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Abstract 

The tumor microenvironment (TME) plays a crucial role in tumor growth and treatment 

response. Traditional animal models fail to accurately replicate the human TME, 

carcinogenesis, immune responses, metabolism, pathophysiology, and adverse 

events, limiting their usefulness in studying cancer development and therapies, 

especially those involving the immune system. To address these limitations, this thesis 

aimed to develop microphysiological tumor-on-chip models that closely mimic human 

TME and immune responses, enabling detailed studies of cancer-TME interactions 

and immunotherapy responses. The first part of the work focused on the development 

and utilization of a tumor-on-chip model for evaluating the efficacy and safety of 

chimeric antigen receptor (CAR)-T cell immunotherapy in a solid TME. This model 

examined CAR-T cell responses in relation to target antigen levels, tumor size, and 

TME components, such as endothelial barriers and macrophages. Excessive antitumor 

response by CAR-T cells was captured through the monitoring of inflammatory 

cytokine release kinetics, which allowed the testing of acute safety intervention 

strategy on the chip. This model offers a rapid and adaptable platform for comparing 

different CAR-T cell products and exploring strategies to overcome TME barriers. The 

second part of the work focused on establishing a breast cancer-on-chip model to 

recreate the breast TME for studying interactions between breast tumors and white 

adipose tissue (WAT). This platform uniquely integrated breast cancer spheroids or 

patient-derived organoids central to the surrounding WAT-associated cells in a 

perfusable microfluidic chamber, allowing long-term co-culture that lasted for up to two 

weeks. Using this model, it was demonstrated that the presence of breast cancer 

increased lipolytic activity in adipocytes and that WAT increased lipid accumulation 

and promoted growth of breast cancer cells. Notably, WAT protected breast cancer 

cells from the chemotherapeutic agent daunorubicin, highlighting the TME's critical role 

in modulating cancer treatment efficacy. Overall, this thesis established tumor-on-chip 

models to study tumor-TME interactions and cancer immunotherapies, laying the 

foundation for mechanistic research and clinical translation of therapies designed to 

overcome TME barriers. 



 
 

V 
 

Zusammenfassung 

Die Tumormikroumgebung (TME) spielt eine entscheidende Rolle bei 

Krebsentwicklung und -behandlung. Traditionelle Tiermodelle können die menschliche 

TME, die Immunantworten, den Stoffwechsel, die Pathophysiologie und 

Nebenwirkungen nicht genau nachbilden, was ihre Nützlichkeit bei der Untersuchung 

der Krebsentwicklung und -therapien, insbesondere solcher, die das Immunsystem 

nutzen, einschränkt. Ziel dieser Arbeit ist, mikrophysiologische Tumor-on-Chip-

Modelle zu entwickeln, die menschliche TME und die Immunantworten besser 

nachbilden und dadurch detaillierte Studien zu Wechselwirkungen zwischen Krebs, 

TME, und Immuntherapien ermöglichen. Der erste Teil dieser Arbeit konzentrierte sich 

auf die Entwicklung eines Tumor-on-Chip-Modells zur Evaluierung der Wirksamkeit 

und Sicherheit der chimären Antigenrezeptor (CAR)-T-Zell-Immuntherapie in einer 

soliden TME. Dieses Modell untersuchte die CAR-T-Zell-Reaktionen in Bezug auf 

Zielantigen, Tumorgröße und TME-Komponenten wie Endothelbarrieren und 

Makrophagen. Übermäßige Antitumorreaktionen von CAR-T-Zellen wurden durch das 

Monitoring der Freisetzungskinetik von entzündungsfördernden Zytokinen erfasst, was 

die Testung akuter Sicherheitsintervention auf dem Chip ermöglichte. Dieses Modell 

bietet eine schnelle und anpassbare Plattform zum Vergleich verschiedener CAR-T-

Zell-Produkte und zur Erforschung von Strategien zur Überwindung von TME-

Barrieren. Der zweite Teil der Arbeit befasste sich mit der Etablierung eines 

Brustkrebs-on-Chip-Modells zur Nachbildung der Brust-TME, um Wechselwirkungen 

zwischen Brusttumoren und weißem Fettgewebe (WAT) zu untersuchen. Diese 

Plattform integrierte Brustkrebssphäroide oder patientenabgeleitete Organoide in der 

Mitte der umliegenden WAT-assoziierten Zellen in einer perfundierbaren 

mikrofluidischen Kammer, was eine Kokultur für bis zu zwei Wochen ermöglichte. 

Darüber hinaus wurde es untersucht, ob der Brustkrebs die lipolytische Aktivität in 

Adipozyten und WAT die Lipideinlagerung und das Wachstum von Brustkrebszellen 

beeinflusste. Resultate zeigen, dass WAT die Brustkrebszellen vor dem 

chemotherapeutischen Wirkstoff Daunorubicin schützen konnte. Insgesamt etablierte 

diese Arbeit neuartige Tumor-on-Chip-Modelle zur Untersuchung von 

Wechselwirkungen zwischen Tumor und TME sowie Krebsimmuntherapien und schafft 

damit die Grundlage für mechanistische Forschungen und die klinische Umsetzung 

von Therapien, die darauf abzielen, TME-Barrieren zu überwinden. 
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1. Background & State of the Art 

1.1 Tumor Microenvironment 

Cancers account for 1 in 6 deaths globally, with 10 million fatalities in 2019 alone1. The 

incidence and mortality rates are rising worldwide and are projected to continue for at 

least the next two decades due to an aging population and various risk factors, 

including suboptimal diets, sedentary lifestyles, air pollution, tobacco use, and alcohol 

consumption235. Consequently, it has become increasingly crucial to deepen our 

understanding of the disease to enhance prevention measures and treatment options. 

In recent decades, our understanding of cancer has significantly shifted. Rather than 

viewing it merely as a genetic disease, we now perceive cancer as a complex disease 

involving intricate relationships between cancerous and non-cancerous cells within an 

abnormally vascularized extracellular matrix (ECM), shaping a highly structured 

ecosystem known as the tumor microenvironment (TME) (Figure 1A). The TME 

dramatically influences immune response and evasion6, tumor growth7, invasiveness8, 

metastasis9, and response to therapy10,11. This environment is occupied by many non-

cancerous cell types, including cancer-associated fibroblasts, diverse immune cells, 

endothelial cells (ECs), pericytes, and other tissue-specific cells. In this 

microenvironment, cancer cells are the major orchestrators that actively shift the 

ecosystem from tumor-suppressing toward tumor-supportive as the tumor progresses. 

For example, as early-stage tumors grow, their increasing need for nutrients and 

oxygen leads to the release of pro-angiogenic signaling factors, which trigger the 

development of vascular networks in the tumors12. This process, known as the 

<angiogenic switch=, is a critical stage that transforms tumors into more malignant 

forms13. Compared to normal tissues, however, the resulting vascular network in 

tumors is significantly different. Due to the imbalanced expression of angiogenic 

factors and inhibitors, as well as the rapid disruption of homeostasis by the tumor cells, 

tumor vasculature becomes highly disorganized and lacks a hierarchical vessel 

structure14.  This poses a barrier to infiltrating immune cells and impedes drug delivery, 

hindering the control of tumor growth15,16. 

In addition to the tumor stage, the state of TME also highly depends on the organ and 

tissue in which the tumor grows17. For instance, white adipose tissue (WAT) is a 

predominant component of the microenvironment of breast cancer, where an intricate 
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interplay between cancer cells and WAT-associated cells influences tumor behavior 

and treatment responses. WAT primarily consists of mature adipocytes, comprising 

90% of its volume and 50% of its cellular content18. It additionally contains the stromal 

vascular fraction (SVF), which encompasses mesenchymal stem cells, adipocyte and 

vascular progenitors, endothelial cells, fibroblasts, and diverse immune cell types19. As 

a metabolically active tissue, adipocytes support tumor growth and influence treatment 

response through various mechanisms. These include providing energy in the form of 

fatty acids20328, producing growth-supporting adipokines29, hormones30,31, and 

exosomes32,33, metabolizing chemotherapeutic drugs34, and shaping the inflammatory 

microenvironment35,36. When glucose is scarce, cancer cells can actively induce 

lipolysis in adipocytes and metabolically shift from glycolysis towards oxidative 

phosphorylation, which allows them to utilize these adipocyte-derived fatty acids for 

sustaining their growth37 (Figure 1B). This metabolic adaptation is seen across various 

cancer types found in tissues abundant with WAT, such as prostate and ovarian 

cancer21,23, indicating that the TME is distinct and highly specific to each tissue. 

Anti-tumor immunity is also constantly evolving throughout tumor development38,39. 

Cancer cells are initially recognized and eliminated, for example by T cells, due to their 

expression of non-self-antigens. The presence of infiltrating T cells correlates with 

improved patient survival, with higher densities and activation signatures within tumors 

associated with better outcomes6,40,41. However, at a certain point, tumor breaks the 

immune control: the balance shifts from immune attack to immune evasion39,42. The 

timing and mechanisms of immune evasion are likely to vary based on tissue context 

and can happen through a multitude of mechanisms17. For instance, the high metabolic 

needs of the tumor force the tumor-infiltrating immune cells to adapt to various types 

of metabolic stress. Elevated glucose metabolism and lactate release by the tumors, 

along with amino acid scarcity, hypoxia, and increased lipid abundance in the TME, 

suppress T cell effector functions while simultaneously promoting the suppressive 

functions of Tregs, M2-like (anti-inflammatory) macrophages, and myeloid-derived 

suppressor cells43 (Figure 1C). Increased density of ECM in tumor stroma also limits 

T cell infiltration and causes exhaustion of effector T cells44,45. 

However, within every challenge lies opportunity. Here, therapeutic strategies targeting 

the TME are gaining traction, with approaches aimed at not only reprogramming the 

immune landscape but also normalizing aberrant vasculature, breaking ECM barriers, 

and disrupting the supportive interactions between stromal cells and cancer cells46. 
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Figure 1: TME characteristics and mechanisms that support tumor growth. 

(A) The TME is characterized by the presence of diverse immunosuppressive immune cells 
such as Tregs, M2-like macrophages, and myeloid-derived suppressor cells, hypoxic and 
acidic environment, dysregulated vasculature, and different densities of effector T cells that 
depend on tumor immunogenicity and immunosuppressive state of the TME. (B) The 
developing tumors interact with tissue-specific stromal cells, such as breast cancer cells that 
interact with adipocytes in the breast TME. Cancer cells can secrete lipases, which increase 
the lipolytic activity of adipocytes, providing fuel for cancer growth. Adipocytes can also supply 
tumors with adipokines, hormones, exosomes, as well as catabolizing a chemotherapeutic 
drug, such as daunorubicin into daunorubicinol. The figure is adapted from a reference47. (C) 
Tumor metabolism increases lactate and lipid amount and decreases oxygen and amino acid 
availability in the TME, directly and indirectly causing effector T cell immunosuppression 
through increased recruitment, activity, immune checkpoint upregulation, and proliferation of 
immunosuppressive cells, and increased amount of anti-inflammatory cytokines43. 
 
 

1.2 Adoptive Cell Therapy: a Promising Approach? 

Since the late 19th century, many discoveries have revealed that the immune system 

plays a crucial role in regulating malignantly transformed cells, resulting in the 

emergence of a promising additional treatment option for cancers called cancer 

immunotherapy48. This approach leverages the immune system, predominantly relying 
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on T cells, to target and eradicate tumors. Cancer immunotherapy is an umbrella term 

for many treatment modalities, including adoptive cell therapy, immune checkpoint 

inhibition, T cell bispecific antibody therapy, oncolytic viruses, cytokine therapy, and 

cancer vaccines49352. These immunotherapeutic strategies have transformed cancer 

treatment landscape and prolonged the survival of patients facing aggressive 

malignancies. 

One of the fastest growing approaches is adoptive cell therapy (ACT)53,54. In this 

therapy, cancer-reactive immune cells such as T cells are isolated from the body of a 

patient or healthy donor, which are then enhanced (e.g. genetically modified, purified) 

and expanded ex vivo, and reinfused back into the patient to eliminate the tumors 

(Figure 2A). This treatment approach uses either endogenous tumor-infiltrating 

lymphocytes (TILs) or genetically engineered T cells. In the case of the latter, T cells 

are genetically modified to express either highly specific T cell receptors (TCRs) or 

chimeric antigen receptors (CARs). To date, CAR technology has been successfully 

incorporated not only into T cells but also into NK cells and macrophages55,56. CAR-

modified cells, unlike TCR-T cells, have the ability to recognize tumor-associated 

antigens without the need for major histocompatibility complex (MHC) expression on 

cancer cells. This is particularly advantageous since cancer cells often downregulate 

MHC to evade immune surveillance53,57. 

Despite the initial success stories of CD19-targeting CAR-T cell therapy against liquid 

tumors, that has led to the FDA approval for the first cancer cell therapy for cancer 

treatment58, a significant question mark remains on its potential application in solid 

tumors due to various clinical challenges (Figure 2B). An example is the challenge of 

identifying an optimal target due to the antigen heterogeneity in solid tumors59. Other 

challenges are associated with the immunosuppressive nature of the solid TME, which 

is quite different from liquid tumors60363. In solid tumors, CAR-T cells have to function 

within an environment that has limited nutrients, low oxygen levels, dense extracellular 

matrix, abundant immunosuppressive cytokines, high interstitial fluid pressure, 

upregulated immune checkpoints, and plenty of suppressive regulatory myeloid cells60. 

This led to the development of new CAR designs equipped with additional functions to 

specifically overcome these challenges64,65. 

One key cell type in the TME is the macrophage, which can negatively influence CAR-

T cell treatment response through various mechanisms, including the expression of 

inhibitory ligands such as PD-L1 and the secretion of immunosuppressive factors such 
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as IL-10, leading to T cell exhaustion or anergy43. However, in certain cases, 

macrophages can also enhance CAR-T cell therapy efficacy. Here, macrophages 

exhibit an M1-like pro-inflammatory phenotype in response to IFN-´ secreted by the 

CAR-T cells during tumor killing66 and can consequently promote the recruitment and 

activation of additional immune effector cells, such as natural killer (NK) cells and 

dendritic cells, thereby amplifying the overall antitumor response67. Furthermore, they 

can contribute to the clearance of apoptotic tumor cells following CAR-T cell-mediated 

cytotoxicity, which prevents secondary necrosis and the release of 

immunosuppressive signals68. However, in extreme cases, macrophages, along with 

monocytes and endothelial cells, can become overactivated and amplify the CAR-T 

cell-mediated pro-inflammatory response, such that it induces severe side effects such 

as cytokine release syndrome (CRS)69. 

CRS is a systemic inflammatory reaction triggered by the induction of powerful immune 

effector responses, marked by a significant surge in proinflammatory cytokines within 

the peripheral blood69. It is one of the most common adverse events linked to advanced 

therapy medicinal products, including T cell bispecific antibodies and CAR-T cell 

therapy for cancers70374. During CAR-T cell therapy, its development is commonly 

linked with various additional complications, such as hemodynamic instability (capillary 

leakage, tachycardia, hypotension) and neurotoxicity (cerebral edema, seizures, 

aphasia, delirium), potentially resulting in organ failures and patient9s death, if not 

optimally treated75,76. Predicting its occurrence is extremely challenging77, and the 

underlying mechanism of this patient variability remains unclear78. Understandably, the 

pathophysiology of CRS is complex, involving T cells, tumor cells, endothelial cells, 

and endogenous immune cells such as monocytes and macrophages both at the local 

tumor site and in the bloodstream69. One way to describe this systemic complexity is 

through a conceptual framework known as the immune-related adverse outcome 

pathway (irAOP)79,80. The irAOP breaks down the toxicity mechanism into a molecular 

initiating event (MiE) and a series of subsequent key events at the molecular, cellular, 

organ, and organism levels that eventually lead to the adverse outcome. For CAR-T 

cell-associated CRS, the MiE involves the CAR-T cell recognizing the target antigen 

on tumor cells, followed by CAR-T cell activation and proliferation (key event [KE] 1), 

increased proinflammatory mediators by bystander immune cells (KE 2), subsequent 

activation of monocytes, macrophages, dendritic cells, and endothelial cells (KE 3), 

leading to systemic inflammation (KE 4)79,81 (extensively described in Publication [6]). 



 

6 
 

Through this deconvolution, appropriate model systems can be identified to study 

certain KEs and KE relationships, thereby providing opportunities to better understand 

the toxicity mechanism, potentially determine relevant toxicity biomarkers, and 

ultimately improve the toxicity profile of CAR-T cell therapies. 

 

 
Figure 2: CAR-T cell therapy and its clinical challenges. 

(A) In CAR-T cell therapy, T cells are first isolated from the patient9s or donor9s blood, where 
they are genetically modified to express CAR targeting specific tumor antigen. CAR-T cells are 
then expanded until reaching a sufficient number of cells and (re-)infused back into the 
patient9s body. The CAR-T cells recognize the target antigen on the tumor cells and eradicate 
the tumor. (B) Adoptive T cell therapies, specifically for solid tumors, face clinical challenges 
related to both efficacy and safety. 
 
 

1.3 Challenges of Current Cancer Models 

One major hurdle causing limited translation of cancer immunotherapy, including CAR-

T cell therapy, is the absence of accurate nonclinical models that recapitulate human 

immune responses, carcinogenesis, and therapy response82. Today, animal models 

remain the gold standard83386. Artificially inducing carcinogenesis in animals does not 

mirror the age- and lifestyle-related causes of humans. Moreover, these models often 

fail to replicate antitumor immunity in response to tumor progression due to the 
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species-specific differences in key immunological processes87. Different species have 

different immune cell subsets that are crucial for controlling tumor growth. For example, 

certain key cell types, such as subsets of ´· T cells, are entirely absent in mice88. 

Importantly, discrepancies in the immune cell subsets, relative composition, and 

receptor expression between animals and humans can be a matter of life and death 

for patients, as they have failed to predict fatal toxicities. For instance, in the clinical 

trial of a T cell engaging monoclonal antibody therapy TGN1412, non-human primate 

models failed to predict severe CRS in the first-in-human trial because macaques 

lacked CD28 expression on CD4+ effector memory T cells, which are crucial for T cell 

activation and cytokine release89,90. Indeed, the incapabilities of most animal models 

to capture immune-mediated toxicities in the human context have been highlighted by 

a growing body of literature53,74,91398. 

In terms of understanding the TME, causal relationships and individual TME 

contributions are difficult to identify in animal models due to their complicated 

interdependencies92.  Moreover, the majority of existing in vitro models for testing 

cancer immunotherapy lack the inclusion of relevant cell types, a physiologically 

relevant cell ratio, organotypic tumor microarchitecture, and the interaction between 

different tissues implicated in the disease progression77,79,82,99. The current nonclinical 

models poorly predict clinical outcomes, where numerous safety and efficacy issues 

are increasingly apparent53,61,74,91395,100. For all these reasons, alternative model 

systems that faithfully recapitulate human disease by including patient cancer cells, 

human immune cells, and other relevant TME factors are crucial for better 

understanding the role of each TME component and improving therapy prediction, 

thereby providing the potential to improve immunotherapy success in patients. 

 
1.4 Tumor-on-chip to Investigate Tumor-Immune-Microenvironment 

An optimal in vitro cancer model should consist of three-dimensional cancer tissue, 

along with a TME that incorporates aspects such as vascularization, tumor-associated 

stromal cells, and immune components. In recent years, organ-on-chip technology has 

become a promising platform to achieve this, demonstrated by its ability to mimic the 

key functional units of organs in <healthy= and <diseased= states within a microfluidic 

device101,102 (demonstrated in Publication [2], [3], [4], [5]). The opportunity to create 

complex vascularized tissues within a precisely controlled microenvironment has been 

made possible through advances in microfluidics, microfabrication, biomaterials, and 
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tissue engineering research103. This microtissue environment, which can be analyzed 

in situ using a variety of methods, allows for the study of communication between 

individual cells, tissue components, or entire tissues104. Leveraging these capabilities, 

organ-on-chip can integrate tumor cellular materials to mimic specific tumors and their 

TME, referred to as tumor-on-chip (Figure 3)82,105. 

Microfluidic cell culture systems have been extensively applied for cancer research. 

These systems are used to generate defined gradients of soluble factors for migration 

studies, study the behavior of circulating tumor cells, detect cancer cells in suspension, 

and pair individual immune cells with cancer cells to study direct cell-cell 

interactions1063112. More recently, more complex tumor-on-chip systems integrating 

immune components have been introduced to model specific TME and simultaneously 

recapitulate human immune response (comprehensively reviewed in Publication [1]). 

These systems increasingly integrate patient-derived materials to improve the 

translatability of results to patients, including the use of tumor biopsies and 

organoids113. 

A notable feature of the tumor-on-chip models is their ability to incorporate cell types 

relevant to specific TME and to replicate tissue-specific cellular organization at various 

tumor development stages, which can be tailored to meet specific experimental 

requirements and research questions105. For understanding the TME, this modular 

approach facilitates the study of the individual roles of TME factors in a physiologically 

relevant environment. In these systems, a defined three-dimensional spatial 

organization also enables precise control of the ratio between cellular types, their 

three-dimensional arrangements, cytokine gradients, oxygen distributions, as well as 

other biophysical forces. This allows for the investigation of factors impacting tumor 

growth, immune-cancer cell interaction, and mechanism of action of cancer 

therapies82. 

While offering great potential, new drug modalities to treat cancers, such as CAR-T 

cell therapy, antibody-drug conjugates, and multi-specific antibodies, still pose 

challenges by triggering complex and often unpredictable adverse effects. Adverse 

effects in cell therapies can arise not only from direct interactions between cells and 

drugs but also from a complex cascade of interactions among various specialized cell 

types and the drug within a specific microenvironment. This can be addressed with 

tumor-on-chip technology that possesses important features that enable complex 

toxicological processes to be modeled in vitro in a controllable and fully human setting 
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(comprehensively reviewed in Publication [7]).  Tumor-on-chips can be valuable in 

dissecting the role of specific cell type(s) in initiating/perpetuating toxicity and 

recapitulating certain KEs within irAOP networks that describe certain toxicity 

mechanisms, for example in CRS during CAR-T cell therapy. In addition, connecting 

multiple organ-on-chips is useful to recreate systemic interactions between multiple 

tissues, tumors, and organs to study adverse, off-target effects of drugs114. 

By combining these aspects, the research community may now have complex human-

relevant model systems capable of providing answers to questions that animal models 

could not115,116. To showcase this capability, this thesis presents the development of 

two fit-for-purpose tumor-on-chip models and their application in assessing CAR-T cell 

therapy for solid tumors, as well as investigating the impact of breast TME in promoting 

tumor development and treatment response. 

 

 

Figure 3: Tumor-on-chip as a physiologically relevant human model for cancer 

research. 

Tumor-on-chip models can address the limitations of the gold-standard mouse models in 
cancer research, which often fail to recapitulate human carcinogenesis, immune response, 
TME, metabolism, pathophysiology, and adverse events. Tumor-on-chip features include the 
ability to fit-for-purposely adjust cellular complexity, TME microarchitecture, and dynamic 
mechanisms to mimic specific tumor development stages and key events during an adverse 
event. Tumor-on-chip can also recreate human innate and adaptive immune responses and 
integrate dynamic monitoring methods at high spatiotemporal resolution, allowing the study of 
the dynamic antitumor immune response. Figure is adapted from Publication [1] and [7]. 
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2. Objective of the Thesis 

The overarching goal of the thesis is to develop human tumor microphysiological 

systems (tumor-on-chips) that are fit-for-purposely designed to recapitulate specific 

stages of tumor development and treatment, addressing the current need for 

physiologically relevant human models for cancer research. To comprehensively 

demonstrate the technological capabilities of such models, two objectives were 

pursued: 

 

1. The establishment of a tumor-on-chip model for CAR-T cell therapy 

assessment. The model should recapitulate the initial events occurring upon 

CAR-T cell administration in solid tumor patients, including CAR-T cell infusion 

through the bloodstream, extravasation towards the tumor, targeted eradication 

of tumor aggregates/organoids in the TME, and cytokine release kinetics for at 

least one week. Upon model establishment, this model should be used to 

assess: 

a. CAR-T cell efficacy, 

b. CAR-T cell safety with regards to early KE that could initiate CRS, 

c. Acute safety intervention strategy using pharmacologic off-switch, and 

d. The impact of the endothelial cells and macrophages on efficacy and safety. 

 

2. The establishment of a tumor-on-chip (breast cancer-on-chip) model for 

studying the crosstalk between breast tumor and WAT. The model should 

recreate the microarchitecture of a developing breast tumor in mammary 

ducts/lobules surrounded by WAT-associated cells and remain functional for at 

least two weeks to allow kinetic measurement of tumor-WAT interactions. Upon 

model establishment, this model should be used to assess: 

a. The impact of tumor on adipocyte lipolytic activity, 

b. The impact of WAT on lipid accumulation and growth of the tumor, and 

c. The impact of WAT on the efficacy of chemotherapeutic daunorubicin. 
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3.1 Model and Setup Establishment 

Based on the criteria described above, several features were integrated throughout the 

course of the model development (Figure 4A). First, pre-aggregation of tumor cells 

was essential to resemble dense solid tumor tissue that CAR-T cells need to penetrate 

and was conducted off-chip before chip loading. Target cells (ROR1[Receptor Tyrosine 

Kinase Like Orphan Receptor 1]-overexpressing MDA-MB-231 triple-negative breast 

cancer cell line, ROR1-negative fibroblast spheroids, and ROR1-high/low PDOs) were 

aggregated until they reached ~120 µm in size before chip loading (see attached 

Publication [8] Methods and Figures S1A and S1B). Tumor aggregates and PDOs 

were kept below 250 µm during cell injection to avoid the presence of a necrotic core 

at the beginning of the experiment117,118. This size restriction also facilitated their 

potential to grow to at least 10 times their initial size within the microfluidic tumor 

chamber. A dextran-based, chemically inert, soft (~200 Pa) hydrogel was used in the 

experiments to facilitate the migration of CAR-T and permit tumor growth. This stiffness 

falls within the range of normal breast tissue119 and was selected to minimize the 

effects exerted by the ECM components during chip culture, thereby isolating the 

interaction between (CAR-)T cell and tumor aggregates. Higher ECM stiffness (>500 

Pa) would reduce T cell proliferation, infiltration, CD8+ to CD4+ T cell ratio, and 

downregulated cytotoxic activity markers120,121. Although not the primary focus of the 

study, the chip allows for the integration of various ECMs and stiffness levels to 

investigate their impact on CAR-T cell efficacy in a solid tumor context. 

The chip fabrication and model generation (i.e. cell seeding and chip culture) methods 

are described in detail in the attached Publication [8]. The microfluidic channels9 

arrangement was designed to allow for constant (CAR-)T cell perfusion through the 

vasculature-like channel that was previously endothelialized (see attached 

Publication [8] Figures 1C and S3A) without disturbing the loaded tumor 

aggregates/PDOs. This arrangement also allows the subsequent (CAR-)T cell 

extravasation and migration into the underlying tumor chambers while simultaneously 

enabling high-resolution imaging by sealing the bottom side of the chip with a glass 

coverslip (Figure 4B, see also Publication [8] Figures 1A and B). 
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Figure 4: Tumor-on-chip establishment: chip design, tissue generation, and readout 

methods. 

(A) Model features that are required to model CAR-T cell recruitment in the early phase of the 
therapy and its subsequent interaction with the solid tumor. (B) Schematic representation of 
the tumor-on-chip model. Tumor aggregates or PDOs were embedded in a dextran hydrogel 
(together with macrophages) and cultured in the cylindrical tumor chambers of the chip. The 
tumor chambers are situated beneath a medium channel, which is lined with an endothelial 
monolayer. CAR-T cells were linearly perfused through the medium channel, allowing them to 
migrate into the tumor chambers. (C) The experimental setup includes readouts to assess the 
efficacy and safety of CAR-T cell therapy, such as target-specific CAR-T cell infiltration, tumor 
growth kinetics and viability, and cytokine release kinetics. Images adapted from figures in the 
attached Publication [8]. 
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To demonstrate the feasibility of assessing the efficacy and safety of CAR-T cells in 

solid tumors, ROR1-targeting CAR-T cells were used. Following tumor-on-chip model 

generation, the chips were perfused with either ROR1-targeting CAR-T cells, 

untransduced T cells (negative control), or CD19-targeting CAR-T cells (negative 

control) from the same healthy donor. The timeline of the experiment was designed to 

simulate the first week of CAR-T cell therapy in patients after undergoing 

lymphodepletion (see attached Publication [8] Figure 1D). As described in the thesis 

objective, one of the aims is to develop a model that can simulate the initial KEs of 

CAR-T cell inflammatory response at the TME that could potentially develop into CRS 

at the organism level. Hence, CAR-T cell concentrations that reflect the range of 

peripheral T cell counts observed in patients experiencing CRS following a CD19-CAR-

T cell therapy were chosen for the experiments (100,000, 500,000, and 1,000,000 

(CAR-)T cells/mL) (see attached Publication [8] Figure S1E)122,123. In both the 

acellular chip and tumor-on-chip systems, 70380% T cell viability was sustained by the 

selected perfusion process and parameters (see attached Publication [8] Figure 1E). 

The applicability to integrate clinically relevant endpoints for assessing the safety and 

efficacy of CAR-T cell therapy for multiple days was iteratively optimized throughout 

the model development. In the clinic, measurements of T cell infiltration and tumor 

growth are typically done to monitor treatment efficacy1243126. Moreover, measuring the 

kinetics of inflammatory cytokines (IL-2, IL-6, IL-10, TNF-³, IFN-´, granzyme B) in 

patient9s sera is also a clinical routine to monitor the risk of CRS development, which 

would require safety measures69. To this end, fluorescence imaging-based on- and off-

target CAR-T cell infiltration, tumor viability, tumor growth kinetic, as well as <real-time= 

kinetic measurement of the released inflammatory cytokines were implemented as 

readouts in the tumor-on-chip experiments (Figure 4C). Such combined safety and 

efficacy readouts for CAR-T cell therapy assessment are so far only achievable using 

animal models. By offering this capability, the tumor-on-chip advances current models 

in this aspect while still ensuring human relevance and fully controllable, yet complex, 

TME components. 

 
3.2 Demonstration of CAR-T cell Efficacy Assessment on Chip 

The tumor-on-chip was first utilized to assess CAR-T cell efficacy in a typical solid 

tumor condition. The feasibility was demonstrated using CAR-T cells targeting ROR1 

antigen, which are expressed in a subset of B cell tumors and many epithelial tumors, 
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including breast1273129. The expression levels differ between patients and tumors128,130. 

In this study, ROR1+ and GFP-expressing MDA-MB-231 tumor aggregates, PDOs with 

varying ROR1 expression levels, and ROR1- fibroblast spheroids were used as the 

target cells (see attached Publication [8] Figure 2H). PDOs, that were derived from 

four female patients with metastatic breast cancer that had varying ROR1 expression 

levels, were integrated to test the model9s ability to evaluate patient-specific effects 

upon CAR-T cell therapy, given their ability to recapitulate tumor cell heterogeneity131 

(see attached Publication [8] Figures 5A, S5A, and Table S1). 

The results showed that the chip successfully captured differences in T cell infiltration 

into the tumor, tumor growth, viability, and cytokine response that was target-specific, 

meaning it depended on ROR1-CAR integration of the modified T cells and ROR1 

expression on the target cells throughout the tumor-on-chip culture (see attached 

Publication [8] Figures 2, 3, 5, S2, S4, S5). In patients, the extent of (non-engineered) 

T cell infiltration into tumors varies widely and can be classified as either 

immunologically hot (high T cell infiltration) or cold (low T cell infiltration)132. The 

presence of immunologically hot tumors is reported to predict the subset of cancer 

patients who are responsive to cancer immunotherapy6,133. In the tumor-on-chip, the 

untransduced T cell control condition reflected this T cell exclusion phenomenon and 

was only observable at a later timepoint (day 8). This was not observed in ROR1-CAR-

T cell condition, where they infiltrated into ROR1+ MDA-MB-231 aggregates and 

ROR1-high PDOs in high density and persisted over 8 days.  

This observation, however, seems to depend on the initial concentration of perfused 

ROR1-CAR-T cells. At a lower CAR-T cell dose, i.e., 100,000 cells/mL, CAR-T cells 

tend to initially migrate toward single tumor cells and smaller tumor aggregates <50 

µm instead of the larger ones on day 1, which resulted in no tumor growth control over 

time (see attached Publication [8] Figure 2F). This observation better aligns with the 

current clinical challenges of CAR-T cell therapy in solid tumors compared to the high-

dose setting. Indeed, the environment surrounding and within larger tumors is less 

oxygenated, and due to metabolic competition, has less accessible amino acid 

nutrients (such as tryptophan, arginine, methionine, asparagine, and cysteine), which 

are critical for the metabolism, function, and differentiation of CAR-T cells43,134,135. 

Additionally, larger tumors are more likely to develop immune evasion mechanisms, 

such as upregulating inhibitory molecules like PD-L1 and downregulating the target 

antigen, a phenomenon known as antigen escape136,137. Future studies using tumor-
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on-chip models could explore different CAR designs and combinations to overcome 

the hostile TME in solid tumors. These strategies might include engineering chemokine 

receptors (e.g. CSF-1R, CCR4, CCR2b), equipping CAR-T cells with additional 

functions to break the stromal barriers (e.g. targeting fibroblast activation protein [FAP] 

or secreting heparinase), performing PD-1 gene knockout, and enabling CAR-T cells 

to self-secrete anti-PD-1 and cytokines64,65. These approaches can be monitored in 

the tumor-on-chip system with high spatiotemporal resolution over potentially weeks, 

which is currently unachievable with traditional in vitro methods. In terms of potential 

clinical application, the capability to generate the PDOs directly from patient tumor 

samples and establish the tumor-on-chip model within a week, as opposed to several 

months with murine models, offers the potential for assisting clinical decision-making 

within a shorter timeframe. Such testing using PDOs has been successfully utilized to 

inform clinical decision-making for combinatorial therapies of chemotherapeutics1383145 

and immune checkpoint therapies1463148 with impressive predictivity of therapeutic 

outcomes. More recently, PDOs have also been used to assess CAR-T cell treatment 

efficacy1493151. Despite providing valuable insights into treatment efficacy and CAR-T 

cell mode of action, these models still lack the TME components crucial in determining 

CAR-T cell recruitment and persistence. 

 
3.3 Demonstration of CRS-related Safety Assessment on Chip 

In solid tumors, efficacious CAR-T cells are often accompanied by high inflammatory 

cytokine release originating from the tumor site, resulting in recruitment of circulating 

monocytes and amplification of inflammatory response that eventually initiates 

systemic CRS69,1523154. By measuring the cytokine concentration in the tumor-on-chip 

effluents, it was evident that the cytokine response (IL-2, IL-6, IL-10, TNF-³, IFN-´, 

granzyme B) was target- and CAR-type-dependent and originated from tumor-CAR-T 

cell interaction. Throughout the observation period, cytokine concentrations in the 

ROR1-CAR-T cell condition consistently surpassed those in the control T cell condition 

(see attached Publication [8] Figures 3 and S4) and mimicked the kinetics observed 

in patients69. A positive correlation between target antigen density and cytokine 

response was seen in tumor-on-chips containing PDOs with varying ROR1 expression 

levels treated with ROR1-CAR-T cells (see attached Publication [8] Figures 5 and 

S5). 
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From all experiments conducted, the data revealed that the peak cytokine 

concentrations in the ROR1-CAR-T cell condition (in combination with ROR1+ MDA-

MB-231 tumor aggregates) consistently occurred on either day 1 or 2 for all measured 

cytokines. Cytokine levels typically decreased afterwards, although the mechanism is 

not yet clear. Future studies should look at whether this was due to activation-induced 

T cell death following tumor cell eradication or T cell exhaustion. Indeed, this decrease 

in cytokine levels could be attributed to successful MDA-MB-231 tumor lysis by the 

CAR-T cells, given that the tumors stopped growing in this condition, as observed in 

previous results regarding treatment efficacy. Additionally, replacing the non-recruited 

CAR-T cells with a cell culture medium in the perfusate from day 1 onwards might limit 

cytokine secretion to only the recruited CAR-T cells in the following days. Further 

aspects are discussed in detail in Publication [8] in the Discussion section. 

While possessing many potential applications in future studies, the developed tumor-

on-chip and the experimental setup have already effectively reproduced clinically 

relevant cytokine levels and kinetics, mimicking the initial surge in inflammatory 

cytokine secretion in the TME induced by target antigen recognition of CAR-T cells, 

which could potentially trigger CRS. These initial key molecular and cellular events that 

trigger CRS mediated by CAR-T cells can be described using the irAOP79, as 

introduced in section 1.2 and extensively reviewed in Publication [6]. Within this irAOP 

context, the results from the tumor-on-chip show that the model is capable of 

recapitulating the MiE, followed by KE 1 and 2. This finding can be valuable in further 

research to understand the role of these KEs in contributing to the adverse outcome. 

This irAOP approach provides a framework not only for understanding the toxicity 

mechanisms and KE relationships but also for investigating the most optimal safety 

intervention stage to prevent CRS without compromising CAR-T cell efficacy. The next 

section demonstrates the applicability of the tumor-on-chip to test CRS-related safety 

intervention strategies via pharmacologic control using dasatinib. 

 

 
3.4 Dasatinib-mediated Pharmacologic Intervention of CAR-T Cells on Chip 

Having successfully replicated clinical cytokine release kinetics using the CAR-T cell-

treated tumor-on-chips, the next step was to investigate whether these kinetics could 

be managed pharmacologically on chip to model therapeutic intervention and 

prevention of CRS onset. Predicting CRS is not an easy feat77, and modeling the 
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release kinetics of key CRS mediators requires a tailored human model comprising 

relevant cell types within a perfused microenvironment. Upon CRS onset, a 

pharmacological intervention capable of temporarily halting CAR-T cell activity could 

potentially prevent adverse reactions in patients64. Dasatinib, an FDA (Food and Drug 

Administration)-approved tyrosine kinase inhibitor, was chosen for its ability to 

reversibly inhibit the phosphorylation of CD3ζ and ζ-chain of T cell receptor-associated 

protein kinase 70 (ZAP70) in CAR constructs containing either CD28_CD3ζ or 4-

1BB_CD3ζ activation modules155. In preliminary experiments using cell culture plates, 

it was initially confirmed that dasatinib (50 nM) did not compromise CAR-T cell viability 

and effectively inhibited the upregulation of early (CD69) and late (CD25) activation 

markers after 24 h of interaction with MDA-MB-231 cells (see attached Publication [8] 

Figures 4A and 4B). Subsequently, three different treatment regimens were tested to 

quantify timepoint-dependent effects of dasatinib: either throughout the CAR-T cell 

treatment period on chip (day 038; cytokine release (CR) prevention regimen), before 

the peak of cytokine release (day 031; CR delay regimen), or after (day 138; CR 

regulation regimen) (see attached Publication [8] Figure 4C). Within the context of 

irAOP, the CR prevention and delay regimen impacts CAR-T cell function during the 

MiE by delaying CAR binding to the target antigen. Meanwhile, the CR regulation 

regimen interferes during KEs 1 and 279. 

Administering dasatinib after the peak of cytokine release (day 138; CR regulation) led 

to a rapid decrease in TNF-³ and IFN-´ levels compared to those in the control CAR-

T cell condition (see attached Publication [8] Figures 4D and 4E), thereby mimicking 

acute management of CRS mediators9 release. This treatment regimen also facilitated 

CAR-T cell infiltration into the tumor within the initial 24 h (prior to dasatinib treatment), 

but subsequent excessive infiltration was mitigated, as indicated by the lower 

fluorescence intensity (~2-fold) relative to that in the untreated CAR-T cell condition 

(see attached Publication [8] Figure 4F). Moreover, the tumor GFP signal intensity on 

day 8 was comparable to the control CAR-T cell condition without dasatinib, indicating 

that the baseline antitumor cytotoxicity was maintained (see attached Publication [8] 

Figure 4G). Other strategies, namely CR prevention and delay, resulted in the failure 

of CAR-T cell-mediated tumor growth control despite successfully suppressing 

cytokine release (see attached Publication [8] Figures 4D and 4G, and further 

described in detail in the Results section). This, therefore, demonstrates the 

applicability of the model to test safety intervention strategies of CAR-T cells and 
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identify regimens to achieve the balance of safety and efficacy. In clinical settings, the 

standard treatment for patients experiencing CRS typically involves administering 

multiple doses of anti-IL-6 receptor antibodies, glucocorticoids, or vasopressors in 

severe cases156. Other proposed safety intervention strategies include the integration 

of suicide gene systems that enable the elimination of CAR T cells by inducing 

apoptotic pathways157, knockout of relevant cytokine genes, and equipping CAR-T 

cells with the ability to secrete factors that neutralize relevant cytokines64. Future 

experiments using the tumor-on-chip model could test these strategies while also 

monitoring their effect on treatment efficacy. 

 

3.5 Impact of Endothelial Cell Barrier Function and Sourcing Strategy 

In all tumor-on-chip experiments, control T cell and CAR-T cell recruitments were 

measured in the presence of a microvascular endothelial cell (mvEC) barrier. The 

barrier was characterized by the expression of CD31 and vascular endothelial (VE)-

cadherin as well as physiologically relevant permeability for macromolecules (see 

attached Publication [8] Figures 1C and S3A). Interestingly, when endothelial cells 

were absent from the system, a greater number of CAR-T cells in the tumor chambers 

and a stronger inhibition of tumor growth were observed in both control T and CAR-T 

cell conditions, suggesting an inhibitory effect of the endothelium (see attached 

Publication [8] Figures S3B-D). Indeed, tumor vasculature is known to be a significant 

obstacle for T cell trafficking and has long been considered one of the therapeutic 

targets in cancer immunotherapy1583161. To extravasate, T cells rely on the expression 

of intracellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 

(VCAM-1) by endothelial cells, which can be downregulated by tumor cells through the 

secretion of tumor-derived angiogenic factors, such as vascular endothelial growth 

factor-A (VEGF) and endothelin-1 (ET-1)1623164. Future studies using tumor-on-chip or 

similar models could explore the mechanism by which the tumors alter endothelial cell 

phenotype, as well as methods to overcome this inhibitory influence of the tumor 

vasculature, thereby improving CAR-T cell homing into the tumor. In addition, it is 

important to note that conventional well plate culture settings can underestimate these 

inhibitory effects of the TME, as evidenced by the significantly higher infiltration of T 

and CAR-T cells and lower GFP intensity values of tumor aggregates on day 1 

compared to those in the chip setup (see attached Publication [8] Figures S2D-E). 
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In the experiments with PDOs, the model was refined by using isogenic human induced 

pluripotent stem cell-derived endothelial cells (hiPSC-ECs) derived from the same 

(CAR-)T cell donors to avoid potential background alloreaction. When T cells were co-

cultured with mvECs from multiple donors (allogeneic setting), the cytokine secretion 

data showed higher fold changes in TNF-³, IFN-´, and granzyme B levels compared 

to when T cells were cultured with isogenic hiPSC-ECs. Unsurprisingly, the fold change 

in cytokine levels in the isogenic setting was comparable to the condition without 

endothelial cells (see attached Publication [8] Figure S3E). HiPSC-ECs were 

confirmed to express CD31 before their integration into the chip. Despite facilitating 

human leukocyte antigen (HLA)-matched autologous systems, hiPSCs-ECs 

expressed a certain level of ROR1, which led to the induction of IFN-´ and granzyme 

B secretion in preliminary plate assays (see attached Publication [8] Figure S3G and 

S3H). As an oncofetal antigen, ROR1 is also a known marker of stem cell 

derivatives165. Despite this background effect, patient-specific reactions arising from 

relative ROR1 expression by the PDOs were evident in the tumor-on-chip systems. 

This may be irrelevant for various types of CARs, and future advances in hiPSC-

derived EC maturation protocol should allow the mitigation of this effect for ROR1-

CAR-T cells. Nevertheless, this underscores the need for careful consideration, 

thorough characterization, and assurance of maturation when using non-malignant 

hiPSC-based cells in cell-mediated toxicity assays targeting tumor-associated 

antigens, specifically those that are also expressed during the embryonic stage, 

categorized as oncofetal and carcinoembryonic antigens166,167. 

 

3.6 Impact of Macrophages9 Integration 

The interplay between macrophages and CAR-T cells is complex and context-

dependent. While macrophages within the TME often exert immunosuppressive effects 

that promote tumor progression and limit the efficacy of CAR-T cell therapy168, they 

can also facilitate antitumor immune responses under certain conditions68. 

Understanding the mechanisms underlying macrophage-tumor and macrophage-

CAR-T cell interactions is essential for developing strategies to harness the therapeutic 

potential of macrophages and optimize CAR-T cell-based immunotherapy for cancer, 

or ensuring CAR-T cell safety by controlling macrophages-mediated proinflammatory 

response that can induce CRS. Accordingly, macrophages were introduced in the 

tumor-on-chip model. 
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To avoid potential alloreaction in the CAR-T cell-treated tumor-on-chip experiments, 

macrophages were differentiated from the monocytes-fraction of peripheral blood 

mononuclear cells (PBMCs) derived from the same donor as the (CAR-)T cells using 

a published protocol169. Prior to macrophages9 integration into the chip, their surface 

markers after the differentiation from monocytes at their baseline state (M0), pro-

inflammatory (M1-like), and anti-inflammatory (M2-like) phenotypes were 

characterized using flow cytometry (Figure 5A). 

From two healthy donors tested, the percentage of macrophages was 80-90% of the 

cells after the differentiation from monocytes, defined by the gated population of 

CD45+ CD14+ CD68+ CD11b+ cells. These macrophages were able to polarize 

towards M1-like phenotype upon IFN-´ and LPS stimulation for 24 h, marked by the 

upregulation of CD80, CD86, and HLA-DR. In addition, IL-4, IL-10, and IL-13 were able 

to induce M2-like phenotype expression of the macrophages, as shown by elevated 

expressions of CD163 and CD206 (Figure 5B). 
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Figure 5: Macrophages8 integration into the tumor-on-chip, characterization, and impact 

towards CAR-T cell response. 

(A) Primary macrophages were differentiated from PBMC-derived monocytes, autologously 
sourced from the same donor as the CAR-T cells used in the experiment. The differentiated 
macrophages were tested with regards to their polarization ability into M1- and M2-like 
phenotypes. (B) Flow cytometry analysis of macrophages derived from two healthy donors, 
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showing the ability of M0 macrophages to polarize into M1-like (CD80, CD86, and HLA-DR) 
and M2-like (CD163 and CD206) phenotypes after polarization either with IFN-´ and LPS (for 
M1-phenotype induction) or IL-4, IL-10, and IL-13 (for M2-phenotype induction). (C) The 
timeline of the experiment of CAR-T cell efficacy and safety assessment using tumor-on-chips 
integrating macrophages. Primary microvascular endothelial cells were expanded and MDA-
MB-231 tumor aggregates were generated up to 3 days before chip seeding (see attached 
Publication [8], Methods). After the differentiation for 7 days, macrophages were collected 
and mixed with the tumor aggregates in a dextran-based hydrogel, injected into the tumor-on-
chip, followed by the injection of endothelial cells. Cells were cultured in the chip with perfusion 
for 2 days. On day 0, either control T cells or ROR1-CAR-T cells were perfused through the 
chip for 20 h, followed by medium perfusion. Chips were imaged, and effluents were collected 
every one or two days until day 8. (D) CAR-T cell (red) infiltration into the MDA-MB-231 tumor 
aggregates (green) in the presence of macrophages within the first 4 h (left panel) or on day 0 
and day 1 after CAR-T cell perfusion (right panel). (E) Release kinetics of cytokines IL-2, IL-
1³, IL-6, TNF-³, IFN-´, and GM-CSF from days 1 to 8 after control T cell or CAR-T cell (with 
or without macrophages in the tumor-on-chip) perfusion from days 0 to 1. Samples were 
collected every 132 days; n = 4 chips. Data are presented as the mean ± SEM. (F) 
Quantification of the fold change in the mean GFP intensity of MDA-MB-231 tumor aggregates 
in each tumor chamber on days 1-8 after the perfusion of (control) T cells or ROR1-CAR-T 
cells (with or without macrophages in the tumor-on-chip) relative to day 0; n = 24 tumor 
chambers from 4 chips. Data are presented as the mean ± SEM. 
 

 

Once the differentiation protocol was successfully validated, the differentiation timeline 

was fit to the timepoint of tumor-on-chip loading (day -2 before ROR1-CAR-T cell 

perfusion) (Figure 5C). Macrophages were embedded in the dextran-based hydrogel 

and loaded into the chip together with MDA-MB-231 tumor aggregates. During the first 

4 h of ROR1-CAR-T cell perfusion at 500,000 cells/mL, CAR-T cells were able to 

infiltrate the tumor aggregate despite the macrophages9 presence (Figure 5D, left 

panel). On day 1, aggregates of CAR-T cells were observed surrounding the 

macrophages. CAR-T cells were also able to infiltrate the larger tumor aggregate 

(Figure 5D, right panel). These observations indicate a possible tendency of 

proinflammatory macrophage phenotype within this TME, which can be induced by 

IFN-´ secretion by T helper cells Type 1 (Th1)170. Indeed, on days 1 and 2 after CAR-

T cell perfusion, higher proinflammatory cytokine levels (IL-2, IL-1³, IL-6, TNF-³, IFN-

´, and GM-CSF) were detected in the effluents of tumor-on-chips containing 

macrophages (up to 4-fold) compared to without (Figure 5E). Tumor shrinkage was 

observed in CAR-T cell treatment conditions both in tumor-on-chip with and without 

macrophages, supporting the observation of a rather proinflammatory influence and 

therefore tumor-suppressing role of the macrophages (Figure 5F). 
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These results may be caused by the ratio between tumor cells, macrophages, and 

recruited CAR-T cells that shift the balance towards proinflammatory TME during CAR-

T cell response. In this experiment, the macrophages:tumor cell ratio was 1:2. In solid 

tumors, however, macrophages can occupy more than half of the tumor mass (roughly 

1:1 ratio)168,171. The number of macrophages in the tumor-on-chip may therefore be 

too low to achieve an immunosuppressive effect. Second, macrophages were 

integrated into the chip as dispersed single cells surrounding the tumor aggregates, 

which may limit their contact-dependent inhibitory influence via e.g. PD1-PD-L1 axis 

exerted by the tumor cells and expose the macrophages to higher nutrient and oxygen 

availability172. In solid tumors, macrophages are located within the tumor bulk and are 

often exposed to hypoxic and nutrient-deprived environments, which polarize them 

toward an anti-inflammatory tumor-promoting phenotype173,174. Future experiments 

should explore different macrophage integration methods, for instance, by mixed 

tumor-macrophage aggregation before chip injection, to study its influence on 

macrophage phenotype and simultaneously better mimic solid TME. Moreover, as 

highlighted in previous sections, the tumor-on-chip was treated with high-dose CAR-T 

cells to simulate the initiation of CRS and to specifically examine the role of 

macrophages in this context. The amplification of cytokine response was successfully 

mimicked in this setting. To put this into the CRS-irAOP perspective, this setting 

extended previous results by mimicking KEs 2 and 3 during CRS development, namely 

increased pro-inflammatory mediators released by CAR-T cells followed by innate 

immune cells, specifically macrophages79. The tumor-on-chip system may therefore 

be used to study direct intervention on macrophage function as a safety measure for 

CRS. 

  



3. Results & Discussion I 

 

27 
 

  



 

28 
 

 

 



4. Results & Discussion II 

 

29 
 

4. Results & Discussion II 

 

 

 

Breast cancer-on-chip 
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white adipose tissue interactions 

 

 

 

 

 

 

The contents of this chapter are based on the appended manuscript: 

 

Manuscript [9]: 

T. I. Maulana, L. Lazarevski, M. Cipriano, L. Christ, J. Rogal, A. Koch, P. Loskill. 

<Breast cancer-on-chip integrating white adipose tissue microenvironment to study 

tumor-white adipose tissue crosstalk=, (2024) 
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4.1 Model and Setup Establishment 

Based on the criteria described in the aim of the study, several features were integrated 

throughout the course of the model development (Figure 6A). Similar to the tumor-on-

chip described in the previous section, pre-aggregation of tumor cells (BC spheroid or 

PDO) was conducted, in this case, to resemble ductal carcinoma in situ filling an entire 

mammary duct or lobule. To mimic its development within the TME, the breast cancer-

on-chip was designed to allow the placement of the pre-aggregated tumors surrounded 

by mature adipocytes along with other WAT-associated cellular components (SVF and 

tissue-resident immune cells) in two separated microfluidic chambers (Figure 6B). 

These tissue chamber compartments are located above a constantly perfused medium 

channel separated by a semipermeable membrane. BC spheroids (BT474 [HER2+ cell 

line], HCC70 [triple-negative cell line]) or PDOs were formed until they reached 150-

250 µm in size before chip loading (see attached Manuscript [9] Methods and Figures 

1 and S1). The size was kept below 250 µm during cell injection to avoid the presence 

of a necrotic core at the beginning of the experiment. A key feature of this breast 

cancer-on-chip platform is the barrier-free lateral separation between tumor and WAT 

area within the tissue chamber, allowing the monitoring of tumor growth in response to 

WAT9s presence or other experimental perturbations. WAT-associated cells were 

injected through the fluidic tissue channel, whereas the BC spheroids/PDOs were 

loaded from the open-top tumor chambers to ensure their placement at the central 

region. To encapsulate WAT cellular components in the chip, collagen-I (5 mg/mL) 

hydrogel was used, since it is the predominant ECM component in breast adipose TME 

and becomes increasingly abundant and stiffer as the primary tumor progresses175. 

The stiffness value (~700 Pa) falls within the range of dense breast tissue during 

cancer progression176 and simultaneously allows a stable anchorage of WAT cellular 

components during the model generation process (e.g. PDMS pin removal, BC 

injection) (see attached Manuscript [9] Methods and Figure 1). To encapsulate BC 

spheroids or PDOs in the chamber9s tumor region, a softer hydrogel (~200 Pa) 

composed of denatured collagens and hyaluronic acids (HyStem®-C) was used, as 

hyaluronic acids accumulate specifically at the peri-tumor stroma during BC 

development1773179. 
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Figure 6: Breast cancer-on-chip establishment: chip design, tissue generation, and 

readout methods. 

(A) Model features that are required to study BC-WAT interaction. (B) Schematic 
representation of the breast cancer-on-chip model. WAT-associated cells were injected 
through the WAT injection inlet to occupy the WAT chamber area. BC spheroids or PDOs were 
injected through the open-top tumor injection ports and cultured in the middle of the previously 
injected WAT-associated cells. The tumor chambers are located above a medium channel, 
where perfusion of medium was applied from day 1 to 14. (C) The experimental setup includes 
readouts to study BC-WAT interaction, such as glycerol release (lipolytic activity of 
adipocytes), BC lipid accumulation, and BC growth. Imaging-based viability assay using 
propidium-iodide staining was conducted to assess the impact of WAT on chemotherapeutic 
efficacy. Images adapted from figures in the attached Manuscript [9]. 
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The chip fabrication and model generation (i.e. cell seeding and chip culture) methods 

are described in detail in the attached Manuscript [9]. The developed culture method 

allowed for the co-culture of BC spheroids or PDOs with surrounding WAT, including 

tissue-resident macrophages with various phenotypes, in a perfused 

microenvironment for up to two weeks while preserving tissue structure (see attached 

Manuscript [9] Figure 2). Although various breast cancer-on-chip models exist for 

studying cancer-microenvironment interactions, none have previously incorporated the 

immunocompetent WAT microenvironment. 

 

4.2 BC and WAT Bi-Directional Crosstalk on Chip 

The chip design and experimental setup were designed to allow the investigation of 

bidirectional impacts between cancer and WAT (Figure 6C). Cancer cells can obtain 

nutrients in the form of fatty acids from adipocytes to fuel their growth via the activation 

of lipolytic pathway28. During lipolysis, a glycerol molecule previously broken down 

from a triacylglyceride molecule in adipocytes is released180. In the breast cancer-on-

chip systems, glycerol levels in the effluent of chips containing WAT, BT474, and 

HCC70 BC spheroids were lower than baseline (WAT only) in a high glucose (17.5 

mM) environment and gradually decreased over time. Conversely, in a low glucose (5 

mM) environment, glycerol release increased when BC spheroids were present (see 

attached Manuscript [9] Figure 3). This suggests that BC spheroids may induce 

adipocyte lipolysis to potentially support their growth when glucose is scarce in the 

TME, which is aligned with the growing number of studies reporting the ability of cancer 

cells to induce adipocyte lipolysis23,25,1813183. This metabolic adaptation from glycolysis 

to fatty acid uptake and oxidation in glucose-deprived conditions supports cancer 

survival184, which shows the ability of malignant cells to benefit from alternative 

available resources in TME. Future experiments should investigate the exact 

mechanism of this lipolysis induction (discussed in Manuscript [9] Results & 

Discussion section). 

When looking at the accumulation of lipids in the BC spheroids after co-culture with 

WAT-associated cells, a higher lipid-derived fluorescence signal (BODIPY 493/503) 

from the BC spheroids was detected compared to when WAT was not present (see 

attached Manuscript [9] Figures 4A, 4C, and S3). This indicates that BC spheroids 

may obtain the excessive fatty acids available in the adipose TME, as shown by 

increasing glycerol concentrations produced in this condition described above. In 
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addition, the presence of WAT induced faster BC spheroid growth (see attached 

Manuscript [9] Figure 4B). This effect was exacerbated by glucose, implying a 

synergistic effect of glucose and fatty acids in supporting tumor growth. Future 

experiments need to confirm whether this lipid accumulation in the BC spheroids 

occurs through exogenous uptake of free fatty acids instead of de novo-produced 

ones. Furthermore, it remains to be investigated whether tumor growth was supported 

through increased oxidative phosphorylation in combination with glycolysis, as we 

observed synergistic effects of glucose and fatty acids. Although many in vitro models 

have successfully produced insights into the bidirectional crosstalk between cancer 

cells and adipocytes with regards to fatty acid transport mechanism, these models do 

not yet enable long-term co-culture of tumor and WAT for multiple weeks to monitor 

tumor growth in a three-dimensional, organotypic, and perfused TME (described 

further in Manuscript [9]). This breast cancer-on-chip addresses this gap by providing 

a novel platform to culture cancer and WAT in a perfused microenvironment for up to 

two weeks with retained tissue structure. 

 

4.3 Impact of WAT on Chemotherapeutic Efficacy 

Adipocytes can promote cancer progression by metabolizing chemotherapeutic drugs, 

rendering them less effective in the TME47. This was demonstrated using the breast 

cancer-on-chip model, where the presence of WAT retained HCC70 spheroids9 viability 

upon 4-day-treatment with 1 µM daunorubicin. These findings are consistent with a 

previous study showing a chemoprotective effect of adipocytes against daunorubicin34, 

although the exact mechanism in the breast cancer-on-chip system remains to be 

investigated. Adipocytes can protect cancer through direct daunorubicin sequestration 

and metabolism, which extends to other chemotherapeutic agents like doxorubicin and 

mitoxantrone34. In addition to drug sequestration, lipids can also promote drug 

accumulation185. In leukemia, another mechanism in which adipose tissue protects 

malignant cells from chemotherapy has been reported. In this context, gonadal adipose 

tissue serves as a supporting TME for a subpopulation of leukemic stem cells, 

elevating their CD36 fatty acid transporter-dependent fatty acid metabolism. This 

increased fatty acid oxidation rendered them more resistant to various 

chemotherapeutic drugs, including cytarabine, doxorubicin, etoposide, CPT-11, and 

dasatinib186. Acquired chemoresistance through increased fatty acid metabolism has 
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indeed been extensively reported and recently reviewed187, also in the context of 

breast cancers, and may be further studied in the breast cancer-on-chip system. 
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5. Conclusion and Outlook 

This thesis presents the successful development and utilization of two distinct tumor-

on-chip models tailored to address specific applications. The first model is designed to 

assess the efficacy and safety of CAR-T cell therapy in the context of solid tumors. The 

second model aims to recreate the breast cancer TME in vitro for studying the crosstalk 

between tumors and WAT. Each of these purposes required a bottom-up integration 

of unique features, including the selection of microfluidic chip materials, channel 

design, cellular components, cellular scaffolds, tissue microarchitecture, dynamic 

mechanisms during culture, and readout methods. Developing these models was a 

highly iterative process requiring careful monitoring of all these interconnected aspects 

and evaluation against multiple criteria to achieve the specific study's objectives 

described in section 2. This thesis only focuses on the latest versions of both tumor-

on-chip models and the results achieved with those models. 

 

Tumor-on-chip for CAR-T cell assessment targeting solid tumor malignancies: This 

tumor-on-chip specifically modeled the initial events occurring in the TME upon CAR-

T cell infusion in patients and the effects that manifest over the following week. This 

consisted of CAR-T cell flow through the vasculature, extravasation toward the tumor, 

tumor infiltration, and cytokine release. By monitoring these events, the efficacy and 

safety profile of specific T cell treatment and/or its administration strategy were 

evaluated. Four major findings are attributed to these assessments: 

 

1.) CAR-T cells infiltrated tumor and hampered its growth on chip in target-specific 

manner. The extent of CAR-T cell recruitment, tumor infiltration, and tumor growth 

inhibition depended on the CAR expression on T cells as well as the abundance of 

target antigen expression on (patient-specific) tumor cells. This response was 

highly influenced by the cellular components and tumor microarchitecture. This 

antitumor response was overestimated in conventional in vitro settings that lack an 

endothelial barrier, ECM, and controlled CAR-T cell perfusion. 

2.) High CAR-T cell infiltration on chip was only achieved when high-dose CAR-T cells 

treatment was mimicked. CAR-T cells effectively infiltrated the larger tumor 

aggregates (>50 µm) only when a mid-to-high CAR-T cell concentration range 
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(relative to the CAR-T cell count measured in the peripheral blood of patients with 

CRS) was applied. 

3.) Excessive CAR-T cell inflammatory response could be controlled using dasatinib 

without compromising treatment efficacy. The model can be used to identify a 

potentially optimal acute safety intervention strategy to bring pro-inflammatory 

cytokine levels down while keeping the baseline antitumor efficacy of the CAR-T 

cells. This proof-of-principle assessment can be applied to other intervention 

strategies to manage adverse events caused by CAR-T cell therapy. 

4.) The presence of endothelial cells and macrophages in the TME altered CAR-T cell 

recruitment and inflammatory response. The model showed the crucial role that 

endothelial cells and macrophages in the TME play in dampening or amplifying the 

recruitment and pro-inflammatory cytokine response during CAR-T cell treatment. 

With regards to macrophages, this effect may depend on their state and relative 

abundance to tumor and CAR-T cells during CAR-T cell treatment. 

 

While there are a variety of aspects in which the model could be further developed, 

this tumor-on-chip already presents huge potential for various future applications. For 

example, it could be used to compare the efficacy and safety profiles of different CAR-

T cell products targeting the same antigen but vary in their CAR designs, gene transfer 

methods (e.g. viral vs. non-viral vectors), CAR-T cell expansion methods, starting T 

cell phenotypes, or donors. Due to the modular concept of the model, challenges of 

TME typically found in solid tumors can systematically be recreated, including the 

dense tumor stroma by incorporating higher ECM stiffness along with the abundant 

presence of cancer-associated fibroblasts and immunosuppressive myeloid cells. 

Systematically assessing the impact of each barrier within the TME and comparing 

various T cell engineering and administration strategies to overcome these barriers 

and increase persistence could be extremely beneficial for advancing the field of 

adoptive T cell therapies beyond just CAR-T cells. Another major advantage of the 

tumor-on-chip model is the rapid platform establishment and results analysis compared 

to animal experiments, offering opportunities for direct clinical application to predict 

treatment efficacy and safety. 

 

Breast cancer-on-chip for studying tumor-white adipose tissue interactions: This tumor-

on-chip specifically modeled the early development of primary BC within a 
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microenvironment rich in adipose tissue. It integrated BC spheroids or PDOs and WAT-

associated cellular components (mature adipocytes, stromovascular cells, and tissue-

resident macrophages), which enabled long-term co-culture to monitor BC-WAT 

interactions. Throughout the culture period, the influence of BC on adipocyte lipolytic 

activity, as well as the effects of WAT on BC lipid accumulation, growth, and drug 

response, were evaluated. Four major demonstrations were performed: 

 

1.) Breast cancer-on-chip enabled controlled compartmentalization of BC 

spheroids/PDOs and WAT that mimicked breast adipose TME and allowed long-

term co-culture. The chip design and cell seeding method allowed the 

compartmentalization of BC spheroids or PDOs central to the surrounding WAT, 

thereby mimicking the microarchitecture of breast adipose TME and simultaneously 

allowing the monitoring of BC growth. In addition, stacking another microfluidic 

channel below this generated tissue enabled the constant supply of nutrients and 

removal of metabolic waste products via medium perfusion. The tissue maintained 

its structure and cells remained viable upon two weeks of culture. 

2.) BC9s presence induced higher lipolytic activity of adipocytes. Throughout the co-

culture period of WAT-containing chips, both the presence of BCs and a glucose-

deprived condition resulted in higher glycerol concentrations in the effluent of chips. 

This indicates that BC cells may induce adipocyte lipolysis due to limited glucose 

availability as a way to obtain an alternative nutrient source. 

3.) WAT9s presence increased lipid accumulation and growth of BCs. In WAT 

microenvironment, BC spheroids accumulated more lipids and grew faster 

compared to their single-culture on-chip. This effect is exacerbated by higher 

glucose availability, indicating a synergistic effect of glucose and fatty acids in 

supporting BC growth. 

4.) WAT protected BC from chemotherapeutic daunorubicin. Upon 4 days of treatment 

with daunorubicin, BC viability remained stable when WAT was present in their 

surroundings. In contrast, daunorubicin potently induced BC cell death when 

cultured alone. This implies a protective effect of WAT from daunorubicin and 

potentially other chemotherapeutic agents. 

 

The tailored breast cancer-on-chip model represents a significant advancement in 

human-based models for studying interactions between BC and WAT. By closely 
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mimicking the human breast TME and incorporating relevant WAT-associated cell 

types, this model overcomes the limitations of previous in vitro systems and animal 

models (described in more detail in Manuscript [9]). 

 

Designed to facilitate research beyond BC, this model can be adapted to other tumor 

types where tumor-WAT interactions are crucial in cancer progression and therapy. 

This versatility holds great potential for exploring novel therapeutic strategies that 

target metabolic pathways and tumor-WAT interactions. Such approaches could 

ultimately lead to more effective treatments for breast cancer and potentially other 

cancers where WAT plays a central role. 
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6. Additional Methods 

Most of the methods used for the research experiments in this thesis are 

thoroughly detailed in the attached publications and manuscripts. The following 

chapter describes the additional methods applied for the macrophages9 integration into 

the tumor-on-chip model in section 3.6. The remaining methods using this particular 

tumor-on-chip were described in the attached Publication [8]. 

 

6.1 Monocyte Isolation and Differentiation into Macrophages 

Isolation of monocytes and their subsequent differentiation into macrophages was 

performed according to a published protocol169. Briefly, 15 mL of whole blood from 

each donor was mixed with 15 mL of PBS- (1:1) at room temperature (RT). Peripheral 

blood mononuclear cells (PBMCs) were separated via density gradient centrifugation 

using SepMateTM according to the manufacturer9s instructions. For each donor, 15 mL 

Histopaque 1077 (10771; Sigma Aldrich) was added into the central hole of a 50 mL 

SepMateTM tube, followed by gently adding 30 mL of the previously diluted whole 

blood. The tubes were then centrifuged for 12 min at 1200 x g at RT. PBMCs attaching 

to the walls of the tube were carefully detached, and the PBMC-containing 

supernatants were transferred into fresh 50 mL falcon tubes. To wash the PBMCs, the 

tube was filled up to 50 mL with PBS- containing 2 mM of EDTA (15575020; Invitrogen) 

and 10% of BSA (referred to as isolation buffer hereafter), followed by centrifugation 

for 8 min at 300 x g. The washing step is repeated twice. Lastly, the cell pellet was 

resuspended in 20 mL of isolation buffer for cell counting. Cryopreserved PBMCs from 

the same (CAR-)T cell donor were alternatively used for chip experiments. In this case, 

the thawed cell pellet was first resuspended and incubated in 100 µg/mL DNAse 

(diluted in isolation buffer) for 15 min at RT, followed by straining the cells through a 

40 µm cell strainer. 

Monocytes were isolated using Pan Monocyte Isolation Kit (130-096-537; Miltenyi 

Biotec) according to the manufacturer9s instructions. Monocytes were seeded at a 

concentration of 500,000 cells/mL in a 24-well plate (250,000 cells/cm2) in a 

macrophage differentiation medium: RPMI-1640 (61870036, Thermo Fisher Scientific) 

supplemented with 10% (v/v) FCS (SH30066.03, HyClone™ FetalClone™ II Serum; 

Cytiva), 100 U/mL penicillin-streptomycin (15140122; Thermo Fisher Scientific), and 
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50 ng/mL M-CSF (300-25; PeproTech). Cells were incubated for 2 days at 37 °C, 5% 

CO2 and 95% rH. Medium was refreshed on day 2 and incubated for another 3 days.  

 
6.2 Maturation and Polarization of Macrophages 

For the differentiation into M0 macrophages, the medium was refreshed once more on 

day 5 of culture and cultured for another 2 days. To induce macrophage polarization 

into M1-like phenotype, the culture medium was replaced on day 5 of culture with 

RPMI-1640 (61870036, Thermo Fisher Scientific) supplemented with 10% (v/v) FCS 

(SH30066.03, HyClone™ FetalClone™ II Serum; Cytiva), 100 U/mL penicillin-

streptomycin (15140122; Thermo Fisher Scientific), 50 ng/mL M-CSF (300-25; 

PeproTech), 50 ng/mL LPS (00-4976-93; Invitrogen), and 100 ng/mL IFN-´ (78141.1; 

STEMCELL Technologies). To induce macrophage polarization into M2-like 

phenotype, the culture medium was replaced on day 5 of culture with RPMI-1640 

(61870036, Thermo Fisher Scientific) supplemented with 10% (v/v) FCS (SH30066.03, 

HyClone™ FetalClone™ II Serum; Cytiva), 100 U/mL penicillin-streptomycin 

(15140122; Thermo Fisher Scientific), 50 ng/mL M-CSF (300-25; PeproTech), 40 

ng/mL IL-4 (130-093-921, Miltenyi Biotec), 10 ng/mL IL-10 (200-10; PeproTech), and 

20 ng/mL IL-13 (200-13; PeproTech). 

 

6.3 Flow Cytometry Analysis of Differentiated Macrophages 

For the analysis of the extracellular markers9 expression on the differentiated and 

polarized macrophages, the following antibodies were used in the indicated final 

dilution: anti-human CD80 BV650 [1:100] (305227; BioLegend), anti-human CD206 

APC/Fire750 [1:100] (321134; BioLegend), anti-human CD163 PE [1:500] (333606; 

BioLegend), anti-human CD45 AF700 [1:200] (304024; BioLegend), anti-human 

CD11b BV421 [1:300] (101235; BioLegend), anti-human CD14 AF488 [1:300] 

(367130; BioLegend), anti-human CD86 BV785 [1:100] (395442; BioLegend), anti-

human HLA-DR BV711 [1:200] (307644; BioLegend), and anti-human CD68 PE/Cy7 

[1:200] (333816; BioLegend). 96-well V-bottom cell culture plate was used for staining 

and flow cytometry reading. For staining of extracellular markers, cells in each well 

were first washed with the staining buffer: 3% FCS with 2 mM EDTA (15575020; 

Invitrogen) in PBS-, followed by incubation in a blocking solution containing Human BD 

Fc Block (564220; BD Biosciences) diluted 1:25 (v/v) in PBS- for 15 min at 4 °C. 

Afterwards, cells were incubated for 30 min at 4 °C in the extracellular antibody-mixture 
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solution. Zombie aqua dye (423102; BioLegend) was added 1:200 in the antibody-

mixture solution to exclude dead cells during analysis. Cells were then washed twice 

with the staining buffer and fixed with ROTIHistofix 4% (P087.6; Carl Roth GmbH) for 

10 min at RT. Next, the cells were washed twice at 300 x g for 3 min in a 

permeabilization buffer using 0.5% Saponin and 0.01% sodium azide (NaN3) in 3% 

FCS-PBS- solution to permeabilize cells for the staining of intracellular markers. Cells 

were then incubated in the intracellular antibody-mixture solution for 30 min at 4 °C in 

the dark, followed by washing twice by centrifuging at 300 x g for 3 min in a 

permeabilization buffer. The samples were resuspended in the staining buffer and 

analyzed directly using flow cytometry (BD LSR II or BD LSRFortessa™, BD 

Biosciences) or stored at 4 °C for maximum overnight. In every staining procedure, 

autofluorescence and isotype controls were included. For the analysis, FSC-A and 

SSC-A properties were used to identify cells, and cell doublets were excluded based 

on FSC-H vs. FSC-A. Dead cells were excluded from the analysis. The population of 

macrophages was defined by the gated population of CD45+ CD14+ CD68+ CD11b+ 

cells. M1-like macrophages were defined by the gated population of CD80, CD86, and 

HLA-DR. M2-like macrophages were defined by the gated population of CD163 and 

CD206. 

 

6.4 Integration and Culture of Macrophages in the Tumor-on-chip 

Chip fabrication, MDA-MB-231 tumor aggregate generation, and chip priming methods 

are described in detail in Publication [8] Methods. To retrieve the MDA-MB-231 

aggregates from the plate, cell culture medium was first aspirated from the wells before 

adding 500 µL of 2 mg/mL cold dispase II solution, followed by pipetting up and down 

for mechanical dissociation of the gel. This is followed by incubation for 10 min at 37 

°C, 5% CO2 and 95% rH. Afterwards, each well was resuspended with 1 mL of cell 

culture medium. The retrieved aggregates were subsequently centrifuged at 500 x g 

for 5 min. 

In the meantime, macrophages were retrieved after day 7 of differentiation from PBMC-

derived monocytes. Here, each cell culture well was gently washed with PBS-, followed 

by incubation with 250 µL Accutase (P10-21500; Pan-Biotech) for 10 min at 37 °C. 

Afterwards, each well was resuspended with 750 µL of RPMI 1640 medium to retrieve 

the cells, followed by centrifugation at 300 x g for 5 min. Cell pellet was then 

resuspended in 10 µM of CellTrackerTM CMAC dye solution (C2110; Invitrogen) in 
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phenol red-free DMEM/F-12 medium and incubated for 20 min at 37 °C, 5% CO2 and 

95% rH. Phenol red-free DMEM/F-12 medium was added up to 10 mL and 

subsequently centrifuged at 300 x g for 5 min to wash the cells. In experimental 

conditions containing macrophages, cell pellet containing 600,000 macrophages was 

resuspended in dextran hydrogel (3-D Life Dextran-CD Hydrogel SG; Cellendes 

GmbH) supplemented with RGD peptide (09-P-001; Cellendes GmbH) with a final 

concentration of 0.5 mmol/L. This solution was then used to resuspend the previously 

centrifuged tumor aggregate pellet from four AggreWellTM plate wells, with a total cell 

number of roughly 1,200,000 cells, yielding a macrophage:tumor cell ratio of 1:2. The 

total volume of macrophage-tumor hydrogel solution is 160 µL. 10 µl is used to load 

one chip. The subsequent endothelial cell seeding, (CAR-)T cell perfusion, and chip 

culture methods are described in detail in the Methods section of Publication [8]. 

 

6.5 Cytokine Quantification Assay 

Cytokines from undiluted chip effluent samples were analyzed by fluorescent bead-

based multiplex sandwich immunoassays (Custom ProcartaPlex Multiplex Panel; PPX-

08, Invitrogen) containing capture beads targeting IL-1³, IL-2, IL-6, TNF-³, IFN-´, and 

GM-CSF, using ProcartaPlexTM Flat Bottom 96-well plate (EPX-88182-000, Invitrogen) 

and read by FLEXMAP 3D according to manufacturer9s protocol. 

 

6.6 Image Analysis 

To perform timepoint live imaging of (CAR-)T cell infiltration, an epifluorescence 

microscope (Axio Observer 7, Carl Zeiss) was used, with the focal plane set to focus 

on the aggregate. Throughout all live cell imaging acquisitions of the chips, the 

microscope chamber temperature was maintained at 37 °C. The analysis of GFP 

fluorescence intensity of the MDA-MB-231 tumor aggregates was conducted using 

ImageJ-Fiji software188. Here, the mean gray value of tumor aggregates in each 

chamber was measured and compared with their initial mean gray value on day 0. 

Tumor aggregates with a diameter smaller than 50 µm were deemed too small and 

thus excluded from the analysis. 

  



6. Additional Methods 
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Immunocompetent cancer-on-chip models to assess 
immune-oncology therapy 

 
 
T. I. Maulana#, E. Kromidas#, L. Wallstabe, M. Cipriano, M. Alb, C. Zaupa, M. 

Hudecek, B. Fogal, P. Loskill 

Adv. Drug. Deliv. Rev. 173, 2813305 (2021), 

https://doi.org/10.1016/j.addr.2021.03.015 

 

Abstract: 

The advances in cancer immunotherapy come with several obstacles, limiting its 

widespread use and benefits so far only to a small subset of patients. One of the 

underlying challenges remains to be the lack of representative nonclinical models that 

translate to human immunity and are able to predict clinical efficacy and safety 

outcomes. In recent years, immunocompetent Cancer-on-Chip models emerge as an 

alternative human-based platform that enables the integration and manipulation of 

complex tumor microenvironment. In this review, we discuss novel opportunities 

offered by Cancer-on-Chip models to advance (mechanistic) immuno-oncology 

research, ranging from design flexibility to multimodal analysis approaches. We then 

exemplify their (potential) applications for the research and development of adoptive 

cell therapy, immune checkpoint therapy, cytokine therapy, oncolytic virus, and cancer 

vaccines. 
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A Novel Microphysiological Colon Platform to Decipher 
Mechanisms Driving Human Intestinal Permeability 

 
A. Apostolou, R. A. Panchakshari, A. Banerjee, D. V. Manatakis, M. D. 

Paraskevopoulou, R. Luc, G. Abu-Ali, A. Dimitriou, C. Lucchesi, G. Kulkarni, T. I. 

Maulana, M. Kasendra, J. S. Kerns, B. Bleck, L. Ewart, E. S. Manolakos, G. A. 

Hamilton, C. Giallourakis, K. Karalis 

Cell. Mol. Gastroenterol. Hepatol. 12(5), 1719-1741 (2021), 

https://doi.org/10.1016/j.jcmgh.2021.07.004 

 

Abstract/Summary: 

Colon Intestine-Chip (Emulate, Inc, Boston, MA), seeded with human colon crypt-

derived epithelial and primary microvascular endothelial cells, was built to investigate 

leaky gut in human beings. This ex vivo platform recapitulated the effects of 

proinflammatory cytokines in the intestinal epithelial barrier and identified novel 

mechanisms of action. 
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Modeling alcohol-associated liver disease 
in a human Liver-Chip 

 
J. C. Nawroth, D. B. Petropolis, D. V. Manatakis, T. I. Maulana, G. Burchett, K. 

Schlünder, A. Witt, A. Shukla, K. Kodella, J. Ronxhi, G. Kulkarni, G. Hamilton, E. 

Seki, S. Lu, K. Karalis 

Cell Rep. 36(3) (2021), https://doi.org/10.1016/j.celrep.2021.109393 

 

Abstract/Summary: 

Alcohol-associated liver disease (ALD) is a global health issue and leads to 

progressive liver injury, comorbidities, and increased mortality. Human-relevant 

preclinical models of ALD are urgently needed. Here, we leverage a triculture human 

Liver-Chip with biomimetic hepatic sinusoids and bile canaliculi to model ALD 

employing human-relevant blood alcohol concentrations (BACs) and multimodal 

profiling of clinically relevant endpoints. Our Liver-Chip recapitulates established ALD 

markers in response to 48 h of exposure to ethanol, including lipid accumulation and 

oxidative stress, in a concentration-dependent manner and supports the study of 

secondary insults, such as high blood endotoxin levels. We show that remodeling of 

the bile canalicular network can provide an in vitro quantitative readout of alcoholic 

liver toxicity. In summary, we report the development of a human ALD Liver-Chip as a 

powerful platform for modeling alcohol-induced liver injury with the potential for direct 

translation to clinical research and evaluation of patient-specific responses. 
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Development of a bi-layered cryogenic electrospun 
polylactic acid scaffold to study calcific aortic valve 

disease in a 3D co-culture model 
 

K. Stadelmann, A. Weghofer, M. Urbanczyk, T. I. Maulana, P. Loskill, P. D. Jones, K. 

Schenke-Layland 

Acta Biomater. 140 (364-378) (2022), https://doi.org/10.1016/j.actbio.2021.11.030 

 

Abstract/Summary: 

Calcified aortic valve disease (CAVD) is the most prevalent valve disease in the elderly. 

Targeted pharmacological therapies are limited since the underlying mechanisms of 

CAVD are not well understood. Appropriate 3D in vitro models could potentially 

improve our knowledge of the disease. Here, we developed a 3D in vitro aortic heart 

valve model that resembles the morphology of the valvular extracellular matrix and 

mimics the mechanical and physiological behavior of the native aortic valve fibrosa and 

spongiosa. We employed cryogenic electrospinning to engineer a bi-layered cryogenic 

electrospun scaffold (BCES) with defined morphologies that allowed valvular 

endothelial cell (VEC) adherence and valvular interstitial cell (VIC) ingrowth into the 

scaffold. Using a self-designed cell culture insert allowed us to establish the valvular 

co-culture simultaneously by seeding VICs on one side and VECs on the other side of 

the electrospun scaffold. Proof-of-principle calcification studies were successfully 

performed using an established osteogenic culture protocol and the here designed 3D 

in vitro aortic heart valve model. 
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Breathing on chip: Dynamic flow and stretch accelerate 
mucociliary maturation of airway epithelium in vitro 

 
J. C. Nawroth, D. Roth, A. van Schadewijk, A. Ravi, T. I. Maulana, C. N. Senger, S. 

van Riet, D. K. Ninaber, A. M. de Waal, D. Kraft, P. S. Hiemstra, A. L. Ryan, A. M. 

van der Does. <Breathing on chip: Dynamic flow and stretch accelerate mucociliary 

maturation of airway epithelium in vitro=, 

Mater.Today Bio. 21, p.100273 (2023), https://doi.org/10.1016/j.mtbio.2023.100713 

 

Abstract: 

Human lung function is intricately linked to blood flow and breathing cycles, but it 

remains unknown how these dynamic cues shape human airway epithelial biology. 

Here we report a state-of-the-art protocol for studying the effects of dynamic medium 

and airflow as well as stretch on human primary airway epithelial cell differentiation 

and maturation, including mucociliary clearance, using an organ-on-chip device. 

Perfused epithelial cell cultures displayed accelerated maturation and polarization of 

mucociliary clearance, and changes in specific cell-types when compared to traditional 

(static) culture methods. Additional application of airflow and stretch to the airway chip 

resulted in an increase in polarization of mucociliary clearance towards the applied 

flow, reduced baseline secretion of interleukin-8 and other inflammatory proteins, and 

reduced gene expression of matrix metalloproteinase (MMP) 9, fibronectin, and other 

extracellular matrix factors. These results indicate that breathing-like mechanical 

stimuli are important modulators of airway epithelial cell differentiation and maturation 

and that their fine-tuned application could generate models of specific epithelial 

pathologies, including mucociliary (dys)function. 
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Novel strategies to assess cytokine release mediated by 
chimeric antigen receptor T-cells based on the adverse 

outcome pathway concept 
 

M. Alb, K. Reiche, M. Rade, K. Sewald, P. Loskill, M. Cipriano, T. I. Maulana, A. D. 

van der Meer, H. J. Weener, L. Clerbaux, B. Fogal, N. Patel, K. Adkins, E. Lund, E. 

Perkins, C. Cooper, J. van den Brulle, H. Morgan, T. Rubic-Schneider, H. Ling, J. 

Moggs, U. Köhl, M. Hudecek 

J. Immunotoxicol (in press) (2024), https://doi.org/10.1080/1547691X.2024.2345158 

 

Abstract: 

The success of cellular immunotherapies such as chimeric antigen receptor (CAR) T 

cell therapy has led to their implementation as a revolutionary treatment option for 

cancer patients. However, the safe translation of such novel immunotherapies, from 

non-clinical assessment to first-in-human studies is still hampered by the lack of 

suitable in vitro and in vivo models recapitulating the complexity of the human immune 

system. Additionally, using cells derived from human healthy volunteers in such test 

systems may lead to confounding results, as they will not reflect the altered state of 

the patient9s immune system. This could potentially lead to an underestimated risk of 

life-threatening conditions, such as cytokine release syndrome (CRS) following CAR T 

cell therapy. The IMI2/EU project imSAVAR (immune safety avatar: non-clinical 

mimicking of the immune system effects of immunomodulatory therapies) aims at 

creating a platform for novel tools and models for early non-clinical prediction of 

possible adverse events of immunomodulatory therapies. This platform shall in the 

future guide early non-clinical safety assessment of novel immune therapeutics 

thereby also reducing the costs of their development. Therefore, we review current 

challenges and hurdles of non-clinical in vitro and in vivo models ranging from organ-

on-chip up to advanced biomarker screening. 
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T. I. Maulana, N. Wevers, T. Kristoforus, M. Chandler, J. Joore, S. Kustermann, R. 

Villenaeve, P. Loskill, P. Vulto, K. Bircsak 

Annu. Rev. Pharmacol. Toxicol. (in press) (2024). 

 

Abstract: 

New drug modalities offer life-saving benefits for patients through access to previously 

undruggable targets. Yet these modalities pose a challenge for the pharmaceutical 

industry, as side effects are complex, unpredictable, and often uniquely human. With 

animal studies having limited predictive value due to translatability challenges, the 

pharmaceutical industry seeks out new approach methodologies. Microphysiological 

systems (MPS) offer important features that enable complex toxicological processes 

to be modeled in vitro including 1) an adjustable complexity of cellular components, 

including immune components, 2) a modifiable tissue architecture, 3) integration and 

monitoring of dynamic mechanisms, and 4) a multi-organ connection. Here we review 

MPS studies in the context of four clinical adverse events triggered by new drug 

modalities: peripheral neuropathy, thrombocytopenia, immune-mediated 

hepatotoxicity, and cytokine release syndrome. We conclude that while the use of MPS 

for testing new drug modality-induced toxicities is still in its infancy, we see strong 

potential going forward. 
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Publication [8] 
 

Breast cancer-on-chip for patient-specific efficacy and 
safety testing of CAR-T cells 

 
T. I. Maulana, C. Teufel, M. Cipriano, L. Lazarevski, F. E. van den Hil, V. Orlova, A. 

Koch, M. Hudecek, #M. Alb, #P. Loskill 

Cell Stem Cell (2024), https://doi.org/10.1016/j.stem.2024.04.018 

 

Abstract/Summary: 

Physiologically relevant human models that recapitulate the challenges of solid tumors 

and the tumor microenvironment (TME) are highly desired in the chimeric antigen 

receptor (CAR)-T cell field. We developed a breast cancer-on-chip model with an 

integrated endothelial barrier that enables the transmigration of perfused immune cells, 

their infiltration into the tumor, and concomitant monitoring of cytokine release during 

perfused culture over a period of up to 8 days. Here, we exemplified its use for 

investigating CAR-T cell efficacy and the ability to control the immune reaction with a 

pharmacological on/off switch. Additionally, we integrated primary breast cancer 

organoids to study patient-specific CAR-T cell efficacy. The modular architecture of our 

tumor-on-chip paves the way for studying the role of other cell types in the TME and 

thus provides the potential for broad application in bench-to-bedside translation as well 

as acceleration of the preclinical development of CAR-T cell products. 

 

https://doi.org/10.1016/j.stem.2024.04.018
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Manuscripts ready for submission 
 
Manuscript [9] 
 

Breast cancer-on-chip integrating 
white adipose tissue microenvironment 

to study tumor-white adipose tissue crosstalk 
 

T. I. Maulana, L. Lazarevski, M. Cipriano, L. Christ, J. Rogal, A. Koch, P. Loskill 

(2024) 

 

Abstract: 

Human models that accurately replicate the breast adipose tumor microenvironment 

(TME) are essential for studying the interactions between breast cancer (BC) and white 

adipose tissue (WAT) during tumor development. Here, we developed a breast cancer-

on-chip model capable of integrating BC spheroids or patient-derived organoids and 

WAT-associated cellular components (mature adipocytes, stromovascular cells, and 

adipose tissue macrophages), enabling long-term co-culture to monitor BC-WAT 

interactions. This model demonstrated its utility in assessing BC9s metabolic adaptation 

by inducing adipocyte lipolysis under glucose-deprived condition and examining the 

impact of WAT on BC lipid accumulation and growth. Additionally, the model revealed 

WAT's protective effect against the chemotherapeutic agent daunorubicin. The ability 

to study BC-WAT interactions in a physiologically relevant TME in this model can 

provide new insights into the mechanisms of cancer-WAT interaction beyond BC, 

offering broad potential for exploring cancer therapies targeting the WAT-cancer axis. 
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