expression level

of the TLS-DSP score for the >55 “High” and <55 “High” expressors but found no
significant difference (Figure S4F), nor was age correlated with either the TLS-DSP or
12-CK signature (Figure S4G). Of note, genes within the TLS-DSP score were associated
with lymphocyte adhesion and mobilization, T and B cell activation, and TLS initiation,
which further vetted the validity of this score. To contextualize our TLS-DSP score, we
correlated the patients’ scores from our HGSOC TCGA cohort with the four prognostic
molecular subclasses previously published (mesenchymal, proliferative, immunoreactive,
and differentiated).#® TLS-DSP was strongly correlated with the immunoreactive subclass
score (r = 0.896, p=<0.0001) (Figure S4H) and negatively correlated with the proliferative
subclass score (r = -0.358, p< 0.0001) (Figure S41). Next, given the site differences from
multispectral imaging of TLS in the FT, OV, and OM tumors, and to test the hypothesis

that OV lymphoid structures are less functional than those in FT and OM, we utilized

DSP to compare lymphoid structures in OM, FT, and OV tumors. DEG analysis revealed

24 genes (n=3 OM vs. n=3 OV tumors) and 174 genes (n=2 FT vs. n=7 OV

tumors) with differential expression (Figure S4J, FDR<0.05, FC: 1.5). Additional, selected
individual genes from these comparisons are graphed (Student’s two-tailed t test <0.05)
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(Figures 2F and 2G). Among genes enriched in OM TLSs are the hallmark TLS-supporting
chemokine lymphotoxin-f (L7p), as well as other markers of immune cell migration SELL,
CCL19, CXCL14, and complement proteins C3and C7. FT TLS had increased expression
of genes associated with B cell activation and signaling (CD79a, BANK1, CD180, FCLR?Z,
and POUZFAI), corroborating the increased B cell influx we observed in FT TLS. To reveal
conserved versus unique genes defining TLS across anatomic site, we compared TLS vs.
tumor+stroma (non-TLS) regions within each anatomic site. Unique and conserved genes
are reported in a Venn diagram (Figure 2H). Lending validity to our TLS-DSP signature
produced in OV TLS (Figure 2C), 18/20 of the genes from the OV TLS signature were
present within the top TLS genes from the FT and OM analyses. Finally, we compared FT
vs. OV and OM vs. OV lymphoid structures using GSEA. FT lymphoid structures were
enriched for gene sets pertaining to B cells, B cell receptor signaling, immunoglobulins,
naive CD4* T cells, and memory B cells, while the OM lymphoid structures were enriched
for gene sets pertaining to naive T cells, follicular helper T cells (TFH), GC B lymphocytes,
and switched memory B lymphocytes (Figures 21 and S4K). These results confirm TLS from
OM and FT tumors are more immunologically active compared to TLS from OV tumors.

Multispectral imaging uncovers differences in TLS state across HGSOC anatomical sites

The presence of a GC-containing TLS is associated with superior prognasis in pancreatic,
lung, endometrial, head and neck, colorectal, and hepatocellular cancer, underscoring the
need to assess TLS state in HGSOC.13.16:49-52 sing the current TLS literature as a guide,
we optimized a “TLS Activity” multispectral immunofluorescence panel to capture key
hallmarks of TLS state (Figures 3A and S5A). We developed a scoring rubric to classify
lymphoid structures into three states (lymphoid aggregate, TLS without GC, and TLS with
GC) based upon presence of T and B cells, PNAd* HEVs, and CD21* fDC networks
(Figures 3A and 3B). This comparison revealed an abundance of highly active and GC-like
TLS in the FT and OM compared to very few TLS with GC in OV tumors (Figure 3C). In
FT and OM tumors, most lymphoid aggregates fall within our definition of “TLS” (~30%)
or “TLS+GC” (~25-33%), as evidenced by presence of PNAD* HEVs and CD21* fDC
networks (Figure 3D). The median frequency of TLS with GCs was significantly higher in
FT (11.76%, interquartile range [IQR] = 0.00-40.00%, 7= 15) and OM (33.33%, IQR =
0.0-44.44%, n=15) compared with OV (0.00%, IQR = 0.00-3.75%, n=20) (p< 0.05)
(Figure S5B). In addition, the panel included Ki67 and activation-induced deaminase (AID)
to mark proliferation and affinity maturation of B cells, respectively, which together with
CD20 allows for assessment of B cell activity. To test the impact of GC presence on adaptive
immunity, we used a trainable tissue segmentation strategy to identify CD21* regions within
TLS to mark GC, allowing for quantification of B cell activity inside and outside a GC
(Figure 3E). We found AID* B cells and AID*Ki67* B cells to be significantly enriched

in the GC region compared to non-GC regions of lymphoid structures which validated

our “TLS+GC” scoring strategy by demonstrating increased clonal expansion and somatic
hypermutation in these regions (Figures 3F and 3G). To illuminate differences in B cell
activity within structures between anatomical site, we compared Ki67 and AID in B cells
within lymphoid structures across OV, OM, and FT tumors (Figure 3H). This analysis
indicated that AID*/Ki67* B cells were significantly enriched in OM structures compared
with OV, with FT trending between the two, though the result was non-significant (Figure
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31). To quantify plasma cell presence, which is prognostic in HGSOC and a cellular output
of TLS, we stained a serial section for MZB1 to detect plasma cells. We noted an enrichment
of MZB1* cells in the OM compared with both FT and OV, though this result was only
significant versus FT (Figures S5C and S5D). To confirm that MZB1* plasma cells were
associated with TLS in our HGSOC cohort, we conducted spatial proximity analysis and
found that MZB1* cells were more frequent within 500 pm of a lymphoid structure than

in the space outside this region (Figures S5E and S5F). These data indicate that OV TLS
exhibit reduced activity and lack GC, suggesting they do not have the infrastructure needed
to promote B cell adaptive immunity.

Ovarian lymphoid structures are less frequent and contain fewer GCs within the context of
patient matched HGSOC tumors

To ensure the observed differences in TLS by anatomic site were not influenced by

patient heterogeneity or sampling bias, we validated our results in a matched patient cohort
comparing tumor involving the OV, OM, and FT from the same patient (no prior treatment,
n=15 patients, 3 samples per patient: OV, OM, FT, total of 7= 45 samples). Using CD20
IHC, we confirmed that lymphoid aggregates were more commonly found in FT (93%) and
OM (100%) compared with OV (66%) (Figure 4A). Comparing the number of lymphoid
structures across matched sites, we noted that average lymphoid structure number increased
from OV (6.80) to FT (14.27) to OM (34.73) (p < 0.01, Kruskal-Wallis test) (Figure 4B). We
tested whether the presence of lymphoid structures in the OV tumor affected the number of
structures in the FT or OM but found no association (Figure 4C). We then stained samples
with the TLS activity multiplex panel (representative images in Figure 4D) to categorize
structures by TLS state and found that like results in Figure 3, the frequency of TLS with
GC was higher in the FT (18.3%) and OM (34.7%) versus OV (6.36%) (Figure 4E). These
data confirm our previous analyses of anatomical site demonstrating that even within patient
matched anatomical samples, the OM and FT exhibit more lymphoid structures, with a
higher proportion of GC-containing TLS compared with OV.

Transcriptional spectrum of TLS state and activity of TLS-resident immune cells revealed
by spatial transcriptomics

Noting the different states of TLS in HGSOC tumors (ranging from lymphoid aggregates

to increasingly more organized TLS structures), we conducted a parallel DSP analysis

on HGSOC TLS to identify transcriptional changes across TLS state. Because of the
limited availability of morphology stains on this platform, we define any lymphoid structure
with at least 20 cells as “TLS”, then categorize them as immature (20-300 nuclei),
intermediate (300-500 nuclei), or mature (500+ nuclei) (Figure 5A). The frequency of TLS
states from OV and OM tumors for DSP is depicted in Figure 5B. Principal-component
analysis revealed that lymphoid structures clustered by state, with “intermediate” falling
between “immature” and “mature”, which validated our multispectral imaging in Figure 3
(Figure 5C). DEG analysis revealed 60 genes upregulated in “mature” OV structures versus
“immature” (raw p value < 0.005 and FC > 1.5). The heatmap reveals top genes upregulated
in “mature” OV structures including actin binding and matrix interaction: 7TWF2and
PLEKHAZ, Tolllike receptor family: CD180, and epigenetic modifiers: £P300and GATAZ
(Figure 5D). We also performed cell segmentation separating CD20™ cells from other
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immune populations within the lymphoid structures to illuminate transcriptional changes

in B cells outside TLS vs. B cells within TLS (see segmentation in Figure 5A). 271 DEGs
were identified by comparing B cells residing outside of structures (None) to those within
structures (Imm./Int./Mat.) (Figure S6A). B cells within lymphoid structures were enriched
for genes related to T and B cell activation: EB/3and CXCLZ, transcriptional regulators and
chromatin remodelers: SMARC2A, MTA1, and FOXPI, and proliferation-related pathways:
MAX. To better summarize transcriptomic differences in B cells as TLS develop, we
compared B cells residing in “none and immature” versus “intermediate and mature”
structures using GSEA. B cells within more developed structures upregulate pathways
associated with MYC, oxidative phosphorylation, apoptosis, immunoglobulin production,
and chromatin modifications (Figure 5E). We identified numerous individually differentially
expressed genes related to proliferation (SLBP), immune checkpoint engagement (CTLA4
and CD&0) and, importantly, BCL6, likely identifying the spatial niche for the BCL6",
isotype switched, GC B cells identified by flow cytometry (Figure 5F). We conducted a
similar analysis of the CD45%/CD20~ segment to identify genes related to other immune
cell subsets within lymphoid structures. We noted significant increases in BATF (T

cell transcriptional control), CCL 1 (chemokine), PDI (T cell activation/exhaustion), and
MAPI1L C3A (autophagy), as well as trends toward enrichment of DCSTAMP (dendritic
cell marker) and LAT (lymphocyte activation) in immune cells residing in more “mature”
structures (Figure 5G). Given the importance of stromal engagement on TLS formation, we
interrogated DEGs upregulated in more mature TLS that might point to these interactions.
Alongside expected markers of TLS function such as T cell receptor (PTCRA), apoptotic
control (HRK and B/NI), and epigenetic regulation (GATAZand EP300), we noted genes
involved with matrix adhesion and cytoskeleton rearrangement (PLEKHAZ), actin binding
and dendritic spine structure (7WF2and SPINO), which further solidify the importance of
immune and stromal crosstalk for TLS (Figure 5H). In sum, spatial transcriptomics revealed
anti-tumor immune processes centralized within TLS, specifically revealing pathways that
change during their maturation, in a cell-type specific manner. These data underscore the
impact of TLS state on tumor infiltrating immune cells and draws attention to non-immune
cell types i.e., stroma, which are critical for TLS formation and function.

Spatial biology reveals that CA-MSCs are decreased near TLS in HGSOC patients

HGSOC tumors exhibit a high level of tissue heterogeneity, with stromal infiltration
frequently observed throughout the tumor (Figure 6A). Using tissue segmentation, we
noted that TLS are almost invariably found within stromal pockets, whether intratumoral
or peritumoral (Figure 6B). Stromal cells are critical regulators of immune infiltration
and activity, and current literature solidifies the stroma as indispensable for lymphoid
structure formation and function.29:31:33.53 Stromal cells, particularly MSC populations
which undergo a process of WT1-mediated cancer education to form pro-tumorigenic
CA-MSC, regulate the stromal microenvironment and correlate with reduced prognosis
in HGSOC patients.2 We hypothesized that stromal cells would exhibit spatially distinct
transcriptional states in relation to TLS proximity, reflecting their potential as inducible
lymphoid stromal cells. We designed a DSP segmentation strategy to sample PanCK™/
CDA45™ regions adjacent (adj.) or distal (dist.) to TLS (Figure 6C). This analysis revealed
30 core DEGs (raw pvalue < 0.005, FC 1.5) with L7 upregulated in TLS-adj. stroma,

Cancer Cell. Author manuscript; available in PMC 2025 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

MacFawn et al.

Page 10

while markers of mesenchymal state and matrix deposition (Vimentin, Decorin, COL6AL,
and COL5AI) were enriched in TLS-dist. stroma (Figure 6D). To summarize differentially
regulated pathways, we conducted GSEA between TLS-adj. and TLS-dist. stroma noting

a weak enrichment for chemokines and their receptors in the TLS-ad]. stroma, and an
enrichment of WT1 regulated genes in TLS-dist. stroma (Figure 6E). Prompted by our
GSEA results, we compared individual immune-related chemokines, including members of
the TLS-predictive 12-CK score: CXCL9and CCLZ21, which were significantly upregulated.
CXCL13also exhibited elevated expression in TLS-adjacent stroma but non-significantly
(Figure 6F). WT1 showed elevated expression in TLS-dist. stroma (Figure 6G). In HGSOC,
WT1 mediates cancer education of MSCs; its expression is specifically used to identify

the “CA-MSC” phenotype.37-3842 This suggests that CA-MSCs may lose the ability to
function as lymphoid stromal cells or may have a reduced capacity to support TLS. To better
assess the hypothesis that CA-MSCs are distal to lymphoid structures, we derived a 13-gene
CA-MSC signature based upon bulk RNA-seq of primary, HGSOC patient-derived CA-
MSCs compared with normal MSCs.38 This 13-gene CA-MSC signature was significantly
reduced in TLS-adj. regions in ovarian tumors (Figures 6H and S6B). To validate the
transcriptional CA-MSC proximity data, we generated a multiplex immunofluorescence
panel enabling identification of NMSC and CA-MSC populations which incorporates the
three MSC markers (CD73, CD90, and CD105) as outlined by the International Society

for Cell & Gene Therapy (ISCT), WT1 to identify CA-MSCs, and CD45 and PanCK to
exclude immune lineage and tumor/epithelial cells, respectively (Figure S6C). Using QuPath
image analysis software, we identified lymphoid structures with CD45, then built phenotype
schemas to identify nMSCs (CD73* CD90* CD105* WT1") versus CA-MSCs (CD73+/90+/
105+/WT1+) at the individual cell level. The distance of nMSC and CA-MSC to the nearest
lymphoid structure was measured (Figure 61). To capture changes in nMSC/CA-MSC
prevalence we quantified the percentage of CA-MSC or nMSC phenotype out of all MSCs
in 200 pm increments from lymphoid structures. This analysis revealed a significantly higher
prevalence of nMSCs within 200 um and between 200 and 400 pm. This trend was inverted
outside of 600 um, with CA-MSCs significantly more prevalent than nMSCs (Figure 6J).

CA-MSCs fail to support immune function in vitro and negate the prognostic benefit of TLS

Given our spatial data, we tested the effect of CA-MSCs on B cell function and fDC
development /n vitro. We used primary, patient-derived CA-MSC from HGSOC and nMSCs
from benign tissue which were characterized as previously described (see STAR Methods,
Figure S7A).38 We queried the published bulk RNA-seq of HGSOC patient-derived CA-
MSCs versus nMSCs which confirmed WT1 as a definitive marker of CA-MSCs (Figure
7A).38 This also revealed upregulation of CD200in CA-MSCs, a known immunoregulatory
molecule. Conversely, in nMSCs, we noted enrichment of important B cell factors, CXCL12
and /L7. Further, PDGFRB was significantly upregulated and there was a trend toward
upregulation of FCERIG, both associated with fDC origin and function.32 To directly
compare functionality as lymphoid stromal populations, we conducted /n vitro adhesion and
migration assays using total B cells isolated from healthy donor PBL. B cells demonstrated
significantly less binding to CA-MSCs (Figures 7B and 7C), and B cell migration was

also decreased toward CA-MSCs, but this did not reach statistical significance (Figure
S7B). To test the impact of MSC-secreted factors, we stimulated healthy donor B cells
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with or without conditioned media (CM) from CA-MSCs or nMSCs. CA-MSC CM had

a suppressive effect on the proliferation of naive B cells (Figure 7D). It has been shown

that MSCs can differentiate into fDC-like populations under stimulation /7 vitro,3* and
MSCs exhibit elevated expression of PDGFRB, a defining marker of perivascular fDC
precursor cells. Thus, we tested the ability of nMSCs and CA-MSC:s to differentiate into
fDC-like populations /n vitro. We used three independent nMSCs from patients without
cancer and three CA-MSCs from HGSOC patients and performed fDC differentiation /n
vitro as previously described.34 We observed preferential upregulation of VCAM1, CD21,
CD23, and NGFR1 in nMSCs compared to CA-MSCs, suggesting that CA-MSCs less
readily differentiate into supportive lymphoid stromal cells (Figures 7E and 7F). These

data suggest that the conversion of nMSCs into CA-MSCs in HGSOC tumors may reduce
the reservoir of MSCs available for supporting TLS formation. Finally, to assess how
CA-MSCs impacts the predictive value of TLS in HGSOC patients, we used the 13-gene
CA-MSC signature described previously in conjunction with the 12-CK and /n situ derived
TLS-DSP score within the TCGA Ovarian Cystadenocarcinoma dataset. We found that
CA-MSC score enrichment held negative prognostic significance (Figures S7C and S7D).
We then investigated how the CA-MSC score impacted TLS signatures demonstrating that
the presence of a high CA-MSC score (3" tertile) effectively neutralized the positive
prognostic benefit of patients with high 12-CK score (3™ tertile), while patients with low
CA-MSC/high 12-CK score achieved the highest median survival (Figure 7G log rank
pvalue 0.022, median survival 71.5 months vs. 41.0 months). Disease-free survival also
trended to be longer in high 12-CK/low CA-MSC patients (Figure S7E). The same OS
analysis repeated with the TLS-DSP score showed similar results (Figure 7H log rank p
value 0.23, median survival 66.4 months versus 47.4 months). To contextualize the CA-MSC
score, we looked for correlation with the prognostic tumor subclass scores published using
the TCGA cohort. We found that the CA-MSC signature was strongly correlated with the
mesenchymal subclass of HGSOC tumors, which also carries the worst prognosis (Figure
S7F).*8 Univariate and multivariate analyses were conducted using our signatures (TLS-DSP
and CA-MSC) in conjunction with major clinical variables with known prognostic impact
(sage, age, homologous recombination deficiency [HRDness]). HRDness was calculated

for each patient using the ssGSEA method based on a validated and previously published
“HRDness” signature.>* Using the TCGA Ovarian Cystadenocarcinoma dataset, we assessed
all patients, and patients <55 years old, separately. In univariate analysis, each variable was
significantly associated with prognosis, while in the <55 age group, only the TLS-DSP score
was prognostic (Figures 71 and 7J). Using multivariate analysis, we found that age and CA-
MSC remained significantly associated with survival for all-comers, while in the <55 age
group only the TLS-DSP score was significantly associated with a survival benefit (Figures
7K and 7L). The hazard ratio and p value for each analysis is reported in Figure S7G). These
data suggest that cancer education of stromal populations in HGSOC negatively impacts
adaptive immunity, providing rationale for strategies to reduce or normalize CA-MSCs for
improved TLS formation and function.
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DISCUSSION

Recent advances in the field of HGSOC have emphasized how differing microenvironments
may contribute to tumorigenesis and cancer progression.18:19.21.22.55 Here \we compare
anatomical sites for HGSOC tumors (OV, OM, and FT), quantifying the frequency,
composition, and activity of TLS. Our findings suggest that the OV TME is not as well-
suited for TLS formation compared to FT and OM TMEs. While TLS frequency was low in
the ovary, we did detect memory and GC B cells in the OV TME, which are key populations
associated with TLS. These data suggest that key B cell subsets are present in the OV TME,
yet TLS formation is still lacking. While a strong prognostic signature for plasma cells and
CD8* T cells!! has been demonstrated in HGSOC, our data provides site-specific context
showing that plasma cell output is reduced in OV TLS compared to OM TLS, perhaps due to
GC frequency. The FT TME has abundant TLS with GC like the OM TME; however, plasma
cell output is diminished. This would suggest that FT TLS produce high affinity switched
memory B cells instead of plasma cells or that GC-independent pathways are stalling plasma
cell generation. Another explanation for TLS with GC formation in the FT compared to the
OV could be immunoediting.® Since most HGSOC starts in the FT, perhaps transformed
cells in the FT trigger a robust immune response resulting in frequent TLS with GC,
temporarily stalling tumor progression. Indeed, it is estimated to take approximately 7 years
between STIC formation in the FT and metastasis to the OV.%7 As immunogenic clones are
pruned from the tumor, more resistant cells could escape to the OV, where they may avoid
immunosurveillance,58-61

We also observe increased CD8* T cells and Tregs within OV TLS. Given that tumor-
specific, “exhausted” CD8* T cells and Tregs can produce key chemokines for TLS
formation, specifically, CXCL13, we hypothesize that intratumoral T cells aid in TLS
formation; however, there are site-specific mechanisms of resistance.52 Transcriptomic
studies on TLS in HGSOC have demonstrated increased CD8* T cell “exhaustion”
signatures even when TLS are present.83 Reduced HEV formation in OV TLS could
contribute to diminished TLS formation. Another key factor for TLS development and

GC formation is the balance of supportive stromal populations i.e., fDCs and FRCs. Like
in most solid tumors, we note that TLS in HGSOC are harbored in stromal pockets even
within the tumor border. TLS rely on specialized stromal cells to provide architecture and
support. Our analysis of TLS-distal versus adjacent stroma pointed to TLS-distal stroma
harboring genes associated with extracellular matrix proteins that correlate with reduced
prognosis (COL5AL) and suppressive mesenchymal stem cells in HGSOC and other solid
tumors (TIMP2).6465 Further, re-analysis of bulk RNA-seq data indicated that CA-MSCs
have increased inhibitory axes such as CD200 whereas normal MSCs have amplification
of genes associated with TLS chemokines and fDC differentiation. This was corroborated
by our spatial analysis where TLS-specific chemokines were amplified in TLS-adjacent
stroma. Finally, we demonstrated that CA-MSCs are spatially separated from TLS and that
CA-MSCs suppress B cell adhesion and function. These data fit with previous studies where
CA-MSCs promote cancer progression and are immunosuppressive,37:40.42

Our study sheds light on functional differences of B and T cells within and outside
TLS. Spatial analyses indicated that B cells are more functionally active within lymphoid
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structures; however, there is still heterogeneity, even within FT and OM TLS. This solidifies
the differences not only in TLS staging but also activity within and between patients. To
this end, the observed increase in inhibitory pathways within more developed TLS raises the
exciting question of how different immunotherapeutic targets may affect TLS formation and
function.

Strengthening the notion that TLS bolster antitumor immunity, we produced a spatially
derived, 20-gene transcriptional signature from OV TLS /n situ. This signature held strong
prognostic benefit for HGSOC patients and was most powerful in younger patients. Whether
this reflects age-associated attenuation of immunity, menopause-related changes, or the
divergent molecular underpinnings of early onset tumorigenesis is unclear. Importantly the
CA-MSC signature negated the prognostic benefit of our TLS signature. In multivariate
analysis, we found that the TLS-DSP score remained prognostic in patients under 55 years
old. Strategies targeting the stromal compartment, thus reversing CA-MSC suppressive
function, could be a powerful way to enhance TLS dynamics and possibly immunotherapy
response. CA-MSCs can be modulated; an ovarian cancer clinical trial demonstrated that
patients receiving metformin in addition to chemotherapy had significantly lower CA-MSC
burden.%8 However, development of more precise therapeutics focusing on the MSC/CA-
MSC dichotomy are warranted, with the goal of making the OV TLS landscape more

like TLS-rich anatomical sites i.e., FT or OM. Our spatially derived TLS prognostic
signature may aid in stratification of patients for clinical trial entry and/or association to
immunotherapeutic response.

Limitations of the study

Our study is limited by the number of biological samples in our DSP cohort, and future
experiments should build on our findings by increasing the number of patients assessed, and
comparing cohorts based upon clinical features (e.g., homologous recombination deficiency
(HRD), treatment status, age, etc.). Such factors are predicted to augment and/or change

the frequency and transcriptional profile of TLS. Nonetheless, our study demonstrates the
feasibility of using spatial transcriptomics to generate prognostic signatures and in dissecting
out specific immune subsets within TLS for comparison. Despite these acknowledged
limitations, these data were validated using multiplex, protein-based imaging where relevant,
are hypothesis generating, and provide a foundational analysis pipeline for future spatial
analyses of TLS in solid tumors.

RESOURCE AVAILABILITY

Lead contact

Further technical or data-related inquiries may be directed to, and fulfilled by, the lead
contact Tullia C. Bruno: tbruno@pitt.edu.

Materials availability

This study did not generate new unique reagents.
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Data and code availability

. Unmixed spectral flow cytometry.fcs files and antibody dilutions/vendor
info, count matrices, and annotation files produced from GeoMx Spatial
Transcriptomic experiments, representative QPTIFFs of tissue stained with TLS
Maturity and CA-MSC multiplex immunofluorescence panels, GSEA reports,
and TCGA cohort with our signature annotations have been deposited in
Mendeley and are publicly available as of the date of this publication, with the
DOl listed in the key resources table. Due to size constraints, the multispectral
whole slide image files are available for public use upon inquiry to the lead
contact.

. This paper analyzes existing, publicly available data. These accession numbers
for the datasets are listed in the key resources table.

. All original code has been deposited at Mendeley and is publicly available as of
the date of publication. DOIs are listed in the key resources table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient samples: We obtained fresh or formalin-fixed, paraffin embedded (FFPE) tissue
samples through the University of Pittsburgh’s ProMark tissue collection protocol and the
Pitt Biospecimen Core under IRB (PRO17080326). All patients involved in this tissue
collection undergo standard informed consent processes and the study is continually
reviewed by the institutional review board. All samples were deidentified by an honest
broker system and no investigators had capacity to re-identify any patient specific data.
Table S1 and Figure S2 list the patient samples, clinicopathologic data and usage in this
study. All patients underwent informed consent for tissue collection through ProMark. All
samples were reviewed and verified by a board-certified gynecologic pathologist including
Sectioning and Extensively Examining the Fimbria (SEE-FIM) protocol for fallopian tube
samples. Demographic and clinical parameters of the cohort, as well as their experimental
allocation are located in Table S1. A flow chart depicting the allocation of samples per
experiment is found in Figure S1.

METHOD DETAILS

TCGA database and survival analysis: The Ovarian Serous Cystadenocarcinoma
(TCGA, Firehose Legacy) was filtered for untreated, Grade 2 or 3 serous, primary ovarian
cancer samples. Kaplan Meyer survival plots were generated for various groups using
cBioPortal or R. B Cell enriched patients were defined as having CD19 or MS4A1 (CD20)
MRNA two standards of deviation higher than population average. The TLS-DSP score was
derived using Nanostring’s GeoMx Digital Spatial Profiler (DSP). 69 spatially informed
ROIs (TLS or Tumor/Stroma) from n=4 HGSOC patients were compared using differential
gene expression analysis, producing 330 genes with FDR<0.05 and FC 1.5, filtering by
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a minimum FC of 2 enrichment in TLS regions, a 20 gene “TLS-DSP” signature was
derived. TLS-DSP signature: ARHGDIB, BIRC3, CD52, CD79A, CORO1A, CXCLJ9,
CYTIP, LCP1, LIMD2, LSP1, LTB, PLEK, POU2AF1, PTPRC, PTPRCAP, RCSD1, SELL,
TAGAP, WIPF1, TRBC1. TRBC1 was excluded from the survival analysis because it is not
present in the TCGA dataset expression library. The TLS-DSP and 12-CK transcriptional
signatures were measured for TCGA Ovarian Serous Cystadenocarcinoma samples by
generating a score from the average expression of all genes in the signature. The Affymetrix
platform allowed analysis of n=501 patients. Signature scores were generated using ssGSEA
method. Patients were split by expression levels, and differences in survival depicted with
Kaplan-Meier survival curves and log-rank test p-values.

High parameter multispectral flow cytometry: Freshly resected high grade serous
ovarian cancer samples from deidentified patients collected through ProMark and the

Pitt Biospecimen Core as noted above (IRB:PRO17080326) were processed and viably
banked. Thawed cohort was stained with a “B Cell Phenotyping” 26-marker spectral flow
cytometry panel which had previously been optimized and validated extensively using
healthy donor PBMC, tonsil, lymph node and bone marrow samples (Figure S2A). The
panel was adapted from a previous publication from our lab.13 Stained cells were fixed and
analyzed on a Cytek Aurora. High dimensional analysis of the .fcs files was performed using
Beckman Dickerson’s Cytobank software with unbiased clustering performed using ViSNE
dimensionality reduction program. Conventional gating was performed using FlowJo and
Cytobank.

Multispectral staining and imaging: Akoya Bioscience’s Vectra MOTIF imaging
pipeline and reagents were used for multispectral immunofluorescence experiments. Our
lab designed and optimized the novel panels found in this paper with assistance from

the University of Pittsburgh Translational Pathology Imaging Laboratory (TPIL) and the
University of Colorado Human Immune Monitoring Shared Resource (HIMSR). Each panel
was optimized for Akoya’s MOTIF imaging platform, which allows for minimal spectral
overlap and easier whole-slide imaging (Opals 480, 520, 570, 620, 690, 780). Panels were
optimized for autostaining on a Leica Bond Rx autostainer. Stained slides were scanned on
a Vectra Polaris imager. Digital image files (QPTIFF) were downloaded and Phenochart
software was used to select ROIs for downstream analysis. Whole slide images were
analyzed using QuPath, or unmixed and analyzed by ROI using Akoya Bioscience’s InForm
software.

Multispectral image analysis: QuPath v0.3.2-v0.4.4 image analysis software58 was
used to quantify lymphoid structures from multispectral images at the whole slide level.
MOTIF QPTiffs were loaded into QuPath. A trainable pixel classifier was used to identify
lymphoid aggregates with surface area over 15,000 microns? then cell segmentation was
performed on each aggregate and structures containing over 20 nuclei were retained. This
script was utilized in batch to quantify lymphoid structures across the HGSOC cohort.
InForm v2.6 was utilized for deep analysis of selected ROIs generated in Phenochart. Tissue
segmentation, cell segmentation and cell phenotyping algorithms were generated using a
training set of representative ROIs. Autofluorescence was isolated and removed using an
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unstained ovarian tissue. The optimized algorithm was then applied in batch to the HGSOC
cohort. The output data was merged, consolidated and analyzed in the R Studio packages
Phenoptr/PhenoptrReports. To distinguish between TLS and GC regions, trainable tissue
segmentation within InForm v2.6 was utilized on regions containing evident CD21* FDC
networks. “TLS” regions were trained on lymphoid structure regions lacking FDC networks.
Downstream analysis allowed comparison of CD20*KI67*AID™ cells within these segments.

Digital spatial profiling (DSP): Nanostring’s Digital Spatial Profiling GeoMx platform
was used for spatial transcriptomics and conducted in the UPMC Hillman Cancer Center
Cytometry Facility. N=7 HGSOC Ovary tumors, n=4 HGSOC Omental tumors and n=2
Fallopian tube tumors which had been pre-confirmed to contain lymphoid structures were
deparaffinized and stained with the following morphology stains: CD45, CD20, PanCK,
DAPI. Slides were incubated with the Whole Transcriptome Atlas library (WTA) prior to
collection. For collection, the GeoMx platform was utilized to select ROls of interest on

the slides. The strategy for segmenting discrete regions by morphology marker within ROIs
is as follows: Immune: CD45*,CD20~,PanCK~ / B Cell: CD45*/~,CD20*,PanCK~ / Tumor:
CD45~,CD20~,PanCK™* / Stroma: CD45~,CD20~,PanCK™. 96-well plates were collected and
sent for sequencing at the UPMC Genomics Core Facility using standard protocols. Data
normalization, quality control, and analysis was conducted by the UPMC Hillman Cancer
Bioinformatics Services. Sequencing files were converted from FastQ to Digital Count
Conversion (DCC) format using The GeoMx NGS Pipeline. The sequencing saturation was
87%+2% (meantS.E.M.). Reads were processed to clip adaptors, merge overlapping mates,
align to the Readout Tag Sequence-1D (RTS-ID) barcodes, and remove PCR duplicates by
Unique Molecular Identifiers (UMI). The resulting read count matrix was passed through
robust QC procedure to remove ROIs of low surface area (<3000 um2) or low perfect
aligned reads (<80%), and probes of low quality or identified as global or local outliers (fails
Grubbs outlier test in = 20% segments). The remaining data were upper quartile normalized
and logp-transformed. Genes of low expression (<5.2, based on the distribution of negative
probe expression) were removed prior to statistical comparisons. Genes differentially
expressed between groups of interest were detected using linear mixed-effects models based
on restricted maximum likelihood in R (/me4, v1.1.30), with group (e.g., omentum vs ovary)
as the fixed effect and slide id as the random effect. Contrasts of groups were performed
using ttests at a significance level of 0.05.

Primary MSC/CA-MSC cell isolation and culture: CA-MSCs/MSCs isolation/
culturing protocol: CA-MSCs were derived from surgical resection of human ovarian
cancer involving the fallopian tube, ovary and/or omental metastatic deposits. Normal
mesenchymal stem cells (MSCs) were derived from surgical samples (fallopian tube,

ovary or omentum) of women undergoing surgery for benign indications or risk reduction
surgery. Patient samples were obtained in accordance with protocols approved by the
University of Pittsburgh’s Institutional Review Board (PRO17080326). MSCs were isolated
following previously described protocol (https://app.jove.com/t/62382/an-orthotopicmouse-
model-ovarian-cancer-using-human-stroma-to). Briefly, dissociated cells (CA-MSCs or
MSCs) were grown in MEBM (Mammary Epithelial cell Basal Medium) supplemented
with; 1% B27, 20ng/ml epidermal growth factor (EGF), 1% penicillin-streptomycin,
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20ug/ml gentamycin, 1 ng/ml hydrocortisone, 5ug/ml insulin, 100um beta-mercaptoethanol,
10ng/ml recombinant human basicfibroblast growth factor (bFGF), and 10% fetal bovine
serum (FBS). Cells were incubated at 37°C in a humidified incubator equilibrated with 5%
Cco2.

CA-MSCs and MSCs were selected for plastic adherence and cell surface marker
expression CD105 (BD Biosciences, Catalog No. 561443, RRID:AB_10714629) CD90 (BD
Biosciences, Catalog No. 555596, RRID:AB_395970), CD73 (BD Biosciences, Catalog
No. 560847, RRID:AB_10612019) positive; CD45 (BD Biosciences, Catalog No. 340664,
RRID:AB_400074), CD34 (BD Biosciences, Catalog No. 555824, RRID:AB_398614),
CD14 (BD Biosciences, Catalog No. 340436, RRID:AB_400509), and CD19 (BD
Biosciences, Catalog No. 340364, RRID:AB_400018) negative. CA-MSCs and MSCs
were verified for the differentiation capacity into adipocyte, osteocyte, and chondrocyte
(following guidelines presented by the International Society for Cell & Gene Therapy
(ISCT) on the minimal criteria for defining multipotent mesenchymal stem cells’®) (Figure
S7A). To determine CA-MSC phenotype, primary cultures were scored in accordance
with the published CA-MSC classifier protocol developed in the Coffman Lab.38 In

brief, following this validated scoring algorithm, CA-MSC phenotype = >0.96, while
MSC phenotype = <0.3. CA-MSCs and MSCs were propagated and used for functional
experiments. Each MSC sample was derived from an individual patient and the individual
patient MSC samples were maintained separately.

Adhesion and migration assays: For adhesion assays, 5x10% primary, patient-derived
normal Mesenchymal Stem Cells (MSCs) or cancer-associated Mesenchymal Stem Cells
(CA-MSCs) were cultured in 12-well format overnight. Next day, 5x10% bulk B lymphocytes
(kit-isolated from healthy donor PBMC) were labeled with Cell Trace Violet (CTV) and
added to wells. At 4-hour timepoint, media was removed and wells washed twice with

PBS. Adherent B cells were imaged on a fluorescence microscope and quantified using
QuPath. For migration assays, 5103 normal MSCs or CA-MSCs were cultured in a 96-well
chemotaxis plate overnight (Cytoselect 96-well cell migration assay, fluorometric format,
Cell Biolabs, Inc. San Diego, CA, USA). 1x10% CTV labeled bulk B cells were added to
each well on top of the membrane (5 micron pore size). Cells were incubated for 4 hours,
then the membrane chamber removed, wells washed twice with PBS and adherent B cells
imaged and quantified using fluorescence microscopy and QuPath.

Conditioned media experiments: Conditioned media was harvested from CA-MSC
and MSC populations grown to confluence. Healthy donor bulk B cells were harvested

from leukopacks using Biolegend MojoSort Human B Cell kit (#480062) and stimmed with
CpG [10pg/mL] (InVivogen # tIrl2006-1) in the presence of conditioned media at multiple
dilutions (e.g. 1:2, 1:4, 1:8, 1:16). At 5 days, cells were washed and dissociated, then stained
for analysis via flow cytometry. Viable B cell subsets were gated using CD19, IgD, CD38.
%Ki67* was used to determine differences in proliferation of B cell subsets.

FDC polarization assay: Primary MSC and CA-MSC populations were resected from
independent patients and propagated in culture according to the protocol above. Cells
were plated in duplicate in MSC media supplemented with GM-CSF [100ng/mL] (Fisher #
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300-03-50ug), IL4 [10ng/mL] (Fisher #200-04-20UG) and TNFa [50ng/mL] (Fisher # 300—
01A) for 11 days. At 11 days, cells were washed and gently dissociated, then stained using
an FDC differentiation spectral flow cytometry panel. Cells were analyzed and unmixed on
the Cytek Aurora and analyzed using FlowJo cytometry analysis software.

CA-MSC/MSC proximity image analysis: HGSOC samples were stained with a CA-
MSC multiplex immunofluorescence panel that contains CD73, CD90, CD105, WT1,
PanCK, CD45 on a Leica Bond Rx Autostainer. These are the minimum criteria markers
for MSCs as defined by the ISCT. The panel was optimized as described above with

the UPMC Hillman Cancer Center TPIL Core; representative images and single channel
views are displayed in Figure S6. CA-MSCs versus normal MSCs were phenotyped using
the following strategy: Cell segmentation was carried out based on nuclei staining (using
DAPI) in QuPath v03.2. Subsequently, we developed a cell classifier to defined nMSCs as
cells negative for CD45 and PanCK, while positive for three MSC markers (CD90, CD73,
CD105) and negative for WT1. Conversely, CA-MSCs were characterized as cells negative
for CD45 and PanCK, positive for the same three MSC markers, and positive for WT1.
Snapshots of lymphoid aggregate, defined using CD45 from the same panel, were exported
and the distance to nearest lymphoid aggregate was measured in ImageJ software. Distances
were broken down into the following ranges to show changes in CA-MSC/MSC prevalence:
<200, 200-400, 400-600, >600 um.

Multivariate analysis: Sample cohort: TCGA Ovarian Cystadenocarcinoma Dataset:
untreated, G2+G3 serous, primary, ovarian tumor. N=501. Kaplan Meier curves were
generated and log rank test was used to compare overall survival between groups based

on expression levels. Overall survival was defined as time from initial diagnosis until

death from any cause. In order to control for other variables reported to impact survival,
multivariable Cox proportional hazard (PH) models were constructed utilizing STATA
(Stata/SE 14.2, StataCorp, College Station, TX) and included any variables that met a
significance threshold p-value of p<0.05 on univariate analysis or was deemed to have
clinically significant prognostic value based on prior reports. For signature cutoffs, the data
was noted to be normally distributed without clear inflection points. We evaluated the more
extreme ends of the bell curve by breaking the data into tertiles. When comparing the
tertiles, the survival curves were significant. While this is not meant to develop a clinically
utilized prognostic score, it does support the use of these scores in future investigations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphpad Prism, Stata/SE 14.2, R: /me4, v1.1.30 were used for statistical analysis.
Statistical details are broadly found in the respective methods section, and specifically in
the Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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An in situ-derived TLS signature from ovarian tumors is prognostic
TLS state governs B cell immunity

Cancer reprogrammed stroma blunts B cell function and is implicated in TLS
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Figure 1. B cells and tertiary lymphoid structures correlate with improved survival in HGSOC
but differ across tumor anatomical site

(A) Kaplan-Meier plot comparing patients with CD19 and/or MS4A1 (CD20) mRNA
enriched over two standard deviations above mean (TCGA Ovarian Cystadenocarcinoma.

Log rank pvalue: 0.0297).

(B) Quantification of live B cells as a percentage of all live cells from freshly resected/
viably banked high grade serous ovarian carcinoma samples (* = p value < 0.05; Student’s

two-tailed t test).

(C) Germinal center (GC: IgD™/CD38/") and antibody secreting cells (ASC: IgD~/CD38M)
quantified as a percentage of live CD19* B cells.
(D) Intracellular BCL6 staining positivity within the GC B cell gate compared across

negative control (healthy donor blood PBL), positive control (tonsil) and malignant ovarian

samples (HGSOC).
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(E) Intra-patient surface expression of immunoglobulin G (IgG) changes between BCL6~
and BCL6" GC B cell populations (* = p< 0.05; paired t test).

(F) Patients stratified into tertiles reflecting average expression of the 12-chemokine (12-
CK) TLS-predictive signature (SSGSEA).

(G) Representative images of whole slide HGSOC samples stained with CD20
immunohistochemistry and scanned at 20x magnification. CD20-rich regions were used

to train an algorithm to detect CD20-rich regions in QuPath. Annotations passing a size
threshold of 15,000 pm?2 with over 20 cells are outlined in green.

(H) Quantification of lymphoid aggregates via immunostaining (* = p value < 0.05; Mann-
Whitney non-parametric test).

(1) Comparison of cell frequencies within lymphoid aggregates using trainable tissue and
cell segmentation/phenotyping algorithms on multispectral digital image files using InForm
image analysis software. (* = pvalue < 0.05; Student’s two-tailed t test, line at mean).

(J and K) Representative images of PNAd* HEVs in HGSOC and quantification of
lymphoid structures containing HEVs.

(L) Analysis of Ovarian Cystadenocarcinoma TCGA grouping patients by enriched CD19
and/or MS4A1 mRNA (B Cell Hi) as in (A) or enrichment of at least one gene in the
12-CK score (12-CK), or both, demonstrates that B cell signature and 12-CK signature are
synergistic. Enriched groups defined as mRNA expression levels 2 standard deviations above
the population mean (log rank pvalue = 0.0078, /7= 495 patients). Data represented as mean
with SD, (* = p< 0.05).

See also Figures S1-S3 and Table S1.
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Figure 2. Spatial transcriptomics reveals an in situ TLS-derived transcriptional signature
prognostic in HGSOC patients and indicates site-specific adaptive immunity

(A) Digital Spatial Profiling: representative images of a region of interest (ROI) stained

with morphology markers CD45, CD20, PanCK, and DAPI (above) with parallel image
depicting stain-based segmentation of a region into 4 discrete collection segments (/mmune:
CD45*CD20"PanCK™, CD20: CD20*CD45*~"PanCK™, Tumor: PanCK*CD45-CD20",
Stroma. CD45~CD20~PanCK™) for spatial transcriptomics.

(B) Volcano plot depicts DEGs between “TLS” and “tumor/stroma” segments collected from
n=69 ROIs as in (A).

(C) Differentially expressed genes (DEGs) from (B) were filtered to select only genes
upregulated by at least 2-fold, generating a spatially derived HGSOC “TLS-DSP”
transcriptional signature.
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(D and E) HGSOC patients from TCGA Ovarian Cystadenocarcinoma dataset grouped by
tertile average expression of the 19-gene TLS-DSP signature assessed for survival in all
patients (D) and <55 years old (E).

(F) Omental (OM) versus ovarian (OV) TLS regions compared for differentially expressed
genes (p < 0.05; student’s two-tailed t test).

(G) Fallopian tube (FT) TLS versus OV TLS regions compared for differentially expressed
genes (p < 0.05; student’s two-tailed t test).

(H) Top DEGs (adjusted p value < 0.05; Fold Change 1.5) defining TLS signature in

each anatomical site (derived from TLS vs. tumor+stroma segments) were compared for
conserved/unique genes in a Venn Diagram. For each anatomical site 7=7 OV, n=3 OM,
and 7= 2 FT tumors; #TLS vs. #tumor+stroma segments: (OV:24/45, OM:13/22, FT:18/31).
(I) GSEA was conducted on DEGs in FT versus OV TLS using 20,613 genesets downloaded
from the Molecular Signature Database (Broad Institute). 5 representative gene sets with
NES>1.8/FDR<0.25 within the top 1% of genesets for each group are depicted. (Data
represented as boxplots, box: 25-75™ percentile, whiskers: min-max.).

See also Figure S4.
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Figure 3. Multispectral imaging uncovers differences in TLS state across HGSOC anatomical
sites

(A) Representative multispectral images of HGSOC cohort stained with a TLS Activity
panel containing CD4, CD20, CD21, AID, Ki67, PNAd, and DAPI. Images were unmixed
(/efd) and trainable tissue segmentation performed (righf) to identify TLS (cyan) and CD21*
GC-like regions within TLS (magenta) using trainable InForm tissue segmentation.

(B) Lymphoid structures scored for maturity according to a rubric. Lymphoid structures
were considered “TLS” if they contained a minimum of 20 B cells, contained both CD20*
B cells and CD4* T cells, and had PNAd* HEVs, while presence of CD21* cells was
considered a “TLS+GC".

(C) Representative images of HGSOC tumors taken from OV and FT stained with the TLS
activity panel display Ki67*- and AID*-rich regions overlaying CD21* follicular dendritic
cell networks.
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(D) Lymphoid structures scored according to (B) were combined from each patient to
generate average TLS maturity frequencies across anatomical site.

(E) Single channel “pathology” view of CD21, AID, and Ki67 demonstrates co-localization
of Ki67* and AID* staining with CD21" networks.

(F and G) Individual B cells expressing AID* (F) or Ki67*AID* (G) were quantified within
the GC-region, or non-GC region of TLS across anatomical sites (*p < 0.05; Mann Whitney
test).

(H) Representative image of TLS with GC in FT tumor with inset depicting an individual
CD20*Ki67*AID* cell within TLS.

(1) Density of CD20*Ki67*AID™ cells within total TLS regions across anatomical site (OV
n=18; FT n=10; OM n=11. * = p< 0.05; Mann-Whitney test). Data represented as
horizontal line at mean = SD; (* = p< 0.05).
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Figure 4. Ovarian lymphoid structures are less frequent and contain fewer GCs within the
context of patient matched HGSOC tumors

(A) n= 15 untreated, HGSOC patients with tumor involvement in all three anatomical site
(OV, OM, and FT) were stained with CD20 via IHC and analyzed for lymphoid structures
presence using QuPath (CD20 aggregates >15,000 um? and at least 20 cells.

(B) Lymphoid structure numbers quantified across anatomical site within each individual
patient (background), average L.S. number across patients was averaged and connected with
a line (bold; forefront). * = p< 0.01 Kruskal-Wallis test.
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(C) Patients grouped according to presence of lymphoid structures in the ovarian tumor
versus lymphoid structures per site. Box: 251-75t percentile, whiskers: max-min, line:
median (n.s. = p> 0.05; Mann-Whitney test).

(D) Samples stained with the TLS activity multiplex immunofluorescence panel (CD4,
CD20, PNAd, CD21, AID, and Ki67).

(E) TLS Activity panel was used to classify the state of lymphoid structures as “Lymphoid
Aggregate”, “TLS”, or TLS+GC” as in Figure 3. Data represented as (* = p< 0.05).
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Figure 5. Transcriptional spectrum of TLS state and activity of TLS-resident immune cells
revealed by spatial transcriptomics

(A) Representative images of HGSOC lymphoid structures analyzed using digital spatial
profiling and scored for maturity according to size (immature: 0-300 cells/intermediate 300—
500 cells/mature 500+ cells).

(B) Tabulation of ROIs ranked by maturity across 7=3 OM and /7= 4 OV tumors.

(C) PCA plot reveals transcriptional changes of lymphoid aggregates across maturity.

(D) Heatmap of top genes upregulated in mature ovarian TLS (24 genes displayed with raw
p < 0.005, Fold change 1.5).

(E) GSEA reveals gene sets upregulated in OV CD20* cells as lymphoid structures mature
(Ovarian CD20*: TLS_none_immature_ vs. TLS_intermediate_mature, curated gene sets
NES>1.5/FDR<0.25).

(F) Curated list of genes enriched in CD20" B cells or non-B cell CD45™" cells.
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(G) Residing in mature TLS (intermediate_mature) versus immature (none_immature). Data
represented as boxplots; box: 251-75t percentile, whiskers: min-max, line: median (* = p<
0.05; Student’s two-tailed t test).

(H) Individual genes taken from mature versus immature TLS regions in HGSOC ovarian
samples (* = p< 0.05; Student’s two-tailed t test). Data represented as (* = p < 0.05).

See also Figures S5 and S6.
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Figure 6. Spatial biology reveals that CA-MSCs are decreased near TLS in HGSOC patients
(A) Hematoxylin and eosin (H&E) staining on an OV tumor. T = tumor/S = stroma.

(B) Representative images of HGSOC TLS residing within stroma with adaptive tissue
segmentation applied using InForm image analysis software to segment tumor/epithelia
(red), stroma (yellow), and lymphoid structures (cyan).

(C) Representative images of DSP strategy to segment TLS-adjacent versus TLS-distal
stroma (Stroma = PanCK~,CD457,CD207).

(D) Volcano plot of 30 DEGs between TLS-adj. vs. -dist. stroma ((yellow) FDR-
adj.pvalue<0.2, (red) raw pvalue < 0.005, FC1.5).

(E) GSEA conducted on TLS-adj. vs. -dist. stroma showed enrichment

of Reactome_Chemokine_Receptors_Bind_Chemokines in TLS-Adj. while

KIM_WT1 Targets was enriched in -dist. stroma.
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(F) Analysis of individual chemokine mRNA revealed upregulation of multiple chemokines
in the TLS-ad]. stroma. Data represented as boxplots, whiskers: min-max, line: median (* =
p < 0.05; Sstudent’s two-tailed t test).

(G) Expression of WT1 in TLS-distal versus TLS-adjacent stroma. Data represented as
boxplots, whiskers: min-max, line: median.

(H) Enrichment of a 13 gene CA-MSC signature was quantified per patient using sSGSEA,
and found enriched in TLS-distal stroma versus TLS-adjacent. Boxplots represent box:
25175t percentil, line: median (o= 0.011).

(I) Representative image of proximity analysis showing distance from MSC/CA-MSC
phenotype to the nearest lymphoid structures using the CA-MSC multispectral panel.

(J) The proportion of CA-MSC versus MSC within the defined distance from lymphoid
structures. Boxplot represents min-max with a line at mean. (* = p < 0.05 paired t test. n=4
patients/n= 11 lymphoid structures). Data represented as * = p < 0.05.

See also Figure S6.
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Figure 7. CA-MSC:s fail to support immune function in vitro and negate the prognostic benefit of

TLS

(A) Curated genes relating to immune function from RNA-seq on purified, primary

HGSOC CA-MSCs versus N-MSCs. Data represented as Boxplots, box: 251-75™ percentile,

whiskers: min-max, line: median (* = p < 0.05; Student’s two-tailed t test).

(B) Representative images of B lymphocyte adhesion to CA-MSCs vs. nMSCs in vitro.
(C) Quantification of stained B cells adhering to stromal cells after 4 h incubation and
washing. Data represented as mean and SD (* = p < 0.05; Student’s two-tailed t test).

1duosnue Joyiny

(D) Healthy donor bulk B cells were stimulated with CpG and simultaneously treated with
conditioned media from primary CA-MSC or nMSC populations using multiple dilutions.
Five day cultures analyzed for Ki67* using flow cytometry. Graph represents combined
results from two experiments. Data represented as mean with SD (* = p < 0.05; Student’s
two-tailed t test (1:2 dilution), 7=5 CA-MSC C.M.s, n =3 N-MSC C.M.s).
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(E and F) nMSC and CA-MSC primary cells were treated in duplicate with GM-CSF, IL4,
and TNFa for 11 days, gently dissociated, stained, then surface expression of FDC markers
was measured using flow cytometry (1 experiment; n=3 nMSC, n= 3 CA-MSC lines, each
dot represents a well, color coded for distinct cell lines) * = p < 0.05 Mann-Whitney test (E)
or Student’s two tailed t test (F). Line represents median.

(G and H) Kaplan-Meier survival plots generated from TCGA Ovarian Cystadenocarcinoma
datasets after scoring patients using ssGSEA for CA-MSC and 12-CK or TLS-DSP
signatures. (High 12-CK = T3, Low 12-CK = T1+T2, High CA-MSC = T3, Low CA-MSC =
T1+T2).

(I-L) Univariate and Multivariate analysis of clinical features and transcriptional signature
scores assessing all patients (I and K) and patients <55 years old (J andL). Data represented
as median with range. (* = p< 0.05, log-rank test; Cox proportional hazard model.) Data
represented as * = p< 0.05.

See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

CD19 -BUV805 BD Biosciences 742007
CD20 -Spark NIR685 BioLegend 302366
CD27 -PE-cy5 Invitrogen 5-0279-42
CD38 -BUV615 BD Biosciences 751138

1gD -Pacfic Blue BioLegend 348224
CD138 -APC-R700 BioLegend 356514
CD21 -APC ThermoFisher (eBio) 17-0219-42
CD86 -BV605 BioLegend 305430
CD11c -BV650 BioLegend 301638

19G -APC-cy7 BioLegend 410732

IgM -BV570 BioLegend 314517

IgA -FITC Miltenyi 130-113-475
CD45RB -BUV563 BD Biosciences 748737
Ferl5 -BV750 Fisher (BD) 749601
LAIR1 -BUV496 Fisher (BD) 750755
Semada -PerCP Ef710 Fisher (Novus) MAB46941
CD69 -BV785 BioLegend 310932
CXCR5 -BV711 BioLegend 356934
HLADR -BUV737 Fisher (BD) 748339
CD62L -BVv421 BioLegend 304828
CD45 -BUV395 Fisher BD 563792

CD3 -PerCp cy5.5 BioLegend 300328

Ki67 -PE BioLegend 350504

Tbet -PE-Dazzle BioLegend 644828

Bcl6 -PE-cy7 Fisher (BD) 563582
Peripheral Node Addressin (PNAd) Sigma MABF2050
Mo-anti-rat IgM Novus NBP1-43375
CD4 Biocare API3209AA
AID (Anti-AICDA) Abcam ah269454
CD21 Leica NCL-L-CD21-2G9
Ki67 Epredia (Fisher) RM9106S
CD20 Leica NC-L-CD20-L26
WT1 Santa Cruz sc-393498
CD73 Abcam ab133582
CD105 Sigma ah133582
CD45 Sigma AMAD90519
CD90 Fisher (Novus) NBP1-43379
PanCK Santa Cruz Biotechnology sc-81714

Biological samples
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Patient samples: high-grade serous ovarian cancer
samples, serous tubal intraepithelial carcinoma /n sit,
benign fallopian tube and ovary

University of Pittsburgh’s ProMark tissue
collection and Pitt Biospecimen Core

N/A

Chemicals, peptides, and recombinant proteins

Recombinant Human TNF-a
Recombinant human GM-CSF
Recombinant human IL-4

Human TruStain FcX™ (Fc Receptor Blocking
Solution)

Live/Dead Blue

Fisher (Peprotech)
Fisher (Peprotech)
Fisher (Peprotech)
BioLegend

ThermoFisher

300-01A-50ug
300-03
200-04-20UG
422302

134962

Deposited data

Unmixed .fcs B Cell Phenotyping Files (HGSOC)
GeoMx DSP Transcriptional Dataset for TLS-DSP

Multiplex IF: TLS Activity Multiplex panel staining
conditions protocols, InForm Batch algorithm, raw
rep. image QPTIFF Tonsil Control, Panel/Antibody
details.

GSEA Results CD20 in TLS from GeoMx DSP
Multiplex IF: CA-MSC Panel. Raw Rep. Image
QPTIFF with Panel/Antibody details

TCGA: Ovarian Serous Cystadenocarcinoma

NCBI GEO: High Grade Ovarian Serous Whole
Genome Expression Analysis

This paper

This paper

This paper

This paper
This paper
https://www.cancer.gov/ccg/research/

genome-sequencing/tcga

Mok et al. 200957

Mendeley Data: https://doi.org/
10.17632/9zxht4rchk.1

Mendeley Data: https://doi.org/
10.17632/9zxht4rchk.1

Mendeley Data:https://doi.org/
10.17632/9zxht4rchk.1

Mendeley Data: https://doi.org/
10.17632/9zxht4rchk.1

Mendeley Data: https://doi.org/
10.17632/9zxht4rchk.1

GSE18520

NCBI GEO: Nanostring GeoMX data set This paper GEO: GSE276935

Software and algorithms

TLS Activity InForm Batch Algorithm This paper Mendeley Data: https://doi.org/
10.17632/9zxht4rchk.1

QuPath Lymphoid Aggregate ID’er (script) This paper Mendeley Data: https://doi.org/

QuPath

Akoya Biosciences: InForm v2.x.x

phenoptr/phenoptReports

ImagelJ
cBioPortal

Kaplan-Meier Plotter

Bankhead et al.®8
https://www.akoyabio.com/support/
software/

akoyabio.github.io/phenoptr/
&akoyabio.github.io/phenoptrReports

https://imagej.net/ij/
https://www.cbioportal.org/

https://kmplot.com/analysis/index.php?
p=service&cancer=ovar

10.17632/9zxht4rchk.1

https://doi.org/10.1038/
541598-017-17204-5

Cerami et al.®®

Gyorffy et al. 202346
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