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ABSTRACT

Background: The changes in the tumor microenvironment of high-grade serous ovarian carcinomas following neoadjuvant chemotherapy are a
complex area of study. Previous research underscores the importance of investigating the immune and collagen components within the tumor
microenvironment for prognostic implications.

Methods: In this study, we utilized computational pathology techniques with Hematoxylin and Eosin-stained images to quantitatively characterize
the immune and collagen architecture within the tumor microenvironment of patients with high-grade serous ovarian carcinoma.

Results: Our analysis of 12 pre- and post-neoadjuvant chemotherapy images revealed an increase in immune infiltrate, primarily within the epithelial
region. Additionally, post-neoadjuvant chemotherapy images exhibited chaotic collagen architecture compared to pre-neoadjuvant chemotherapy
images. Importantly, features extracted from post-neoadjuvant chemotherapy images showed associations with overall survival, potentially aiding
in the selection of patients for immunotherapy trials.

Conclusions: These findings offer critical insights into the changes in the tumor microenvironment of high-grade serous ovarian carcinomas following
neoadjuvant chemotherapy and their potential implications for clinical outcomes.

1. Introduction

The standard treatment approach for high-grade serous ovarian carcinomas (HGSOC) typically involves either cancer-directed
debulking surgery followed by adjuvant platinum-taxane chemotherapy or neoadjuvant chemotherapy (NACT) followed by interval
cytoreductive surgery [1]. NACT, also known as preoperative chemotherapy, is widely used in managing HGSOC [2]. Furthermore,
immunotherapy employing immune checkpoint inhibition has gained increasing popularity as a treatment option due to its durable
effects and lower toxicity [3-5].

Recent studies have shed light on changes in the tumor microenvironment (TME) composition in HGSOC patients after NACT. This
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Abbreviations

TME Tumor microenvironment
HGSOC High-grade serous ovarian carcinoma
NACT  Neoadjuvant chemotherapy

H&E Hematoxylin and eosin

WSI Whole-slide image

TIL: Tumor-infiltrating lymphocyte
ECM Extracellular matrix

HR Hazard ratio

CI Confidence interval

FIGO Federation of Gynecology and Obstetrics
UPMC  University of Pittsburgh Medical Center Magee Women’s Hospital

insight arises from analyzing paired samples collected before and after NACT administration in the same patient [6,7], raising crucial
questions about the dynamic changes within the TME of HGSOC patients post-NACT that could potentially influence clinical outcomes
(Fig. 1).

Immune cells, particularly tumor-infiltrating lymphocytes (TILs), are essential components in the battle against cancer [8]. While
previous research indicates increased TIL infiltration after NACT, there remains a need for a comprehensive quantitative assessment of
the immune milieu in these samples [6,7]. Machine learning methods have become effective tools for quantifying the immune milieu
from Hematoxylin and Eosin (H&E) Whole Slide Images (WSIs), demonstrating potential in prognostic evaluation [9]. Moreover,
collagen, the predominant protein found in the extracellular matrix (ECM), significantly influences cancer progression and metastasis
[10]. Recent developments in computational pathology have facilitated the quantitative assessment of collagen structure within the
TME using H&E WSIs [11].

In this study, we adopt a unique computational pathology approach using H&E WSIs to quantitatively characterize the immune and
collagen architecture within the TME of HGSOC patients. Our main objectives are threefold: a) to quantitatively analyze the immune
architecture; b) to quantitatively analyze the disorder in collagen architecture within the TME in pre- and post-NACT H&E WSIs of
HGSOC patients; and c) to investigate the association of the extracted features from post-NACT H&E WSIs with patient survival
outcomes in HGSOC patients.
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Fig. 1. Illustrates the comparison of tumor microenvironment (TME) characteristics in patients with high-grade serous ovarian carcinoma
before and after neoadjuvant chemotherapy (NACT). Pre-NACT H&E images show lower TIL density and less disorder in collagen fiber ori-
entations, whereas post-NACT H&E images demonstrate higher TIL density and higher disorder in collagen fiber orientations. TME, Tumor
Microenvironment; TIL, Tumor-Infiltrating Lymphocytes.
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Fig. 2. Overall framework for extracting features from the collagen and tumor-infiltrating lymphocyte (TIL) components within the tumor
microenvironment (TME) of H&E images. a H&E images from both pre- and post-NACT stages of the same patient were acquired. The pre-NACT
H&E image was derived from a biopsy, whereas the post-NACT H&E image originated from a surgical specimen. b Tiles of size 3000x3000-pixel
were extracted from each pre- and post-NACT H&E image. These tiles underwent preprocessing steps for feature extraction, including epithe-
lium/stroma segmentation and nuclei segmentation. ¢ The first set of features focused on quantitative aspects of Collagen Fiber Orientation Disorder
(CFOD) in stromal regions. Collagen fiber orientations were determined using a derivative-of-Gaussian model. An orientation co-occurrence matrix
was generated, where brighter on-diagonal cells indicated higher co-occurrence of collagen fibers with similar orientations. A feature quantifying
the disorder of collagen fiber orientations was computed from this matrix. Warmer colors in the feature map represented greater disorder in collagen
fiber orientations. d Another set of features characterized TIL architecture quantitatively in epithelial and stromal regions. HGSOC, high grade
serous ovarian carcinoma; TIL, tumor-infiltrating lymphocytes; CFOD, collagen fiber orientation disorder.

<«

2. Methods
2.1. Dataset

This study focused on HGSOC samples obtained from the peritoneum region and adhered to specific inclusion criteria, including the
following: 1) cases with a preoperative pathological diagnosis of HGSOC confirmed through diagnostic laparoscopic biopsy; 2) cases
that underwent at least one cycle of NACT followed by interval debulking surgery; 3) stage III/IV disease as classified by the Inter-
national Federation of Gynecology and Obstetrics (FIGO) 2014 criteria; 4) cases for which overall survival information was available.
This dataset underwent meticulous curation with active involvement from an expert pathologist with extensive experience in ovarian
cancer. Consequently, we collected 12 pairs of pre- and post-NACT H&E WSIs from patients diagnosed and treated at the University of
Pittsburgh Medical Center Magee Women’s Hospital (UPMC) between 2004 and 2016 (Fig. 2a).

2.2. Clinicopathologic variables of the cohort

A total of 12 patients with HGSOC underwent NACT followed by interval debulking surgery, with pre- and post-NACT H&E WSIs
available (Supplementary Table 1). The median age of this cohort was 67 years, with an interquartile range of 60.5-73.5 years. Most of
the patients (10 out of 12, or 83.3 %) had FIGO stage III disease.

2.3. Feature extraction process
- Preprocessing steps

We extracted non-overlapping 3000x3000-pixel tiles from H&E WSIs. To segment epithelial and stromal regions within each tile,
we employed a pretrained U-Net architecture model. This model demonstrated pixel accuracy ranging from 95.8 % to 96.6 % and a
dice coefficient ranging from 82.3 % to 89 % [12]. For nuclei segmentation within each tile, we used the Hovernet model [13,14]
(Fig. 2b).

- Collagen component within the TME

Fig. 2c¢ illustrates how collagen fiber orientation disorder is quantified in stromal regions of H&E WSIs. To achieve this, each tile
was divided into 200x200-pixel neighborhoods, and a derivative-of-Gaussian model was applied to capture fiber orientations by
identifying linear structures within the stromal regions. An orientation co-occurrence matrix was then created for each neighborhood,
which captures the distribution of these orientations. The disorder in collagen fiber orientations within the stromal regions was
quantitatively measured using entropy theory, where entropy signifies the uncertainty in fiber orientation within each tumor
neighborhood. This approach is further detailed in the work by Li et al. [11]. From these feature maps, first-order statistics (mean,
minimum, and maximum) were computed, resulting in three features per patient.

- Immune component within the TME

Fig. 2d depicts the process of feature extraction for the immune component, focusing on the geospatial architecture of TIL nuclei on
the H&E WSI. After segmenting nuclei regions on each tile, the subsequent step involved classifying each nucleus as TIL or non-TIL.
This classification was accomplished using a pre-trained support vector machine with a linear kernel, achieving a precision of 89.12 %,
recall of 83.57 %, and an F1 score of 86.31 % [15]. The spatial arrangement of TILs was characterized by forming clusters of nuclei
classes (epithelial TILs and stromal TILs) based on proximity. The methodology is described in more detail in the study by Corredor
etal. [16]. For each patient, we derived three features from both the pre- and post-NACT H&E WSIs, representing TIL density, the mean
density of epithelial TIL clusters, and the mean density of stromal TIL clusters.

2.4. Statistical analysis

We employed the Wilcoxon matched-pairs signed-rank test for paired comparisons [17]. Each feature extracted from the
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Fig. 3. Assessment of changes in collagen and tumor-infiltrating lymphocyte (TIL) components within the tumor microenvironment (TME) of
patients with high-grade serous ovarian carcinoma following neoadjuvant chemotherapy (NACT). a Qualitative visualization of changes in the
collagen and TIL components within the TME of pre- and post-NACT H&E images. b Quantitative changes in the TIL component (TIL density, mean
density of epithelial TIL clusters, mean density of stromal TIL clusters) within the TME of pre- and post-NACT H&E images. ¢ Quantitative changes in
the collagen component (mean, minimum, and maximum entropy values of collagen fiber orientation disorder) within the TME of pre- and post-
NACT H&E images. TIL, tumor-infiltrating lymphocytes; TME, tumor microenvironment; NACT, neoadjuvant chemotherapy; CFOD, collagen
fiber orientation disorder. P-value, Wilcoxon matched-paired signed-ranked test for paired samples.
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post-NACT H&E WSIs was treated as a continuous risk score for subsequent survival analysis. This score was then split into high and
low values using the median threshold. To compare the time-to-event data between these groups, we utilized Kaplan-Meier survival
analysis in conjunction with the log-rank test [17]. Model performance was assessed using Hazard Ratio (HR) and their corresponding
95 % Confidence Interval (CI). Statistical significance was determined using a two-sided threshold of p < 0.05.

Ethical statement

This research was conducted following Emory University Institutional Review Board (IRB) protocol STUDY00005888, which was
sanctioned as a non-human study and ensuring adherence to all applicable ethical guidelines. De-identified human samples were
sourced from UPMC, gathered under the same IRB-approved protocol STUDY00005888. UPMC obtained the specimens with informed
consent from the participants.
3. Results

3.1. Changes in the immune component following NACT

We conducted an experiment to explore the impact of NACT on immune architecture using pre- and post-NACT H&E WSIs. Our
results showed a significant overall increase in TIL density (p-value = 0.01754), especially in the epithelial region which had a higher
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Fig. 4. Kaplan-Meier curves illustrating the prediction of overall survival based on features extracted from post-neoadjuvant chemo-
therapy (NACT) H&E images of patients with high-grade serous ovarian carcinoma. a Tumor-infiltrating lymphocyte (TIL) density. b mean
density of epithelium TIL clusters. ¢ mean density of stromal TIL clusters. d mean entropy value of the disorder in collagen fiber orientations. e
minimum entropy value of the disorder in collagen fiber orientations. f maximum entropy value of the disorder in collagen fiber orientations. NACT,
neoadjuvant chemotherapy; TIL, tumor-infiltrating lymphocytes.
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mean density of TIL clusters (p-value = 0.00252). Additionally, we observed a decrease in the mean density of stromal TIL clusters (p-
value = 0.00045), indicating a shift in the immune response within stromal regions due to NACT (Methods, Fig. 3a-b).

3.2. Changes in the collagen component following NACT

To assess the impact on collagen architecture, we compared entropy values representing the disorder in collagen fiber orientations
within stromal regions among patients with both pre- and post-NACT H&E WSIs. Our analysis revealed significant differences in the
mean (p-value = 0.00254), maximum (p-value = 0.00021), and minimum (p-value = 0.00147) entropy values. These findings indicate
that collagen fiber orientations within stromal regions are more disordered in post-NACT H&E WSIs compared to pre- NACT H&E WSIs
(Methods, Fig. 3c).

3.3. Association of post-NACT features with prognosis

Each extracted feature from post-NACT H&E WSIs demonstrated significant associations with overall survival. These features
include TIL density (p-value = 0.017, HR = 4.33, 95 % CI = 1.02-20.3), mean density of epithelial TIL clusters (p-value = 0.0095, HR
= 5.86, 95 % CI = 1.35-25.3), mean density of stromal TIL clusters (p-value = 0.01, HR = 6.01, 95 % CI = 1.38-26.1), mean entropy
value of collagen fiber orientation disorder (p-value = 0.01, HR = 4.73, 95 % CI = 1.02-29.4), minimum entropy value of collagen
fiber orientation disorder (p-value = 0.018, HR = 4.52, 95 % CI = 1.02-21.5), and maximum entropy value of collagen fiber orien-
tation disorder (p-value = 0.0045, HR = 6.7, 95 % CI = 1.5-30) (Methods, Fig. 4a—f).

4. Discussion

Recent studies have provided valuable insights into changes in the composition of the TME in HGSOC patients following NACT [6,
7]1. Mesnage et al. observed an increase in TIL levels following NACT in individuals with epithelial ovarian cancer, suggesting a po-
tential enhancement of the immune response within the TME [7]. Lee et al. reported dynamic shifts in the TME following NACT,
characterized by elevated TIL levels [6]. Moreover, it is crucial to investigate whether this heightened presence of TILs disrupts the
organization of collagen fibers, as noted in previous studies [18,19]. Thus, understanding these mechanisms can provide insights into
the complex interplay between NACT, TME, and tumor progression among HGSOC patients.

In this study, we employed a computational pathology approach using H&E WSIs to examine the changes in the immune and
collagen components within the TME following NACT. It is important to note that our analysis is centered around exploring corre-
lations, and establishing a causative association is beyond the scope of our current study’s objectives. We observed a significant in-
crease in TIL density (p-value = 0.01754), particularly in the epithelial region with higher mean density of TIL clusters (p-value =
0.00252). Conversely, we observed a decrease in the mean density of stromal TIL clusters (p-value = 0.00045), indicating a shift in the
immune response within stromal regions following NACT. Furthermore, our study highlighted a higher disorder in collagen fiber
orientations in the stromal regions in post-NACT H&E WSIs compared to pre-NACT H&E WSIs. Importantly, we also found that each
extracted feature from post-NACT H&E WSIs of HGSOC patients was associated with overall survival, which may help select patients
for immunotherapy trials.

Looking ahead, we anticipate rapid evolution in the field of computational pathology-based prognostic biomarkers for HGSOC over
the next five years. Furthermore, integrating multi-omics data and immune profiling approaches will facilitate a more comprehensive
characterization of the TME, laying the groundwork for personalized treatment strategies in HGSOC [20]. Overall, our study con-
tributes to this evolving landscape and sets the stage for further exploration of the intricacies of the TME in HGSOC.

We acknowledge several limitations in our study. Firstly, our small sample size is a notable constraint that could potentially impact
the generalizability of our findings. Future work will focus on expanding the dataset to overcome the limitation of the small sample
size. Additionally, we did not distinguish tertiary lymphoid structures from stromal TIL clusters within the TME of HGSOC patients
[21]. Further investigation into this aspect could be crucial, as tertiary lymphoid structures could be indicative of an active immune
response, while stromal TIL clusters could signify a more chronic inflammatory process. Another limitation was the lack of specialized
staining techniques like Mason’s trichrome or Mallory’s trichrome, which would have enabled a quantitative analysis of collagen fiber
segmentation. This limitation arose because Mason’s trichrome or Mallory’s trichrome-stained WSIs were not available for the cohort
used in our study. Despite the absence of these staining techniques, we validated the results of our method through input from pa-
thologists. This validation helped ensure the accuracy and reliability of our findings.

In conclusion, while our study contributes to the growing body of knowledge on TME dynamics post-NACT in HGSOC, there is
immense potential for further exploration and translation into clinical practice. By addressing knowledge gaps, leveraging advanced
technologies, and fostering interdisciplinary collaborations, we envision a future where TME-focused therapies revolutionize the
management of ovarian cancer and other solid tumors, leading to improved patient outcomes and survival rates.
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