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Abstract

Background Patient-derived xenograft (PDX) models serve as a valuable tool for the
preclinical evaluation of novel therapies. They closely replicate the genetic, phenotypic,
and histopathological characteristics of primary breast tumors. Despite their promise, the
rate of successful PDX engraftment varies widely in the literature. This study aimed to
identify the key factors associated with successful PDX engraftment of primary breast
cancer and to provide a comprehensive literature review of factors influencing PDX

engraftment success.

Methods We integrated clinicopathological data with morphological attributes quantified
using a trained artificial intelligence (Al) model to identify the principal factors affecting
PDX engraftment. A comprehensive literature search was conducted wusing PubMed,
Embase, and Web of Science databases to identify studies reporting PDX engraftment
success rates and associated factors.

Results Multivariate logistic regression analyses demonstrated that several factors,
including a high Ki-67 labeling index (Ki-67LI) (p<0.001), younger age at diagnosis
(p=0.032), post neoadjuvant chemotherapy (NAC) (p=0.006), higher histologic grade
(p=0.039), larger tumor size (p=0.029), and Al-assessed higher intratumoral necrosis
(p=0.027) and intratumoral invasive carcinoma (p=0.040) proportions, were significant
factors for successful PDX engraftment (area under the curve [AUC] 0.905). In the NAC
group, a higher Ki-67LI (p<0.001), lower Miller-Payne grade (p<0.001), and reduced
proportion of intratumoral normal breast glands as assessed by Al (p=0.06) collectively
provided excellent prediction accuracy for successful PDX engraftment (AUC 0.89).

The literature review revealed that the choice of mouse strain, implantation site and
estrogen receptor (ER) status significantly influenced breast PDX engraftment success.
Orthotopic implantation yielded higher success rates, including intraductal injection of
breast carcinoma cells, and ER-negative tumors with a higher histologic grade showed
higher engraftment rates.

Conclusions We found that high Ki=67LI, younger age, post-NAC status, higher histologic
grade, larger tumor size, and specific morphological attributes were significant factors for
predicting successful PDX engraftment of primary breast cancer. The literature review
highlighted the complex interplay of factors influencing breast PDX engraftment success
across different factors including implantation site, hormonal status, histologic grade, and
underscored the need for careful consideration of these variables in the design and
interpretation of PDX studies.

Keywords: Breast cancer, Patient-derived xenograft, Engraftment, Deep learning, Artificial
intelligence, Morphometrics, Neoadjuvant chemotherapy, Young age, Triple negative breast cancer
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Chapter 1. Integrative introduction

This chapter delves into the impact of breast cancer, which remains one of the most
diagnosed cancers in women globally and discuss the use of patient-derived xenograft
(PDX) models, which are essential for replicating the complex genetic and phenotypic
characteristics of original tumors, thus providing a crucial platform for testing new
therapies. The success of these models varies, influenced by factors such as tumor grade,
subtype, particularly triple-negative breast cancers, and hormonal environment. While
innovations like artificial intelligence offer supplementary tools, the primary focus is on the
intricacies of PDX model establishment and their pivotal role in developing personalized
treatment approaches. This introduction sets the stage for further exploration of how
cutting-edge methods can be integrated with traditional approaches to tackle the challenges
in breast cancer treatment and improve patient outcomes.

1.1 Background on Breast Cancer

Breast cancer remains a formidable adversary in the realm of public health, consistently
ranking as the most common malignancy among women in most parts of the world. Its
prevalence and the mortality rates associated with it paint a sobering picture of its impact
on society. The disease’s epidemiology reveals not only a significant health burden but also
highlights disparities in incidence and outcomes across different populations and geographic
regions. These disparities are influenced by a range of factors, including genetics, lifestyle,
and access to healthcare services, underscoring the complex interplay of socioeconomic,
environmental, and biological factors that contribute to breast cancer risk and patient

outcomes.

The significance of breast cancer extends beyond its status as a common cancer:; it
serves as a bellwether for changes in oncological practices and patient care standards.
Over the decades, advancements in screening and treatment have improved survival rates,
particularly in developed countries where regular mammography screenings and
comprehensive treatment options are more accessible. However, in low- and middle-income
countries, where such resources are limited, late-stage diagnosis is more common, and the
mortality rates remain disproportionately high.

1.1.1 Epidemiology and Significance

Breast cancer is the most commonly diagnosed cancer among women, accounting for
24% of all female cancers and is the leading cause of cancer-related death among women
worldwide (1) It represents a significant portion of the global cancer burden, constituting
11.6% of all cancers across both sexes, making it the second most common cancer overall



(2). This disease significantly impacts public health, not only due to its prevalence but also
because of its mortality, with an estimated 2.1 million new cases and 627,000 deaths
globally in 2018 (1).

Incidence rates of breast cancer have displayed a dynamic pattern over recent decades,
particularly in different socioeconomic regions. While most low- and middle-income
countries have seen a rise in incidence rates, high-income countries like the USA, Canada,
the United Kingdom, France, and Australia experienced a decline in the early 2000s(3).
This decline was partly attributable to decreased use of postmenopausal hormone treatment
following revelations from the Women's Health Initiative trial, which linked such treatments
to an increased risk of developing breast cancer. Despite these fluctuations, the overall
global burden of breast cancer continues to grow, primarily due to aging populations.

Geographically, the incidence of invasive breast cancer (IBC) varies significantly, with the
highest risk observed in affluent regions such as North America, Europe, and Australia,
where up to 9% of women are diagnosed with IBC before the age of 75 (4). This variation
is not only a reflection of genetic predispositions but also of lifestyle and environmental
factors, as evidenced by studies of migrant populations. These studies show that migrants
moving from low- to high-risk areas often see their risk of breast cancer escalate to
match that of the host country within one or two generations, suggesting a substantial
influence of environmental factors in the etiology of this disease (5).

The heterogeneity of breast cancer is also evident in the prevalence of its various
subtypes, which vary significantly by population characteristics and screening practices. In
populations where regular screening is common, hormone receptor-positive cancers are
most  prevalent, with HERZ-positive  cancers  making up 10-15% and
ER-negative/HER2-negative cancers accounting for 13-17% of cases. Conversely, in
unscreened populations, there is a higher frequency of more aggressive subtypes, with
ER-negative/HER2-negative cancers representing 20-40% of cases and HER2-positive
cancers comprising 15-25% (6).

The epidemiology of breast cancer thus underscores the urgent need for targeted public
health strategies and personalized treatment approaches. Understanding these patterns is
crucial for developing interventions that can effectively reduce the incidence and improve
the outcomes of breast cancer globally, making epidemiological studies a cornerstone of
ongoing research in oncological health.

1.1.2 Challenges in Treatment Due to Tumor Heterogeneity

The genetic landscape of breast cancer is one of the reasons that complicates its
treatment. The disease exhibits a notable familial clustering, with high-penetrance genes
like BRCA1 and BRCAZ significantly elevating risk, alongside a spectrum of other genes
identified through genome-wide association studies that confer moderate to low risks(7).



These genetic factors not only predispose individuals to breast cancer but also influence
the subtype and severity of the disease they are likely to develop. Germline mutations in
BRCA1 and BRCAZ2, for instance, are associated with different risks for subtypes such as
triple-negative and hormone receptor-positive breast cancers (8).

Pathogenetically, breast cancer can follow multiple pathways, reflecting its molecular
heterogeneity. Distinct models of breast cancer initiation and progression have been
described, largely based on hormone receptor status. The ER-positive pathway typically
progresses from precursors like atypical ductal hyperplasia to invasive and metastatic
carcinoma, whereas the ER-negative pathway may begin from lesions like ER-negative
ductal carcinoma in situ (DCIS)(9). Each pathway involves distinct genetic alterations and
molecular characteristics, such as the frequent TP53 mutations in ER-negative cancers and
the different patterns of genetic gains and losses between ER-positive and ER-negative
cancers(10).

This intricate web of etiological factors and pathogenic pathways underpins the
challenges in treating breast cancer. The variability within and between tumors necessitates
a highly personalized approach to treatment, which must consider the individual's genetic
background, and the specific molecular characteristics of their tumor.

1.1.3 Importance of Patient-Derived Xenograft (PDX) Models

Given the complexity and variability of many types of cancers, PDX models have become
an essential tool in oncology research. These models involve transplanting human tumors
into immunocompromised mice, allowing researchers to study the biology of cancer and
assess the efficacy of potential treatments in a controlled yet biologically relevant
environment. PDX models maintain the histological and genetic integrity of the human
tumors from which they are derived, providing a more accurate representation of patient
tumors than traditional cell line-based models.

PDX models are particularly valuable for testing drug responses and understanding the
mechanisms of resistance that emerge during cancer treatment. By using these models,
researchers can observe how different types of breast cancer respond to therapies in
real-time, providing insights that are crucial for the development of more effective and
personalized treatment strategies. Moreover, these models are instrumental in the preclinical
evaluation of new drugs and therapeutic combinations, helping to predict their efficacy

before clinical trials in humans.

1.2 Establishing PDX Models

1.2.1 Factors Influencing PDX Model Success

The utility of PDX models in clinical research hinges significantly on their capacity to



faithfully replicate human tumor biology in a controlled experimental context. Several
critical factors influence the success of these models, including the origin and handling
of the tumor tissue, the immunocompatibility of the host, and the methodological rigor of
engraftment procedures. Key among these is the choice of the mouse strain. Studies
indicate that immunodeficient mouse strains such as non—obese diabetic /severe
combined immunodeficiency (NOD/SCID), NOD scid gamma (NSG), and nude mice
significantly affect engraftment outcomes. NSG and NOD/SCID mice, for instance,
generally demonstrate higher engraftment rates compared to nude mice, with rates in
breast cancer studies ranging from 23% to 77% in NSG and NOD/SCID mice, whereas

rates in nude mice have been lower, between 2.5% and 13% (11—17).

Additionally, the implantation site plays a crucial role in the success of PDX engraftment.
Orthotopic implantation, which involves placing the tumor tissue into its original anatomical
location, often results in higher engraftment rates compared to heterotopic implantation
(e.g., subcutaneous) (18-20). This methodological distinction highlights the importance of
replicating the natural tumor microenvironment as closely as possible to maximize the

biological relevance and translational value of the models.

1.2.2 Engraftment Rates and Challenges in Breast Cancer PDX

Despite their potential, the application of PDX models in breast cancer research is
plagued by low engraftment rates and significant variability in tumor take rates. In studies
where engraftment rates were explicitly mentioned, the overall take rate wvaried
considerably, with certain types of breast cancer, such as molecular apocrine tumors,
showing higher engraftment rates compared to others like Luminal A and B. This
variability can also be attributed to the specific method of engraftment employed. For
instance, intraductal engraftment has shown higher success rates, up to 77% in one
study(16), underscoring its efficacy over more common methods such as subcutaneous
engraftment, which typically yields lower take rates (11,12,15,17-19,21).

Furthermore, histological grade has been identified as a factor, with higher-grade tumors
typically showing better engraftment rates. This finding suggests that more aggressive
tumors may adapt more readily to the xenograft environment, although this can vary
depending on other conditions such as whether the tumor samples were
chemotherapy-naive or from patients undergoing neoadjuvant chemotherapy (NAC). Studies
have indicated that tumor response to chemotherapy, particularly in TNBC samples from
the NAC group, correlates with higher engraftment rates (15,17).

Overall, these insights not only add granularity to the understanding of PDX model
variability but also highlight the critical need for meticulous planning and execution of
engraftment protocols. By addressing these nuanced factors, researchers can better harness
the full potential of PDX models in translational cancer research, ultimately enhancing the



development of personalized therapeutic strategies for breast cancer.

1.3 Role of Al in breast cancer

1.3.1 Al in histopathology and morphometric analysis.

Al has revolutionized the field of histopathology by enabling the extraction and detailed
analysis of morphometric features from breast cancer tissue samples. Utilizing advanced
algorithms, Al systems can identify and measure nuanced morphological characteristics of
tumors, and could reproduce human judgement or excel them at some points (22,23). This
capability is critical for understanding the intricate tumor characteristics that dictate disease
progression and response to treatment. Recent studies regarding breast cancer also
highlight Al's potential in enhancing diagnostic accuracy, notably in the automatic
classification of breast cancer subtypes, such as invasive ductal carcinoma (IDC),
showcasing the technology's precision and reliability (24,25)

1.4 Study objectives

The overarching goal of this research is to comprehensively analyze and identify the key
factors that contribute to the success of PDX engraftment in primary breast cancer. This
involves an integrative approach that combines clinicopathological data with advanced
Al-driven morphometric analysis.

1.4.1 Identifying key predictors of successful PDX engraftment

The first objective of this study is to determine the principal factors that influence the
likelihood of successful PDX engraftment. Utilizing multivariate logistic regression analyses,
this research aims to explore how variables such as Ki-67 labeling index, age at diagnosis,
and post-neoadjuvant chemotherapy status correlate with engraftment outcomes. The study
will particularly focus on the predictive value of these factors, with an emphasis on their
quantifiable impact on the engraftment process.

1.4.2 Quantifying morphological attributes affecting PDX success

In tandem with clinical and pathological analyses, this study seeks to employ a trained
Al model to quantify specific morphological attributes that may influence the success of
PDX engraftments, such as the extent of intratumoral necrosis and the proportion of
carcinoma. This objective strives to harness the power of Al to provide a detailed
assessment of tumor histology, thereby enhancing the predictive accuracy of PDX model

SUCCesSS.



Chapter 2. Factors Associated with Engraftment Success
of Patient-Derived Xenografts of Breast Cancer

This work has been accepted in “Lee, J., Lee, G., Park, H.S. et al. Factors associated
with engraftment success of patient-derived xenografts of breast cancer. Breast Cancer Res
26, 49 (2024). https://doi.org/10.1186/s13058-024-01794-w."

2.1 Abstract

Background: PDX models serve as a valuable tool for the preclinical evaluation of
novel therapies. They closely replicate the genetic, phenotypic, and histopathological
characteristics of primary breast tumors. Despite their promise, the rate of successful
PDX engraftment is various in the literature. This study aimed to identify the key
factors associated with successful PDX engraftment of primary breast cancer.

Methods: We integrated clinicopathological data with morphological attributes quantified
using a trained artificial intelligence (Al) model to identify the principal factors affecting
PDX engraftment.

Results: Multivariate logistic regression analyses demonstrated that several factors,
including a high Ki-67 labeling index (Ki-67LI) (p<0.001), younger age at diagnosis
(p=0.032), post neoadjuvant chemotherapy (NAC) (p=0.006), higher histologic grade
(p=0.039), larger tumor size (p=0.029), and Al-assessed higher intratumoral necrosis
(p=0.027) and intratumoral invasive carcinoma (p=0.040) proportions, were significant factors
for successful PDX engraftment (area under the curve [AUC]: 0.905). In the NAC group, a
higher Ki-67LI (p<0.001), lower Miller-Payne grade (p<0.001), and reduced proportion of
intratumoral normal breast glands as assessed by Al (p=0.06) collectively provided excellent
prediction accuracy for successful PDX engraftment (AUC: 0.89).

Conclusions: We found that high Ki-67LI, younger age, post-NAC status, higher
histologic grade, larger tumor size, and specific morphological attributes were significant
factors for predicting successful PDX engraftment of primary breast cancer.

2.2 Introduction

PDX models have emerged as a valuable tool in breast cancer research, allowing for the
development of personalized therapies and the study of tumor biology. However, the



success rate of PDX engraftment in breast cancer has been relatively low, hindering the
widespread use of this model.

In this study, we analyzed clinicopathologic factors and quantitatively assessed
morphometric features extracted by Al to identify features associated with the success of
PDX engraftment of primary breast cancer.

2.3 Materials and Methods

2.3.1 Patient population and case selection

Patients enrolled in this study had histologically confirmed invasive breast cancer with
tumors larger than 1 cm that were detected through physical examination or imaging.
Those who achieved radiologic complete remission or a significant reduction in tumor
mass following NAC were excluded. A total of 380 surgically resected tumor samples
were collected from 2016 to 2021 at Asan Medical Center. These samples were
obtained from patients who consented to undergo breast-conserving surgery,
mastectomy, axillary lymph node dissection, or metastasectomy. Eight cases were
subsequently excluded due to premature deaths of the engrafted mice, leaving 372
breast cancer cases for the final evaluation. Patients enrolled in this study had
histologically confirmed invasive breast cancer with tumors larger than 1 cm that
were detected through physical examination or imaging. Those who achieved
radiologic complete remission or a significant reduction in tumor mass following
neoadjuvant Breast cancer is one of the most diagnosed cancers in women worldwide
and it continues to be a significant cause of morbidity and mortality. Despite the
numerous advancements in cancer treatment, the heterogeneity and complexity of
breast tumors have presented significant obstacles in identifying effective therapies
for individual patients. PDX models offer a promising solution to this problem by
enabling the testing of novel therapies in preclinical models that more accurately
reflect the genetic, phenotypic, and histopathological features of the original tumors.
However, establishing PDX models remains a challenging and resource-intensive
process. Many factors impact the success of PDX models, including the quality of the
tumor sample, the choice of engraftment site, the use of immune-deficient mice, and
the timing and method of engraftment (28). In particular, the low engraftment rate of
PDX models has been a major obstacle to their widespread use in preclinical studies
(29).

Among all types of tumors, breast cancers have been shown to be particularly
challenging when it comes to establishing PDX engraftment. Breast cancer has historically
exhibited relatively low but diverse engraftment success rates, ranging from 8% to 77%
(11,16). Factors associated with successful breast cancer PDX engraftment include applying



hormonal supplementation (e.g., estrogen pellets) and using tumor samples with: a higher
histologic tumor grade, from specific tumor subtypes (e.g., triple-negative breast cancer
[TNBC]), or from metastatic tumors (11,13,14). Additionally, selecting appropriate host
strains for the specific xenograft type can contribute to improved engraftment outcomes
(28).

2.3.2 Clinicopathologic data acquisition

Clinicopathological features were gathered from the patients’ medical records, including
surgical pathology reports. The histopathological findings were retrospectively reviewed for
all 372 surgical specimens. The pT and pN categories were evaluated based on the 8th
edition of the American Joint Committee on Cancer cancer staging system (30). When
NAC was conducted, the residual cancer burden (RCB) and Miller-Payne grade were also
assessed.

Estrogen receptor (ER) and progesterone receptor (PR) status were determined through
immunohistochemical staining of formalin-fixed, paraffin-embedded tumor tissue sections.
Positive staining was defined as nuclear staining in at least 1% of the tumor cells, and the
hormone receptor-positive (HR+) type was defined as ER and/or PR IHC-positive.

HER?Z status was determined using both immunohistochemistry and, in equivocal cases,
silver in situ hybridization according to the guidelines from the American Society of
Clinical Oncology/College of American Pathologists (31). HER2 positivity was defined as
[HC 2+ or 3+, or a SISH amplification ratio of HER2 gene signals to chromosome 17
signals greater than 2.0.

The percentage of tumor cells showing any degree of nuclear staining for Ki-67LI was
recorded for each tumor. These percentages were recorded in increments of 10% as
follows: 0 for 0-10%, 10 for 10-20%, 20 for 20-30%, 30 for 30-40%, 40 for 40-50%, 50 for
50-60%, 60 for 60-70%, 70 for 70-80%, 80 for 80-90%, and 90 for 90-100%.

TNBC was defined as a subtype of breast cancer in which the tumor cells did not
express ER or PR and also did not exhibit overexpression or amplification of HERZ.

Histological TIL levels were estimated for all cases using the methods previously
published by a TILs working group (32). TILs were determined by calculating the
percentage of the area occupied by mononuclear inflammatory cells within the stromal area
of the invasive carcinoma. They were graded with 10% increments as for Ki-67LI.

2.3.3 In vivo tumor implantation and histopathological analysis

All experiments were performed in accordance with the approved protocol and relevant
guidelines and regulations. Immediately after resection, the tumor specimens were placed in
sterile tissue culture medium (RPM 1640) on ice and immediately transported to the animal



facility at the Asan Institute for Life Sciences, Asan Medical Center, Seoul, Korea. The
tumors were orthotopically implanted into the 4th mammary fat pads of female NOD/SCID
mice (5 to 8 weeks old) (Koatech Inc., Seoul, Korea). Estrogen pellets were inserted into
the subcutaneous soft tissue of the cervical area of the mouse if the grafted tumor was of
an HR-positive subtype. Passage cessation was conducted if a mouse showed any
abnormal pathological responses, such as jaundice, extreme distress, or the development of
lymphoproliferative disease. The tumor size was serially measured, and when the diameter
of the implanted tumor reached 1 to 2 cm (~2,000 mm3 in volume), the mice were
euthanized. Then, the tumors were excised, cut into ~2 x 2 x 2 mm fragments, and

passaged to successive generations of mice.

We used the retrieved PDXs in three distinct ways. The first group was directly
implanted into the next passage of mice in a fresh state. The second group was sampled,
fixed in formalin, and then embedded in paraffin blocks. These samples were subsequently
stained with hematoxylin and eosin. The stained samples were reviewed for
histomorphology by two pathologists (J.L. and H.L.), who compared them with the original
slides of the surgically removed tumors that had been grafted. The third group was used
to preserve the graft. The tissue was placed in vials containing a mixture of dimethyl
sulfoxide and fetal bovine serum (1:9) and kept at -70°C for 24 hours. The vials were then
placed in liquid nitrogen tanks (-197°C) for long-term storage.

In the initial passage (P1), direct transplantation into female NOD/SCID mice was
conducted, typically involving 1-2 mice per patient sample in the first passage (P1),
multiplying the number of mice per patient sample as the passage progressed until the last
(4th) passage (P4).

2.3.4 PDX engraftment of primary breast cancer: multi-passage

The results of PDX engraftments are shown in Figure 2.1. The first passage (P1)
involving grafting 353 distinct primary breast cancer samples into 372 mice. Each mouse
received a unique cancer sample, accounting for 336 out of the 353 cancer cases. In the
remaining instances, some cancer cases were engrafted into multiple mice. Fifteen cancer
cases were each engrafted into two mice, and engraftment success was achieved in five
mice from three cases. Moreover, two specific cancer cases were each grafted into three
mice; however, successful grafts were not achieved from any of these.

Among the 372 mice included in this passage, we observed 61 instances of successful
engraftment, as confirmed by evaluating H&E-stained slides of the engrafted tumors. This
indicated an overall success rate of 16.4%, with successful engraftment of 59 out of 353
cases, resulting in a case success rate of 16.7%. During the second passage (P2), we
engrafted 57 primary breast cancer samples into a total of 193 mice, with the number of
mice per case ranging from 1 to 15. Of the 193 mice involved, 158 demonstrated successful



engraftment, resulting in an overall success rate of 81.9%. Successful engraftment occurred
in 52 out of the 57 cases, resulting in a case success rate of 91.2%.

The third passage (P3) involved grafting 33 distinct primary breast cancer cases into 304
mice. This passage displayed a consistently high success rate, with successful engraftment
observed for 239 out of 304 mice, representing an overall success rate of 78.6%. We
observed successful engraftment of 29 out of 33 cases, resulting in a case success rate of
87.9%.

In the fourth passage (P4), we conducted larger-scale experiments involving four distinct
primary breast cancer cases and a total of 102 mice. We observed successful engraftment
of 69 out of 102 mice, resulting in an overall success rate of 67.6%. All four cases of
breast cancer in P4 resulted in successful engraftment, maintaining a case success rate of
100%.

2.3.5 Engraftment success across sequential PDX passages and associated
clinicopathological factors: metastasectomy cases (n=19)

In the context of tissue samples from metastatectomies, the first PDX passage included
19 cases, with the majority being single-mouse grafts (16 out of 19), and included a total
of 22 mice. This passage yielded an overall engraftment success rate of 18.2% (4/22 mice)
and a case-based success rate of 21.1% (4/19 cases). No statistically significant difference
in PDX engraftment rate was observed between breast mastectomy and metastatectomy
samples (p=0.859).

The second passage involved 4 metastatectomy cases and 13 mice, achieving an overall
success rate of 53.8% (7/13 mice) and a case success rate of 75% (3/4 cases).

The third passage included 3 metastasectomy cases engrafted into a total of 14 mice.
This passage resulted in a 100% overall success rate (14/14 mice) and a 100% case-based
success rate (3/3 cases). Finally, the fourth passage involved a single metastasectomy case
and 7 mice, maintaining a 100% success rate both overall (7/7 mice) and at the case level
(1/1), underlining consistent performance in this phase.
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Figure 2.1 Sequential grafting and engraftment success rates of PDXs
Upper left: P1, involving 394 mice from 372 patients, with successful engraftment observed in 65 mice from 63
patient samples; Upper right: P2, involving further transfer of 61 tumors from P1 into an additional 206 mice,
resulting in successful engraftment in 165 mice: Lower left: P3, involving engraftment of tumors from 36
patients into 318 mice, with successful engraftment confirmed in 253 mice; Lower right: P4, involving transfer
of tumors from 4 patients into 109 mice, resulting in successful engraftment in 76 mice.

2.3.6 Al-assisted morphometric analysis

We developed an Al model for morphometric analysis to extract features for the
prediction of PDX engraftment. The model was trained on WSIs of H&E stained surgically
resected tissues from 64 breast cancer patients, scanned at 400x magnification. The dataset
was randomly partitioned into a training set (65%) and a testing set (35%). The ResNet50
architecture, pre-trained on the ImageNet dataset, was implemented. Image augmentation
techniques such as color normalization, random rotation, and color jittering were applied
solely to the training set. The model was trained using a batch size of 256 with a learning
rate of 0.0003 and involved fifteen epochs using the Adam optimization algorithm. Fifteen

epochs were performed using the Adam optimization algorithm.

The model processed WSIs into 112 X 112 pixel non-overlapping patches based on
morphological similarity. These patches were classified by a consensus meeting between
two board-certified pathologists (J.L. and H.L.) into various tissue types, including adipose
tissue (Figure 2.2A), background (Figure 2.2B), and necrosis (Figure 2.2C). Furthermore,
we employed a unified classification, categorizing both carcinoma in situ and invasive
carcinoma under the umbrella patch label 'carcinoma' (Figures 2.2D to G). In terms of
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other normal structures of the breast parenchyma, patches of stroma (Figure 2.2H) and
terminal ductal lobular units (TDLUs) (Figure 2.2I) were also labeled.

To evaluate TILs, specialized segmentation training was applied to 15 representative
breast cancer WSIs. A representative H&E slide was scanned (Figure 2.2], left side),
de-stained, and re-stained with a cocktail of immune cell markers (Figure 2.2], middle):
CD3 (1:50, Novocastra Laboratories, Leica Biosystems, Nussloch, Germany), CD20 (1:500,
Novocastra Laboratories), and CD79 (1:200, Dako, Agilent Technologies, Santa Clara, CA,
USA), using a Ventana ES automated immunohistochemistry (IHC) stainer according to the
manufacturer’s protocols (Ventana ES automated IHC stainer, Tucson, AZ, USA). Nuclear
immunolabeling in black denoted lymphocytes, and they were spatially matched with the
H&Es for TIL annotation. These slides were utilized for training of the segmentation model
(Figure 2.2], right side). which utilized the ResNet-based DeeplabV3+. The model was
trained for 50 epochs with a learning rate of 0.001 and a batch size of 16. The
segmentation model utilized a combination of the ResNet50 architecture for feature
extraction and the DeepLabV3 Plus architecture for semantic segmentation. The learning
rate was set to 0.001, the batch size was 16, and the model was trained for 50 epochs.

Upon completing the training phase, our Al model was applied to WSIs obtained from
329 out of the 353 surgically resected primary breast cancers that were used for PDX
engraftment. The slides were spatially reconstructed for patch interpretation results and
color-coded accordingly (Figure 2.2K and L). They were then compared to the original
H&E stained tumor slides by two pathologists (H.L. and J.L.) for evaluation of the
Al-predicted features. The Al model exhibited an F1 score of 0.846 when compared to
human pathologists; however, nine slides were excluded from the final analysis because the
model had difficulty accurately interpreting carcinoma components; specifically, low
histologic grade and sparse cellularity carcinomas were mistakenly identified as TDLU
(Figure 2.3A, B) or as stroma (Figure 2.3C).

Finally, 320 slides were selected as candidates for further statistical evaluation. The Al
model identified patches within the boundaries of the largest tumor, delineating its edges
(Figure 2.2M). The proportions of these patches relative to the total number of patches
within the tumor perimeter were calculated for the different tissue types, including adipose
tissue (adipose tissue intratumoral proportion, AP), necrotic tissue (necrotic tissue
intratumoral proportion, NP), terminal ductal lobular units (TDLU intratumoral proportion,
TDLUP), stromal tissue (intratumoral proportion of stromal tissue, SP), and invasive
carcinoma (invasive carcinoma intratumoral proportion, ICP). ICP was determined by taking
the initial estimate of the intratumoral proportions of patches labeled as carcinoma and
multiplying by a true invasive carcinoma fraction, which pathologists assessed after a
consensus meeting and reviewing all 320 H&E slides.

Tumor-infiltrating lymphocytes intratumoral proportion (TILP) was separately calculated
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using the aforementioned segmentation model applied within the tumor boundary to
determine the area of TILs. The areas identified as lymphocytes were divided by the total
area of intratumoral patches. To facilitate statistical analysis and interpretation, these
proportions were multiplied by a factor of 10,000 due to the large denominators involved.
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2.2 Artificial intelligence-assesed classification of patches
A. Adipose: B. Background; C. Necrosis: D. Ductal carcinoma in situ, classified as carcinoma:
E. Lobular carcinoma in situ, classified as carcinoma; F. Invasive ductal carcinoma, classified
as carcinoma; G. Invasive lobular carcinoma, classified as carcinoma; H. Stroma; I. Terminal
ductal lobular unit; J. Tumor-infiltrating lymphocytes trained with a segmentation model.
Left, hematoxylin and eosin (H&E) stained slide, X100, original magnification. Middle, Cocktail
immunohistochemistry (IHC) for identification of lymphocytes, X100, CD3, CD20, and CD79
cocktail IHC, original magnification. Right, red annotation indicating the area of cocktail
IHC-stained lymphocytes in the H&E slides (annotated digitally processed image, original
magnification, X100). K-L. Representative H&E from successful (K) and failed (L) PDX graft
cases and their corresponding Al-model applied images. K. Abundant intratumoral necrosis and
carcinoma proportions in the H&E are also highlighted in sky-blue and green in the Al-model
applied image, respectively (right); L. Abundant intratumoral TILs, stroma, and TDLU identified
in the H&E slide (left) are also highlighted in the Al-categorized image (right). M. algorithm
applied to the carcinoma (left side) generated a tumor boundary (right side, yellow) encircling
the carcinoma component (right side, green).
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2.3 Failures of identification by the artificial intelligence model
A. Histologic grade 2 invasive carcinoma with low cellularity (left and middle side) is mostly
assessed as TDLU (right side, yellow). B. Residual IDC (middle, arrows) with LVI is mostly
interpreted as TDLU (right side, yellow) or stroma (right side, purple). C. Low histologic grade
IDC with sparse cellularity (middle) is interpreted mostly as stroma (right side, purple).

2.3.7 Statistical analysis

Statistical analyses were performed to assess the clinicopathological data regarding the
success of PDX engraftment. Independent sample t-tests and Chi-square tests were used
to conduct an exploratory analysis of the data. Following this analysis, logistic regression
analyses were used to evaluate the clinicopathologic factors that were associated with PDX
engraftment. Initially, all potential predictors were included in the univariate logistic
regression analyses. A multivariate logistic regression model was subsequently constructed
using a backward stepwise elimination process with the goal of optimizing the Akaike
Information Criterion (AIC). All variables with a p-value less than 0.2 in the univariate
analysis were considered for inclusion in the multivariate model. The final multivariate
model retained only the variables that contributed to a lower AIC value, ensuring a more

parsimonious yet explanatory model. To assess the discriminative ability of the logistic
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regression models for predicting PDX engraftment, we computed ROC curves and their
corresponding area under the curve (AUC) for each model.

Also, recursive partitioning and regression tree classification, as described by Mantzaris
et al., were established using the R software package “RPART” (33). To simplify the
model and prevent overfitting, a pruning process was conducted on the initial decision tree.
The complexity parameter (CP) was selected based on the printcp output, which evaluated
the cross-validated error for different CP values. For our tree analyses, a CP value of 0.03
was chosen for pruning, balancing the model complexity, and the predictive accuracy. In
the decision tree models, the variable importance was quantified based on the degree of
information gain or impurity reduction each variable contributed to the splits at various
nodes, which did not necessarily correspond to the most important variables at each node
as displayed in the plotted decision trees.

To evaluate the reliability and stability of the logistic regression models and the RPART
tree, bootstrap analyses were conducted. A total of 1,000 bootstrap replicates were
generated. This resampling procedure was used to estimate the distribution of the AUC.
Bias-corrected accelerated (BCa) bootstrap methods were employed to calculate confidence
intervals for the AUC. All statistical analyses were conducted using R software version
4.2.1.

2.4 Results

2.4.1 Factors affecting the engraftment success rates of primary breast
cancer

The clinicopathological characteristics of the primary breast cancer patient population in
relation to the PDX engraftment are summarized in Table 1, and the detailed PDX
engraftment success rates across multi-passages are described in Figure 2.1. In the cohort
of 353 primary breast cancer patients, the mean age in the engraftment success group was
45.8+11.0 years, significantly younger than the 50.9+12.2 years observed in the engraftment
failure group (p=0.003). A higher prevalence of TNBC was observed in the success group,
accounting for 88.1% (52/59) compared to 32.3% (95/294) in the failure group (p<0.001).
Ki-67LI was significantly elevated in the success group, with a mean value of 73.2+14.9,
compared to 39.0+29.1 in the failure group (p<0.001). In terms of NAC treatment, 79.7%
(47/59) of the success group was from the NAC group, which was significantly higher
than the 37.1% (109/294) in the failure group (p<0.001). Tumor size was also significantly
different, with the success group averaging 4.1£2.6 cm and the failure group averaging
3.3+2.2 cm (p=0.019). The histologic grade was also notably associated with PDX
engraftment success, with 91.5% (54/59) of successful cases being histologic grade 3
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compared to 48.0% (141/294) in the failure group (p<0.001). Other variables, including
diagnosis, LVI, number of positive LNs, TIL%, and AJCC stages showed no significant
differences between the success and failure groups.

Al-assessed morphometric features in the cohort of 320 primary breast cancer patients
were also analyzed, and significant differences were observed between the failure (n=270)
and success groups (n=50) (Table 2). The success group exhibited a significantly lower
average AP (p=0.006). Conversely, the success group had a significantly higher NP
compared to the failure group (p<0.001), along with a significantly lower TDLUP (p<0.001).
Similarly, the success group had a lower SP than the failure group (p=0.007). Although the
ICP was higher in the success group (p=0.096), statistical significance was not reached.
There were no significant differences in TILP between the groups. Both univariate and
multivariate logistic regression analyses were conducted, incorporating a range of
clinicopathological variables as well as Al-analyzed morphometric features (Table 3). In
univariate analysis, several clinicopathologic factors were found to be significantly related
to successful PDX engraftment, including younger age (OR=0.96, CI=0.94-0.99, p=0.005),
higher Ki-67LI (OR=1.06, CI=1.04-1.08, p<0.001), TNBC subtype (OR=9.78, CI=1.27-75.23,
p=0.028), histologic grade 3 (OR=16.62, CI=5.05-54.71, p<0.001), larger invasive tumor size
(OR=1.23, CI=1.09-1.38, p<0.001) and more positive metastatic LNs (OR=1.04, CI=1.00-1.08,
p=0.031).

In terms of morphological attributes, a 0.1% increase in NP increased the odds of PDX
engraftment by 58% (NP: OR=1.58, CI=1.39-1.80, p<0.001). Conversely, 0.1% increase in AP
was associated with a 39% decrease in the odds of PDX engraftment (OR=0.61,
CI=0.47-0.79, p=0.035). 0.1% increase in TDLUP resulted in an 82% decrease in PDX
engraftment odds (OR=0.18, CI=0.08-0.41, p=0.006), and a 0.1% increase in SP led to a 37%
reduction in engraftment odds (OR=0.63, CI=0.46-0.86, p=0.007).

In multivariate logistic regression analysis for the primary breast cancer patients,
including chemo-naive and NAC group, the variables age, Ki-67LI, NAC status, tumor size,
histologic grade, NP, ICP, and SP were selected using the stepwise elimination method for
the optimal AIC. In the clinicopathologic analysis, significant factors for PDX engraftment
included younger age (OR=0.96, CI=0.92-1.00, p=0.032), higher Ki-67LI (OR=1.05,
CI=1.02-1.07, p<0.001), NAC status (OR=3.27, CI=1.41-7.60, p=.006), larger tumor size
(OR=1.20, CI=1.02-1.41, p=.029), and histologic grade 3 (OR=4.34, CI=1.08-17.53, p=.039). In
the analysis of morphometric features, a 0.1% increase in NP increased the odds of success
by 92.7% (OR=1.927, CI: 1.077-3.449, p=0.027), and a 0.1% increase in ICP increased the
odds of success by 82.0% (OR=1.820, CI: 1.028-3.223, p=0.040). A bootstrap analysis was
conducted to validate the multivariate logistic regression analysis predictive model with the
generation of 1,000 replicates to assess its reliability. The initial AUC was 0.905, with a
bias of 0.0079 and a standard error of 0.0184. The 95% BCa confidence interval for the
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AUC ranged from 0.8337 to 0.9296. The optimal cutoff point, determined by Youden's ]
statistic, was 0.129. At this cutoff, the PPV was 0.40 and the NPV was 0.99 (Figure 2.4A).

We also generated a decision tree model using the RPART algorithm by incorporating
both Al-analyzed morphometric and clinicopathological variables for the primary breast
cancer group. The model was pruned at various CPs, and the optimal CP was selected
based on the minimized cross-validation error.

In terms of variable importance, cancer subtype was the most significant at 20%,
followed by tumor size at 14%, NP at 13%, Ki-67L1 at 12%, and patient age at 7%.
Additional variables such as SP, metastatic LNs, and histologic grade each contributed 6%
to the model. (Table 4 and Figure 2.5A).

After bootstrapping with 1,000 replicates, the pruned decision tree model yielded an AUC
of 0.8304, accompanied by a bias of 0.0694 and a standard error of 0.041. The 95%
confidence interval for the AUC, calculated using the BCa method, ranged from 0.6815 to

0.8511. At the optimal cutoff point determined by Youden's ] statistic, which was 0.125,
the model yielded a PPV of 0.398 and an NPV of 0.985 (Figure 2.4B).
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Table 1 Characteristics of the primary breast cancer patient population based on the success of PDX engraftment

Variable All (n=353) NAC group (n=156)
Failure (n=294) Success (n=59) p-value* Failure (n=109) Success (n=47) p-value*
Age 509+122 458+110 0.003 504107 452+110 0.007
Subtype <0.001 <0.001
HER2 + 20 (6.8%) 1(1.7%) 8 (7.3%) 1(2.1%)
HR+ 147 (50.0%) 5 (8.5%) 48 (44.0%) 4(8.5%)
HR+/HER2 + 32 (10.9%) 1(1.7%) 16 (14.7%) 1(2.1%)
TNBC 95 (32.3%) 52 (88.1%) 37 (33.9%) 41 (87.2%)
Ki-67L1 (%) 39.0+29.1 7321149 <0.001 339+323 740+15.1 <0.001
NAC <0.001
Yes 109 (37.1%) 47 (79.7%) - -
No 185 (62.9%) 12 (20.3%) - -
Diagnosis 0474 0176
IDC 262 (89.1%) 53 (89.8%) 198(94.7%) 43(91.5%)
ILC 7 (2.4%) 0 (0.0%) 2(0.96%) 0(0.0%)
Adenoid cystic carcinoma 1(0.3%) 1(1.7%) 0(0.0%) 0(0.0%)
Invasive apocrine carcinoma 1(0.3%) 0 (0.0%) 0(0.0%) 0(0.0%)
Micropapillary carcinoma 8(2.7%) 2 (3.4%) 5(2.4%) 2(4.3%)
Metaplastic carcinoma 8(2.7%) 3(5.1%) 1(0.5%) 2(4.3%)
Mucinous carcinoma 7(2.4%) 0 (0.0%) 3(1.4%) 0(0.0%)
Size (cm) 33+22 41126 0.019 43+27 46127 0542
LvI 0376 0.280
Not identified 163 (55.4%) 37 (62.7%) 53 (48.6%) 28 (59.6%)
Present 131 (44.6%) 22(37.3%) 56 (51.4%) 19 (40.4%)
Number of positive LNs 27+85 32+£73 0.646 56131 4080 0336
TIL (%) 110+£179 93+136 043 48+103 66+96 0303
HG <0.001 <0.001
2 153 (52.0%) 5 (8.5%) 55(50.5%) 4 (8.5%)
141 (48.0%) 54 (91.5%) 54 (49.5%) 43 (91.5%)
pT 0.099 0433
1 74 (25.2%) 10 (16.9%) 16 (14.7%) 5(10.6%)
2 170 (57.8%) 36 (61.0%) 57 (52.3%) 29 (61.7%)
3 47 (16.0%) 10 (16.9%) 33(30.3%) 10 (21.3%)
4 3(1.0%) 3(5.1%) 3(28%) 3 (6.4%)
pN 0396 0093
0 154 (52.4%) 35 (59.3%) 34(31.2%) 25 (53.2%)
1 85 (28.9%) 12 (20.3%) 35(32.1%) 10 (21.3%)
2 32(10.9%) 5 (8.5%) 23(21.1%) 5(10.6%)
3 23(7.8%) 7 (11.9%) 17 (15.6%) 7 (14.9%)
M 1.000 1.000
0 291 (99.0%) 58 (98.3%) 106 (97.2%) 46 (97.9%)
1 3(1.0%) 1(1.7%) 3(2.8%) 1(2.1%)
AJCC stage 055 0213
| 55(18.7%) 7 (11.9%) 12 (11.09%) 4 (8.5%)
I 162 (55.1%) 35(59.3%) 43 (39.4%) 27 (57.4%)
I} 75 (25.5%) 16 (27.1%) 51 (46.8%) 15 (31.9%)
v 2(0.7%) 1(1.7%) 3(2.8%) 1(2.1%)
Miller Payne grade <0.001
1 - - 19 (17.4%) 26 (55.3%)
2 - - 39 (35.8%) 10(21.3%)
Table 1 (continued)
Variable All (n=353) NAC group (n=156)
Failure (n=294) Success (n=59) p-value* Failure (n=109) Success (n=47) p-value*
3 - - 46 (42.2%) 11 (23.4%)
4 - - 5 (4.6%) 0 (0.0%)
RCB score - - 3.1+£10 32+12 0659
RCB class 0052
| - - 4(3.7%) 0(0.0%)
1 - - 44 (40.4%) 28 (59.6%)
1 - - 61(56.0%) 19 (40.4%)

PDX Patient-derived xenograft, NAC Neoadjuvant chemotherapy, HER2 HER2 positive breast cancer, HR +, hormone receptor-positive breast cancer, TNBC Triple-
negative breast cancer, Ki-67L! Ki-67 labeling index, IDC Invasive ductal carcinoma, ILC Invavsive lobular carcinoma, LW Lymphovascular invasion, LN Lymph node, TiL
Tumor-infiltrating lymphocytes, HG Histologic grade, pT Pathological tumor stage, pN Pathological nodal stage, M Metastasis stage, AJCC American Joint Committee

on Cancer, RCB Residual cancer burden

“ Bold: significant at p-value <0.05
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Table 2 Al-analyzed intratumoral image patch proportions and PDX engraftment success in primary breast cancers

Variable * All (n=353) NAC group (n=131)
Failure (n=294) Success (n=59) p-value** Failure (n=93) Success (n=38) p-value**

AP 639.9+727.1 409.0+484.0 0.006 517.3+6222 450.9+5280 0564
NP 740.7+9819 1575.0+1264.1 <0.001 901.3+1101.4 16428+13589 0.001
TOLUP 504.4£692.5 219.8+2333 <0.001 475.2+730.2 201.6+2139 0.001
Sp 33775+12659 28553+10948 0.007 35124415234 28557+11803 0.019
TILP 178+228 150+159 0.285 10.2+14.0 11.3+133 0678
Icp 42080+1450.8 45716+12015 0.096 3056.0+1470.1 32715+£1174.1 0423

AP Adipose proportion, NP Necrosis proportion, BP Background proportion, TDLUP Terminal ductal lobular unit proportion, 5P Stroma proportion, TILP Tumor-

infiltrating lymphocyte proportion, ICP Invasive carcinoma proportion;
“Values scaled up by 10,000
“~Bold: significant at p-value <0.05
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Figure 2.4. Receiver-operated curves for predictive models of engraftment success
A. Multivariate logistic regression of primary breast cancers, including both chemo-naive
and neoadjuvant chemotherapy (NAC) treated groups, incorporating the selected variables
from both Al-evaluated morphometric features and clinicopathological findings. B. Pruned
decision tree prediction model using clinicopathological and Al-derived morphometric
features for primary breast cancers including both chemo-naive and NAC treated groups.
C. Multivariate logistic regression model for the NAC group. incorporating the selected
variables from both Al-evaluated morphometric features and clinicopathological findings.

D. Pruned decision tree prediction model in the NAC group, utilizing both
clinicopathological and Al-derived morphometric features.
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Table 3 Lcgistic regression analyses of clinicopathologic factors and Al-analyzed image data impacting PDX engraftment

All (n=320) Univariate ** Multivariate NAC group (n=131) Univariate ** Multivariate**
(Odds ratio,  ** (Odds ratio, (Odds ratio,
95% Cl, (Odds ratio, 95% Cl, 95%Cl,
p-value***)  95%Cl, p-value**¥*)  p-value***)
p-value**¥)
Variable* Failure Success Variable* Failure (n=93) Success
(n=270) (n=50) (n=38)

AP Mean+SD 639.9+727.1 409.0+484.0 0.61 AP Mean=SD 517346222 4509+5280 0.82
(0.47-0.79, (0.74-091,
p=0.035) p=0562)

NP Mean+SD 74079819 15750£1264.1 1.58 1.927 (1.077- NP Mean+5SD 9013£11014  16428+135892 1.60
(1.39-1.80, 3.449, (1.38-1.85,
p<0.001) p=0.027) p=0.003)

TDLUP Mean+5SD 5044+6925 219.8+£2333 0.18 TDLUP Mean+5SD 47527302 2016+£2139 0.22 0.181(0.033-
(0.08-0.41, (0.18-0.27, 1.00, p=0.06)
p=0.006) p=0.034)

SP Mean+5SD 33775+12659 2855310948 0.63 1.545 Sp Mean+5SD 35124+15234 28557+11803 0.71
(0.46-0.86, (0.844-2.827, (0.60-0.84,
p=0.007) p=0.159 p=0.022)

TILP Mean+SD 178+228 15.0£159 0.00 TILP Mean+SD 102+£140 11.3£133 283.00 (29.48-

(0-7833.4, 271895,
p=0401) p=0676)

ICP Mean +SD 4208014508 4571612015 1.19 1.820(1.028- ICP Mean+SD 41058+1552.8 45056+1187.3 1.00
(0.97-1.45, 3.223, (1.00-1.00,
p=0097) p=0.040) p=0.159)

Age Mean+SD 509+121 456+104 0.96 0.96 Age Mean=+SD 496+103 456+11.0 0.96
(0.94-0.99, (0.92-1.00, (0.93-1.00,
p=0.005)  p=0.032) p=0053)

Ki-67L1 (%) Mean+5D 41.2+287 740+143 1.06 1.05 Ki-67L1 (%) Mean£SD 3924325 75.0£143 1.06 1.07 (1.03-
(1.04-1.08, (1.02-1.07, (1.03-1.09, 1.10, p<0.001)
p<0.001) p<0.001) p<0.001)

Subtype HER2+ 20 (7.4%) 1(2%) Subtype HER2+ 8(8.6%) 1(2.6%)

HR+ 130 (48.1%) 4(8%) 062 HR+ 35 (37.6%) 3(7.9%) 0.69
(0.07=5.79, (0.06-7.48,
p=0671) p=0757)
HR+/HER2+ 30(11.1%) 1(2%) 067 HR+/HER2+ 14 (15.1%) 1(2.6%) 057
(0.04-11.29, (0.03-1043,
p=0779) p=0.706)
TNBC 90 (33.3%) 44 (88%) 9.78 TNBC 36 (38.7%) 33 (86.8%) 733
(1.27-75.23, (087-61.82,
p=0.028) p=0067)
Diagnosis IDC 250 (92.6%) 45 (90%) Diagnosis IDC 87 (93.5%) 34 (89.5%)
Table 3 (continued)
All (n=320) Univariate ** Multivariate NAC group (n=131) Univariate ** Multivariate**
(Odds ratio, (Oddsratio,  (Odds ratio,
95% Cl, (Odds ratio, 95% Cl, 95% Cl,
p-value***)  95%Cl, p-value***)  p-value***)
p-value***)
Variable* Failure Success Variable* Failure (n=93) Success
(n=270) (n=50) (n=38)
Other 20 (7.4%) 5(10%) 139 Other 6 (6.5%) 4(10.5%) 1.71
(0.50-3.89, (045-642,
p=0532) p=0430)
HG 2 139 (51.5%) 3 (6%) HG 2 41 (44.1%) 3(7.9%)
3 131 (48.5%) 47 (94%) 16.62 4.34 3 52(55.9%) 35(92.1%) 9.20
(5.05-54.71, (1.08-17.53, (2.64-32.05,
p<0.001) p=0.039) p<0.001)
NAC No 177 (65.6%) 12 (24%) Miller-Payne  Mean=+SD 23+08 1.6+08 0.34 0.30(0.16-
grade (0.20-0.57,  0.58,p<0.001)
p<0.001)
Yes 93 (34.4%) 38 (76%) 6.03 3.27 RCB score Mean+SD 31+£10 34+12 1.24
(3.01-12.09, (1.41-7.60, (0.86-1.78,
p<0.001) p=0.006) p=0253)
Size (cm) Mean=SD 3120 44+28 1.23 1.20 Size (cm) Mean=5SD 40£26 5029 1.13
(1.09-1.38, (1.02-1.41, (0.99-1.30,
p<0.001) p=0.029) p=0064)
LvI No 151 (55.9%) 30(60%) LI No 44 (47.3%) 21 (55.3%)
Yes 119 (44.1%) 20 (40%) 0.85 Yes 49 (52.7%) 17 (44.7%) 0.73
(0.46-1.56, (0.34-1.55,
p=0.594) p=0410)
Metastatic Mean+SD 21£58 45+65 1.04 Metastatic Mean+SD 41+89 58+106 1.02
LNs. (1.00-1.08, LNs (0.98-1.06,
p=0.031) p=0350)
TIL (%) Mean +SD 120+184 94+138 099 TIL (%) Mean+SD 61+116 63+85 1.00
(0.97-1.01, (0.97-1.04,
p=0351) p=0928)

AP Adipose proportion, NP Necrosis proportion, 8P Background proportion, TDLUP Terminal ductal lobular unit proportion, SP Stroma proportion, TILP Tumor-infiltrating lymphocyte proportion, ICP Invasive carcinoma
proportion, Ki-67L Ki-67 labeling index, HR + Hormone receptor-positive breast cancer, TNBC Triple-negative breast cancer, HR + /HER2 + Hormone receptor and HER2 positive breast cancer, HER2 + HER2 positive breast
cancer, IDC Invasive ductal carcinoma, HG Histologic grade, NAC Neoadjuvant chemotherapy, L/ Lymphovascular invasion, LN Lymph node, TIL Tumor infiltrating lymphocytes

* AP, BP, NP, TDLUP, SP, TILP, ICP values scaled up by 10,000
™ AP, BP, NP, TDLUP, SP, TILP, ICP: OR calculated with 1,000-unit change, corresponding to 0.1% of intratumoral percentage adjustment

** Bold: significant at p-value < 0.05
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Table 4. Decision tree analysis with Al and clinicopathological factors in primary breast cancer group, including the chemo-naive and NAC groups (n=320).

Parameter Value Value

Number of Observations (n) 320 320
Method Classification Classification

Complexity Parameters (CP) 0.08, 0.06.0.08, 0.06, 0.03, 0.01

Number of Splits (nsplit) 0, 2, 4, 6 0,2,4,6
Relative Error 1.00, 0.84, 0.72, 0.66 _ 1.00, 0.84, 0.72, 0.66
Cross-Validation Error (xerror) 1.00, 1.1:1.00, 1.18, 1.18, 1.14

Cross-Validation Std (xstd) 0.130, 0.13¢0.130, 0.139, 0.139, 0.137

Variable Importance (%)*

Variable Importance (%)
Subtype 20
Size 14
NP 13
Ki67LI 12
Age 7
SP 6
M ic LN 6
HG 6
TDLUP 5
LVI 2
ICP 2
AP 2
Node Information
Node No. Obs. P(node) Class Counts (0/1) Probabilities (0/1) Expected Loss Important Variables
1 320 1 270/50 0.844/0.156 0.15625 Subtype, Ki67LI, HG, NAC, NP
2 186 0.581 180/6 0.968/0.032 0.03226
3 134 0.419 90/44 0.672/0.328 0.3284 size, NAC, Age,Ki67LI, metastatic LN
6 98 0.306 76/22 0.776/0.224 0.2245 Age, SP, Ki67LI, NP, BP
7 36 0.113 14/22 0.389/0.611 0.3889 NP, BP, TDLUP, Ki67LI, ICP.
12 68 0.213 59/9 0.868/0.132 0.1324
13 30 0.094 17/13 0.567/0.433 0.4333 SP, metastatic LN, TDLUP, BP, AP
14 22 0.069 12/10 0.545/0.455 0.4545 metastatic LN, BP, NP, AP, ICP
15 14 0.044 2/12 0.143/0.857 0.1429
26 11 0.034 9/2 0.818/0.182 0.1818
27 19 0.059 8/11 0.421/0.579 0.4211
28 12 0.038 9/3 0.750/0.250 0.25
29 10 0.031]3/7 0.300/0.700 0.3

NP, necrosis proportion; Ki67L!, Ki-67 labeling index (%), SP, stroma proportion; metastatic LN, metastatic lymph node; HG, histologic grade; BP, background proportion; TDLUP,
terminal ductal lobular unit proportion; LVI, lymphovascular invasion; /ICP, invasive carcinoma proportion; AP, adipose proportion; NAC, neoadjuvant chemotherapy.

* Variable importance less than 1% were not described.
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Figure 2.5. Pruned decision tree analyses
A. Primary breast cancer (n=320) and B. NAC-treated group (n=131).

2.4.2 VFactors affecting the engraftment success rates of NAC-treated
primary breast cancer

Separate statistical analyses were carried out for the NAC group with additional inclusion
of unique variables, including the Miller-Payne grade, RCB class, and RCB score (Table 1).
In the NAC group, samples from 47 of total 156 patients led to successful PDX
engraftment (30.1%, 47/156). A significant difference was noted in the mean age between
the failure and success groups, with younger age at diagnosis significantly related to PDX
engraftment (50.4+10.7 vs. 45.2+11.0 years; p=0.007). The proportion of the TNBC subtype
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was higher in the success group (87.2%) compared to the failure group (33.9%; p<0.001).
Ki-67LI (%) displayed a significant elevation in the success group, registering at 74.0+15.1
compared to 33.9+32.3 in the failure group (p<0.001). The histologic grade also displayed a
significant association with PDX engraftment success (p<0.001). Specifically, the successful
cases featured a high prevalence of histologic grade 3, accounting for 91.5% (43 out of 47),
in contrast to 49.5% (54 out of 109) in the failure group. No significant differences were
detected in variables such as diagnosis, LVI, the number of positive LNs, TIL%, tumor
size, or AJCC stages between the success and failure groups. The Miller-Payne grade was
significantly associated with PDX success (p<0.001). While the RCB score did not show a
significant difference, the RCB class showed a statistical trend toward success (p=0.052).

A cohort of 131 NAC-treated primary breast cancers were analyzed using Al-detected
morphometric features. These morphometric features were compared between the failure
(n=93) and success (n=38) groups (Table 2). A notable statistical significance was observed
for NP, which was considerably higher in the success group (1642.8+1358.9 wvs.
901.3+1101.4; p=0.001). TDLUP showed a significant decrease in the success group
compared to the failure group (201.6+213.9 vs. 475.2+730.2; p=0.001). Similarly, SP was
significantly lower in the success group (2855.7+1180.3 vs. 3512.4+1523.4; p=0.019).

Univariate and multivariate logistic regression analyses were conducted, incorporating
both clinicopathologic factors and Al-analyzed intratumoral image patch data from 131
NAC-treated primary breast cancers (Table 3). In univariate analysis, higher Ki-67LI,
histologic grade 3, and lower Miller-Payne grade were found to be significantly associated
with PDX engraftment, with odds ratios (ORs) of 1.06 (95% CI 1.03-1.09, p<0.001), 9.20
(95% CI 2.64-32.05, p<0.001), and 0.34 (95% CI 0.20-0.57, p<0.001), respectively. For the
morphometric features, higher NP, lesser TDLUP, and lesser SP were significantly
associated with PDX engraftment. Specifically, a 0.1% increase in NP was associated with
higher odds of successful engraftment (OR 1.60, CI 1.38-1.85, p=0.003), while 0.1% increase
in, TDLUP and SP indicated a decreased chance of engraftment (OR 0.22, CI0.18-0.27,
p=0.034 and OR0.71, CI0.60-0.84, p=0.022, respectively).

In multivariate logistic regression analysis for the NAC group, the variables TDLUP,
Ki-67LI, and Miller-Payne grades were selected as the variables that optimized the AIC. A
higher Ki-67L] and lower Miller-Payne grade resulted in successful PDX engraftments
with ORs of 1.068 (95% CI 1.034-1.102, p<0.001) and 0.303 (95% CI 0.158-0.577, p<0.001),
respectively. A lesser TDLUP was associated with PDX success, with 0.1% increase in
TDLUP yielding an OR of 0.998 (95% CI 0.033-1.000, p=0.062), showing a statistical trend.

To evaluate the robustness of the logistic regression model, a bootstrap analysis was
conducted using 1000 samples. The original AUC was 0.889, with an associated 95% BCa
confidence interval ranging from 0.8204 to 0.9348. The optimal cutoff value for the model,
determined by Youden's | statistic, was 0.2863. At this cutoff, the PPV was 0.6034 and the
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NPV was 0.9589 (Fig. 2C).

In the decision tree for the NAC group incorporating both Al-derived and
clinicopathological factors, the tree was pruned at two different CPs, with the optimal CP
being 0.0395 as determined by the lowest cross-validation error. The root node error was
evaluated at 0.2901, based on 93 failures and 38 successes among the observations (Fig.
5B).

When assessing variable importance, Ki-67L1 emerged as the most influential factor,
contributing 22% to the model's predictive power. This was followed by Miller-Payne
grade (13%), subtype (12%), SP (11%), and histologic grade (9%). Other variables like NP,
size, RCB score, and ICP each contributed less than or equal to 5%, whereas variables like
LVI, metastatic LNs, TILP, TIL, and age had minimal impact (Table 5).

The decision tree model for the NAC group demonstrated an AUC of 0.8967, with a bias
of 0.0065 and a standard error of 0.0419. The BCa 95% confidence interval for the AUC
ranged between 0.7680 and 0.9524 after bootstrapping with 1000 replicates. The
recommended cutoff point based on Youden's ] statistic was 0.2863, at which the model
yielded a PPV of 0.6034 and an NPV of 0.9589 (Fig. 4D)

2.4.3 Engraftment success across sequential PDX passages and associated
clinicopathological factors: metastatectomy cases (n=19)

The characteristics of the metastatic breast cancers in relation to the success of PDX
engraftment are summarized in Table 6. A statistically significant difference was observed
in the distribution of cancer subtypes between PDX engraftment success and failure groups
(p=0.013). Specifically, all successful engraftments occurred for tumors with the TNBC
subtype (4 out of 4, 100%) while none of the HR + cases (0 out of 11, 0%) or HR + /HER2 +
cases (0 out of 1, 0%) were successful.

The distribution of histologic grade between the unsuccessful and successful PDX groups,
although not reaching statistical significance (p=0.134), demonstrated a higher prevalence of
grade 3 tumors in the success group at 75% (3/4) compared to 20% (3/15) in the failure
group. Although the anatomical site of metastatectomy did not significantly impact PDX
engraftment (p=0.207), the successful group displayed a more diverse distribution of
metastasis sites: bone at 25% (1/4), axillary lymph nodes at 50% (2/4), and lung at 25%
(1/4).
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Table 5. Decision free analysis with Al and clinicopathological factors in the NAC group (n=131).

Parameter

Value

Number of Gbservations (n)

131

Method

Classification

Complexity Parameters (CP)

Number of Splits (nsplit)

021,004,001
.24

Relative Error

1.00,0.58, 0.50

Cross-Validation Error (xerror)

1.00, 0.66, 0.89

Cross-Validation Std (xstd)

0.137,0.118,0.132

Variable Importance (%)"
Variable

Importance (%)

Ki-67L1 22

Miller-Payne grade 13

Subtype 12

Histologic grade 9

NP 7

Size 5

RCB score 5

ICP 5

[RY] 3

M LN 2

TIL 2

Age 1

Node Information

Node No. QObs. P(node) Class Counts (0/1) Probabilities (0/1) Expected Loss Important Variables
1 131 1.93/38 0.710/0.290 0.2901 Ki-67LI, Miller-Payne grade, Subtype, Histologic grade, NP
2 51 0.39 18264 0.980/0.020 0.0196
3 80 0.61 43/37 0.538/0.463 0.4625 Miller-Payne grade, RCB score, Size, NP, Ki-67LI
6 50 0.38 36/14 0.720/0.280 0.28 Ki-67LI, Age, SP. RCB score, NP
7 30 0.23 45130 0.233/0.767 0.2333 NP, TDLUP, Ki-87L1,ICP
12 26 0.2 45008 0.885/0.115 0.1154
13 24 0.18 45243 0.542/0.458 0.4583 SP, Metastatic LN, TDLUP, ICP

Ki67LI- Ki-67 labeling index (%), NP : Necrosis proportion, RCB: Residual Cancer Burden; ICF, invasive carcinoma proportion; LV lymphovascular invasion; LN - lymph node; TIL - tumor infilrating
lymphocytes' SP: Stroma proportion; TDLUP: terminal ductal lobular unit proportion
*Variable importance less than 1% were not described

Table 6. Characteristics of the metastatic breast cancer group affecting the success of PDX engraftment (n=19)

Variable Failure (n=15) Success (n=4) p-value

Subtype 0.013
-HR+ 11 (73.3%) 0 (0.0%)

- HR+/HER2+ 1(6.7%) 0 (0.0%)

-TNBC 3 (20.0%) 4 (100.0%)

Histologic Grade 0.134
- Grade 2 12 (80.0%) 1 (25.0%)

- Grade 3 3 (20.0%) 3 (75.0%)

Site of Metastasis 0.207
- Bone 9 (60.0%) 1(25.0%)

- Liver 3 (20.0%) 0 (0.0%)

- Axillary LN 2 (13.3%) 2 (50.0%)

- Lung 1(6.7%) 1 (25.0%)

HR+, hormone receptor-positive breast cancer; TVBC, Triple-negative breast cancer; HR+/HERZ+, hormone receptor and
HER2 positive breast cancer; HERZ+, HERZ positive breast cancer; HG histologic grade; (A, lymph node
*Bold: significant at P < .05.

2.5 Discussion

Previous studies on PDX have focused on clinicopathologic or technical parameters for

predicting the success of PDX engraftment. In this study, we found that higher Ki-6LlI,

younger age at diagnosis, NAC treatment status, larger tumor size, and higher proportions

of intratumoral necrosis and invasive carcinoma (as quantified by Al) were significant

variables predictive of PDX engraftment success.

Our findings revealed that high Ki-67LI, a marker of cellular proliferation, was a crucial

factor for successful PDX engraftment (32,34,35). This finding is consistent with previous

studies that linked high histologic grade and TNBC subtype, which are often associated
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with elevated Ki-67LI, to increased PDX engraftment rates (11,13,14,36,37). These tumors,
particularly prevalent in younger patients, reportedly exhibit aggressive behavior and high
cancer stem cell (CSC) levels (38,39).

Increased PDX engraftment rates in the NAC group were also noted in current study.
NAC, involving cytotoxic agents, seemed to select cancer cells with survival traits which
would largely include CSCs, resistant to NAC due to their ability to evade reactive oxygen
species and their non-proliferative nature, as suspected by Diehn and Phi et al (40,41).
Substantiating the allegations, post-NAC breast cancer cells showed genetic markers
associated with CSCs and high tumorigenic potential in a study by Creighton et al (42).
Moreover, NAC was observed to modify the tumor microenvironment, including the
vascular architecture, which may enhance tumor growth (34). However, the impact of NAC
on PDX engraftment rates in breast cancer remains a subject of debate in the scientific
literature. McAuliffe et al (15) found a significantly higher PDX engraftment rate in the
NAC group at 41.7% (10/24) versus 8.3% (2/24) in the chemo-naive group (p=0.02).
Furthermore, in the same study, within the NAC group, patients with progressive disease
exhibited higher engraftment rates (85.7%, 6/7) compared to those with a stable or partial
response (29.4%, 5/17). However, Goetz et al. (13) found no significant difference in
engraftment success between the NAC group and the chemo-naive group. Cottu et al. (11)
also did not find preoperative treatment to significantly influence engraftment success.
Thus, factors affected the success of post-NAC cancer PDX grafts should be further
evaluated.

While some studies have indicated that metastatic cancers generally have higher PDX
engraftment rates compared to their nonmetastatic counterparts (35,43), the success rate of
PDX engraftment of breast cancer according to region of harvest remains a subject of
ongoing debate. Cottu et al. (11) reported higher engraftment success rates with primary
breast tumors compared to metastatic samples, while conversely, Marangoni et al. (14)
observed increased engraftment success with samples of metastatic origin. Given the
limited number of studies comparing primary to metastatic tumors, further research is
essential to clarify the role of tumor origin in PDX engraftment success rates. This will
provide more comprehensive insights into the factors predictive of successful PDX
modeling.

Despite the valuable insights provided by our study, we acknowledge several limitations.
Our Al model faced challenges in differentiating between IDC and DCIS due to the small
patch size utilized, requiring manual intervention. Furthermore, the model struggled to
distinguish between invasive lobular carcinoma, scattered histologic grade 2 IDCs, stromal
components, and TDLU. These limitations could be addressed in future studies by using
larger patches and more sophisticated machine learning techniques. Our approach
acknowledges the inherent challenges of integrating machine learning techniques with
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histopathology (15). The histopathological complexity and subtle invasion patterns of
invasive lobular carcinoma present challenges even for experienced pathologists (41, 44).
These limitations could be addressed in future iterations of our model through the
utilization of a larger dataset that encompasses finer patterns of invasive carcinomas and
by integrating more sophisticated machine learning techniques.

Our study has shown that the incorporation of specific clinicopathological variables and
morphometric features can effectively predict PDX engraftment. The efficacy of our
multivariate logistic regression model (AUC=0.905) is excellent. Additionally, the statistical
analysis of the NAC group, which included TDLUP, Miller-Payne grade, and Ki-67LI in
the multivariate logistic regression analysis, also demonstrated an excellent predictive
ability with an AUC of 0.89. Compared to the PDX graft studies in the literature, our score
was higher than that reported by Echeverria et al. who incorporated two variables, Ki-67LI
and metastatic LNs, into a logistic regression model for TNBCs breast PDX survival (AUC
0.70) (35). In the same context, Zhuo et al. (45) used GPC3 expression and KI67LI to
predict hepatocellular carcinoma PDX engraftment and found a good discriminatory power
(AUC0.828), which is similar to the score obtained in the current study. Our study also
effectively selected a few variables in a parsimonious manner for predicting PDX
engraftment.
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Chapter 3. PDX engraftment success factors in the

literature

3.1 Abstract

PDXs have emerged as a valuable tool for cancer research, enabling the study of tumor
biology and the evaluation of novel therapeutic strategies. However, the success of PDX
engraftment varied widely depending on various factors. This literature review aimed to
identify and summarize the key factors influencing PDX engraftment success across
different tumor types, with a specific focus on breast cancer.

A comprehensive literature search was conducted using PubMed, Embase, and Web of
Science databases. Studies reporting PDX engraftment success rates and associated factors
were included in the analysis. The reviewed studies encompassed a diverse range of tumor
types and experimental conditions.

The choice of mouse strain significantly impacted PDX engraftment success, with
immunodeficient strains such as NOD/SCID and NSG mice demonstrating higher
engraftment rates compared to nude mice. Orthotopic implantation generally resulted
in higher success rates than heterotopic implantation. Engraftment rates varied widely
across tumor types, with brain tumors exhibiting the highest success rate (69%) and
breast cancer rates ranging from 2.5% to 90%.

In breast cancer, ER-negative tumors and those with a higher histologic grade
(grade 3) showed higher engraftment rates. The method of engraftment also
influenced success, with intraductal injection yielding the highest take rate (77%). The
relationship between tumor origin (primary or metastatic) and engraftment success

remained inconclusive, with conflicting findings across studies.

This review highlighted the complex interplay of factors influencing PDX engraftment
success and underscored the need for careful consideration of these variables in the design
and interpretation of PDX studies. Further research is warranted to optimize PDX models

and enhance their translational value in cancer research.

3.2 Introduction

The success of PDX engraftment varies significantly depending on a multitude of
factors. These factors include the choice of mouse strain, implantation site, tumor
type and subtype, |histologic grade, and various experimental conditions.
Understanding the impact of these factors on PDX engraftment success is crucial for
the optimal design and interpretation of PDX-based studies. Moreover, identifying the
key determinants of engraftment success could help researchers to develop strategies
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for improving the efficiency and reliability of PDX models.

This literature review aimed to provide a comprehensive overview of the factors
influencing PDX engraftment success across different tumor types, with a particular
emphasis on breast cancer. By synthesizing the findings from multiple studies, we sought
to shed light on the complex interplay of variables that shaped the outcome of PDX
engraftment. The insights gained from this review could inform future efforts to optimize
PDX models and enhance their translational value in cancer research.

3.3 Methods

3.3.1 Literature search strategy

A comprehensive literature search was conducted to further delineate the factors
impacting PDX engraftment. The search was conducted using electronic databases including
PubMed, Embase, and Web of Science, with the search terms "PDX", "patient-derived
xenografts", "engraftment”, “take rate”. The search was limited to articles published in
English up to March 2023.

3.3.2 Inclusion and exclusion criteria

Inclusion criteria for this review were defined as articles that reported factors influencing
the success of PDX engraftment. Articles lacking explicit engraftment success rates or
well-defined methodology were not considered for this review. Further, the focus was
primarily on studies using animal models, predominantly mice, with one notable exception
(chick chorioallantoic membrane) for PDX engraftment. The data extracted from the
included articles spanned various parameters, such as engraftment take rates, histologic
grades, tumor types, NAC groups, engrafted mice strains, engraftment methods, utilized

supplements, and distinctions between primary and metastatic origins.

3.4 Results

3.4.1 Determinants of PDX engraftment success across different studies

We reviewed the literature on factors affecting the success of PDX engraftment, and 89
PDX studies were identified through web search. Our analysis included a range of tumor

types, mice strains, and implantations sites, as summarized in Table 7.
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Table 7. PDX engraftment information in the literature.

Tumor Type Mice Strain Implantation Site Number of Sample Engraftment Ratio References
Brain NOD/SCID sc* 16 69% Zeng, 2020
Nude S.C. 200 13% Marangoni, 2007
Nude fat pad** 423 8% Cottu, 2012
NOD/SCID fat pad 49 27% DeRose, 2011
Breast cancer SCID/Beige, NSG s.C. 169 41% Zhang, 2013
NSG intraductal injection 31 7% Richard, 2016
Nude s.C. 48 2% McAuliffe, 2015
NOD/SCID&NSG s.C. 113 27% Yu, 2017
NOD/SCID&NSG 5.C. 113 2% Goetz, 2017
SCID s.C. 55 35% Qjima, 2010
Cholangiocarcinoma NOD/SCID s.C. 20 6% Cavalloni, 2016
BRJ s.C. 16 75% Vaeteewoottacharn, 2019
Nude s.C. 85 64% Julien, 2012
NOD/SCID s.C. 85 87% Bertolini, 2011
NSG s.C. 27 54% Chou, 2013
NSG s.C. 44 64% Wimsatt, 2018
Nude s.C. 35 43% Fichtner,2004
Nude s.C. 26 7% Dangles-Marie, 2007
SCID/beige S.C. 10 60% Mischek,2009
NOD/SCID and Nude s.C. 48 2% Linnebacher,2010
Nude s.C. 60 NA Jin,2011
Colorectal cancer NOD/SCID sc. 20 70% Kim,2012
NOD/SCID s.C. 18 50% Monsma, 2012
NOD/SCID s.c. or orthotopic 40 88% Puig,2013
NOD/SCID and Nude S.C. 10 100% Lee 2014
Nude s.C. 241 62% Oh, 2015
Nude s.C. 85 59% Guan, 2016
Nude S.C. 37 54% Cybulska, 2018
NOG s.C. 48 3% Fuji, 2015
NSG s.C. 0 56% Katsiampoura, 2017
Nude s.C. 143 67% Cho,2014
Endometrial cancer Nude s.C. 40 60% Depreeuw, 2015
Nude sC 32 74% Wang, 2017
NOD/sCID s.C. 185 34% Zhu, 2015
Gastric cancer Nude s.C. 83 17% Zhang, 2015
NOD/SCID s.C. 119 27% Zhang, 2015
Nude/NOG s.C. 62 24% Choi, 2016
Glioblastoma NSG orthotopic 100 30% Brabetz, 2018
(WHO grade IV glioma) Nude s.C. 261 36% Vaubel, 2020
Gynecologic and breast Nude s.C. 36 66% Murata, 2020
cancer Nude s.C. 7 14%
Nude sS.C. 46 54% Keysar, 2013
NSG s.C. 62 48% Klinghammer, 2017
Head and neck cancer NSG 5.C. E7) 79% Swick, 2017
NSG s.C. 115 45% Klinghammer, 2015
NSG s.C. 26 85% Kimple, 2013
Leukemia NOD/SCID&NSG ntravenous) or via the femu 127 65% Alruwetei, 2020
NSG tail vein (intravenous) 29 59% Vick, 2015
NOG s.C. 26 88% Einarsdottir, 2014
Melanoma chick chorioallantoic mihick choricallantoic membrane 46 80% Tsimpaki 2023
NSG s.C. 694 66% Krepler, 2017
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NOD/sCID s.C. 436 17% Fujii, 2008

Multiple origin )
Nude s.C. 22 86% Pauli, 2017
NOD/sCID s.C. 102 25% Fichtner, 2008
NOD/SCID rex 527 90% Dong, 2010
NOD/SCID sC. 308 26% Chen, 2019
NSG s.C. 441 29% Wang, 2017
SOH,NOD s.C. 33 33% Ktia, 2019
Non-small lung cancer  NOD/SCID sc. 157 40% John, 2011
NOD/SCID unstated 33 6% Stewart, 2015
SCID&nude s.C. 97 39% Moro, 2017
SCID&nude sC. 100 35%. llie, 2015
NOD/SCID fat pad 12 67% Anderson, 2015
NOD/sCID s.C. 75 49% Chen, 2021
Nude s.C. 138 25% Ricci, 2014
Nude rc. 45 49% Heo, 2017
SCID s.C. 34 50% Dobbin, 2014
SCID s.C. 168 74% Weroha, 2014
NSG s.C. 12 83% Topp, 2014
Ovarian cancer Nude inter-scapular fat pad 66 74% VoluColombo, 2015
Nude Intraperitoneal 94 31% Liu, 2017
SCID Intraperitoneal 245 74% Karlan, 2014
NOD/SCID s.C. 66 68% Alkema, 2015
SCID Intraperitoneal 245 74% Weroha, 2014
humanized NBSGW Intraperitoneal 9 67% Steinkamp,2023
NOD/SCID rc. 1 100% Lee, 2005
Nude s.C. 69 61% Garrido-Laguna, 2011
SCID s.C. 12 67% Mattie, 2013
Hsd:athymic nude-Foxn orthotopic 35 43% Choi, 2019
Pancreatic cancer Nude intraperitoneal unspecified 58%
Nude sC. unspecified 70% Rubio-Manzanare, 2018
Nude orthotopic unspecified 55%
NSG s.C. 121 1% Guo, 2019
Nude S.C. 23 39% .
NOD/SCID sc. 23 48% Prick, 2010
SCID s.C. 86 58%
SCID orthotopic 57 72% Wang, 2005
SCID rc. 122 93%
Prostate cancer NOD/SCID rc. a4 1% .
Toivanen, 2011
NOD/SCID rc. 38 66%
NOD/SCID&NSG rc. 10 70% Lawrence, 2015
NSG s.C. 27 37% Wetterauer, 2015
Nude s.C. 336 9% Lang, 2016
NOD/SCID rc. 94 37% Sivanand, 2013
. NSG, NMRI nu/nu s.C. 4 25% Jang, 2016
Renal cell carcinoma
NSG s.C. 74 45% Dong, 2017
Nude s.C. 12 58% Keysar, 2018
Salivary gland cancer NOD/SCID s.C. 68 44% Castillo-Ecija, 2021
Sarcoma NOD/SCID rc. 14 71% Larmour, 2018
Uterine cervix cancer Nude r.c. 21 67% Oh, 2015

* subcutaenous, ** axillary fat pad ***subrenal capsule

3.4.2 Mouse strains and engraftment success

As for host strains, a range of mice strains and chick chorioallantoic membrane from one
melanoma study were included. The chick chorioallantoic membrane had the highest
success rate with 78.3% (36 successful out of 46 attempts) (46). As for mice strains, NOG
strain at 77.0% (57 successful out of 74 attempts), and NOD/SCID and Nude at 75.9% (44
successful out of 58 attempts) showed highest engraftment rates. Other strains, such as
BRJ and SCID, also had high success rates of 75.0% (12 successful out of 16 attempts)
and 71.4% (731 successful out of 1024 attempts), respectively. Strains including NSG and
NOD/SCID demonstrated moderate success rates of 52.0% (1018 successful out of 1959
attempts) and 46.5% (1188 successful out of 2557 attempts), respectively. However, strains
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like Hsd:athymic nude-Foxnl and NOD/SCID&NSG showed success rates of less than
50%, with 42.9% (15 successful out of 35 attempts) and 41.0% (149 successful out of 363
attempts), respectively. The strains with the lowest success rates included Nude/NOG and
SCID/Beige, with success rates of 24.2% (15 successful out of 62 attempts) and 20.9% (36
successful out of 172 attempts), respectively (11-20,36).

3.4.3 Tumor types and engraftment success

The type of tumor also played a significant role in the success of PDX engraftment.
High success rates were noted in colorectal cancer at 65.3% (752 successful out of 1152
attempts), (47-67) melanoma at 67.1% (514 successful out of 766 attempts) (46,68),
pancreatic cancer at 62.6% (214 successful out of 342 attempts) (69-73), and ovarian cancer
at 62.2% (705 successful out of 1133 attempts)(74-77). Additionally, brain and uterine
cervix tumors also displayed high success rates at 68.7% (11 successful out of 16
attempts) and 66.7% (28 successful out of 42 attempts), respectively (78).

On the other hand, tumor types such as breast cancer and multiple origin showed lower
success rates of 17.6% (206 successful out of 1171 attempts) and 19.9% (91 successful out
of 458 attempts), respectively (11,13-15,17,19,21,35,36,38,65,79,80). Intermediate success rates
were seen in non-small lung cancer at 47.4% (894 successful out of 1885 attempts)
(28,51,81,82,82,83), prostate cancer at 40.2% (307 successful out of 763 attempts) (84-88),
and renal cell carcinoma at 40.2% (74 successful out of 184 attempts)(89-92)

3.4.4 Impact of implantation site

The site of implantation also significantly influenced the success of PDX engraftment.
The subrenal capsule site showed the highest success rate of 77.9% (752 successful out of
965 attempts), followed by intraductal injection with a success rate of 74.2% (23 successful
out of 31 attempts), and inter-scapular fat pad at 72.7% (48 successful out of 66 attempts).
Sites such as Intraperitoneal and lateral tail vein (intravenous) or via the femoral artery
(intra-arterial) showed success rates of 66.9% (397 successful out of 593 attempts) and
64.6% (82 successful out of 127 attempts) respectively. Lower success rates were observed
at the orthotopic site with 45.8% (104 successful out of 227 attempts) and the fat pad site
with 11.2% (54 successful out of 484 attempts).

3.4.5 Comparative analysis from multiple studies on factors influencing
engraftment success in breast PDX models

Eight breast cancer PDX studies with unambiguous mention of engraftment success rates
were further evaluated (Table 8). Distinct factors influencing the success rate were
analyzed. The studies included in the analysis span from Marangoni et al. to Goetz et al.
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(13,14). The highest success rate was observed in the study by Richard et al. (16) with
77% (24 out of 31), while the lowest was reported by Cottu et al. (11) at 8% (35 out of
423).
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Table 8. Comparative analysis of factors influencing engraftment success in breast PDX models across multiple studies

Study PDX engraftment rate Histologic grade Tumor Type (Engraftment rate)
. Grade 2 (13/14,93%)> Grade 3(10/15,67%) > Grade Molecular apocrine (3/3, 100%) >
o,

Richard, 2016 7% (24/31) 1(1/2,50%) Luminal A (6/8, 75%), Luminal B (15/20, 75%)
Grade 3 (16/44, 37%) > Grade 2 (0%, 0/21) or Grade
1 (0%, 0/4) ( Conditon 2, Estradiol supplemented
SCID/Bg)
Grade 2 (2/7, 29%) > Grade 3 (4/22, 18%) > Grade 1,
No data ( Condition 4, Unmanipulated NSG) _En0, 70

Zhang, 2013 41% (69/169) ER -« ~52%,15/29) > PR- (~37%,15/40) >

DeRose, 2011

Cottu, 2012

Marangoni, 2007

McAuliffe, 2015

Yu, 2017

Goetz, 2017

27% (12/49)

8% (35/423)

12.5 % (25/200)

27 % (13/48)

25% (37/148)

27.4% (31/113)

Grade 3 (1/25, 4%) > Grade 2 (0/8, 0%) OR Grade 1
(0/5, 0%) (Condition 1, Unsupplemented SCID/Bg):

Grade 3 (1/17, 5.9%) > Grade 2 (0/10, 0%) or Grade
1 (0/2, 0%), (Condition 3, Estradiol and fibroblast
supplemented SCID/Bg)

Not included

High Ellis-Elston histological grade, and/or a high
mitotic count (OR=10.04, P=0.052)

Grade 3 (30%, 22/74) >Grade 2 (11%, 8/75) >Grade
1 (3%, 1/34)

Not included

Grade 3 > Grade 1-2 tumors
(p = 0.0003; difference = 46.6%; 95% Cl: 29.9—
63.3%)

Not included

> PR + (~9%,1/11)> ER+ (~2%,1/41)

1. No significant correlation between ER, PR, or HER2
status

(Fischer's exact test; ER or PR (p = 0.99) or

HER2 status (p = 0.25))

2. TNBC grew fastest

1. ER- (24.7%) > ER + (2.5%) (p<0.001).
2. TNBC (36.1%) >non-TNBC (4.1%) (p<0.001)
3. ER- status (OR=0.14, P=0.001)

ER - (37%.19/52) > ER + (4%,5/125)

TNBC > HR+ (53.8%, 7/13 vs. 15.6%,5/32, p = 0.02)

1. Clinical molecular subtype (p < 0.001):
TNBC (51.3%; 20/39) >

HER2+ (26.5%; 9/34) >

Luminal B (5.0%; 2/40) >

Luminal A (0%; 0/3)

2. TNBC > HER2+
(p = 0.0348; difference = 24.8%; 95% Cl: 3.2-46.4%

TNBC (20/39, 51.3%) > ER/HER2+ (5/20, 25.0%) >
ER+/HER2+ (4/14, 28.6%) > Luminal B (2/30, 6.7%) >
Luminal A (0/9, 0%), Luminal unknown (0/1, 0%)
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Table 8. Comparative analysis of factors influencing engraftment success in breast PDX models across multiple studies (continued)

Study NAC group Engrafted Mice Strain Supplement
Richard, 2016 Not specified NSG oestradiol pellet, subcutaenous (ER +

tumors)

Condition 2: SCID/Bg with estradiol supplement (21%, 15/70)

iti . ice wi i o
Some matched pre-and post-treatment > Condition 4: NSG mice with estradiol supplement (19%, 6/32)

Zhang, 2013 ! £ fied > Condition 3: SCID/Bg mice with estradiol and immortalized normal
samples, not specilie human fibroblasts (3%,1/29)
>Condition 1: Unmanipulated SCID/Bg (3%,1/38)
DeRose, 2011 Al chemo-naive NOD-SCID Interscapular estrogen pellets (ER +

tumors)

Preoperative treatement did not have
Cottu, 2012 significance for engraftment (13.3%of total Nude E2 in drinking water
patient ,54/423)

16% post-treatment, not specified with graft

Marangoni, 2007
success rate

Nude Estrogen in drinking water

1. NAC group vs chemo naive group (10/24,
41.7% vs 2/24, 8.3%, p = 0.02).
McAuliffe, 2015 2. NAC group with progressive disease BALB/c nu/nu Not discussed
(85.7%,6/7) > NAC group with stable or partial
response (29.4%, 5/17)

1. Pre-treatment percutaneous biopsies
(27.4%, 31/113)
> Post-NAC surgical samples (17.1% ,6/35)

2. Pre-treatment percutaneos biopsies with  NSG >NOD-SCID
Yu, 2017 confirmed residual disease, (p = 0.0012; difference = 17B-estradiol
Pre-treatment percutaneos biopsies with 39.9%; 95% Cl: 17.7-62.0%)
confirmed pathological complete remission:No
significant differences
TNBC (9/17 vs. 11/22; p = 0.999),
HER2+ tumors (7/17 vs. 2/15; p = 0.2401)

NAC group PDX success rate (17.1%, 6/35)

Goetz, 2017 not significantly better than chemo-naive

NOD-SCID or NSG mice 17B-estradiol (water fed)
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Table 8. Comparative analysis of factors influencing engraftment in breast PDX models across multiple studies (continued)
Manner of Engraftment
Study (Engraft rate) Primary/Metastatic Origin Additional fa
Diagnosis: Other type(2/2)>IDC (16/22,

Intraductal injection with vectors "7\3%)>ILC(T1.I>7F;557"/0) 12/15.80%) >
Richard, 2016 (24131, 77%)° All primary breast tumor g¢ group: ~soyear® (e /B%)

> Subcutaneous (0/26, 0%) 45-55years (10/13, 77%) > <45years

i (213, 67%)
1. Mostly primary breast cancer

Zhang, 2013 Orthotopic (cleared mammary fat 2. Pleural effusion, ascites were

DeRose, 2011

Cottu, 2012

Marangoni, 2007

McAuliffe, 2015

Yu, 2017

Goetz, 2017

pad)

Orthotopic (cleared mammary fat
pad)

s.c. (interscapular fat pad)

s.c. (interscapular fat pad)

s.c. (left and right mid-back)

S.C.

Subcutaneous (flank)

included but not stastically
evaluated

Primary or metastasis source did not
significantly predict successful
engraftment

(Fisher's exact test, P = 0.09)

Primary (Take rate 9%, 35/369)

>Metastastic (Take rate 0%, 0/54)

Metastatic origin (24%, 8/34) >
Primary tumors (15%, 25/164)

All primary breast tumor

All primary breast tumor
(percuntaneous needle biopsy,
surgical specimen)

All primary breast tumor
(percuntaneous needle biopsy,
surgical specimen)

1. Mesenchymal stem cells (MSCs)
increased tumor growth in three tested
lines (two ER-and one ER+ line).

2. Shorter survival of patients was related
to PDX engraftment success (p=0.02,
log-rank statistics)

1. Ductal carcinoma (18%, 28/152) >
lobular carinoma (8%, 2/25)

2. Tumor size, lymph node invoviement
was not associated with engraftment

PDX engraftment was related to lower
recurence-free survival (p = 0.015)
and overall survival (p<0.001)

3.4.5.1 Histologic grade

Across several studies with documented data on histologic grades, there was a trend of

increased PDX engraftment success associated with higher histological tumor grades. For

instance, in the study by Richard et al. (16), Grade 2 tumors showed a higher engraftment
rate of 93% (13/14) compared to Grade 3 tumors which had a rate of 67% (10/15).
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Similarly, Marangoni et al. (14) reported a higher PDX engraftment rate for Grade 3
tumors at 30% (22/74) compared to Grade 2 tumors at 11% (8/75) and Grade 1 tumors at
3% (1/34).

This trend was also evident in the data from Zhang et al. (93) where under certain
experimental conditions, Grade 3 tumors exhibited the highest engraftment rates. This was
particularly notable under Condition 2 (Estradiol supplemented SCID/Bg) where Grade 3
tumors had an engraftment rate of 37% (16/44) as compared to no engraftment observed
for Grade 2 or Grade 1 tumors. Moreover, Yu et al. (17) found a significantly higher PDX
engraftment rate for Grade 3 tumors compared to Grades 1-2 tumors, a difference of 46.6%
with a confidence interval of 29.9-63.3% (p=0.0003). Similarly, in the Cottu et al. (11)
study, a high Ellis-Elston histological grade corresponded to a higher likelihood of
successful PDX engraftment (OR=10.04, P=0.052).

3.4.5.2 Hormonal status of breast tumors

Tumor type has been consistently shown to influence the engraftment success in
PDX models. ER- tumors generally demonstrated higher engraftment rates compared
to their ER+ counterparts. In Zhang et al. (93), the PDX engraftment rate was notably
higher in ER- tumors at approximately 52% (15/29) compared to just 2% (1/41) in
ER+ tumors. Similarly, in the study by Marangoni et al. (14), the engraftment rate for
ER- tumors was substantially higher at 37% (19/52), compared to a significantly lower
rate of 4% (5/125) in ER+ tumors.

In Cottu et al. (11), the ER- tumors displayed a considerable PDX engraftment rate of
24.7% while the ER+ tumors had an engraftment rate of only 2.5% (p<0.001).

Meanwhile, TNBC showed high engraftment rates in several studies. For instance, in
McAuliffe et al. (15) and Goetz et al. (2017), TNBC exhibited PDX engraftment rates of
53.8% (7/13) and 51.3% (20/39) respectively, outperforming hormone receptor-positive (HR+)
tumors in each study. However, it's important to note that not all studies found significant
differences based on ER status. For instance, DeRose et al.(12) found no significant
correlation between ER, PR, or HER? status and PDX engraftment success. These findings
indicated a potential trend toward higher PDX engraftment success in ER- tumors,
particularly TNBC, compared to ER+ tumors.

3.4.5.3 Impact of neoadjuvant chemotherapy (NAC)

In the reviewed studies, the impact of NAC on PDX engraftment rates appeared to vary,
or some did not consider it as a statistically deserving factor. However, McAuliffe et al.
(15) found a significantly higher PDX engraftment rate in the NAC group at 41.7% (10/24)
versus 8.3% (2/24) in the chemo-naive group (p=0.02). Furthermore, in the same study
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within the NAC group, patients with progressive disease exhibited higher engraftment rates
(85.7%, 6/7) compared to those with stable or partial response (29.4%, 5/17). Goetz et al.
(13) also found no significant difference in engraftment success between the NAC group
and the chemo-naive group, with the NAC group's PDX success rate reported at 17.1%
(6/35).

In contrast, Cottu et al.(11) did not find preoperative treatment to significantly influence
engraftment success, even though NAC-treated group accounted for 13.3% (54/423) of total
patients. From a slightly different point of view, Yu et al. (17) compared PDX engraftment
rates between pre-treatment percutaneous biopsies (27.4%, 31/113) and post-NAC surgical
samples (17.1%, 6/35), indicating a higher engraftment rate for the pre-treatment samples.
Notably, there was no significant difference in engraftment success was when comparing
pre-treatment percutaneous biopsies from the patients with confirmed residual disease after
NAC versus those with pathological complete remission in TNBC (9/17 vs. 11/22: p=0.999)
and HER2+ tumors (7/17 vs. 2/15; p=0.2401).

3.4.5.4 Mouse strain

Regarding the engrafted mouse strain, our review indicated notable variability across the
studies and their influence on the engraftment success rate of PDX models. Specifically,
the strains of engrafted mice used in the studies were varied, including NSG (13,16,17,93),
SCID/Bg (36), NOD-SCID (13,94), Nude (11,14), and BALB/c nu/nu (15). In the analysis of
the selected studies, PDX engraftment success rates varied among different mouse strains.
The NSG mouse strain yielded the highest success rate in some studies. Richard et al.(16)
reported an engraftment success rate of 77% (24/31) using NSG mice, the highest among
all the studies analyzed. Additionally, Yu et al. (2017) found a significantly higher success
rate in NSG mice (25%, 37/148) compared to NOD-SCID mice, emphasizing the potential
advantage of the NSG strain.

NOD-SCID mice also demonstrated relatively high engraftment rates. DeRose et al. (12)
and Goetz et al.(13) both achieved a success rate of 27% (12/49 and 31/113 respectively)
using the NOD-SCID strain. However, Nude mouse strain had generally lower engraftment
success rates. Cottu et al. (11) observed an 8% success rate (35/423) in Nude mice, while
Marangoni et al. (14) reported a 12.5% (25/200) success rate. The BALB/c nu/nu strain
was only utilized in one of the analyzed studies, with McAuliffe et al. (15) achieving a
27% (13/48) success rate.

3.4.5.5 Estradiol supplementation

In addition, the use of supplements, specifically estradiol, varied across studies and
showed different effects on engraftment rates. Richard et al., 2016; Zhang et al., 2013;
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Cottu et al., 2012; Marangoni et al., 2007; and Goetz et al., 2017 (11,13,14,16,36) all used
estradiol as a supplement in their studies. However, there were disparities in the
administration methods and the specific subsets of tumors they were used on (e.g., ER+
tumors), which could potentially influence the engraftment rates. For instance, in the study
by Zhang et al., 2013, the engraftment success was notably different under various
conditions where SCID/Bg mice were used with estradiol supplement, ranging from 21%
(15/70, Condition 2) to 3% (1/29, Condition 3) where SCID/Bg mice with estradiol and
fibroblast supplement (36).

The success rates of patient-derived xenograft (PDX) engraftment were also found to
vary in relation to the use of estradiol supplements across the selected studies. Drawing
from Zhang et al. (36), an estradiol supplement was associated with enhanced PDX
engraftment success; The SCID/Bg mice supplemented with estradiol saw an engraftment
success rate of 21% (15/70), significantly higher than the unsupplemented SCID/Bg group's
3% (1/38) rate.

However, other studies were ambiguous for estrogen effect on PDX survival alone,
because there were no control mice group for comparison. In the study conducted by
Richard et al. (11), subcutaneous estradiol pellets were used, yielding the highest
engraftment success rate of 77% (24/31); however, the result may have been largely due to
other variables. DeRose et al. (12) also used estradiol in the form of interscapular pellets,
resulting in a PDX engraftment success rate of 27% (12/49). Yu et al. (17) and Goetz et
al. (13) both administered 17B-estradiol, observing a success rate of 25% (37/148) and
27.4% (31/113), respectively. Cottu et al. (11) and Marangoni et al. (14) included estradiol
in the drinking water of the mice, with the former reporting an 8% (35/423) success rate
and the latter a 12.5% (25/200) success rate.

3.4.5.6 Engraftment method

Also, upon reviewing the various engraftment methods reported across the eight studies,
certain patterns emerged. The intraductal injection with vectors, as used in the study by
Richard et al. (16), appeared most effective with an impressive engraftment success rate of
77% (24/31). Orthotopic engraftment was employed in multiple studies with differing
results. In the Zhang et al. (36) and DeRose et al. (12) studies, the orthotopic method
yielded success rates of 21% (15/70) and 27% (12/49), respectively.

Most studies, including those by Marangoni et al.(14), McAuliffe et al. (15), Cottu et al.
(11), Yu et al. (17) and Goetz et al. (13), opted for subcutaneous engraftment, producing a
wide range of success rates from 8% (35/423) to 27% (13/48). In conclusion, across the
eight studies reviewed, the intraductal injection with vectors method reported by Richard et
al.(16) yielded the highest PDX engraftment success rate, while the other methods showed
more variable results.
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3.4.5.7 Primary vs. metastatic origin

Furthermore, there was a controversy as whether primary or metastatic origin should
affect engraftment rate. In the study by Marangoni et al. (14), metastatic origins had a
higher engraftment rate of 24% (8/34), compared to primary tumors with an engraftment
rate of 15% (25/164). On the contrary, in the study by Cottu et al. (11), primary tumors
showed a higher take rate of 9% (35/369) than metastatic ones, which failed to engraft
(0/54). In DeRose et al. (12), there was no significant difference in engraftment success
between primary and metastatic samples (p=0.09).

3.5 Discussion

This comprehensive literature review aimed to identify and summarize the key factors
influencing PDX engraftment success across various tumor types, with a particular focus
on breast cancer. The analysis revealed that multiple factors, including mouse strain, tumor
type, implantation site, histologic grade, and experimental conditions, play crucial roles in
determining the success of PDX engraftment (3-7, 16-22, 24-26, 27-28, 29, 30-42)

Immunodeficient mouse strains, such as NOD/SCID and NSG, consistently demonstrated
higher engraftment rates compared to nude mice (3-7, 12-18). This finding highlights the
importance of selecting an appropriate mouse strain for PDX studies to optimize
engraftment success. The choice of mouse strain should be based on the specific research
objectives and the level of immunodeficiency required for the tumor type under
investigation (43, 44).

The review also revealed significant variations in engraftment success rates across
different tumor types. Colorectal cancer, melanoma, pancreatic cancer, and ovarian cancer
exhibited relatively high engraftment rates, while breast cancer and tumors of multiple
origins showed lower success rates (23, 3-7, 16-22, 24-26, 27-28, 29, 30-42). These
differences underscore the need for tumor-specific optimization of PDX models and suggest
that certain tumor types may be more amenable to PDX engraftment than others (45, 46).
Future research should focus on identifying the underlying biological factors that contribute
to these differences in engraftment success and developing strategies to improve PDX
models for challenging tumor types (47, 48).

The site of implantation emerged as another critical factor influencing PDX engraftment
success. Orthotopic implantation, particularly in the subrenal capsule and intraductal sites,
yielded higher success rates compared to heterotopic implantation (4, 15-17, 19). This
finding suggests that providing a more physiologically relevant microenvironment for tumor
growth may enhance PDX engraftment (49, 50). However, the choice of implantation site
should also consider the technical feasibility and potential complications associated with
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each approach (51, 52).

In the context of breast cancer, several additional factors were found to influence PDX
engraftment success. Higher histologic grade and ER-negative status, particularly in TNBC,
were associated with increased engraftment rates (3, 5, 7, 13). This observation may reflect
the more aggressive nature of these tumor subtypes and their increased ability to adapt to
the murine microenvironment (53, 54). The impact of NAC on PDX engraftment success
remained inconclusive, with conflicting findings across studies (5, 13, 14). Further research
is needed to clarify the relationship between NAC and PDX engraftment and to identify
potential strategies for improving engraftment success in post-NAC samples (55, 56).

The review also highlighted the variability in engraftment success rates associated with
different mouse strains and experimental conditions in breast cancer PDX studies. The
NSG mouse strain generally yielded higher engraftment rates, while the use of estradiol
supplementation showed mixed results (4, 7, 12, 13). These findings emphasize the need for
careful selection of mouse strains and experimental conditions based on the specific
research objectives and the characteristics of the breast cancer subtype under investigation.

Furthermore, the relationship between tumor origin (primary or metastatic) and PDX
engraftment success in breast cancer remained controversial, with conflicting findings
across studies (3, 5, 12). This inconsistency may be attributed to differences in sample
size, patient characteristics, and experimental protocols among the studies (59, 60). Future
research should aim to clarify this relationship and identify potential factors that may
influence the engraftment success of primary versus metastatic breast cancer samples (61,
62).

Despite the valuable insights provided by this review, several limitations should be
acknowledged. The heterogeneity in experimental designs, sample sizes, and reporting
methods across the included studies may have influenced the comparability of the results
[63, 64]. Additionally, the review focused primarily on breast cancer and a limited number
of other tumor types, and the findings may not be generalizable to all cancer types (65,
66). Future meta-analyses and systematic reviews incorporating a wider range of tumor
types and standardized reporting criteria could provide more robust and comprehensive
insights into the factors influencing PDX engraftment success.

In conclusion, this literature review has highlighted the complex interplay of factors
influencing PDX engraftment success and underscored the need for careful consideration of
these variables in the design and interpretation of PDX studies. Further research is
warranted to optimize PDX models for specific tumor types and to develop strategies for
improving engraftment success in challenging contexts. By refining PDX models and
expanding our understanding of the factors governing their success, we can enhance the
translational value of these powerful tools in cancer research and ultimately accelerate the
development of more effective and personalized cancer therapies.
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General conclusion

In this study, we investigated the factors influencing the success of patient-derived
xenograft (PDX) engraftment in breast cancer.

In chapter 2, we integrated clinicopathological data with morphological attributes
quantified using a trained Al model to identify the principal factors affecting PDX
engraftment in primary breast cancer. Our results demonstrated that high Ki-67LI, younger
age at diagnosis, post NAC status, higher histologic grade, larger tumor size, and
Al-assessed higher intratumoral necrosis and intratumoral invasive carcinoma proportions
were significant factors for successful PDX engraftment. In the NAC group, a higher
Ki-67LI, lower Miller-Payne grade, and reduced proportion of intratumoral normal breast
glands as assessed by Al collectively provided excellent prediction accuracy for successful
PDX engraftment.

In chapter 3, we conducted a comprehensive literature review to identify and summarize
the key factors influencing PDX engraftment success across different tumor types, with a
specific focus on breast cancer. The review highlighted the significant impact of mouse
strain, with immunodeficient strains such as NOD/SCID and NSG mice demonstrating
higher engraftment rates compared to nude mice. Orthotopic implantation generally resulted
in higher success rates than heterotopic implantation. Engraftment rates varied widely
across tumor types, with brain tumors exhibiting the highest success rate and breast
cancer rates ranging from 2.5% to 90%. In breast cancer, ER-negative tumors and those
with a higher histologic grade showed higher engraftment rates. The method of
engraftment also influenced success, with intraductal injection yielding the highest take
rate. The relationship between tumor origin and engraftment success remained inconclusive,
with conflicting findings across studies.

In conclusion, our study highlighted the complex interplay of factors influencing PDX
engraftment success in breast cancer. The integration of clinicopathological data,
Al-assessed morphological attributes, and insights from the literature review underscored
the need for careful consideration of these variables in the design and interpretation of
PDX studies. Further research is warranted to optimize PDX models and enhance their

translational value in breast cancer research.
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