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Diffuse Large B cell lymphoma (DLBCL) is the most common lymphoma 

representing ~30% of all B cell Non-Hodgkin lymphomas. DLBCL is a 

heterogeneous disease associated with a variety of clinical presentations and 

genetic diversity (1). The standard combination chemotherapy, Rituximab (R)-

CHOP (doxorubicin, vincristine, prednisone, mechlorethamine) has been the 

frontline therapy for years, and still a significant percentage of DLBCL patients 

are not cured (2). Activated B cell-like (ABC) DLBCL is the most chemo-resistant 

DLBCL subtype to R-CHOP with a 5-year overall survival as low as 40% vs 80% 

for germinal center B cell-like (GCB) DLBCL (1, 3). A myriad of independently 

predictive biomarkers for resistance have been identified, including gene 

expression signature, stromal signatures, epigenetic silencing of specific genes, 

and specific somatic mutations (3, 4). But none is sufficient to predict resistance 

in a given patient and few are helpful in guiding the selection of targeted therapies. 

Therefore, new treatments and treatment-specific biomarkers are needed to 

improve clinical outcome of ABC-DLBCL. 

It is becoming increasingly evident that tumor microenvironment is an active 

participant in the progression and pathogenesis of lymphoma (5, 6). DLBCLs 



 

originate and reside in lymphoid tissues subjected characteristic lymphatic and 

vascular fluid forces, extracellular matrices, and cell-cell interactions with a 

variety of stromal and immune cells. In the context of ABC-DLBCL, which are 

the most chemoresistant subtypes, the hallmark ABC-DLBCL mutations result in 

constitutive activation of B cell receptor (BCR) pathways. Hence these pathways 

are emerging as a source of therapeutic targets for the treatment of these tumors. 

However to date, existing BCR pathway inhibitors such as those targeting 

Bruton’s tyrosine kinase (BTK) are active in a limited subset of patients and only 

for a short duration (few months). Therefore, there is a need to understand factors 

that modulate BCR. My dissertation focuses on three components of lymphoma 

microenvironment, namely (a) fluid shear stress and mass transport, (b) tissue 

stiffness, and (c) vascularization. To study the role of lymphatics-mediatedshear 

stress in DLBCLs, we engineered an integrated cell culture micro-reactor platform 

with micron-scale high resistance channels that recapitulates fluid flow velocities, 

pressure, and shear stresses developed in subcapsular sinuses of lymph nodes. The 

findings suggest that lymphatic-grade shear stress increases DLBCL cell 

proliferation and reduces chemotherapeutic responsiveness across DLBCL 

subtypes. The interplay of α4β1-integrin, CD20, and B cell receptors guides 

DLBCLs to respond differentially to fluid shear stress and nutrient mass transport, 

by altering the phosphorylation of downstream signaling pathways. The 

dissertation next focuses on the role of mechanical stiffness of the malignant 

lymphoid tissues. The DLBCLs are commonly characterized by enlargement and 

palpable stiffness of lymph nodes. However, there are no studies on the 



 

quantification of tissue stiffness in lymphomas and on the role, it can play in tumor 

progression or therapeutic response. We first determined the strain energy density 

of freshly isolated healthy and tumorous mouse lymph nodes, as well as 

lymphoma tissue from a patient using a micropipette aspiration technique, 

previously applied to quantify the local stiffness measurement of soft tissues (7, 

8). We next developed stiffness-matched hydrogels to elucidate the role of 

lymphoid tissue stiffness on proliferation, phenotype, and therapeutic response of 

DLBCLs. The final part of the dissertation focuses on a cellular component of 

DLBCL microenvironment – the endothelial cells, which play an important role 

in angiogenesis. It is now increasingly recognized that DLBCLs are promoted by 

two angiogenic modes, firstly by autocrine signals via self-expressed VEGFR and 

VEGF, and secondly by paracrine signals of endothelial progenitors of the 

microenvironment (9). In this dissertation we present an engineered bio-artificial 

organoid platform to study the interaction between DLBCL and endothelial cells, 

the angiogenic component of lymphoma microenvironment. We demonstrate that 

two integrins α4β1 and αvβ3, expressed by both DLBCLs and endothelial cells, 

modulate the VEGF, as well as CD20 and B cell receptor expressed by DLCBL 

cells. We anticipate that our engineered technology will be useful in study of 

lymphoma biology, and discovery and optimization of new class of therapeutics.   

Key word: Lymphoma, Organoids, Integrins, Micro-reactors, Angiogenesis 
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PREFACE 

Diffuse Large B cell lymphoma (DLBCL) is the most common type of lymphoma that 

affects 7 out of 100,000 people every year. The standard treatment consists of a 

combination chemotherapy called R-CHOP (Rituximab, cyclophosphamide, 

doxorubicin, vincristine and prednisone) which has been the primary regimen for 

lymphoma for more than 20 years. Currently, a significant percentage of DLBCL 

patients undergo relapse (~40%) and die with lymphoma. Despite improved 

understanding of genetics and pathophysiology of DLBCLs, the factors responsible for 

relapse and subsequent drug-resistance are poorly understood. It is becoming 

increasingly evident that tumor microenvironment is an active participant in the 

progression and pathogenesis of lymphoma, and often this transduction is via 

mechanical signals. DLBCLs originate and reside in lymphoid tissues subjected 

characteristic lymphatic-grade fluid shear stresses, extracellular matrices, and 

heterogeneous cell-cell interactions. This dissertation researches these three 

components of lymphoma microenvironment, namely (a) fluid shear stress, (b) tissue 

stiffness, and (c) vascularization. To study the role of lymphatic grade shear stress in 

DLBCLs, we present an integrated cell culture micro-reactor platform with micron-

scale high resistance channels that recapitulates fluid flow velocities, pressure, and shear 

stresses developed in lymph nodes. The findings suggest that lymphatic-grade shear 

stress increases DLBCL cell proliferation and reduces chemotherapeutic 

responsiveness, in a DLBCL subtype and mutational dependent manner. The interplay 

of α4β1-integrin, CD20, and B cell receptors guides DLBCLs to respond differentially 

to fluid shear stress and nutrient mass transport, by altering the phosphorylation of 

downstream signaling pathways. The DLBCLs are also characterized by enlargement 

and palpable stiffness of neoplastic lymphoid tissue. However there are no reported 

research on the role of tissue stiffness in lymphomas. This dissertation presents a 



 

xxi 

tunable ex vivo engineered organoid to elucidate the role of lymphoid tissue stiffness on 

DLBCLs. By varying the composition of silica nanoparticle in this hydrogel we 

recapitulate the stiffness of healthy and neoplastic lymph nodes. We demonstrate that 

DLBCLs grow and respond to therapeutics differentially in soft and high stiffness 

microenvironments depending the subtype of DLBCLs. DLBCL microenvironment 

consists of vascular network that supplies nutrients and oxygen to tumor. It is now 

increasingly recognized that DLBCLs are promoted by two angiogenic modes, firstly 

by autocrine signals via self-expressed VEGFR and VEGF, and secondly by paracrine 

signals of endothelial progenitors of the microenvironment. In this dissertation we 

present an engineered bio-artificial organoid based vascularization platform to study the 

role of angiogenic component of DLBCL microenvironment. We demonstrate that two 

integrins α4β1 and αvβ3 are expressed by both DLBCLs and endothelial cells, and the 

activity these integrins modulates the VEGF, as well as CD20 and B cell receptor 

expressed by DLCBL cells. We anticipate that our engineered technology will be useful 

in study of lymphoma biology, and discovery and optimization of new class of 

therapeutics. 
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Chapter 1 

Engineered Bio-synthetic Diffuse Large B Cell Lymphoma Microenvironment 

Fnu Apoorva1 and Ankur Singh1* 

1Sibley School of Mechanical and Aerospace Engineering, College of Engineering, 

Cornell University, Ithaca, NY 14853, USA 

ABSTRACT 

Diffuse large B cell lymphomas (DLBCLs) are the most common type of lymphomas 

accounting for ~30% of the diagnosed cases of lymphoma. The current primary 

treatment for DLBCLs is a combination chemotherapy regimen that shows differential 

therapeutic response depending on the molecular subtype of DLBCL. Unfortunately, 

this standard therapy has not changed over past two decades. As a result, we witnessed 

a dismal improvement in the survival rates of lymphoma patients, and ~40% of patients 

still relapse and remain incurable. This high relapse rate underscores the need to 

investigate the origin of drug resistance and discover more specific treatments. DLBCLs 

are characterized by highly orchestrated interaction between malignant B cells and their 

constitutive microenvironment. Numerous studies on DLBCLs have implicated tumor 

associated stromal cells in the development of drug resistance. The small molecule 

therapeutics, such as lenalidomide and bevacizumab, which target tumor 

microenvironment have shown promising results during their clinical trials. It is 

becoming increasingly evident from these investigations that tumor microenvironment 

plays a pivotal role in the progression and prognosis of DLBCLs. A physiologically 

relevant in-vitro model of tumor microenvironment gives a well-defined platform for 

cancer research in contrast to the complex and highly variable in 

vivo model. However, currently there are no physiologically relevant 

microenvironment models of DLBCLs.  

 1. INTRODUCTION 

An estimate by NCI suggests that 2.1 percent of men and women in US will be 

diagnosed with non-Hodgkin lymphoma at some point during their lifetime (9). 
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Considered 5th most common cancer in US, lymphoma is a heterogeneous group of 

immune cells related malignancies which originate in lymphoid tissues. As per WHO 

classification system there are more than 60 different types of lymphomas (10, 11). 

Diffuse Large B cell lymphoma (DLBCL) is the most common and aggressive type of 

lymphoma which accounts for ~30% of the diagnosed lymphoma cases. Based on 

morphology, genetics and clinical outcome DLBCLs are classified into two major types, 

namely Activated B Cell type (ABC-type), and Germinal Center B Cell type (GCB-

type) (12-15). ~20% of DLBCLs still remain unclassified (16).  

For past two decades RCHOP,  a combination chemotherapy consisting of Rituximab, 

cyclophosphamide, doxorubicin, vincristine and prednisone,  has been the cornerstone 

therapy for all types of DLBCL. Even to this day ~40% of DLBCL patients are either 

refractory to RCHOP or relapse post-treatment (17). The ABC and GCB types of 

DLBCL show differential response to RCHOP therapy. GCB-DLBCL patients respond 

positively to RCHOP in 75% cases, whereas ABC-DLBCL has a dismal success rate as 

low as 35% (4). The mechanism through which DLBCLs are resistant to current 

therapies are unknown but may be linked to the particular spectrum of somatic 

mutations in these tumors, which are in concert with complex growth signals provided 

by the lymphoid tumor microenvironment.  

It is becoming increasingly evident that tumor microenvironment plays an important 

role in the progression and prognosis of DLBCLs (18). The highly orchestrated 

bidirectional communication between tumor cells and its complex milieu of 

microenvironment determines the synergetic evolution of host microenvironment and 

tumor progression, and subsequently the therapeutic outcome (19). The biological 

origin of refractory response of some of the DLBCLs could be explained by 

understanding these reciprocal interactions between the DLBCL cells and their host 

microenvironment.  

 

The paradigm of all lymphoma studies are two dimensional cultures, which lack the 

physiologically relevant characteristics of lymphoma microenvironment. While the 
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mammalian tissues are characterized by three-dimensional hierarchical arrangement of 

cells within the extracellular matrix, two dimensional cultures lack this 

microenvironment. As a result, the biochemical and biomechanical cues in two 

dimensional cultures are not representative of a mammalian tissue. This explains why 

clinical researchers often miss the biological subtleties when using a two-dimensional 

culture for their study (20-22). 3D culture systems such as cellular spheroid and 

hydrogel-scaffold based tumor cultures more accurately reflected the clinical gene 

expression than their two dimensional counterparts (23, 24). The Xenograft models of 

DLBCLs have been found to be even more realistic representative of the disease, often 

leading to breakthrough earlier impossible to achieve using the convention two 

dimensional cultures (25-27). Chapuy et.al generated and characterized patient derived 

xenografts (PDXs) of DLBCLs (28). The report by Chapuy et.al shows that PDX models 

reflect immunophenotypic, transcriptional, genetic and functional heterogeneity of 

lymphoma. This study also demonstrated the significance of PDXs in the functional 

analyses of proximal BCR pathway inhibition.  Unfortunately, PDXs and xenografts in 

general are expensive, time consuming, and often require specialized expertise which 

make unsuitable for first-line drug screening and mechanistic study. This underscores 

the need of a simple but physiologically relevant bio-synthetic engineered model of 

lymphoma, to study the role of microenvironment, its pathology and signaling 

pathways. Such engineered models of lymphoma would serve as a more a suitable pre-

clinical screening platform facilitating efficient translation of lymphoma research into 

novel therapeutic regimens.  
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Here we describe the critical components of lymphoma microenvironment, and its 

significance with respect to the current therapeutic landscape, and summarize the 

relevant engineered lymphoid platforms developed in recent past. While there are many 

components of DLBCL microenvironment, as shown in Figure-1, in this dissertation I 

focus on three important components of DLBCL microenvironment, namely (a) 

biophysical interaction within the lymphoma microenvironment, (b) cell-matrix 

interactions, and (c) cell-cell interactions. We present three engineered biosynthetic 

microenvironment models of lymphomas and elucidate the interplay between DLBCLs 

and its microenvironment. We hope these physiologically relevant biosynthetic 

Figure 1. Lymphoma microenvironment is the host niche composed of extracellular matrix, homo-
and-hetero-typic cells, physical factors such as topography, and biomolecular factors such as 
cytokines which create a cooperative environment for the growth and progression of lymphomas. 
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microenvironment models of DLBCLs will serve for better understanding of DLBCL 

oncology and discovery of novel therapeutics.  

1.1 Lymphoma Microenvironment  

The tumor microenvironment is the tumor-cooperative host niche resulting from the 

complex organization of extracellular matrix, tumor associated stromal cells, infiltrated 

immune cells, and biomolecules such as cytokines and chemokines that supports the 

survival and growth of tumor (29). During progression of cancer the tumor 

microenvironment undergoes a profound change which shifts the tissue homeostasis in 

favor of tumor. Over an extended period of time this altered microenvironment is known 

to transform the molecular signature of stromal and immune cells as well (30). This 

altered microenvironment promotes progression of cancer by transducing pro-survival 

factors into tumor. 

Approximately two-third of the DLBCLs arise in lymphatic region (31). The inception 

of DLBCL is characterized by massive proliferation of malignant B cells within the 

lymphoid tissue causing an alteration in the surrounding extracellular matrix (ECM) 

which includes enhancement of stiffness and vascularity of the ECM. The stiffness of 

ECM determines the extracellular and intracellular force within the microenvironment 

(32, 33). The vascularity of ECM dictates the fluid force and biomolecular transport 

(34-40).  As DLBCL tumor grows, it’s microenvironment undergoes complex 

transformation, changing the physical forces within the lymphoid ECM as well as intra 

and inter biomolecular signals. This evolution of microenvironment is simultaneously 

accompanied by infiltration and molecular modification of immune cells and stromal 

cells such as fibroblasts and endothelial cells (41). Over all DLBCL microenvironment 

is characterized as a dynamically evolving milieu of tumor, infiltered cells, ECM, 

metabolic factors, secreted biomolecules and physical forces, as shown in Error! 

Reference source not found..  

Numerous oncological studies show physiologically closer models of 

microenvironment, such as use of hydrogel based three-dimensional culture of cancer, 
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successfully induce real-tumor-type histological morphology which is usually not 

observed in a conventional two-dimensional culture (21, 22, 42-44). These three-

dimensional microenvironment models also showed a more realistic drug response than 

their two-dimensional counterparts, demonstrating that three-dimensional tissue 

cultures abridge the gap between conventional two-dimensional cell culture and the in-

vivo models. In the context of lymphomas, Singh and his colleagues demonstrated that 

three dimensional organoids functionalized with specific integrins mimicked a 

lymphoid neoplasm-like heterogeneous microenvironment which promoted 

proliferation, clustering and drug resistance in lymphoma cells (45). This underscores 

the relevance of  development of a suitable biosynthetic microenvironment model that 

recapitulates the physio-spatial organization of host niche of lymphomas is the key to 

these challenges. 

Never the less, there are several challenges involved in development of 

microenvironment targeting therapeutics. Despite improved genetic and molecular 

knowledge of lymphoma, our understanding of lymphoma microenvironment is still 

poor. A better understanding of lymphoma microenvironment would also facilitate 

discovery of novel therapeutics. It is becoming increasingly evident that targeting 

lymphoma microenvironment could be an alternative to chemo-treatment. While the 

standard therapy has as high as ~40% relapse rate among DLBCL patients, recent 

investigations of microenvironment targeting therapeutics showed promising results. 

The reciprocal interaction between DLBCL and its microenvironment often determines 

the course of canonical and non-canonical signaling pathways such B-Cell Receptor 

(BCR). For example, chronic BCR can be simulated by the presence of latent microbial 

or auto-antigen in the lymphoid follicles that leads to development and expansion of 

malignant B cells, as observed in the context of Helicobacter Pylori infection. To further 

corroborate the role of microenvironment in BCR, Apoorva et.al and Field et.al reported 

that integrin signaling could modulate the BCR as well (33, 45). Thus the complex cross 

talk between the microenvironment and neoplastic cells plays an important role not only 

in pathogenesis, but also in disease progression and therapeutic resistance. These 

findings have opened up new avenues for microenvironment checkpoint-based regimen 
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for Lymphoma. 

Another hallmark of cancer is altered proteolysis that remodels the extracellular matrix 

to allow unregulated tumor growth and invasion, and eventually metastasis. Lymphoma 

patients often demonstrate significantly higher levels of IL-6, MMP-2 and MMP-9 in 

peripheral blood. IL6, MMP-2 and MMP-9 modulate proteolysis with in lymphoma 

microenvironment by facilitating the degradation of extracellular matrix.  The primary 

aim of a micro-engineered  lymphoma microenvironment is to recapitulates the complex 

extracellular architecture of lymphoma and provides right biophysical and biomolecular 

cues to the tumor cells.  The 2D mono-culture is the paradigm for in-vitro study of 

pathophysiology of cancer and therapeutic discovery. This conventional method 

involves culturing of a given type of cells on a 2D substrate such as TCP. Recent studies 

have shown that 2D monocultures often lead to loss of key cellular processes.  

1.2 Molecular origin of Heterogeneity in Tumor Cells and Its Host 

Microenvironment in DLBCL 
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The current lymphoma therapeutic development recognizes three different molecular 

subtypes of diffuse large B cell lymphomas: (a) ABC lymphomas (b) GCB lymphomas 

(c) neither ABC/GCB, depending on the mutation, morphology and the stage of immune 

reaction that presents tumor (Figue-2). The GCB-DLBCL is presented when aberrant 

mutation occurs at the stage of germinal center reaction during differentiation of 

centroblasts to centrocytes. GCB-DLBCLs are characterized by BCL-2/BCL-6, EZH2 

and MYC mutations. The ABC-DLBCLs are presented when mutation happens during 

transformation of centrocytes to plasma B cells. These tumors are characterized by 

mutation in BCL-2, CARD11, MYD88 and CD79A/B. DLBCLs which have MYC 

rearrangement as well as one of the two BCL2 or BCL6 rearrangements are called 

“double-hit” lymphomas. Similarly, if all three of MYC, BCL-2 and BCL-6 

arrangements are presented, it is called a “triple-hit” lymphomas. The double-hit and 

triple-hit DLBCLs are more aggressive and are associated with poor prognosis.  

Figure 2. GCB and ABC types of diffuse large B cell lymphomas arise at two different stages immune reaction 
and have different sets of mutations except BCL-2. 
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1.2.1 Genetic and Clinical Heterogeneity in DLBLs and It’s Host 

Microenvironment 

The clinical and genetic heterogeneity of tumor cells and their host microenvironment 

is the hallmark of lymphoma. The molecular heterogeneity nature of DLCBL combined 

with the  manifested through distinct morphology, gene expression and epigenetics 

within of the microenvironment. This heterogeneity of tumor cells and 

microenvironment poses significant challenge in the understanding of the biology of 

lymphoma, its prognosis and therapeutics (46). The recent discoveries substantiate that 

clinical outcome of RCHOP treatment in DLBCLs is corelated to the molecular profile 

of DLBCLs and their host microenvironment (46-48). Reddy et.al reported exome 

sequencing and transciptome sequencing of 1001 DLBCL patients identifying 150 

driver oncogenes of DLBCL (47). The unbiased CRISPR screening of DLBCL cell lines 

characterized the functional impact of driver oncogenes and elucidate the connects 

between genomics, CRISPR hits and clinical observation.  Previously various research 

focusing on molecular profile of DLBCL associated stromal cells proved a strong 

correlation between DLBCL microenvironment and clinical outcome (41, 49). These 

studies corroborate the need to understand the microenvironment of DLBCLs to be able 

to develop molecularly targeted therapies.   

1.2.2 Intra-tumoral Heterogeneity in DLBLs 

The single cell RNA-seq and intratumoral histology suggest that refractory forms of 

Lymphomas are characterized by high degree of intratumoral heterogeneity (50). It is 

becoming increasingly evident that high level of genetic variation within the tumor 

microenvironment  acts as a precursor for evolutionary selection of clinically resistant 

form of tumor. The intratumor heterogeneity also determines the course dysregulated 

epigenetics. The complex epigenetic dysregulation, for example, alter the phenotype of 

tumor associated stromal cells such as fibroblasts, immune cells and endothelial cells. 

(51)      

1.3 Therapeutic Landscape for Diffuse Large B cell Lymphomas: 
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The therapeutic targets for ABC-DLBCLs are mostly BCR pathways or pathways 

downstream of BCR. These therapies include protease inhibitors such as Bortezomib 

(reference) which are aimed at suppressing NFκB pathway. Interestingly, while 

monotherapy with Bortezomib failed to treat the relapsed/refractory DLBCLs, the 

combination therapy consisting of Bortezomib and EPOCH (etoposide, vincristine, 

doxorubicin, cyclophosphamide, and prednisone) showed a remarkable success with 

significantly higher response in as high as 83% of refractory ABC patients. The same 

combination therapy for refractory GCB-DLBCL patients showed only 13% success.  

There are several immunomodulatory agents currently under investigation for treatment 

of lymphomas. These immunomodulatory drugs are structural and functional analogs of 

thalidomide. One such example is lenalidomide which targets DLBCL 

microenvironment, and has shown promising results. The preclinical studies 

demonstrated that lenalidomide functions in DLBCLs via several mechanisms; (a) 

inhibition of production of pro-tumor-growth cytokines such as TNFα, (b) arrest of 

angiogenesis by inhibiting VEGF release, (c) inducing G0/G1 cell cycle arrest, and (d) 

decreasing NFκB, activity. During phase II trial lenalidomide positively responded 39% 

of refractory/relapsed patients. Chronically activated BCR is a common observation 

(~23%) among ABC-DLBCLs. This motivated development of numerous BCR 

targeting therapies such as SYK inhibitors (fostamatinib) and BTK inhibitors 

(ibrutinib). For GCB-DLBCLs most of the novel therapeutics are aimed at containing 

BCL-2. The BCL-2 inhibiting compounds currently under investigation are ABT-737, 

ABT-262, and ABT-199.  

2. Engineered Microenvironment for Diffuse Large B Cell Lymphoma 

DLBCLs originate and reside in lymphoid tissues subjected to characteristic 

lymphatic-grade fluid shear stresses, extracellular matrices, and heterogeneous cell-

cell interactions. This dissertation researches these three components of lymphoma 

microenvironment, namely (a) fluid shear stress, (b) lymphoid tissue stiffness, and 

(c) endothelial induced vascularization. In order to delineate the effect of these three 

components of lymphoma microenvironment, we present three micro-engineered 

platforms. Firstly, in order to study the role of lymphatic grade shear stress in 
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DLBCLs, a microfluidic based cell culture micro-reactor platform has been 

presented. Secondly, we present an ex vivo engineered organoid that recapitulates the 

mechanical properties of a malignant lymphoid tissue. And lastly, we present a 

hydrogel based platform with the capability of tunable three dimensional presentation 

of integrin peptides that recapitulates the vascularization aspect of DLBCLs.  

 The micro-reactor platform consists of micron-scale high resistance channels to 

recapitulate fluid flow velocities, pressure and shear stress developed in lymph 

nodes. The findings suggest that lymphatic-grade shear stress increases DLBCL cell 

proliferation and reduces chemotherapeutic responsiveness, in a DLBCL subtype and 

mutational dependent manner. The interplay of α4β1-integrin, CD20, and B cell 

receptors guides DLBCLs to respond differentially to fluid shear stress and nutrient 

mass transport a DLBCL-subtype dependent manner.  

The second engineered system we present is a micro-engineered gelatin and silica 

nanoparticle based organoids, and we elucidate the role of lymphoid tissue stiffness 

in DLBCLs. By varying the composition of silica nanoparticle in this hydrogel we 

recapitulate the stiffness of healthy and neoplastic lymph nodes. We demonstrate that 

DLBCLs proliferate and respond to therapeutics differentially in soft and high 

stiffness microenvironments depending the subtype of DLBCLs.   

The third engineered system we present is an engineered bio-artificial organoid that 

recapitulates vascularization in DLBCLs. These organoids are made from 4-arm 

PEGMAL which can be tethered with variable amount of RGD and REDV integrin 

peptides in order to control the 3D presentation of integrins to the DLBCLs. The 

results that two integrins α4β1 and αvβ3 play an important role in angiogenesis in 

DLBCLs. The 3D presentation of integrins α4β1 and αvβ3 modulate angiogenesis by 

regulating the release of VEGF by DLBCLs.   

2.0 Lymphoma microenvironment and its immune component in the context of 

emerging immunotherapy for DLBCL 

The unique tumor environment of the lymphatic system, especially its immune 

components need special consideration when pursuing immune-based therapeutic 
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approaches for lymphoma. Beguelin et.al recently reported a study of germinal center 

reaction of B cells in an ex-vivo 3D organoids and an in-vivo mice model. This study 

demonstrated that synthetic 3D B cell follicular organoids consisting of RGD motifs 

and 40LB stromal cells could mimic and modulate the phenotypic and transcriptional 

regulatory markers of germinal center reactions and germinal center B cells. This 3D 

synthetic organoid showed higher proliferation of germinal center B cells, and a 

physiologically relevant gene expression of hallmark genes of GC B cells, such as 

EZH2, BCL6 and Aicda. The analysis of sequencing data also indicated that indels 

and missense mutations in synthetic 3D organoid GC B cells were comparable to in-

vivo GC B cells from mice, where B cells in convectional 2D culture underwent class 

switch recombination that suppressed indels and missense mutations. EZH2, BCL6 

and Aicda genes play an important role in DLBCL pathobiology. EZH2 is implicated 

in tumorigenesis and poor prognosis of DLBCL. McCabe et.al reported that EZH2 

inhibition could be effective therapeutic strategy for DLBCLs, and using a highly 

selective EZH2 inhibitor, GSK126, demonstrated its therapeutic efficacy in a DLBCL 

xenograft mice. BCL6 is another important transcriptional factor which has been 

extensively studied in the context of Lymphoma. BCL6 plays an important role in 

both B-cell and T-cell associated antibody response. In the case of DLBCL, BCL6 

often prevents terminal differentiation of B-cells by suppressing PRDM11. Similarly, 

AICDA has been implicated in lymphomagenesis and epigenetic heterogeneity and 

plasticity in DLBCL. Teater et.al reported that AICDA overexpression caused 

aggressive DLBCL growth and an elevated cytosine methylation heterogeneity in 

BCL2 driven murine lymphomas. These studies on relevance of synthetic 3D 

organoids to follicular B cells and germinal center reactions  
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2.1 Lymphatic-Grade Low Fluid Flow Differentially Mechanomodulates Signaling 

in Genetically Diverse Human B Cell Lymphomas 

 Over the past 3 years, our research group has engineered an artificial lymphoma-

supportive tissue using synthetic building blocks and has created technologies that 

Figure 3. Current therapeutic landscape of small molecule drugs for diffuse large B cell lymphomas.  
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provide plug-and-play modularity to address patient-specific needs. We have developed 

a modular and tunable 3D microscale lymphoid organoids made from bio-adhesive 

polymeric hydrogels that incorporate bio-ligands which function as a pro-survival 

signals and support cells found in lymph nodes.  Other features of the organoids include 

cell-mediated remodeling of the 3D niche as found in native tumors. A unique aspect of 

the technology is that pro-survival signals are patient-specific, an aspect no existing 

lymphoma culture platform can provide. Next, to better mimic the conditions found in 

patient’s body, we have integrated fluid flow characteristics unique to lymph nodes. 

This aspect is achieved by integrating a high-resistance microfluidic platform with 

organoids. Our preliminary results without the integrated organoids indicate that simple 

flow of lymphatics-mimicking flow induces remarkable and significant differences in 

proliferation of lymphoma cells as compared to static conditions. Importantly, fluid flow 

results in reduced drug uptake than what scientists and companies have predicted and 

therefore has a differential effect of the death of lymphoma than classic tests. Therefore, 

our experimental therapeutics technologies appear to be on the right path to provide 

prognostic values and increase “predictive power” of pre-clinical studies for drugs in 

development, and importantly, will allow a faster and more rational screening and 

translation of therapeutic regimens.  

2.2 Lymph Node Stiffness Mimicking Hydrogels Regulate Human B Cell 

Lymphoma Growth and Cell Surface Receptor Expression in a Molecular 

Subtype-Specific Manner 

 Diffuse large B cell lymphoma (DLBCL) is the most common type of non-Hodgkin's 

lymphoma, with multiple molecular subtypes. The activated B cell-like DLBCL subtype 

accounts for roughly one-third of all the cases and has an inferior prognosis.  There is a 

need to develop better class of therapeutics that could target molecular pathways in 

resistant DLBCLs; however this requires DLBCLs to be studied in representative tumor 

microenvironments. The pathogenesis and progression of lymphoma has been mostly 

studied from the point of view of genetic alterations and intracellular pathway 

dysregulation. By comparison, the importance of lymphoma microenvironment in 

which these malignant cells arise and reside has not been studied in as much detail. We 
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have recently elucidated the role of integrin signaling in lymphomas and demonstrated 

that inhibition of integrin-ligand interactions abrogated the proliferation of malignant 

cells in vitro and in patient-derived xenograft. Here we demonstrate the role of lymph 

node tissue stiffness on DLBCL in a B cell molecular subtype specific manner. We 

engineered tunable bio-artificial hydrogels that mimicked the stiffness of healthy and 

neoplastic lymph nodes of a transgenic mouse model and primary human lymphoma 

tumors. Our results demonstrate that molecularly diverse DLBCLs grow differentially 

in soft and high stiffness microenvironments, which further modulates the integrin and 

B cell receptor expression level as well as response to therapeutics. We anticipate that 

our findings will be broadly useful to study lymphoma pathobiology and discover new 

class of therapeutics that target B cell tumors in physical environments. 

2.3 3D Integrin Ligand Presentation Modulates the Vascularization in Human B 

Cell Lymphoma in a Molecular Subtype-Specific Manner 

 In chapter 3 I present an engineered hydrogel based vascularization platform where one 

can modulate the specificity and density integrin ligand presentation to tumor to study 

the effect of integrins on angiogenic factors in a neoplastic lymph nodes. I also present 

a microfluidic conduit system to study the migration of cells in response to angiogenic 

factors produced by DLBCLs and HUVECs. Recent studies have shown the 

significance of tumor associated endothelial cells in pathogenesis and treatment of 

lymphoma. It is increasingly becoming evident that tumor microenvironment actively 

participates in the initiation and progression of lymphoma, by promoting vascular 

network formation by these endothelial cells. Unfortunately, antiangiogenic lymphoma 

therapies such as bevacizumab have reaped poor outcome because of lack of 

mechanistic insight into lymphoma tumor microenvironment. I demonstrate that both 

DLBCLs and endothelial cells employ two sets of integrins 4 1 and v 3, and surface 

receptor VEGFR to establish a dysregulated VEGF based autocrine and paracrine 

signaling pathways that promotes vascular network formation and lymphoma 

progression in a synergistic manner. In summary, these data indicate that integrins may 

present a novel antiangiogenic target for lymphoma therapy. 

3. CONCLUSION:  
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The development of a functional biosynthetic model of lymphoma for investigation of 

pathobiology and drug discovery necessitates incorporating physiologically relevant 

components of the lymphoma microenvironment. Such models of lymphomas abridge 

the gap between two-dimensional cultures and their in-vivo counterparts. This report 

presented three engineered bio-synthetic models of lymphoma cancer, which 

individually recapitulated three key physiological characteristics of lymphoma 

microenvironment, namely (a)lymphatic grade flow, (b)lymphoid stiffness, and (c) 

endothelial induced vascularization, though many other parameters need to be 

considered. The three different models of lymphomas repeatedly identified the role of 

integrins in mediating the interplay between DLBCLs and its microenvironment. These 

insights endorse the increasing significance of engineered in-vitro models of lymphoma 

microenvironment for studying the biology of lymphoma, probing of therapeutic targets 

and testing potential therapeutic interventions. These models of lymphomas models 

allow a faster and more rational screening and translation of therapeutic regimens. 
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Summary 

The role of microenvironment-mediated biophysical forces in human lymphomas 

remains elusive. Diffuse large B cell lymphomas (DLBCLs) are heterogeneous tumors, 

which originate from highly proliferative germinal center B cells. These tumors, their 

associated neo-vessels, and lymphatics presumably expose cells to particular fluid flow 

and survival signals. Here, we show that fluid flow enhances proliferation and 

modulates response of DLBCLs to specific therapeutic agents. Fluid flow upregulates 

surface expression of B cell receptors (BCRs) and integrin receptors in subsets of ABC-

DLBCLs with either CD79A/B mutations or WT BCRs, similar to what is observed 

with xenografted human tumors in mice. Fluid flow differentially upregulates signaling 

targets, such as SYK and p70S6K, in ABC-DLBCLs. By selective knockdown of 

CD79B and inhibition of signaling targets, we provide mechanistic insights into how 

fluid flow mechanomodulates BCRs and integrins in ABC-DLBCLs. These findings 



 24 

redefine microenvironment factors that regulate lymphoma-drug interactions and will 

be critical for testing targeted therapies. 

 

1. Introduction 

Diffuse Large B cell lymphoma (DLBCLs) are lymphoproliferative tumors arise from 

proliferative immune cells in lymphoid tissues. Gene expression profiling has enabled 

DLBCLs to be sub-classified into germinal center B cell (GCB) DLBCL and activated 

B cell (ABC) DLBCL subtypes (52-56). The current therapy involves a chemo-

immunotherapy regimen containing CHOP (cyclophosphamide, hydroxyldaunomycin 

[doxorubicin], oncovin [vincristine], and prednisone) with Rituximab (a chimeric anti-

CD20 IgG1 monoclonal antibody). However, a significant percentage of DLBCL 

patients are not cured by this treatment (2). ABC-DLBCL is the most chemo-resistant 

DLBCL subtype with a 5-year overall survival as low as 45% versus 80% for germinal 

center B cell-like (GCB) DLBCL (1, 3). Understanding factors that promote resistance 

to drug therapy and identifying new therapeutic targets are important to improve clinical 

outcome of DLBCL patients. 

Targeting hallmark pathways of ABC-DLBCL, such as those downstream of the 

chronically activated B cell receptor (BCR) signaling (53, 56-58), has the potential to 

impact a broad cross-section of ABC-DLBCL patients (58, 59). Importantly, even when 

chronically activated by somatic mutations, the BCR pathway still needs signals from 

the microenvironment to drive cell survival, and yet extracellular factors that regulate 

BCR signaling remain less understood. The BCR is a transmembrane protein complex 

composed of heavy-chain and light-chain immunoglobulins (Igs), CD79A/Igα and 

CD79B/Igβ (60). ABC-DLBCLs commonly manifest somatic mutation of components 

in the BCR pathway, such as CD79A/B (~20% of ABC-DLBCLs) (56), CARD11 

(~10%) (61), and several others. Proposed therapeutic strategies for ABC-DLBCL 

target proteins signaling downstream of the BCR pathway, including kinase inhibitors 

targeting Spleen tyrosine kinase (SYK), and Bruton’s tyrosine kinase (BTK), among 

others (52, 57). However, the pattern of response to BCR targeted therapies varies 
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according to mutations present in a given ABC-DLBCL. For example, a SYK shRNA 

suppresses the growth of ABC-DLBCL cell line, HBL-1(56), which expresses a CD79B 

mutation in the IgM BCR. In contrast, SYK shRNA is less effective in the ABC-DLBCL 

cell line, OCI-LY10, with a CD79A mutation. This underscores the need for better 

understanding the regulators of BCR signaling in heterogeneous subclasses of ABC-

DLBCLs, under growth conditions that mimic tumor microenvironment. 

A major impediment in the field is that, unlike other solid tumors, the importance of 

the physical nature of the lymphoma microenvironment has not been studied in detail 

(5). We have recently shown that the crosstalk between lymphoid tissue’s extracellular 

matrix , stiffness, and integrins on lymphoma cells are critical for tumor cell survival 

and signaling, both in vitro and in vivo (45, 62, 63). Once DLBCL cells seed a lymphoid 

tissue, malignant B cells proliferate steadily, causing massive distortion, enlargement 

and vascularization of these tumor-seeded tissues as shown by us (35) and others (34). 

The increased vascularization and lymphatic flow presumably expose the lymphoma 

cells to fluid flow, i.e. fluid shear stress (tangential forces on cell surface) and nutrient 

mass transport, which supports their survival, proliferation, and response to drugs. Here 

we have endeavored to determine how fluid forces regulate human lymphomas. Because 

the fluid shear stress values in enlarged, vascularized lymphoma tissues are also 

unknown, the current study focuses on uncovering the biological impact of biophysical 

forces at the peak fluid shear stress of 0.8 – 1.3 dynes/cm2, reported earlier to be 

applicable in the subcapsular sinus lumen of lymphoid tissues (64). Conventional tissue 

culture plates, which do not induce shear stress and large bioreactors (shear stress of 6-

12 dynes/cm2) are not suitable to study the effect low fluid shear stresses in the range of 

0.8-1.3 dynes/cm2. Here, using an ex vivo lymphoma micro-reactor platform and 

inhibiting various key signaling proteins and knocking down a CD79 complex, we 

demonstrate, for the first time to our knowledge, that fluid shear stress alone or in 

combination with nutrient mass transport can act as an important biophysical stimulus 

on DLBCLs by influencing the BCR and integrin signaling, with consequences on cell 

proliferation, differentially dependent on heterogeneous DLBCL subclasses. 

2. Results and Discussion 
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2.1 Ex vivo lymphoma micro-reactor with high-resistance channels  

Our primary goal was to characterize how DLBCLs respond to fluid forces reported 

earlier in the subcapsular sinus lumen of lymphoid tissues. Therefore, we designed our 

micro-reactors to achieve a fluid shear stress of ~ 0.3-1.3 dynes/cm2 (Figure 1A). Our 

secondary goal was to maintain the pressure difference in the micro-reactor close to the 

physiological pressure difference of 1 mm Hg (or 133 Pa), previously reported between 

paracortex and afferent vessels (64). In addition, our goal was to ensure that fluid flow 

was uniformly distributed such that almost all of the cells in the micro-reactor were 

exposed to the same biophysical forces. An addition micro-reactor design criteria was 

to maintain DLBCL cells in 50% conditioned media through media recirculation (45). 

To achieve our goal, we considered four micro-reactor designs (Figure 1B and 

Supplementary Figure S1-3), and computationally modeled them to compare across 

above-mentioned criterion. Engineering details and analysis of the computational 

results are included in Supplementary Methods, Supplementary Figure S1-S3, and 

Supplementary video 1. Of these four micro-reactors, two of the micro-reactors were 

chosen from previous reports where they showed utility in studying adherent cell types 

and hematopoietic lineages (65, 66). Our own two micro-reactors were a modification 

of recently described work (67). These were designed to include a cell culture chamber 

that was connected to media chamber by 5 µm wide high-resistance narrow channels, 

which dramatically reduced media flow velocity into the cell chamber (Figure 1B, C). 

One of our micro-reactors (called side flow) had media flow channel perpendicular to 

the high-resistance channel (Figure 1C, D) and the other micro-reactor (called cross 

flow) had media flow chamber aligned with the high-resistance channel 

(Supplementary Figure S3). Based on computational analysis, we determined that the 

side flow micro-reactors (Figure 1B) resulted in uniformly distributed flow patterns and 

shear stress (0.3 – 1.3 dynes/cm2) with approximately 100% of the cell culture area 

exposed to a uniform fluid flow (Figure 1E). Importantly, the pressure difference across 

the side-flow micro-reactor was 100 Pa, which is very close to the physiological value 

of 1 mm Hg (or 133 Pa) (64). These two computational outputs benchmarked the 

superiority of our side flow micro-reactor against alternative micro-reactor platforms 
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tested in this study, where only 25 – 66% area of the micro-reactor was exposed to 

uniform shear forces and the pressure difference was markedly below 1 mmHg (2-20 

Pa, Figure 1E and Supplementary Figure S1E). 

In the side-flow micro-reactors, cells were introduced into the central chamber using 

the “Cell Inlet” port (Figure 1B). The media was flown through the “Media Inlet” port 

and perfused into the central chamber as indicated by purple arrows in Figure 1B. The 

media was recirculated and diluted by connecting the “Media Inlet” and “Media Outlet” 

ports by means of a rotary pump (Figure 1C). The central cell culture chamber was 

connected to the circulating media channel (width 20 µm) through high-resistance 

perfusion channels (width 5 µm), which prevented the 8-10 µm cells from leaving the 

central cell chamber (Figure 1D). Dimensions of the central chamber were length 3 cm, 

height 100 µm, and width 0.6 cm. To prevent the top of cell culture chamber from 

collapsing, we included 40 µm wide PDMS micro-pillars, separated by near 800 µm 

distance within the central chamber of the micro-reactor (Figure 1C, D), which did not 

significantly affect the flow rate. Since DLBCLs are loosely adherent cells and 

conventionally cultured in tissue culture plates without any substrates, the micro-

reactors were not pre-coated with any extracellular matrices. However, these cells can 

still adhere to serum proteins, such as fibronectin (68), using integrin receptors. When 

DLBCL cells were cultured in these micro-reactors (without substrates) over 24 hr, 

lymphoma cells were uniformly distributed throughout the micro-reactor and did not 

accumulate against the micro-reactor wall (Figure 1F). The cells in the micro-reactor 

showed excellent viability, as qualitatively determined using a live-dead assay (Figure 

1F). 

2.2 Fluid flow enhances proliferation of human DLBCL cells and regulates 

drug-induced apoptosis in lymphoma cells 

We hypothesized that in contrast to static growth conditions, fluid flow, either as 

shear stress alone or in combination with mass transport, will modulate proliferation of 

lymphoma cells through mechanical stimulation of surface receptors such as integrins. 

Our secondary hypothesis was that fluid flow-mediated changes in integrin stimulation 

will modulate BCR through outside-in crosstalk. We first examined the role of fluid 
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flow on the growth of BCR-dependent ABC-DLBCL cell lines (Figure 1G) with 

CD79A mutations (OCI-LY10) and CD79B mutations (HBL-1). We exposed OCI-

LY10 and HBL-1 to a fluid flow (i.e. shear stress of ~1.3 dyne/cm2). We observed 

significantly higher proliferation that started as early as day 3 in flow conditions as 

compared to static cultures and continued to grow with time (Figure 1H). 

Although DLBCL cell lines are not traditionally cultured with immune or stromal 

supports, researchers have explored the use of follicular dendritic cells in lymphoma 

cultures as immune-stromal support (69). Therefore, we incorporated human tonsil 

derived follicular dendritic cells (45, 69) into these cultures (Figure 1I). A 48 hr cell 

proliferation analysis confirmed that even in the presence of follicular dendritic cells, 

both OCI-LY10 and HBL-1 proliferated more under flow conditions than static 

conditions (Figure 1J), suggesting that micro-reactors are suitable for mono- and-co-

cultures of DLBCLs. 

We next determined whether fluid flow changes the abundance of cytokines secreted 

by OCI-LY10 and HBL-1 cells in the media, which could have autocrine and paracrine 

effects. As indicated in Figure 1K, we observed a significant increase in TNFα, and 

GM-CSF in media from OCI-LY10 cells grown under flow conditions for 72 hr. In 

contrast, there was no significant change in aforementioned proteins in media from 

HBL-1 cells grown under flow conditions. There was modest or no difference in the 

remaining tested cytokines (IFNγ, IL1A, IL17A, IL1B, IL4, IL6, IL8, and IL12) 

(Supplementary Figure S4). Several of these cytokines play an important and 

widespread role in cancer (70-75). 

Since DLBCLs proliferate better in flow conditions, we hypothesized that the 

healthier status of cells under flow conditions will reduce the apoptosis of ABC-

DLBCLs when exposed to anti-lymphoma drugs. We first determined the uptake of the 

drug doxorubicin by DLBCLs under static and flow conditions using flow cytometry 

(Doxorubicin is fluorescesent (76)). These experiments were performed by culturing 

DLBCLs in micro-reactors for 72 hr, followed by 24 hr of exposure to the drug. We did 

not observe significant differences in uptake of the drug (Figure 2A). Both HBL-1 and 

OCI-LY10 cells exhibited a significant decrease in apoptosis (Annexin-V+) when 
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exposed to doxorubicin under flow conditions (Figure 2B-D). Finally, we tested 

whether the reduced apoptosis could be extended to other classes of anti-cancer 

therapeutics, and evaluated the histone deacetylate inhibitor (HDACi, Panobinostat) 

response under flow conditions. As illustrated in Figure 2E, a similar pattern of reduced 

apoptosis was observed under flow conditions as compared to static conditions. 

Collectively these results suggest that drug-induced DLBCL apoptosis is affected by the 

presence of fluid flow. 

2.3  Fluid flow upregulates the surface expression of B cell receptors (BCR) and 

integrin receptors in ABC-DLBCL, similar to xenografted human tumors 

in mice 

The BCR is vital for the growth of ABC-DLBCL through downstream pathways 

and abrogation of BCR signaling results in proliferation arrest of ABC-DLBCL (53, 

56). Hence targeting of BCR signaling pathways has emerged as a promising therapeutic 

approach for these tumors (53, 59, 77, 78). To determine whether flow conditions affect 

the level of expression of the BCR, which could affect its signaling, we measured the 

levels of IgM BCR, by flow cytometry. As indicated in Figure 3A (top panel) and 3B, 

in HBL-1 ABC-DLBCLs (CD79B mutation), cell surface expression of IgM was 

significantly increased by 3.8 fold under flow conditions. By contrast, in OCI-LY10 

ABC-DLBCLs (CD79A mutation), there was no change under flow conditions. 

Notably, OCI-LY3 ABC-DLBCL cells, which have WT CD79A/B, also exhibited 

significantly increased IgM expression under flow conditions. However, no differences 

were observed in the GCB-DLBCL cell line OCI-LY1. Collectively, these findings 

suggest that true levels of expression of the BCR are under-appreciated in 2D static 

cultures and the BCR expression is differentially upregulated among subsets of ABC-

DLBCLs. 

 Although the majority of B cell lymphomas express surface CD20 receptor, only 

76% patient response to CHOP plus rituximab(79) and 50% to rituximab alone (80, 81). 

The differences in response have been attributed to decreased CD20 expression 

observed in some patients treated with rituximab (81). Therefore, understanding 

mechanisms that regulate CD20 expression is important. We determined the effect of 



 30 

fluid shear stress on CD20 expression by exposing the cells to either static or flow 

conditions. As indicated in Figure 3C, fluid flow induced 3.5-fold higher upregulation 

of CD20 on the surface of OCI-LY10 cells (p<0.05). In contrast, we observed only 1.3-

fold upregulation of CD20 in HBL-1 cells. 

Integrins have been shown to play important roles in transmitting mechanical stimuli 

received from fluid shear stress into intracellular signals in a wide variety of cells (82, 

83). In lymphoid cells, integrins can function as pro-survival signals (62, 68), and 

upregulation of α4β1 integrins in DLBCLs provides a protective pro-survival signal (45, 

84). We therefore determined the role of fluid shear stress on the expression of α4β1 

integrins on ABC-DLBCL cells. Flow induced a significant 1.7-fold higher expression 

of α4 subunits in OCI-LY10 and a 4.3-fold increase in HBL-1 (Figure 3A (lower panel) 

and 3D). No differences were observed in OCI-LY3 and OCI-LY1 cells. HBL-1 cells 

also exhibited a significant 1.3-1.5-fold increase in the β1 integrin subunit under flow 

conditions (p<0.05) (Figure 3E and Supplementary Figure S5A). These findings 

suggest that the expression levels of integrin mechanoreceptors on ABC-DLBCL cells 

are dependent on fluid forces. 

To determine whether changes in integrin expression were observed in vivo, we 

performed a direct comparison of HBL-1 and OCI-LY10 cell lines to their xenografted 

tumors in immunocompromised NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice, a 

model of choice for cancer xenograft modeling. Xenografts were harvested when tumors 

grew, and BCR, integrin α4, and integrin β1 levels were evaluated to compare with their 

levels on cells before implantation (representing static conditions). As indicated in 

Figure 3F, tumors developed in NSG mice implanted with OCI-LY10 xenografts, often 

well vascularized. Flow cytometric analysis showed higher mean fluorescence 

intensity in integrin α4 signal in xenografted cells (Figure 3F, bottom panel). 

Quantitative analysis of the surface expression level of IgM (as a measure of the 

BCR), integrin α4, and integrin β1 on HBL-1 xenografts under static (in vitro 

conditions) versus in vivo conditions show a similar pattern of differential 

expression as was observed in our micro-reactors (Figure 3F (right panel) and 

Figure 3G). These results clearly demonstrate that lymphoma micro-reactors are 
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more similar to tumors in vivo, therefore confirming the power and importance of 

a microfluidic-based model system.  

We were intrigued by the question of what these integrin receptors bind to in a tissue 

culture system that is not pre-coated with an extracellular matrix. Although lymphomas 

are loosely adherent cells, in our experiments we did not see these cells moving under 

flow conditions. This led us to hypothesize that there was weak but significant adhesion 

between DLBCLs and the underlying glass substrate in the micro-reactors, likely due to 

the serum proteins deposited from the media. Since β1 is a common integrin subunit 

involved in dimerization with multiple alpha subunits, including α4 and α5, we 

determined whether β1 integrin was involved in adhesion of DLBCL cells to the 

underlying surface. When integrin β1 was blocked using a monoclonal anti-β1 antibody, 

HBL-1 ABC-DLBCL cells accumulated at the edges and a few high-resistance channels 

of the micro-reactor through which media is supposed to exit the cell culture chamber 

(Figure 3H, Supplementary Video 2 and 3). In contrast, in the absence of blocking 

anti-β1 integrin antibody, the cells remained in their initial position, suggesting that β1 

integrin was a surface receptor involved in adhesion to the floor of the micro-reactors. 

Unlike HBL-1, blocking β1 integrin did not markedly affect the adhesion of OCI-LY10 

under flow conditions despite the fact that both HBL-1 and OCI-LY10 express similar 

levels of integrin β1 (Supplementary Figure S5B and C). Finally, we also tested 

whether α5 integrin was expressed by these cells, and observed a very modest increase 

in HBL-1 cells grown in flow conditions, but not in OCI-LY3 and OCI-LY10 (Figure 

3I), suggesting α5 integrin may not play an important role in our observations. 

We also determined whether the pattern of increase or decrease in these surface 

receptors under fluid flow was maintained under 3D extracellular matrix rich 

conditions, which involve different relative tangent and normal shear stresses. We 

encapsulated ABC-DLBLCs in Matrigel™ matrix inside the micro-reactors and 

exposed them to the same shear stress (1.3 dynes/cm2) as in the 2D micro-reactors. The 

change in BCR and integrin α4 followed similar patterns as in conditions without a 

matrix (Supplementary Figure S5D). However, we observed consistent upregulation 

of β1 subunit, which could be attributed to the engagement of β1 integrins by 
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Matrigel™, causing their upregulation (85). Although we chose Matrigel™ for this 

study because of its extensive use by others in the cancer field, we have previously 

shown that ABC-DLBCL subtypes have a heterogeneous need for integrin subtypes for 

survival and Matrigel™ may not be the ideal matrix (45, 86). Therefore, future studies 

will focus on understanding the role of fluid flow and ligands specific to the integrin 

receptors found on each DLBCL subtype. 

2.4 Fluid flow differentially regulates phosphorylation of complementary 

signaling pathways in ABC-DLBCLs 

To understand the mechanism of signaling through the integrin and BCR pathways 

induced by fluid flow, we exposed ABC and GCB-DLBCLs to fluid flow (1.3 

dynes/cm2) and examined phosphoprotein levels of various downstream proteins using 

multiplexed bead-based Luminex assays (87). A GCB-DLBCL cell line, OCI-LY1, was 

used as a negative control. Since we observed that surface expression of BCR is 

differentially modulated in ABC-DLBCL cells under flow conditions, we determined 

the phosphorylation of immediate downstream molecules LYN (p-Lyn) and SYK (p-

SYK), which are critical for activation of the BCR. We found that p-LYN and p-SYK 

exhibited >2-fold increase in HBL-1 due to fluid flow exposure, whereas in OCI-LY10, 

there was no change due to fluid flow (Figure 4A-B). p-LYN was also increased in 

OCI-LY3 cells, however, no significant increase in p-SYK was observed. We further 

observed no change in p-LYN and p-SYK in OCI-OCI-LY1 cells under flow conditions. 

Upregulation of p-LYN and p-SYK with HBL-1 (CD79B mutant) but not in OCI-LY10 

(CD79A mutant) is in agreement with our observations in Figure 3 that there is 

significant upregulation of the BCR in HBL-1, and not in OCI-LY10. Our observations 

are further aligned with the finding by Staudt and colleagues (56) that shRNA targeting 

SYK suppresses the growth of ABC-DLBCL line HBL-1 but not OCI-LY10, OCI-LY3 

or GCB-DLBCL lines. Typically, BCR activation can trigger downstream AKT signal, 

which activates mTOR by inhibiting the tuberous sclerosis complex, leading to p70S6K 

activation. We observed elevated levels of p-AKT in these cells and p-p70SK 

expression level was increased by a significant >3-fold in HBL-1 when exposed to fluid 

flow, whereas OCI-LY10 showed a marginal decrease or no change with fluid flow 



 33 

(Figure 4C and Supplementary Figure S6). 

We next explored the impact of fluid flow on the MAPK signaling pathway (88, 89), 

which is also linked to the BCR receptor pathway (Figure 4D-F). The phosphorylation 

of p38, and the downstream target cJUN was increased >3-fold in HBL-1 and 2-fold in 

OCI-LY3, when exposed to the fluid flow. In contrast, OCI-LY10 and OCI-LY1 

showed a marginal decrease or no change with fluid flow. While OCI-LY3 manifested 

a small but significant increase in p-ERK levels under flow conditions, no such increase 

was observed in OCI-LY10 and HBL-1 cells. 

2.5 Understanding the contributions of fluid shear stress and mass transport in 

ABC-DLBCL surface receptor expression 

The differences seen in the expression of the surface receptors can be attributed to 

the effect of fluid shear stress (i.e. more forces on cell receptors from the flow), or 

increased mass transport (i.e. faster removal of secreted factors and metabolic products 

because the flow carries them away), or both. We created matched experiments with 

culture solutions with different transport properties to establish that shear stress at the 

cell surface plays a prominent role in generating the differences seen in BCR, integrin, 

and CD20 expression. We added dextran to the culture solution to increase the solution 

viscosity and thus increase the tangential stress on cells in flow (Figure 5A-E). Adding 

dextran reduces the rate at which species diffuse toward or away from the cell (90). The 

addition of 1% dextran increased the viscosity by 10 times (Supplementary Figure 

S7A) and is expected to have decreased solute molecular diffusivity by a similar 

amount. We then performed the following comparisons: 1) compared static culture with 

and without dextran, where the addition of dextran reduced solute molecular diffusivity 

and is expected to reduce transport of secreted factors and metabolic products, and 2) 

compared flow culture with and without dextran, in which we increased the viscosity of 

flow media and reduced flow by 10 times to maintain the same tangential shear stress 

(1.3 dynes/cm2). For the flow-culture comparison, the flow with dextran had lower 

diffusion of species than that without dextran because the dextran reduced solute 

diffusivity. Further, the flow with dextran had lower convection of species than that 

without dextran because for the same tangential shear stress a lower velocity flow was 
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used. 

Under these defined conditions, we found that there was no effect of static versus 

flow versus flow (viscous) on α4 integrin mechanoreceptor expression in HBL-1 cells 

(Figure 5A). This suggests that the increase in α4 integrin in HBL-1 cells is primarily 

due to fluid shear stress and not diffusive or convective-diffusive mass transport. In 

contrast, OCI-LY10 cells showed a significant decrease in α4 integrin expression under 

viscous flow conditions as compared to regular flow conditions. Because fold-change 

values in flow (viscous) conditions were still higher than under static conditions, we 

concluded that the effect in OCI-LY10 is a combined contribution from mass transport 

and fluid shear stress. We did not see differences in α4 integrin expression in static vs 

static (viscous) for OCI-LY3 or HBL-1(Figure 5D). 

The cell surface expression of the remaining markers CD20, β1 integrin, and BCR 

(Figure 5A-D) showed a significant decrease in surface expression in OCI-LY10 and 

HBL-1 cells when cultured under flow (viscous) conditions as compared to flow 

conditions. Because expression under flow (viscous) values were still higher than static 

conditions, we concluded that the effect in HBL-1 and OCI-LY10 were a combinatorial 

effect of mass transport and fluid shear stress for these receptors. The only exception 

here is the expression of integrin β1 in OCI-LY10, which showed an increase in surface 

expression under viscous conditions, the reasons for which are not yet clear and will 

require further investigation. We further compared static (viscous) versus static 

conditions, and determined that the there was no significant difference in IgM/BCR and 

β1 integrin expression levels in HBL-1 (Figure 5E). 

2.6 Mechanistic model of fluid flow-mediated mechanomodulation of ABC-

DLBCLs. 

Based on our findings in previous sections, we propose a mechanomodulation model 

in HBL-1 ABC-DLBCLs. Here, fluid flow upregulates the cell surface expression of 

IgM, integrin α4 and β1, which in turn increases phosphorylation of LYN, SYK, p38, 

c-JUN, and p70S6K, and affects cell proliferation (Figure 6A). In contrast, fluid flow 

does not upregulate IgM and integrin signaling in OCI-LY10 and other complementary 
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mechanism may be responsible for its proliferation. To prove our hypothesis, we 

blocked integrin receptors by using an anti-α4β1 antibody over 48 hr and observed 

statistically significant ~50% decrease in proliferation of HBL-1 but no decrease in 

OCI-LY10 cells (Figure 6B). These findings indeed support the hypothesis that fluid 

flow mechanomodulates integrin receptors to control HBL-1 proliferation. 

To further understand the role of IgM BCR and the interplay of signaling molecules 

that are upregulated in HBL-1 ABC-DLBCLs, we first inhibited SYK by using two 

complementary SYK inhibitors R406 or PRT062607. The dose of R406 and 

PRT062607 was chosen at maximum inhibitory dose, which is capable of inhibiting the 

activity of signaling target but remains non-toxic (cell survival 94 ± 4 %, 

Supplementary Figure S7B). As indicated in Figure 6C, inhibition of SYK (R406, 

200 nM) prevented an increase in HBL-1 proliferation under flow conditions, 

suggesting that SYK signaling regulates cell proliferation. Inhibition of SYK did not 

reduce the integrin β1 expression levels under flow conditions (Figure 6D), suggesting 

that the limiting of proliferation was attributable to the blocking of SYK signaling, 

independent of any effect in modulating integrin expression levels. We further verified 

our results by using PRT062607 (91) at 5 nM dose. The anti-SYK activity of 

PRT062607 is at least 80-fold greater than for other kinases (92). As shown in Figure 

6E, cell proliferation and expression of integrin α4 and β1 was similar between R406 

and PRT062607. We next inhibited p70S6K using a mechanistic target of rapamycin 

(mTOR) inhibitor at 0.5 nM dose (maximum inhibitory dose while still maintaining 

~95% viability). As indicated in Figure 6F, inhibition of mTOR prevented an increase 

HBL-1 proliferation under flow conditions, suggesting that p70S6K signaling also 

regulates cell proliferation. The mTOR inhibitor did not reduce the IgM expression 

under flow conditions (Figure 6G and Supplementary Figure S7C), suggesting that 

the limited proliferation was attributable to the blocking of downstream p70S6K 

signaling and not a reduction in IgM BCR expression. 

2.7 The CD79B complex in BCR cross-talks with integrins under fluid flow 

conditions to mechanomodulate human DLBCLs. 

Finally, we tested whether the CD79B protein in HBL-1 is a target of fluid flow 
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based mechanomodulation and whether it modulates integrin-BCR crosstalk. To study 

this, we used doxycycline inducible shRNAs against CD79B (or Luciferase as control), 

which were validated using western blot analysis (Figure 7A, Supplementary Figure 

S7D). When exposed to doxycycline to induce the shRNA, the cells expressed green 

fluorescent protein GFP (Figure 7B, Supplementary Figure S7E), and the induced 

shRNA reduced expression of CD79B (Figure 7C). Under flow conditions, 

doxycycline inducible shRNA knockdown of CD79B in HBL-1 cells led to significantly 

decreased proliferation of total cells as well as GFP+ cells as compared to HBL-1 cells 

transduced with the control shLuc (Figure 7D). Furthermore, under flow conditions, 

knockdown of the CD79B significantly reduced integrin β1 expression to the levels of 

static conditions with CD79B knockdown (Figure 7E). In contrast, induction of shRNA 

against luciferase in HBL-1 cells as a control did not reduce integrin β1 expression. In 

the same studies, under flow conditions, knockdown of the CD79B did not reduce 

upstream IgM/BCR expression levels (Figure 7F). Lastly, we observed a significant 

reduction of pSYK and pLYN expression in as well as GFP+ cells treated with shRNA 

against CD79B, but not with shRNA against Luciferase (Figure 7G, H). The decrease 

in pSYK and pLYN correlates with decrease in cell number when CD79B is knocked-

out, and confirm that the increase in tumor growth under fluid flow conditions is 

partially mediated by downstream activation of SYK and LYN, as proposed in the 

model in Figure 6. Knocking down CD79B in HBL-1 cells under static conditions did 

not affect pSYK levels (Supplementary Figure S7F). These new findings provide 

mechanistic insight into the cross-talk of fluid flow, integrin β1, and CD79B, and may 

explain how heterogeneous subtypes of ABC-DLBCLs are differentially influenced by 

fluid flow and mass transport. 

 

3. Conclusion 

This study highlights how complex biophysical forces in lymphomas differentially 

regulate heterogeneous B cell lymphoma subtypes and the expression levels of surface 

receptors, as well as downstream signaling proteins, which otherwise remain 

comparable under static culture conditions. Our current findings underscore the need 
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for a lymphoma micro- reactor platform that is more biologically similar to the situation 

in vivo than a simple static 2D culture, to better under- stand the biology and predict the 

response of lymphomas to drugs. While it has been shown that CD79A/B mutations do 

not enhance BCR clustering, nor are they better at inducing nuclear factor kB (NF-kB) 

activity than their wild-type counter- parts, our studies demonstrate that fluid flow has 

a differential effect on ABC-DLBCL subsets. Future studies will explore whether the 

differences observed could also be attributed to CD79A/B mutations themselves or 

other downstream mutations, such as those in CARD11. Future investigations will also 

determine the effect of knocking down/disrupting multiple pathways and understanding 

the role of fluid flow in new classes of therapeutic inhibitors (such as those targeting 

BCR signaling pathway). In the current study, we used fluid shear stresses reported for 

subcapsular sinuses in lymphoid tissues; however, more detailed measurements of fluid 

flow and associated stresses in lymphoma tissues need to be performed in a tumor-

specific manner, followed by integration into the micro- reactors to model the effect 

outside of the body. Understanding the fluid flow-mediated effect on lymphomas could 

provide mechanistic insight into why some DLBCLs are sensitive to treatment while 

others are refractory and, importantly, allow a faster and more rational translation of 

targeted therapeutic regimens. 

 

4. Experimental Procedures 

4.1 Cell culture in lymphoma micro-reactors 

In all studies, we loaded 100,000 DLBCL cells per micro-reactor. In studies that 

involved human tonsil-derived follicular dendritic cells, co-cultures were seeded at 1:1 

ratio, with total cell number being 200,000 per micro-reactor. Static conditions were 

chosen as standard 2D non-treated tissue culture plates, which are routinely used in 

lymphoma research. Remaining details of cell lines, flow cytometry and phosphoprotein 

levels are included in Supplementary Methods. 

4.2 Human cell line xenografts in NSG mice: NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ (NSG) mice (6-8 weeks) were implanted with OCI-LY10 and HBL-1 

xenografts. Bilateral tumor grafts (106 cell/injection) were implanted into the 
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subcutaneous pockets (retronucal and caudal regions) using a syringe with Matrigel. 

The cut edges were sealed with a suture of fibrin glue. Tumor development was 

monitored and mice were sacrificed at pre-determined time point. All studies were 

performed in compliance with the Institutional Animal Care and Use Committee 

(IACUC) approval at Cornell University. 

4.3 Inducible shRNA mediated CD79B knockdown: shRNAs were delivered by 

lentivirus infection, which were produced by transfection of 293T cells with the 

LT3GEPIR vector (93). Infected HBL1 cells were selected by puromycin treatment 

(1µg/mL). Doxycycline (1µg/mL) was used to induce the expression of the indicated 

shRNAs along with GFP that was used to monitor shRNA expression. Mature antisense 

sequences of shRNA used to knockdown CD79B and Luciferase were: shCD79B#744: 

5’-TTCAGCTGTGCCAAGGTGCTGA-3’, shLuciferase: 5’-

TTAATCAGAGACTTCAGGCGGT-3’, respectively. Negative control included cells 

not treated with Doxycycline. The knockdown of CD79B was validated by western blot 

analysis. For micro-reactor experiments, after 48 hr of treatment with Doxycycline, cells 

were exposed to flow or static conditions for 72 hr and Doxycycline concentration was 

maintained during the course of the experiment. The phospho-SYK (Tyr525/526) 

(C87C1; #2710) and phospho-LYN (Tyr507) (#2731) were purchased from Cell 

Signaling Technology, Inc. A donkey anti-rabbit IgG H&L (Alexa Fluor® 647; abcam, 

ab150075) secondary antibody against these primary antibodies was used for detecting 

expression levels of pSYK and pLYN.  

4.4 Statistical analysis: Statistical analysis was performed using a two-tailed 

unpaired t-test or a 1-way ANOVA with Tukey’s posthoc test or a 2-way ANOVA with 

Bonferroni’s correction. Statistical analysis for each plot is described in the figure 

legend. Statistical analyses were performed using GraphPad Prism software and a p-

value of less than 0.05 was considered significant. All values are reported as mean ± 

SEM. Data presented in this manuscript is a triplicate experiment representative of at 

least 3 independent experiments, except the NSG mice study. 
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Figure 2.2 Effect of fluid shear stress on proliferation and cytokine secretion in 

human DLBCLs. (A) Table represents desirable properties in a micro-reactor to mimic 

biophysical conditions in lymphoma microenvironment. (B) Schematic represents 
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layout of the side flow micro-reactor. Media enters the outer circulation channels 

through “Media Inlet” port and perfuse into the central cell culture chamber through 

high-resistance channel (arrows). Cell suspension is added through “Cell Inlet” port into 

the middle chamber of the micro-reactor. Black arrowheads represent media 

recirculation between inlet and outlet ports. (C) Side flow micro-reactor with 

dimensions and relevant design features. (D) Micrographs of the micro-reactor with 20 

µm wide media flow channel and 5 µm wide high-resistance channel. The central 

chamber where cells are cultured is shown to contain equally spaced PDMS pillars. (E) 

Table summarizing the COMSOL results. (F) Left Panel: A photograph of red food dye 

loaded side flow micro-reactor. Right Panel: Immunofluorescence image of entire side 

flow micro-reactor with Calcein (green, live) and Ethidium Homodimer I (red, dead) 

stained ABC-DLBCL over 48 hr. (G) Table representing cell lines with DLBCL 

subtypes and BCR mutation. (H) Proliferation of HBL-1 and OCI-LY10 cells under 

static or flow conditions (1.3 dynes/cm2) maintained over 5 days. Proliferation was 

quantified with MTS assay, where an increased absorbance corresponds to increased 

proliferation (Mean ± S.E.M, n = 3, *p < 0.05, **P<0.01, ***P<0.001 as compared to 

static conditions, 2-way ANOVA with Bonferroni’s correction). (I) 

Immunofluorescence images indicating distribution of follicular dendritic cells and 

ABC-DLBCL line HBL-1 inside a side flow micro-reactor over 48 hr (Scale = 20 µm). 

(J) Proliferation of HBL-1 and OCI-LY10 cells under static or flow conditions (1.3 

dynes/cm2) maintained over 5 days, in the presence of follicular dendritic cells. (Mean 

± S.E.M, n = 3, **P<0.01, ***P<0.001 as compared to static conditions, 1-way ANOVA 

with Tukey’s test). (K) Scatter plots represent ELISA analysis of GM-CSF and TNFα 

secreted into the culture media by DLBCLs under static and flow conditions (Mean ± 

S.E.M, n = 3, **P<0.01 compared to static, two-tailed unpaired t-test). Each plot is 

representative of n =3 independent repeats. See also Figure S1-S4. 
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Figure 2. Effect of fluid shear stress on drug response in human DLBCLs. (A) 

Doxorubicin uptake over 36 hr under static versus flow conditions (1.3 dynes/cm2) 

maintained over 3 days. (Mean ± S.E.M, n = 3, *p < 0.05 as compared to static 

conditions, 2-way ANOVA with Bonferroni’s correction). Mean fluorescence 

intensity (MFI). (B-C) Scatter plots represent % apoptosis (B) and MFI (C) in 

HBL-1 ABC-DLBCLs exposed to doxorubicin. HBL-1 cells were cultured for 72 

hr in micro-reactors and exposed to 1 µM doxorubicin for 24 hr. Fluid shear stress 

was maintained at 1.3 dynes/cm2 for the entire 96 hr. HBL-1 cells were stained 

with fluorescent-tagged anti-IgM antibody and Annexin V-FITC for apoptosis 

analysis (Mean ± S.E.M, n = 3, *p < 0.05 compared to corresponding 0 µM 

doxorubicin group, #p < 0.05 compared to static 1 µM group, 2-way ANOVA with 

Bonferroni’s correction). (D) Effect of fluid flow on doxorubicin (1 µM) response in 
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OCI-LY10 ABC-DLBCL, cultured in static versus flow condition. Fluid shear stress 

was maintained at 1.3 dynes/cm2 for the entire 96 hr. Mean ± S.E.M, n=3, *p < 0.05 

compared to corresponding 0 µM group, #p < 0.05 compared to static 1 µM group (2-

way ANOVA with Bonferroni’s correction). (E) Scatter plots represent MFI in ABC-

DLBCLs exposed to Histone deacetylase inhibitor (HDACi) panobinostat. Cells were 

cultured for 72 hr in micro-reactors and exposed to HDACi for 24 h. Fluid shear 

stress was maintained at 1.3 dynes/cm2 for the entire 96 hr. Mean ± S.E.M, n=3, *p 

< 0.05 compared to corresponding 0 µM group, #p < 0.05 compared to static 1 µM 

group (2-way ANOVA with Bonferroni’s correction). Each plot is representative of n 

=3 independent repeats.  
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Figure 3. Effect of fluid flow on integrin and B cell receptor expression in human 

ABC- and GCB-DLBCLs. (A) Histogram overlays represent flow cytometry 

analysis of the surface expression level of IgM B cell receptor (BCR, top panel) 
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and integrin α4 (bottom panel) in ABC-DLBCL cell lines OCI-LY3, OCI-LY10  

and HBL-1, and GCB-DLBCL cell line OCI-LY1 under static or flow conditions. (B-

E) Scatter plots represent flow cytometry analysis of the surface expression level 

of IgM BCR (B), CD20 (C), integrin α4 (D), and integrin β1 (E) in DLBCLs under 

static or flow conditions. Fluid shear stress was maintained at 1.3 dynes/cm2 for the 

entire 4 days. (Mean ± S.E.M, n = 3, *p < 0.05 compared to static group, #p < 

0.05 compared to the other cell lines, 2-way ANOVA with Bonferroni’s correction). 

Mean fluorescence intensity (MFI). (F) Image represents NSG mice implanted with 

OCI-LY10 xenografts. After 4 weeks of engraftment, tumors were harvested for 

analysis. Histogram overlays represent flow cytometry analysis of the surface 

expression level of integrin α4 (bottom panel). Scatter plots (top right) represent 

flow cytometry analysis of the surface expression level of IgM BCR, integrin α4, 

and integrin β1 in static versus in vivo HBL-1 xenografts. (Mean ± S.E.M, n = 3, 

*p < 0.05 **p < 0.005, ***p < 0.001 compared to static group, two-tailed 

unpaired t-test). (G) Scatter plots represent flow cytometry analysis in static 

versus in vivo OCI-LY10 xenografts. (Mean ± S.E.M, n = 3, *p < 0.05 **p < 

0.005, ***p < 0.001 compared to static group, two-tailed unpaired t-test). (H) 

Micrograph representing 2D culture of ABC-DLBCLs under flow conditions (1.3 

dynes/cm2) with or without integrin β1 blocking. Letter P represents pillars in the micro-

reactor. Images are representative of n =3 independent repeats. Scale bar 40 µm. (I) 

Scatter plot represents flow cytometry analysis of the surface expression level of 

integrin α5 in OCI-LY3, HBL-1, and OCI-LY10. Fluid shear stress was 

maintained at 1.3 dynes/cm2 for the entire 4 days. (Mean ± S.E.M, n = 3, ***p < 

0.001 compared to static group, 1-way ANOVA with Tukey’s test). Each plot is 

representative of n =3 independent repeats. See also Figure S5. 
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Figure 4. Effect of fluid flow on phosphorylation of intracellular signaling proteins. 

GCB-DLBCL (OCI-LY1) and ABC-DLBCL (OCI-LY3, OCI-LY10, HBL-1) cells 

were exposed to flow rates inducing 0 or 1.3 dynes/cm2 shear stress for 72 hr. Levels of 

the phosphoproteins p-LYN (Tyr507), p-SYK (Tyr352), p-ERK 1/2 (Thr185/Tyr187), p-

cJUN (Ser73), p-p70 S6K (Thr389/Thr412), and p-p38 (Thr180/Tyr182) were measured by 

multiplex Luminex assays. Data were normalized to β-tubulin levels (by sample) and 

then fold-change normalized to static cultures (by cell line). Dots from n = 3 biological 

replicates with line at mean. * is significant at p < 0.05. Fluid shear stress was 

maintained at 1.3 dynes/cm2 for the entire 4 days. These experiments were 

repeated 3 times. See also Figure S6. 
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Figure 5. Understanding the contributions of fluid shear stress and mass transport 

in mechanomodulation of DLBCLs. (A-D) Fold change in the surface receptor 

expression of IgM BCR, integrin, and CD20 using dextran-based viscous media (Mean 

± S.E.M, n = 3, *p < 0.05 compared to all groups for (A-C) and *p < 0.05 

compared to static for (D), 1-way ANOVA with Tukey’s test). Mean fluorescence 

intensity (MFI). (E) Understanding the effect of static (viscous) condition on surface 

receptor expression of IgM BCR and β1 integrin in HBL-1 ABC-DLBCL using a 
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dextran-based viscous media (Mean ± S.E.M, n = 3, *p < 0.05 compared to static, 

two-tailed unpaired t-test). All results represent 4 days experiments with or 

without flow. Each plot is representative of n =3 independent repeats. See also Figure 

S7. 

 

 
 

Figure 6. Proposed mechanistic model and effect of inhibiting signaling 

pathways. (A) Schematic represents the proposed model of fluid shear stress and 

mass transport-based mechanosignaling of HBL-1 ABC-DLBCL with CD79B 

mutation. Red arrows represent increased expression level of specified surface 

marker. Red circles represent nutrient mass transport. (B) Dot plots represent 

growth percentage normalized to static conditions without any blocking antibodies 

(Mean ± S.E.M, n = 5, *p < 0.05 compared to all groups, 2-way ANOVA with 
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Bonferroni’s correction). Integrin receptors were blocked with α4β1 antibody over 48 h 

with recirculating media in micro-reactors. (C-D) Effect of SYK inhibition (R406, 

200 nM) on (C) HBL-1 cell growth and (D) integrin β1 over 48 hr. (Mean ± 

S.E.M, n = 3, *p < 0.05 compared to all groups, 1-way ANOVA with Tukey’s test). 

(E) Comparative effects of two SYK inhibitors (R406, 200 nM; PRT062607; 5 

nM) on cell growth over 48 hr. (Mean ± S.E.M, n = 3, two-tailed unpaired t-test 

was performed to compare Flow+R406 and Flow+PRT062607). (F-G) Effect of 

mTOR inhibition on (F) cell growth, and (G) IgM BCR over 48 hr. (Mean ± 

S.E.M, n = 3, *p < 0.05 compared to all groups, 1-way ANOVA with Tukey’s test). 

‘ns’ represent p > 0.05 In all experiments with fluid flow, the fluid shear stress 

was maintained at 1.3 dynes/cm2 for the entire duration. Each plot is representative 

of n =3 independent repeats. See also Figure S7. 
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Figure 7. The CD79B complex cross-talk with fluid flow in 

mechanomodulation of DLBCLs. (A) Western blot indicating knockdown of 

CD79B in HBL-1 using a doxycycline inducible shRNA against CD79B 

(shRNA744) or Luciferase (shRNALuc). Induced shRNA encoded expression of 

GFP in cells. Tubulin served as control. (B) Scatter plots represents flow 

cytometry gating and expression of GFP in HBL-1 cells, exposed to doxycycline 

and fluid flow for 72 hr (C) Dot plots represent total cell percentage and GFP+ cell 

percentage, each indicating the effect of CD79B knockdown under flow conditions. 

Mean ± S.E.M, n = 3, *p < 0.05 compared to all groups. (D-E) Dot plots represent 

integrin β1 and IgM expression in GFP+ cells, indicating the crosstalk of CD79B 

mutation with these surface proteins under fluid flow conditions. (Mean ± S.E.M, n = 
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3, *p < 0.05 compared to all groups). (F-G) Dot plots represent p-SYK and p-LYN 

expression in GFP+ cells, suggesting increase in tumor growth under fluid flow 

conditions is further mediated by downstream p-SYK and p-LYN. (Mean ± S.E.M, n 

= 3, *p < 0.05 compared to all groups). In all experiments, a 1-way ANOVA with 

Tukey’s test was used for statistical comparison. In all experiments with fluid flow, 

the fluid shear stress was maintained at 1.3 dynes/cm2 for the entire duration. 

These experiments were repeated 3 times. See also Figure S7. 

 

1.1 Supplemental Information 

Document S1. Supplemental Experimental Procedures and Figures S1–S7 

 

Supplementary Video 1 Bead distributions in micro-reactors, Related to Figure 1. 

Flow of green fluorescent beads (radius of 3 µm) that showed bead distributions in 

devices 

 

Supplementary Video 2, Effect of blocking integrin β1, Related to Figure 3. When 

integrin β1 was blocked using a monoclonal anti-β1 antibody, HBL-1 DLBCL cells 

accumulated at the edges and a few outflowing high resistance channels of the device. 

Supplementary Video 3, Effect of not blocking integrin β1, Related to Figure 3. 

When integrin β1 was not blocked using a monoclonal anti-β1 antibody, HBL-1 DLBCL 

cells remained in place.  

 

 

Supplementary Experimental procedures 

Micro-reactor fabrication and operation, and computational simulations 

Micro-reactors with high-resistance narrow channels were micro-fabricated with SU8-

2100 (Microchem) resin on silicon wafer using soft-lithography technique (94). Single 

layer poly (dimethylsiloxiane) (PDMS, sylguard 184, Dow Corning) was casted onto 

the mold and bonded to a glass substrate using oxygen plasma (PDC-32G plasma 
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cleaner, Harrick Plasma). All micro-reactor fabrication processes were performed at the 

Cornell NanoScale Science and Technology Facility. The width of the cell culture 

chamber was 0.6 cm, length was 3 cm, and the height of the chamber was 100 µm and 

was significantly larger than small lymphoma cells. This height was chosen to prevent 

any stacks of cells cluster to block the height of the cannel as well as maintain laminar 

flow (width >> height). To prevent the top of the micro-reactor from collapsing, PDMS 

posts with diameter 40 µm and separated by 800 µm were incorporated in the micro-

reactor design. The width of the high resistance channel was 5 µm and the width of outer 

channel was 20 µm. The micro-reactor consisted of three ports, two of which were on 

the circulatory channels for media entrance and exit. In order to achieve the circulatory 

flow on the micro-reactor, the entry and exit ports were coupled to a 0.5 mm 

Polytetrafluoroethylene (PTFE) tube by means of a rotary pump (Watson Marlow 

2056). The third port was a cell chamber through which cells were introduced. The high 

resistance channels which connected circulatory channel and middle cell chamber 

functioned as perfusion channels, which prevented the cells from leaving the central 

chamber without affecting the exchange of media between circulatory channel and the 

main cell chamber. The micro-reactor was flushed with ethanol to wet the interior and 

sterilize the micro-reactor channels prior to use. The computational flow analysis of all 

micro-reactors without extracellular matrix was done using multi-physics computer 

software COMSOL, using a 2D solution of the Laplace equation for pressure (

). This model served as a suitable approximation for the Navier-Stokes solution both for 

open-channel Hele-Shaw flow (for those experiments performed without matrix; 

separation of variables, parabolic solution in z, Laplace equation solution in x and y). 

Computational validation of side-flow lymphoma micro-reactor was performed using 

SPHERO™ FITC Surface Labeled Particles with 3 µm diameter.  

For proof of-concept 3D extracellular matrix studies, Matrigel™-cell suspension 

was infused in the micro-reactors to form a 3:1 diluted Matrigel™ network in the culture 

chamber. Briefly, a 75 µL of Growth Factor Reduced Matrigel™ (Corning, #354230) 

was mixed with 25 µL of HBL-1 or LY10 in media. Micro-reactors were kept on ice to 

maintain cold temperatures and Matrigel/cell mixture was injected using a 1mL syringe 
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with a 25G needle into the micro-reactor. Prior to starting the flow experiments, the 

micro-reactor was incubated in a cell culture incubator for 10 min at 37°C to cure 

Matrigel into a gel. To estimate the flow distribution and the stresses in the 3D matrigel 

matrix, the transport equations were solved with a hydraulic permeability model (where 

velocity was assumed independent of z and the xy distribution of velocity was solved 

with the 2D Laplace equation), and the normal and shear stress in the gel were estimated 

by use of a Brinkman analysis in the gel. The matrigel porosity (epsilon=0.6) and 

Darcy’s permeability (k=1.52x10-14 m2), were estimated guided by previously reported 

work (95, 96). The shear stress experienced by cells encapsulated within the matrigel 

was estimated using the 3D interstitial flow model reported earlier (97). The hydraulic 

resistance of the test section and the side channels are effectively in parallel, thus as the 

hydraulic resistance of the test section increased with the addition of the gel, the fraction 

of the flow rate that permeates the test section is significantly reduced upon gelation. 

Therefore in order to achieve the shear stress that cells experienced within the gel-less 

micro-reactor, the total flow rate through the micro-reactor with Matrigel™ was 

increased to 1.2 m/sec. Although a Brinkman analysis shows that the forces caused by 

the gradient of normal stresses exceed the forces caused by the shear stresses, the shear 

stresses are the putative mechanotransductive mechanisms and were the focus of the 

calculations. We estimated the shear stress experienced by cells in the absence of 

Matrigel™ using a surface-area-averaged shear stress D(shear)/4*π*a2, where D is the 

drag (4*pi*µ*U*a), a is the radius of cell, and U is the velocity that would be present at 

cell center if the cell were absent. This value is physically meaningful in fluid and gels 

because it is equal to the surface-area-averaged shear stress on the sphere.  For cells near 

a wall in a Hele-Shaw flow, D_shear/4*pi*a^2 is approximated by U*µ/a, which is the 

average shear stress (excluding normal stresses) a rigid sphere would experience in an 

infinite uniform flow of velocity U; although it is less physically meaningful, U*µ/a is 

also equal to what  the local fluid shear stress would be if the cell were absent.   For 

cells in matrigel in our system (where the mean gel pore size is small relative to the cell 

radius), D_shear/4*π*a2 is approximated by U*µ/sqrt(k), which scales with the shear 

stresses expected at sub-pore scales but is not related to the macroscopic velocity 
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gradients generated by the gel simulation 

Cell culture and drug response 

In this study we used five cell lines (a) human tonsil-derived Follicular Dendritic Cells 

(immortalized cells, HK) (45), (b) HBL1, human ABC-DLBCL cell line with mutation 

in CD79B along with WT CARD11 (45, 98), (c) OCI-LY10, a human ABC-DLBCL 

cell line with mutation in CD79A with WT CARD11 (45, 98), OCI-LY3, a human ABC-

DLBCL with WT BCR and mutant CARD11, and LY1, a human GCB-DLBCL that is 

BCR and CARD11 independent. HK and HBL1 were cultured with RPMI 1640 media 

supplemented with 10% FBS, 1% Glutamax, 10 mM HEPES buffer and 1% 

penicillin/streptomycin (45). Ly1, OCI-LY3, and OCI-LY10, were cultured with 

Iscove's Modified Dulbecco's media (IMDM) supplemented with 20% FBS and 1% 

penicillin/streptomycin, as reported by others (99, 100). All cell lines were checked for 

mycoplasma. The antibodies used in various studies include anti Human IgM – APC 

(SA-DA4), anti-Human CD20 – FITC (2H7), anti-Human CD19 – PerCP-Cy5.5 

(HIB19), anti-Human CD49d – PE (9F10), anti-Human CD29 – APC (TS2/16) all 

purchased from eBiosciences. All antibodies were used at all at 1:500 dilutions. FITC-

Annexin V was purchased from Biotium. The proliferation study was conducted with 

cell proliferation assay CellTiter 96® AQueous (promega) (45). In all studies, we loaded 

100,000 tumor cells per micro-reactor. In studies that involved FDCs, HK cells were 

co-seeded at 1:1 ratio, with total cell number being 200,000 per micro-reactor. Static 

conditions were chosen as standard 2D non-treated tissue culture plates, which are 

routinely used in lymphoma research. A TCPS platform was chosen instead of the 

micro-reactor for static conditions because of the lack of availability of fresh nutrients 

to cells away from the media inlet. The total volume in static TCPS cultures was 1 mL. 

To match this volume, total volume in a micro-reactor was also 1 mL with 18 µL in the 

cell culture chamber and remaining in the tubing and outer circulation chamber. The 

flow experiments were performed for 72 hr unless otherwise noted, drug treatment for 

24 hr, and 48 hr for antibody treatment. From a micro-reactor we isolated ~ 100,000 

cells. Flow cytometry was done on 5000 cells to accommodate various assays. 

Multiplexed phosphoprotein assays 
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Phosphoprotein levels were quantified by multiplexed bead-based Luminex assays, 

essentially as described previously (87). ABC-DLBCL or GCB-DLBCL cells were 

exposed to flow rates of 0 (“static”; standard non-treated TCPS) or 3 µL/min (or 1.3 

dynes/cm2 shear stress) for 72 hr as described above. Cells were placed on ice and 

culture medium was removed and centrifuged at 1000g for 4 minutes at 4°C to pellet 

non-adherent cells. Adherent cells and pelleted non-adherent cells were lysed in a lysis 

buffer containing Milliplex MAP Lysis Buffer (EMD Millipore, Billerica, MA; #43-

040), Protease Inhibitor Cocktail III (EMD Millipore, #535140, 1:200 dilution) and 

phenylmethylsulfonyl fluoride (Amresco, Solon, OH, #M145, 2 mM) for 15 min at 4°C. 

Lysates were clarified by centrifugation at 15,000g for 10 min at 4°C. Clarified lysates 

were analyzed using a bicinchonicic assay (Thermo Fisher Scientific, Waltham, MA, 

#23235) to determine the total protein concentration. A micro-reactor without cells was 

maintained, lysed, and analyzed to calculate the protein contribution independent of the 

cells and estimate the cellular protein concentration. Milliplex MAPmate assays (EMD 

Millipore) were used to quantify the following phosphoproteins: p-Akt (Ser473, #46-

677MAG), p-c-Jun (Ser73, #46-622MAG), p-IκBα (Ser32, #46-643MAG), p-ERK1/2 

(Thr185/Tyr187, #46-602MAG), p-p70 S6K (Thr389/Thr412, #46-629MAG), p-MEK1 

(Ser222, #46-670MAG), and p-p38 (Thr180/Tyr182, #46-610MAG). p-LYN (Y507, 

#171V50032M) and p-SYK (Y352, # 171V50040M) were purchased from Bio-Rad. 

Assays were performed in multiplex and using the Milliplex MAPmate Cell Signaling 

Buffer & Detection Kit (EMD Millipore, #48-602MAG) per the manufacturer’s 

protocol. Primary (capture) beads and secondary detection antibodies were diluted 1:80 

from stock. Each phosphoprotein assay was individually validated using positive control 

lysates for protein loading concentrations of 2-20 µg/well (data not shown). The optimal 

protein loading concentration for multiplexing was determined to be 6 µg/well. 

Milliplex MAPmate multiplexed phosphoprotein assays were conducted per 

manufacturer’s recommendations on a Bio-Plex 200 instrument (Bio-Rad). Assay 

technical replicates were averaged for each biological sample. Then, for each 

phosphoprotein assay, these raw fluorescence data was normalized the fluorescence 

values for Milliplex MAPmate β-tubulin (#46-713MAG). Two assay technical 
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replicates were performed on lysates from each of n = 3 biological replicates and no 

replicates were omitted. For each biological sample under flow, normalized 

fluorescence value was related to the static flow conditions for the same cell line to 

determine the relative fold-change in normalized phosphoprotein level due to the flow 

condition. To compare between cell lines for each condition and analyte, a Student’s t-

test was performed with α = 0.05. 

Effects of fluid shear stress and mass transport using media viscosity 

The goal of this study was to understand the contributions of fluid shear stress and mass 

transport in mechanomodulation of DLBCLs. This was achieved by changing the 

viscosity of the media while keeping the same shear stress. To keep the fluid shear stress 

same (1.3 dynes/cm2) and eliminate mass transport, the media was supplemented with 

1% Dextran (Sigma-Aldrich, Molecular Weight 2,000,000 Da) to increase the viscosity 

by 10-fold, while at the same time flow rate was reduced by 10-fold (i.e. 0.13 µL/min). 

This was done because for a given shear stress the flowrate is inversely proportional to 

viscosity. In the static case, changing the viscous mobility will also change the 

molecular diffusion. Therefore, the static to static/viscous comparisons provides 

information as to the role of diffusion in the observations. Viscosity measurements were 

taken at 25°C using a Sine-wave Vibro Viscometer SV series (SV-10, A&D, Ltd.). BCR 

and integrin expression was determined as described earlier using anti-human IgM (SA-

DA4), anti-human CD20 (2H7), anti-human CD49d (9F10), and anti-human CD29 

(TS2/16) all purchased from eBiosciences. Results were plotted as fold change 

normalized to static control. 

Inhibition of SYK and mTOR 

For pathway inhibition studies, all experiments were performed by continuously 

culturing cells in SYK inhibitors (R406 (catalog# S2194 or PRT062607 

(catalog#S8032) from Selleckchem) or mTOR inhibitor (Selleckchem, catalog# S1039) 

for 48 hr, after which cells were analyzed using flow cytometry as before or supernatant 

was analyzed for lactate metabolic activity. To determine an appropriate concertation 

of SYK inhibitors, a dose response curve was generated and 200 nM R406 and 5 nM 
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PRT062607 was selected.  
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Results of the computational modeling of lymphoma micro-reactor: To understand 

the fluid shear stress pattern experienced by the cells cultured within the cell culture 

chambers of the previously reported micro-reactors (65, 66) and the newly designed 

lymphoma micro-reactors, we performed COMSOL-based computational simulations 

Supplementary Figure S1-S3) using a 2D solutions of the Laplace equation for 

pressure ( ). This model served as a suitable approximation for the Navier-

Stokes solution both for open-channel Hele-Shaw flow (for those experiments 

performed without matrix; separation of variables, parabolic solution in z, Laplace 

equation solution in x and y). For the flow in matrix, a hydraulic permeability was used 

(separation of variables, no z-dependence, Laplace equation solution in x and y) and our 

estimations of stresses in 3D gels come from a Brinkman analysis in the gel (see section 

2.3 for detail). We determined the fluid shear stress distribution pattern in a previously 

reported microwell micro-reactor suitable for culturing non-adherent hematopoietic 

cells (66), when exposed to a fluid shear stress of 1.3 dynes/cm2. This system is capable 

of applying low shear stress, however it had a gradient of shear stress in the XY and YZ 

planes (Supplementary Figure S1B, S1D, S2A). In the microwell micro-reactor, the 

variation in shear stress, in the plane of cell culture where most cells are expected to 

accumulate, was between 0.005 to 1.3 dynes/cm2, accounting for only 66 % of total cell 

culture area available for shear stress distribution in the range of 0.3 – 1.3 dynes/cm2. 

When a shear stress condition of 1.3 dynes/cm2 was applied, the pressure difference 

across the micro-reactor was approximately 2-3 Pa, determined from the COMSOL 

modeling and was considerably below the physiological pressure difference of 1 mm 

Hg (or 133 Pa) (64) (Supplementary Figure S1E). The pressure difference across the 

micro-reactor describes the spatial range of the area-averaged normal component of the 

surface stress. Although this is not a key parameter in the experiments, we wished to 

maintain pressure difference inside the micro-reactor to be within the physiological 

range. The stresses generated by the pressure gradients (both tangent stresses and 

gradients in normal stress) are the mechanotransductive stimuli driving our study, and 

we use shear stress to indicate this throughout the study as these tangential and normal 

stresses are proportional to shear stress. We next considered a parallel plate multi-shear 
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micro-reactor reported elsewhere (65) and capable of inducing low shear stress in one 

of the four connected chambers (therefore permitting 25% area use with uniform shear 

stress in the range of 0.3 – 1.3 dynes/cm2 (Supplementary Figure S1E and 

Supplementary Figure S2B-D)). When COMSOL modeling was performed on these 

multi-shear micro-reactors, the pressure difference across the micro-reactor was 

computed to be only 4 Pa (Supplementary Figure S1E), therefore markedly lower than 

1 mm Hg (or 133 Pa) (64).  

As an alternative, our single-layer side-flow design resulted in uniformly distributed 

flow patterns and shear stress (0.3 – 1.3 dynes/cm2) with approximately 100% area 

available for cell culture with uniform shear stress in the tested range (Supplementary 

Figure S1A, C, E). Importantly, the pressure difference across the micro-reactor was 

100 Pa which is very close to 133 Pa (64). These two computational outputs benchmark 

our micro-reactors against existing microfluidic platforms. In this design, the first five 

high-resistance channels are a source of media input into the cell culture chamber and 

next five high-resistance channels function as sinks, so the flow velocity increases from 

left to right for the first five channels and then decreases for the remaining five channels.  

By this unique design, the flow is relatively uniform across the chamber and therefore 

cells experience nearly uniform shear stress in both 2D and 3D cultures. Finally, our 

cross-flow micro-reactor (as opposed to side-flow above) also resulted in a uniform 

velocity and shear stress distribution in 66% of the area (Supplementary Figure 

S2A,B), the design induced a 20 Pa pressure difference across the micro-reactor and 

therefore was not considered for future studies, but may be relevant for other biomedical 

applications with adherent cells.  

For side-flow lymphoma micro-reactors, the velocity in the cell culture chamber was 

0.0005 m/s, which was markedly lower than inlet velocity of 0.085 m/s 

(Supplementary Figure S1 and S3A-C) and this velocity resulted in a shear stress of 

~1.3 dyne/cm2. Quantitative analysis of the shear stress inside the cell chamber 

demonstrated that the side-flow micro-reactors resulted in six-fold lower average shear 

stress than the cross-flow micro-reactors (Supplementary Figure S3D and E), while 

at the same time side-flow micro-reactor maintained physiological pressure difference. 
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The flow rate that resulted in this shear stress was within the mass transport convective 

regime (101) with Peclet number >1 (Supplementary Figure S3F). We also 

determined the nutrient (media component) distribution profiles in side-flow micro-

reactors using the scalar transport equation and the aforementioned Laplace equation 

solution and validated these results using green fluorescent beads (radius of 3 µm) that 

showed bead distributions (Supplementary Figure S3G,H and Supplementary video 

1), similar to simulations.  
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Figure S1. Computational modeling of lymphoma micro-reactors, Related to 

Figure 1. (A) COMSOL-based computed velocity flow profile, shear stress, and 

pressure distribution in the cell culture chamber of the side-flow lymphoma 

micro-reactor and (B) COMSOL-based shear stress profile in the cell culture 

chamber of a two-layer microwell perfusion micro-reactor. Color scale represents 

the magnitude of velocity, shear stress, or pressure distribution at any point under 

steady state conditions. (C-D) COMSOL-based quantitative shear stress analysis 

in side-flow (C) versus microwell (D) micro-reactors. (E) Table summarizing the 
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COMSOL computed inlet velocity, pressure difference across micro-reactor, and 

area with uniform shear stress within the 0.3 -1.3 dynes/cm2 range.  

 

 

 
Figure S2. Computational modeling of multi-shear micro-reactor, Related to 

Figure 1.A) Computed velocity flow profile, shear stress, and pressure distribution in 

the cell culture chamber of a previously reported two-layer microwell perfusion micro-
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reactor and, B-C) Computed velocity flow profile, shear stress, and pressure distribution 

in the cell culture chamber of a previously reported multi-shear micro-reactor. Color 

scale represents the magnitude of velocity, shear stress, or pressure distribution at any 

point under steady state. D) Shear Stress in X and Y direction in multi-shear micro-

reactor.  

 

 

 

 

 

A 

B 

C D 
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Figure S3. Design and operating mechanism of cross-flow micro-reactors, 

Related to Figure 1. A) Color scale represents the magnitude of velocity, shear 

stress, and pressure under steady state conditions. B) Computed shear stress flow 

profile through the x-axis and y-axis of cross-flow micro-reactors. (C-F) 

Numerical models of flow distribution and experimental validation, Related to 

Figure 1. (C) Quantitative flow rate analysis in the side-flow micro-reactor as a 

function of channel number and distance across the walls of micro-reactor with 

high resistance channels, (D) Shear stress distribution in cell culture chamber as 

a function of inlet velocity as determined from computational modeling, (E) 

Pressure distribution in cell culture chamber as a function of inlet velocity as 

determined from computational modeling, (F) Péclet number as a function of 

E F 

G H 
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shear stress in the side-flow micro-reactor. (G-H) Flow patterns in side-flow 

micro-reactors, Related to Figure 1. G) Media infusion simulation in the side-

flow micro-reactor. H) Experimental validation of flow patterns in culture 

chamber using 3 µm fluorescent beads. 

 

Figure S4. Effect of fluid flow on protein secretion in CD79A and CD79B BCR 

mutated ABC DLBCL, determined using ELISA, Related to Figure 1. Scatter plots 

represent ELISA analysis of IL8 and IL12 secreted into the culture media by DLBCLs 

under static and flow conditions (Mean ± S.E.M, n = 3, *p < 0.05 compared to 

static, 2-way ANOVA with Bonferroni’s correction). 
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Figure S5. Effect of fluid flow on BCR and Integrin expression in GCB-DLBCL 

and ABC-DLBCL in 2D and 3D, Related to Figure 3. A) Histogram overlays 

represent flow cytometry analysis of the surface expression level of integrin β1 

in ABC-DLBCL cell lines LY3, LY10, and HBL-1, and LY1 GCB-DLBCL under 

static or flow conditions. B) Histogram overlays represent flow cytometry analysis 

of the surface expression level of integrin β1 in ABC-DLBCL cell lines LY10, 

and HBL-1, and LY1 GCB-DLBCL under static conditions. C) Micrograph 

representing 2D culture of LY10 under flow conditions (1.3 dynes/cm2) with or without 

integrin β1 blocking. Scale bar 40 µm. D) Effect of fluid flow on DLBCLs in 3D 

hydrogel.  Scatter plots represent flow cytometry analysis of IgM BCR and α4 and β1 

in ABC-DLBCL cell lines LY10 and HBL-1 MFI: Mean fluorescent intensity. 

(Mean ± S.E.M, n = 3, ***p < 0.0001 compared to static group, 2-tailed unpaired 

t-test).  
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Figure S6. Effect of fluid shear stress on phosphorylation of intracellular signaling 

protein pAKT in ABC-DLBCL and GCB-DLBCL, Related to Figure 4. GCB-

DLBCL (LY1) and ABC-DLBCL (LY3, LY10, HBL-1) cells were exposed to flow 

rates inducing 0 or 1.3 dynes/cm2 shear stress for 72 hr. Levels of the phosphoproteins 

p-AKT (Ser473) was measured by multiplex Luminex assays. Data were normalized to 

β-tubulin levels (by sample) and then fold-change normalized to static cultures (by cell 

line). Dots from n = 3 biological replicates from two repeats with line at mean.  
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Figure S7: Inhibition of signaling pathways and CD79B to mechanistically 

understand the effect of fluid flow in DLBCL mechanomodulation, Related 

to Figure 5, 6, and 7. A) Media viscosity measurement, Related to Figure 5. 

Media viscosity measurement as a function of dextran weight percentage. (Mean 

± S.E.M, n = 3, all samples are statistically significant from each other, 1-way 

ANOVA with Tukey’s posthoc test) B). Standard Curve for SYK inhibitor, 

Related to Figure 6. Log inhibitor versus survival plot for HBL-1 when exposed 

to SYK inhibitor PRT062607. (Mean ± S.E.M, n = 3, non-linear regression fit). 

C) Effect of mTOR on IgM BCR expression, Related to Figure 6. Flow cytometry 

histogram overlay of IgM expression level in cells exposed to static versus flow 

versus flow with mTOR inhibitor. Representative of n = 3. D) Fold change in 

western blot signal, Related to Figure 7. Fold change was calculated by first using 

the following relationship: Signal(CD79B)*Signal(GFP)/Signal(Actin); followed 

by normalizing to shLuciferase. E) Micro-reactors with HBL-1 cells with 

doxycycline induced shRNA that makes them express GFP (green). 

Representative of n =3. Scale bar 40 µm. F) Dot plots represent pSYK expression 

in GFP+ cells, suggesting increase in tumor growth under fluid flow conditions 

is further mediated by downstream pSYK. (Mean ± S.E.M, n = 3, *p < 0.05 

compared to all groups). In all experiments, a 1-way ANOVA with Tukey’s 

posthoc test was used for statistical comparison. In all experiments with fluid 

flow, the fluid shear stress was maintained at 1.3 dynes/cm2 for the entire 

duration. These experiments were repeated 3 times.  
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Abstract 

Diffuse large B cell lymphoma (DLBCL) is the most common type of non-Hodgkin's 

lymphoma, with multiple molecular subtypes. The activated B cell-like DLBCL subtype 

accounts for roughly one-third of all the cases and has an inferior prognosis.  There is a 

need to develop better class of therapeutics that could target molecular pathways in 

resistant DLBCLs; however this requires DLBCLs to be studied in representative tumor 

microenvironments. The pathogenesis and progression of lymphoma has been mostly 

studied from the point of view of genetic alterations and intracellular pathway 

dysregulation. By comparison, the importance of lymphoma microenvironment in 

which these malignant cells arise and reside has not been studied in as much detail. We 

have recently elucidated the role of integrin signaling in lymphomas and demonstrated 
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that inhibition of integrin-ligand interactions abrogated the proliferation of malignant 

cells in vitro and in patient-derived xenograft. Here we demonstrate the role of lymph 

node tissue stiffness on DLBCL in a B cell molecular subtype specific manner. We 

engineered tunable bio-artificial hydrogels that mimicked the stiffness of healthy and 

neoplastic lymph nodes of a transgenic mouse model and primary human lymphoma 

tumors. Our results demonstrate that molecularly diverse DLBCLs grow differentially 

in soft and high stiffness microenvironments, which further modulates the integrin and 

B cell receptor expression level as well as response to therapeutics. We anticipate that 

our findings will be broadly useful to study lymphoma biology and discover new class 

of therapeutics that target B cell tumors in physical environments. 

 

Keywords: B cell receptor, organoids, integrin, germinal center, tissue stiffness, 

biomechanics, extracellular matrix, chemoresistance, contractility 

 

1. Introduction 

Despite advances in therapeutics and diagnostics, many mature B cell lymphomas 

remain incurable. This is partly attributable to the genetic heterogeneity of B cell 

lymphomas as well as the complex growth and survival signaling provided by the 

biophysical, biochemical, and cellular components of the lymphoid tumor 

microenvironment. Diffuse Large B cell lymphoma (DLBCL) is the most common 

lymphoma, representing ~30 -40% of all B cell Non Hodgkin lymphomas, and gene 

expression profiling has allowed sub-classification into germinal center B cell (GCB) 

and activated B cell (ABC) DLBCL subtypes (52-56, 61). The standard combination 

chemotherapy, CHOP (doxorubicin, vincristine, prednisone, mechlorethamine) was the 

frontline therapy for >30 years. Ritxumab (R-CHOP) was the only major improvement 

in spite of expenditure of substantial resources on clinical trials, and still a significant 

percentage of DLBCL patients are not cured. Activated B cell-like (ABC) DLBCL is 

the most chemo-resistant DLBCL subtype to R-CHOP with a 5-year overall survival as 

low as 30-45% versus 80% for germinal center B cell-like (GCB) DLBCL (1, 3, 53). 

Improved therapies are needed for all DLBCLs but most urgently for ABC-DLBCLs, 
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which are the most chemo-resistant . A myriad of independently predictive biomarkers 

for resistance have been identified, including ABC and GCB DLBCL expression 

signature, CD5 positivity, double-hit/MYC-BCL2, stromal signatures, epigenetic 

silencing of specific genes, and specific somatic mutations (3, 4). But none is sufficient 

to predict resistance in a given patient and few are helpful in guiding selection of 

targeted therapies. Therefore, new treatments and treatment-specific biomarkers are 

needed to improve clinical outcome of both ABC and GCB DLBCL patients. Targeting 

hallmark ABC-DLBCL pathways, such as those controlled by the transmembrane 

protein B cell receptor (BCR), have the potential to impact a broad cross-section of 

ABC-DLBCL patients. However, rational clinical translation requires understanding the 

factors that modulate expression level of BCR in lymphomas.  

The microenvironment in tumors often differs from that in normal tissue, exhibiting 

altered composition and density of ECM proteins, stromal and immune cells, and growth 

factors. This altered microenvironment has been implicated as contributing to cancer 

development and progression for a variety of tumors (102-104). However the role of the 

lymphoid tumor microenvironment, where lymphomas arise and reside, remains 

unclear. A major bottleneck in the field is that it remains unclear how combinations of 

biophysical and/or biomolecular signals that exist in close spatial and temporal order 

across the lymphoma tumor microenvironment affect ABC-DLBCL and GCB-DLBCL 

growth and response to therapies. This is attributed to the lack of a lymphoma tumor 

microenvironment-mimicking engineered tissue model systems, since classic 2D 

cultures lack the growth and survival signaling provided by the tumor 

microenvironment. The tumor microenvironment of B cell lymphomas contains highly 

variable numbers of immune cells, stromal cells, blood vessels and an altered 

extracellular matrix (5). In the recent years, we and others have shown that the crosstalk 

between lymphoma cells and the extracellular matrix via integrin molecules is important 

for their survival and chemo-resistance (62, 105, 106). Specifically, in our effort to 

understand the role of lymphoma microenvironment, we have recently shown that the 

crosstalk between the lymphoma microenvironment and integrin αvβ3 is critical for 

human T cell lymphoma survival, both in vitro and in vivo (62). On the other hand, we 
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discovered that human ABC-DLBCLs have a differential need for integrin α4β1 and 

αvβ3 for survival (45), in a stromal follicular dendritic cell-dependent manner. We 

hypothesize that extracellular matrix stiffness is another aspect of the lymph node 

biophysical microenvironment that can influence lymphoma fate.  

For many cancers, increased extracellular matrix stiffness is associated with 

induction and progression of malignant phenotypes (102, 107). In line with these 

observations and others, several bioengineered scaffolds have been developed to study 

the role of mechanical stiffness in tumor survival and progression. A recent study 

evaluated the role of 3D matrix stiffness on proliferation and drug sensitivity of human 

myeloid leukemia, which represent liquid tumors originating from bone marrow (108). 

However, to date, there are no reported studies on the role of tissue stiffness in 

lymphomas which arise and for the most part, reside in lymphoid tissues such as lymph 

nodes. Despite the enlargement of neoplastic lymphoid tissue and the palpable stiffness 

typically used as an initial screen, the role of increased lymph node stiffness in 

lymphoma remains unclear. The challenge in performing these studies is lack of tunable 

ex vivo engineered systems that present survival signals to lymphomas and limited 

understanding of lymphoid tissue stiffness.  

Here we quantify healthy and neoplastic lymph node (and spleen) tissue 

biomechanics using micropipette aspiration. This technique measures local tissue 

distention due to applied vacuum pressure, analogous to a uniaxial tensile test, as 

demonstrated by us using finite element analysis  (109, 110). We demonstrate that 

lymphoid tumors have increased tissue stiffness as compared to healthy lymph nodes 

and spleen. We correlated this data with independent rheology measurements, and 

engineered hydrogel-based organoids with physiological or pathologically stiff matrix. 

We here demonstrate design of biomaterials-based hydrogels with tunable mechanical 

stiffness for growth modulation of  B cell lymphomas and discover that lymphomas 

respond differentially to soft and high stiffness microenvironments in a molecular 

subtype dependent manner. Engineered hydrogel-based lymphoma organoids using our 

previously reported immune organoids (111) demonstrated that lymphoid-mimicking 

stiffness can act as an important biophysical stimulus on lymphoid tumor cells by 
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influencing BCR and integrin expression levels, with consequences on cell survival and 

drug resistance, dependent on the particular DLBCL molecular subtype. This is the first 

study to our knowledge that demonstrates the role of lymphoid tissue stiffness on the 

pro-survival surface receptors and drug response in genetically diverse B cell 

lymphomas. 

2. Materials and methods 

2.1 Tg(IghMyc)22Bri (Eµ-myc) mouse model of human lymphoma 

Tg(IghMyc)22Bri (Eµ-myc) mice on the C57BL/6J strain background were purchased 

from the Jackson Laboratory and maintained as hemizygotes. All animals used in this 

study were handled in accordance with federal and institutional guidelines, under a 

protocol approved by the Cornell University Institutional Animal Care and Use 

Committee (IACUC). Mice were monitored regularly and sacrificed upon reaching 

humane endpoint criteria. 

2.2 Human B and T cell lymphoma lines 

Lymphoma cell lines that represent a spectrum of DLBCL were used in the current 

study. These cell lines included: HBL-1 (ABC-DLBCL, IgM BCR dependent), LY-10  

(ABC-DLBCL, IgM BCR dependent), LY-3 (ABC-DLBCL, IgM BCR independent), 

and LY-1 (GCB-DLBCL, IgM BCR independent). Human tonsil derived follicular 

dendritic cells (FDC)  were used  as supporting stromal cells for human lymphomas 

(45). All cells except LY-10 were cultured in RPMI 1640 media supplemented with 10 

% fetal bovine serum and 1 % penicillin/streptomycin. Ly-10 cells was cultured in 

Iscove's Modified Dulbecco's media (IMDM) supplemented with 20 % fetal bovine 

serum and 1% penicillin/streptomycin. The subsequent passage of these lymphoma 

culture involved use of 20 % conditioned media (45). De-identified, freshly isolated 

primary human follicular B cell lymphoma tissue from lymph node of an untreated 

patient was made available by Dr. Leandro Cerchietti at Weill Cornell Medical College 

of Cornell University, according to Institutional Review Board guidelines.  

2.3 Cell encapsulation, organoid fabrication and rheology 

A stock solution of 6 % (weight/volume) gelatin (Sigma Aldrich) in RPMI/IMDM and 
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stock suspension of 4 % Silicate nanoparticles (Southern Clay Products Inc, diameter 

~25 nm and thickness ~ 1 nm) was freshly prepared in sterile deionized water.  We have 

previously shown that mixing gelatin and silicate nanoparticles results in the formation 

of a stable hydrogel network (111, 112). Lymphoma cells (12,000 per 12 µL hydrogel) 

with and without FDCs (6,000 per 12 µL hydrogel) were added to gelatin stock solution. 

The FDCs were mitotically inhibited through incubation in cell culture medium 

containing 0.01 mg/mL Mitomycin C at 37 ºC for 45 min in complete media conditions 

prior to the encapsulation. The cells were rinsed twice with 10 mL of 1X PBS before 

usage in the experiments. The two stock solutions were mixed together using the 

repeated pipetting method, as described earlier by us (111, 112), to achieve a cross-

linked 12 µL hydrogel organoids with (a) 2% gelatin and 2% nanoparticle, (b) 2.5% 

gelatin and 2% nanoparticle, and (c) 3% gelatin and 2% nanoparticle compositions. 

Organoids were fabricated in non-treated 96-well plates, cured for 5 min before adding 

growth media, and media was replaced every 3 days. For mechanical characterization 

using a rheometer, hydrogels were analyzed using Paar Physica MCR 300 rheometer 

with 50 mm flat-plate geometry under a strain sweep (1–10% strain) condition at a fixed 

frequency of 0.1 Hz and temperature of 37 °C.   

2.4 Micropipette aspiration method to determine soft tissue stiffness 

Lymphoid tissue and hydrogel mechanical properties were quantified using our well 

characterized micropipette aspiration method (109, 110, 113). Isolated murine or human 

tissues or hydrogels were placed directly in phosphate-buffered saline (PBS) and a 

drawn glass capillary micropipette (rp≥35 µm) was placed adjacent to the sample 

surface. Vacuum pressure was incrementally applied via silicone tubing and calibrated 

by manometer. Previous strain history was mitigated by preconditioning with ~20 cycles 

of low pressurization (<1 Pa). The lowest pressure that ensured stable contact with the 

micropipette was taken as zero pressure. Monotonically increasing pressure loads were 

then applied quasitatically, with images captured at each increment at 

150×magnification using a Zeiss Discovery v20 stereo microscope (Spectra Services, 

Inc.). The aspirated length was measured using calibrated images in NIH ImageJ.  An 

experimental “stretch ratio”, λ=(L+rp)/p was defined by normalizing the aspirated 
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length to the pipette radius as previously described (109, 110). The ΔP versus λ curves 

were fit using the axial Cauchy stress for a uniaxial load of an incompressible material 

with an assumed exponential material law, specifically, 

------- (1) 

The fitting parameters α and C were determined by minimizing the sum of the errors 

squared between Eq.1 and the ΔP versus λ data curves. The C parameter was modified 

using a scale factor determined from Finite Element simulation, reported earlier by us, 

Cmod=γ(α)C (109). Strain energy density was evaluated as a metric for comparing 

mechanical testing data as previously described (109, 110). Data is presented with 

representative stress response curves and strain energy density values presented as mean 

± SEM with n=3. Statistical comparisons were performed using ANOVA with Tukey 

post-tests or Student’s t-test, *p<0.05. 

 

2.5 Cellular analyses of lymphomas in organoids  

Lymphoma proliferation studies were performed using a CellTiter 96 AQueous One 

Solution Cell Proliferation Assay (Promega), as reported earlier by us (45, 114, 115). 

Typically, on day 1, 3, and 5, media was removed and organoids were washed once with 

PBS and CellTiter reagent was added as per manufacturer’s recommendation, and 

analyzed after 4 hr using a Biotek H1 Hybrid plate reader. For flow cytometry analysis, 

cells were harvested from organoids by means of enzymatic degradation with a 

collagenase solution (25 U/mL, Worthington Biosciences) for 6 hr. The degraded 

organoid suspension was passed through a 70 µm filter (BD Falcon) to separate the cells 

from any polymeric debris. The harvested cells were washed twice to remove the 

remaining collagenase and stained with antibodies against B cell marker CD19, BCR 

IgM, integrins CD29 (β1) and CD49D (α4) at 1:500 dilutions for 1 hr at 4 °C. The 

antibodies used for flow cytometry studies were Anti Human IgM (APC), Anti Human 

CD20 (FITC), Anti Human CD19 (FITC), Anti Human CD49D (APC), and Anti Human 

CD29 (APC), and all were purchased from eBiosciences. The stained cells were washed 
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twice, re-suspended in equal volume of FACS buffer and analyzed using a BD Accuri 

C6 flow cytometer. FlowJo software was used to analyze data. For the Rho-ROCK 

pathway inhibition studies, lymphoma organoids were cultured in 1 nM Y-27632 

reconstituted lymphoma growth media for 48 hr, followed by proliferation analysis.    

2.6 Drug-induced apoptosis studies in organoids 

All drug studies were performed by allowing cells to proliferate in organoids with 

varying stiffness or 2D cultures for 3 days under normal growth conditions followed by 

addition of the therapeutics. We studied two classes of drugs: a conventional 

chemotherapeutic vincristine (0.5 µM), which inhibits microtubule polymerization, and 

Panobistant (50 nM), a Histone Deacetylase Inhibitor (HDACi). After 48 hr of drug 

exposure, cells were harvested and stained with Annexin V-FITC (Biotium) and CD19 

B cell markers. Stained cells were quantified for percent apoptosis using Accuri C6 flow 

cytometer (BD Biosciences) and analyzed using FlowJo software. 

2.7 Statistical analysis 

The statistical analysis of variance (Tukey's test for 1-way ANOVA or Bonferroni 

correction for 2-way ANOVA) was carried using GraphPad Prism software. A p-value 

of less than 0.05 was considered significant. Two tail t-tests were performed for 

comparison between two groups. All experiments were reproduced and performed in 

triplicates unless otherwise mentioned. The quantities are reported in the form of 

Mean ± S.E.M. 

3. RESULTS AND DISCUSSION 

3.1 Change in Physiological and Mechanical Properties of Primary Lymphoma 

Tissues 

To characterize changes in the stiffness of lymphoid tissues during tumorigenesis, we 

first determined the change in the size of lymph nodes and spleen harvested from the 

Eµ-myc mouse model of human Burkitt’s lymphoma (116). Oncogenesis in these mice 

is driven by the presence of a transgene containing the c-Myc gene under the control of 

the immunoglobulin heavy chain enhancer (Eµ) and c-Myc promoter. In these animals, 
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c-MYC is overexpressed in B lymphoid cells, resulting in hyperproliferation of the pre-

B cell population prenatally as well as spontaneous formation of lymphoma.  Nearly all 

Eµ-myc mice eventually develop pre-B or B-cell lymphomas, with approximately 50% 

of animals developing neoplasms by 15-20 weeks of age. As indicated in Figure 1A 

and B, both inguinal and cervical lymph node showed marked enlargement as compared 

to a healthy lymph node (~10 fold larger size; 0.3 cm with tumor-bearing mice; p<0.05). 

Similarly, spleen, another common lymphoid tissue for lymphomagenesis, also 

indicated a significant increase in tissue size as compared to healthy spleen (Figure 1A, 

B; p<0.05). We further quantified the fold change in weight percentage of these 

enlarged tumors and observed ~25 fold increase in lymph node weight and ~8 fold 

increase in spleen (Figure 1C; p<0.05).  

Previously reported mechanical properties of lymph node and spleen are 

technique and sample preparation dependent (117, 118) and therefore careful 

measurement of both lymphoid tissue and bioengineered synthetic matrices must be 

performed. For example, Thomas and colleagues elegantly analyzed lymph nodes from 

B16 melanoma–bearing mice with respect to tumor stage and observed that lymph node 

metastasis of melanoma was associated with alterations in lymph node extracellular 

matrix content, increased intranodal pressures  and increased lymph node tissue stiffness 

and viscoelasticity (117). The technique utilized in this work was indentation methods 

and yielded values in the range of 100-150 kPa. In contrast, magnetic resonance 

elastography techniques have reported stiffness of lymphoid tissues in the range of 1.5 

– 3 kPa (118). Likewise, ultrasound elastography and indentation tests were used by 

Yuen et al to determine mechanical properties of porcine cervical lymph nodes however 

stiffness change in abnormal lymph nodes were not determined using these methods 

(119). To characterize the mechanical stiffness of lymphoid tissues we used a 

micropipette aspiration method, reported earlier by us (109, 110). This technique 

quantifies the elongation of tissues aspirated inside the pipette in response to applied 

vacuum pressure (Figure 2A). The strain energy density was chosen as a measure of 

nonlinear tissue stiffness because prior studies have shown this measurement to be less 

variable for soft tissues than the effective modulus (109, 110). Indeed, attempts to 
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quantify lymphoid tissue stiffness using rheology approaches did not provide 

meaningful results because the tissue was not fluidic (data not shown).  As indicated in 

Figure 2B,C, the strain energy density for neoplastic mouse lymph node was a 

significant two-fold higher than the healthy mouse lymph node (p<0.5). We next 

compared the stiffness of a primary human lymphoma tissue and observed that the 

stiffness was comparable to neoplastic mouse tissue (p>0.05). No healthy human lymph 

node was used in the study because of the unavailability of a healthy donor. 

3.2 Biomaterials-based engineered lymphoma organoids with controlled 

stiffness  

Bioengineered in vitro models of several cancer types (e.g. melanoma, breast cancer, 

and lung cancer) have correlated soft or rigid extracellular matrix stiffness with 

malignant phenotypes (120, 121). These results highlight that stiffness-induced 

alterations in cell proliferation is dependent on niche and tumor type. Mechanical 

properties such as substrate rigidity have been found to influence the proliferation of 

human T cells, with softer substrates resulting in higher naïve T cell proliferation when 

stimulated ex vivo (122). However, it remains unknown whether the tissue stiffness of 

lymph nodes has any effect on lymphomas.  

Based on the observations of lymphoid tissue strain energy density, we 

engineered hydrogel-based lymphoma organoids with strain energy densities in the 

range of 1- 2 J/m3 and co-encapsulating lymphomas with supporting human tonsil 

derived follicular dendritic cells. These hydrogels were engineered by reinforcing 

gelatin with silicate nanoparticles, a hydrogel platform previously reported by us to 

support the survival, growth, and differentiation of primary B cells (111, 112). As 

indicated in Figure 2D, hydrogels fabricated using 2.5% gelatin and reinforced with 2% 

nanoparticles showed strain energy density comparable to primary human and mouse 

lymphoma tissue. Although lymphoid tissues could not be analyzed using a rheometer, 

hydrogel literature has widely reported storage modulus as a stiffness measurement 

(111, 123-125). We therefore determined the storage and loss modulus of these same 

set of organoids and observed a similar trend with stiffness storage modulus (defined as 

stiffness hereafter) as was observed with strain energy density, except that the 
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measurement yielded storage modulus values in the range of 1500 – 3000 Pa (Figure 

2E), which corresponded to 1 – 2 J/m3 strain energy density using the aspiration method 

(Figure 2C). This range of stiffness is similar to values reported for lymphoid tissue 

stiffness using magnetic resonance elastography (118). In addition, we have previously 

reported that gelatin-nanoparticle hydrogels in this stiffness range support viability and 

spreading of mammalian cells (111, 112).  For the remainder of the studies, this storage 

modulus (G') was used as a reference for hydrogel organoid stiffness and to study the 

role of tissue stiffness on lymphoma growth and protein expression levels.  

3.3 Biomaterials-based engineered lymphoma organoids with controlled 

stiffness regulate the proliferation of human lymphomas and survival of 

primary murine lymphomas 

We first determined the role of tissue stiffness on human and mouse lymphoma growth. 

These studies were performed with and without stromal support. For human 

lymphomas, follicular dendritic cells were used as a stromal support as reported earlier 

by us (45). We hypothesized that the stiffness of lymphoid tissue will modulate the 

proliferation of lymphoma cells through mechanical stimulation of surface receptors 

such as integrins and BCR, and possibly through actin-mediated contractility which has 

previously been shown to be influenced by extracellular matrix stiffness (126-128). In 

these studies, we first examined the role of organoid stiffness on the growth of IgM 

BCR-dependent ABC-DLBCL cell lines (Figure 3A) (98) and IgM-BCR independent 

ABC-DLBCL line OCI-LY3. In both ABC-DLBCL subtypes, we observed increased 

growth in all organoids over 5 days of culture and the growth was significantly higher 

than conventional 2D cultures of lymphoma (Figure 3A, p<0.05). Importantly, ABC-

DLBCLs grown in organoids with medium tissue stiffness (2000 Pa) showed the 

maximum proliferation as compared to lower stiffness (1500 Pa) and higher stiffness 

(3000 Pa) organoids. Importantly, the stiffness of the organoid with maximum 

proliferation was comparable to that of human lymphoma tissue and mouse neoplastic 

lymph nodes, suggesting that tissue stiffness supports lymphoma growth. When GCB-

DLBCL cells, which are IgG-BCR dependent and not IgM-BCR dependent, were 

cultured in the lymphoma organoids, we observed no differences in proliferation rate 
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between 2D and 3D organoid groups (Figure 3B), suggesting GCB-DLBCL are either 

less dependent or independent of lymphoid tissue stiffness. Stiffness-dependent 

proliferation of ABC-DLBCL was further confirmed with another human ABC-DLBCL 

line HBL-1 (Figure 3C), which demonstrated significantly higher proliferation over 4 

days of culture in organoids with 2000 Pa stiffness (p<0.05). We observed no 

differences in survival of ABC or GCB-DLBCLs in 3D organoids as compared to 2D 

cultures, as indicated by live dead staining in Figure 3D. These studies further highlight 

an important observation that there exists an optimum tissue stiffness at which 

lymphomas proliferate, which is distinct from the observations with tumors of non-

lymphoid origin such as mammary tumors where increasing stiffness correlates with 

tumor growth (104). The reasons for these observations are not entirely clear and may 

be dependent on other phenotypic changes in these cells. Therefore, future ex vivo and 

in vivo studies are needed to understand the mechanism behind lower proliferation in 

3000 Pa organoids.  

We next determined the role of another lymphoma tumor microenvironment 

component, follicular dendritic cells, on the growth of ABC-DLBCL and GCB-DLBCL 

in organoids with similar mechanical stiffness to patient tissue. In ABC-DLBCL, 

presence of growth-arrested follicular dendritic cells supported significantly higher 

lymphoma proliferation as compared to organoids that did not contain follicular 

dendritic cells (Figure 3E, p<0.05). These differences were not observed in 2D co-

cultures. Unlike ABC-DLBCLs, GCB-DLBCLs did not show any significant 

differences between organoids and 2D cultures, with or without follicular dendritic cells 

(Figure 3D). These studies further indicate that GCB-DLBCLs are less dependent on 

lymphoid tumor microenvironment than ABC-DLBCL.  

We next determined the role of 2000 Pa hydrogel stiffness on the survival of 

primary Eµ-myc lymphomas in organoids as compared to 2D co-cultures. Previous 

studies have shown that bone marrow stromal cells are critical for the survival of 

primary Eµ-myc lymphomas (129). We screened HS-5 bone marrow stromal cells 

which sustain hematopoiesis (130-132), our previously reported 40LB stromal cells that 

present mouse CD40 Ligand and B cell activating factors (111, 112, 133), JAWSII 
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mouse dendritic cells (134, 135), and human follicular dendritic cells HK (45, 62) for 

sustaining the short term survival of primary Eµ-myc lymphomas. Only HS-5 sustained 

the survival of primary Eµ-myc lymphomas (data not shown) and therefore we used 

HS-5 stromal cells in 3D organoids. As indicated in Figure 3F, 2000 Pa hydrogel 

stiffness resulted in significantly higher survival of Eµ-myc cells as compared to 2D 

cells (p<0.05). These findings suggest that matching the appropriate soft tissue stiffness 

is important for prolonging the survival and growth of primary and established 

lymphomas. 

3.4 Stiffness promotes drug resistance against standard chemotherapy as well 

as novel chemotherapy-free epigenetic drugs 

Since most studies to date have focused on drug-lymphoma interactions under 2D 

conditions, we hypothesized that increased proliferation under the effect of lymphoid 

tissue stiffness will reduce the apoptosis of ABC-DLBCLs when exposed to anti-

lymphoma drugs. In separate experiments, we exposed ABC- and GCB-DLBCLs to 

either the conventional chemotherapy drug vincristine or the epiegentic Histone 

Deacetylase inhibitor (HDACi) Panobinostat. HDACi are a new class of epigenetic 

drugs that have shown promise in early-phase clinical trials for the treatment of 

hematological malignancies. For example, in a phase II B study (136), 24% of refractory 

cutaneous T cell lymphoma (CTCL) patients who had originally failed conventional 

therapies had a complete or partial response to vorinostat, an FDA approved HDACi. 

Another drug of interest is Panobinostat that has been tested in hematological 

malignancies such as acute myeloid leukemia (AML) (137) and multiple myeloma (138, 

139). Panobinostat has recently entered into phase II clinical trial with other 

hematological malignancies. We have previously shown that Panobinostat induces less 

apoptosis when lymphomas are treated in a tumor-specific microenvironment, such as 

in the presence of pro-survival integrin binding ligands (45); however, not much is 

known about the drug and its mechanism of action in B cell lymphomas in the context 

of tissue stiffness.  

As indicated in Figure 4A,B, a significant 20-40% lower Annexin-V staining 

(apoptosis) was observed in HBL-1 cells in 3D organoids of varying stiffness as 
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compared to 2D growth conditions when exposed to either vincristine of Panobinostat. 

Organoids with tissue stiffness (2000 Pa) comparable to human lymphoma tissue 

stiffness demonstrated maximum resistance to apoptosis within organoid groups 

(Resistance: 1500 Pa < 2000 Pa > 3000 Pa). Since HBL-1 is IgM BCR-dependent ABC-

DLBCL, we determined the effect of drug on a BCR-independent ABC-DLBCL in 

order to understand the relationship between drug response and BCR signaling.  Unlike 

HBL-1 ABC-DLBCLs, BCR independent LY3 showed the lowest apoptosis in the 

softest organoids, although all organoids demonstrated significant lower apoptosis than 

in 2D growth conditions (Resistance: 1500 Pa > 2000 Pa = 3000 Pa). Similar to ABC-

DLBCLs, we observed reduced apoptosis in GCB-DLBCL OCI-LY1 cells grown in 3D 

organoids; however we did not observe any difference between the soft and stiff 

organoids (Resistance: 1500 Pa = 2000 Pa = 3000 Pa). 

These observations support the proliferation results where ABC-DLBCL 

proliferation was dependent on organoid stiffness, whereas GCB-DLBCL proliferation 

was independent of stiffness. We do not anticipate drug diffusion to be responsible for 

these differences because these organoids have been previously used for growth factor 

delivery and antibody staining (111). The general reduction in apoptosis observed in 3D 

microenvironment as compared to classic 2D cultures are consistent with our previous 

reported work, where similar drug uptake was observed under both 3D and 2D 

conditions (45). Instead, we hypothesize that reduced apoptosis in the 3D organoid 

microenvironment can be attributed to differential regulation of pro-survival signals 

such as integrin receptors and BCR on these cells. To test this hypothesis, we evaluated 

the expression level of hallmark markers CD19 and BCR on the surface of cells either 

grown in 2D or in 3D organoids with varying stiffness. As indicated in Figure 5A, IgM-

dependent ABC-DLBCL (HBL-1) upregulated the expression level of CD19 in 3D 

organoids as compared to 2D cultures, and maximum CD19 expression level was 

observed at 2000 Pa stiffness. Similar observations were made with IgM-independent 

ABC-DLBCL cell line LY-3. In contrast, while GCB-DLBCL upregulated the 

expression of CD19 in 3D, no differences were observed among the three hydrogel 

stiffness values that were studied. Importantly, IgM BCR expression was highly 



 94 

dependent on stiffness in ABC-DLBCL (Figure 5B). In HBL-1 ABC-DLBCLs, 2000 

Pa stiff hydrogels demonstrated maximum upregulation of IgM-BCR whereas in BCR 

independent LY-3, 2000 Pa stiffness significantly reduced IgM expression level 

between the three organoid stiffness. There was no effect of stiffness in LY-1 GCB-

DLBCL, and all 2D cultures had lower expression levels of IgM-BCR.  

This observation is important because in ABC-DLBCLs, IgM BCR is 

chronically activated and has implications in lymphoma survival and progression (52, 

60). The BCR is a transmembrane protein complex located on the outer surface of 

healthy and malignant B cells (60). It is a heterodimer composed of heavy-chain and 

light-chain immunoglobulins (Igs), CD79A/Igα and CD79B/Igβ. ABC-DLBCLs are 

commonly associated with mutations of components in the BCR pathway, such as 

CD79A/B (~20% of ABC-DLBCLs) (56), CARD11 (~10%) (61), and several others. 

Targeting hallmark pathways of ABC-DLBCL, such as those activated by the BCR, has 

the potential to impact a broad cross-section of ABC-DLBCL patients (58, 59).  

Proposed therapeutic strategies for ABC-DLBCL target proteins that signal 

downstream of the BCR pathway, including kinase inhibitors targeting Bruton’s 

tyrosine kinase (BTK), mitogen-activated protein kinases (MAPKs), and AKT (52). 

These signaling mediators intersect with integrins such as α4β1, and other mechano-

transduction pathways (140-142) which can be activated through adhesion to 

extracellular matrix and tissue stiffness. Therefore, we next determined the expression 

level of integrin β1 in human lymphomas and primary mouse lymphomas. As indicated 

in Figure 6, integrin β1 mean fluorescent intensity was significantly higher in 2000 Pa 

organoids in both IgM-dependent and –independent ABC-DLBCLs (p<0.05). In 

contrast, in GCB-DLBCL integrin β1 was higher in the softest organoid (1500 Pa) and 

not in 2000 Pa organoids. Since previous studies have shown that integrin β1 supports 

survival and growth of ABC-DLBCLs, this current study suggests that the stiffness of 

lymphoid tissue can upregulate the expression level of mechanoreceptor integrin β1 in 

ex vivo cultures. We further observed an increase in integrin β1 expression in primary 

Eu-Myc lymphomas as well, as compared to 2D co-cultures, a finding that supports the 

need for modular 3D lymphoma tissue constructs with tunable stiffness for supporting 
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primary and established lymphoma cultures. We used the 2000 Pa stiffness to compare 

differences in expression levels of IgM BCR in primary lymphoma tissues when 

cultured in 3D versus 2D. We cultured Eu-Myc tumors with HS-5 in 2D co-cultures and 

3D organoids, and observed a significant increase in IgM-BCR levels Figure 7, 

suggesting that 3D organoids modulate the expression levels of surface markers in 

primary mouse tumors.   

Stiffness and deformation are strongly regulated by actomyosin contractility 

(128). Because our results indicated that the integrin β1 in lymphomas were regulated 

by matrix stiffness and since previous studies have shown that integrin β1 is linked to 

the actin cytoskeleton via association with proteins such as talin and vinculin (143-145), 

we hypothesized that the enhanced growth of lymphomas in 2000 Pa organoids could 

be attributed to integrin-actin-mediated contractility. We therefore inhibited actin-

myosin contractility using the Rho-ROCK inhibitor Y-27632 (140, 146). As indicated 

in Figure 8, inhibiting contractility did not affect ABC-DLBCLs in 2D cultures, but 

significantly reduced proliferation in 2000 Pa 3D organoids. This effect was not 

observed in GCB-DLBCL, which suggests that contractility mediated proliferation is 

specific to ABC-DLBCL.  

Conclusion 

Our results are the first evidence that lymphoma survival, proliferation, drug response, 

and BCR signaling is influenced by lymphoid tissue stiffness in a molecular subtype 

dependent manner. These results emphasize the role of biomaterials based 3D tissues 

with tumor matched stiffness and the importance of lymphoid tissue stiffness in 

malignant B cell tumors. In the past, lymphoid tissue stiffness and mechanosensing has 

been largely ignored in mechanistic study lymphoma progression and its therapeutic 

evaluation of B cell lymphomas ex vivo. Therefore, investigation of chemotherapeutics 

and upcoming new classes of therapeutic agents that target epigenetic, matrix, or 

angiogenesis pathways should consider the potential confounding interactions between 

the lymphoid tumor microenvironment and cell-molecular level. Future studies will 

determine the independent role of tissue bioadhesive signals, stiffness, and stress 

relaxation in the proliferation and drug response in lymphomas.   
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Figure Legend 

 

Figure 1. Change in lymph node and spleen size and weight with lymphoma 

tumorigenesis.  A) Photographs representing healthy and neoplastic lymph nodes and 

spleen from Eµ-myc mice. Animals were sacrificed prior to showing clinical signs 

(healthy) or upon reaching health endpoints (lymphoma). B) Change in the size of 

lymph node and spleen isolated from Eµ-myc mice pre-and-post lymphomagenesis. N 

=5; Mean ± S.E.M; p<0.05, C) Fold change in the weight % of lymph node and spleen 

isolated from Eµ-myc mice pre-and-post lymphomagenesis. Weight % was initially 
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measured relative to body weight and then normalized to healthy lymph node or spleen, 

respectively. N =5; Mean ± S.E.M; p<0.05. 

 

Figure 2. Mechanical characterization of healthy versus tumorous lymph nodes 

and spleen, and hydrogel organoids.  A) Photograph showing the mouse tumorous 

lymph node being aspirate using the micropipette aspiration method. The pipette radius, 

rp, and the aspirated length, L are indicated.  B). Representative pipette test data for a 

lymph node. C) Strain energy density was calculated from the area under P vs λ curve. 

Bar graph represents strain energy density of healthy and neoplastic lymph nodes from 

Eµ-myc mice, and a human lymphoid tumor. D) Storage and loss modulus of hydrogels 

fabricated using gelatin (denoted G) at the indicated concentration (2, 2.5, or 3%) and 

silicate nanoparticles (denoted N) at a concentration of 2%. E) Comparison of storage 

modulus and strain energy density of hydrogel organoid as a function of gelatin weight 

%. The red oval dotted circle indicates the stiffness range for healthy lymph nodes, blue 

represents diseased lymph node, and green represents neoplastic splenic tissue stiffness 

range. Lymph node and spleen were freshly isolated from Eµ-myc mice pre-and-post 

lymphomagenesis.  
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Figure 3. Lymphoid stiffness regulates proliferation of mature B cell lymphomas. 

(A-C) Proliferation of ABC-DLBCL lines (LY-10, LY-3, HBL-1) and GCB-DLBCL 

line LY-1 in hydrogel organoids, co-cultured with follicular dendritic cells (FDCs). 

Proliferation was quantified with MTS assay, with FDCs pre-treated with mitomycin C 

(Mean ± S.E.M, n = 3, *p < 0.05). (D) Fluorescence microscopy projections represent 

live/dead population of ABC- and GCB-DLBCLs encapsulated within 2000 Pa 

hydrogels. Images are representative of n = 3. Scale bar 10 µm. (E) Proliferation of 

ABC-DLBCL and GCB-DLBCL in 2000 Pa hydrogel organoids, co-cultured with or 

without follicular dendritic cells (FDCs). Proliferation was quantified with MTS assay, 

with FDCs pre-treated with mitomycin C (Mean ± S.E.M, n = 3, *p < 0.05). (F) 

Proliferation of primary Eu-myc lymphomas in 2000 Pa hydrogel organoids or 2D, co-
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cultured with HS-5 bone marrow stromal cells. Proliferation was quantified with MTS 

assay, with HS-5 cells pre-treated with mitomycin C (Mean ± S.E.M, n = 3, *p < 0.05) 

 

Figure 4. Lymphoid tissue stiffness modulates drug resistance in mature B cell 

lymphomas treated with the conventional chemotherapy drug vincristine or 

histone deacetylase inhibitor Panobinostat. (A) Bar graphs represent % apoptosis in 

B cell lymphomas exposed to vincristine. ABC- or GCB-DLBCL cell lines HBL-1, LY-

3, and LY-1 were cultured for 3 days in 2D or 3D organoids and exposed to 1 mM 

vincristine for 48 hr. B cell lymphomas were stained with APC-IgM BCR and Annexin 

V-FITC for apoptosis analysis (Mean ± S.E.M, n = 3, *p < 0.05 compared to all 3D 

groups and #p < 0.05 compared to all other 3D groups). (B) Bar graphs represent % 

apoptosis in IgM BCR dependent ABC-DLBCL line HBL-1 exposed to HDACi 

Panobinostat. HBL-1 was cultured for 3 days in 2D cultures or 3D organoids and 

exposed to 50 nM Panobinostat for 24 h. B cell lymphomas were stained with CD19 

and Annexin V-FITC for apoptosis analysis (Mean ± S.E.M, n = 3, *p < 0.05 compared 

to all 3D groups and #p < 0.05 compared to all other 3D and 2D groups). 
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Figure 5. Effect of lymphoid tissue stiffness on B cell lymphoma markers and B 

cell receptor. (A-B) Bar graphs represent flow cytometry analysis (mean fluorescence 

intensity (MFI)) of (A) CD19 and (B) IgM surface markers in ABC- and GCB-DLBCL 

cells cultured in 2D condition or 3D organoids (all with FDCs). Mean ± S.E.M, n = 3, 

*p < 0.05, ANOVA. and #p < 0.05 compared to all other 3D groups. 

 

Figure 6. lymphoid tissue stiffness differentially regulates the integrin β1 

expression in genetically diverse B cell lymphomas. Bar graphs represent flow 

cytometry analysis (mean fluorescence intensity (MFI)) of integrin β1 surface markers 

in ABC- and GCB-DLBCL cells cultured in 2D condition or 3D organoids (all with 

FDCs). Mean ± S.E.M, n = 3, *p < 0.05, ANOVA and and #p < 0.05 compared to all 

other 3D groups. 
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Figure 7. Effect of lymphoid tissue stiffness on integrin β1 and IgM BCR  

expression in primary mouse B cell lymphomas. Bar graphs represent flow cytometry 

analysis (mean fluorescence intensity (MFI)) of integrin β1 and IgM BCR surface 

markers in primary Eu-myc lymphomas cultured in 2D condition or 3D organoids (all 

with HS-5). Mean ± S.E.M, n = 3, *p < 0.05, t-test. 

 

Figure 8. Lymphoid tissue stiffness modulates actomyosin contractility in human 

B cell lymphomas. Bar graphs represent cell proliferation analysis of ABC-DLBCL or 

GCB-DLBCL cells cultured in 2D conditions or 3D organoids, in the absence or 

presence of ROCKi (all with follicular dendritic cells). Mean ± S.E.M, n = 3, *p < 0.05, 

t-test. 

 

 

 

 

 

 

 

 



 108 

CHAPTER 4 

Integrins modulate the interaction between endothelial cells and Human B Cell 

Lymphoma in a Molecular Subtype-Specific Manner 

FNU Apoorva1, Lu Ling2, Kristine Lai1, Claudia Fischbach2, Ankur Singh1 

1Sibley School of Mechanical and Aerospace Engineering, College of Engineering, 

Cornell University, Ithaca, New York, USA, 

2Meinig School of Biomedical Engineering, College of Engineering, Cornell 

University, Ithaca, New York, USA, 

 

Abstract 

 

Diffuse large B cell lymphoma (DLBCL) is a heterogeneous group of lymphoma cancer 

that accounts for 30% of non-Hodgkin's lymphoma. The activated B cell (ABC) subtype 

of DLBCL, which constitutes one-third of the DLBCL, is the most refractory form of 

lymphoma associated with poor clinical outcome (52-56, 61). It is increasingly 

becoming evident that tumor microenvironment actively participates in the initiation 

and progression of lymphoma, by promoting vascular network formation by endothelial 

cells. Recent studies have shown the significance of tumor associated endothelial cells 

in pathogenesis and treatment of lymphoma. Unfortunately antiangiogenic lymphoma 

therapies such as bevacizumab have reaped poor outcome because of lack of 

mechanistic insight into lymphoma microenvironment and associated angiogenesis. We 

recently elucidated the role of integrins in transduction of B cell Receptor signaling, and 

how these signaling implicate mechanical stiffness and lymphatic grade shear stress in 

lymphoma.   Here we demonstrate the role of integrins in angiogenesis in DLBCLs. We 

present an engineered hydrogel based DLBCL organoid where one can modulate the 

integrin signature of tumor microenvironment. Such an organoid model is apt to study 

the cell-cell interactions within DLBCL microenvironment, and could potentially 

develop into an DLBCL vascularization platform to study the angiogenic factors in a 

neoplastic lymph nodes. The current study focuses on DLBCL-endothelial interaction 
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and demonstrate that both DLBCLs and endothelial cells employ two sets of integrins 

4 1 and v 3, and surface receptor VEGFR to establish dysregulated VEGF based 

autocrine and paracrine signaling pathways that promotes the proliferation of 

endothelial cells and lymphoma progression in a synergistic manner. Taken together, 

these data indicate that integrins may present a novel antiangiogenic target for 

lymphoma therapy. 

Keywords: B cell receptor, organoids, integrin, angiogenesis, VEGF, extracellular 

matrix, integrin inhibitors 

 

1. Introduction 

DLBCL is a pathophysiologically heterogeneous group of B cell lymphoproliferative 

disease that accounts for 30% of non-Hodgkin Lymphoma. Despite the advancement in 

understanding of molecular pathogenesis and phenotypic heterogeneity of DLBCLs, the 

standard care for any type of DLBCL is R-CHOP. Activated B Cell (ABC) lymphoma 

is an aggressive form of DLBCL for which patients 5-year survival is as low as 30-45%, 

and it has not improved much in past 20 years (1, 3, 53). Considering the relatively high 

occurrence rate of ABC-DLBCLs and subsequent high relapse rate, it needs an 

immediate attention.  

Recent studies show that development of DLBCL neoplasm accompanied by 

angiogenesis is a prognostic signature of a less favorable clinical outcome of RCHOP. 

It is evident from recent investigations that tumor microenvironment actively 

participates in the initiation and progression of lymphoma. The microenvironment of 

tumor constitutes of extracellular matrix and a large variety of infiltrating non-malignant 

cells such as stromal cells, immune cells and endothelial cells. Angiogenesis is the 

formation of new blood vessels by endothelial cells that supplies neoplasm with 

nutrients and oxygen. Angiogenesis has been extensively studied in the context of solid 

tumor, and several novel anti-angiogenic therapy have been discovered which suppress 

the growth of established tumors by targeting tumor vasculature. Recent studies 

underscore the significance of angiogenesis in pathogenesis and therapy of lymphoma. 

Currently an anti-VEGF monoclonal antibody bevacizumab is in phase-II clinical trial, 
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which heretofore has shown only limited efficacy in NHL. 

The tumor microenvironment modulates angiogenesis through a set of stimulatory and 

inhibitory factors, and endothelial cell surface receptors. Some of the extensively 

studied angiogenic factors are Vascular Endothelial Growth Factors (VEGF) such as 

VEGF-A, VEGF-B, VEGF-C, VEGF-D) and Placenta Growth Factors (PlGF). These 

growth factors transduce angiogenic signals to endothelial cells by binding with their 

receptor tyrosine kinases, namely VEGFR-1 and VEGFR-2. From several past in-vitro 

and in-vivo studies of solid neoplasm it is evident that integrins of endothelial cells 

regulate cell growth, survival and migration during angiogenesis.  Avraamides et.al 

presented a comprehensive list of integrins and their respective roles in pathological 

angiogenesis, and emphasized on role of heterodimers 4 1 and v 3. These integrins 

when in ligation state they promote cell growth, homing and assembly of endothelial 

cells, but their unligated state or their antagonization with an integrin antagonist induces 

apoptosis of endothelial cells and subsequently supression of tumor via p53 

enhancement. FischBach et.al presented a bio-artificial culture platform to elucidated 

the significance of 3D integrin engagement in agiogenesis. It is evident from these 

findings that 3D tumor microenvironment cue and 3D integrin egagement regulates 

secretion of VEGF and IL-8 by camcer cells, which subsequently modulates agiogenesis 

and cancer progression.  

Eunice et.al demonstrated that lymphoma cells secrete VEGF and express VEGFR-1 

and VEGFR-2, and presented a potential VEGF targeting anti-angiogenic therapy for 

lymphoma. Ruan et.al showed that Platlet-derived growth factor-type BB (PDGF-BB) 

is also implicated in vascular maturation and stabilization, and demonstrated the role of 

PDGFRβ inhibitor imatinib mesylate in targeting angiogenesis and attenuating 

lymphoma. Recently, Tian et.al investigated the role of crosstalk between lymphoma 

cells and the extracellular matrix via integrin molecules in lymphoma growth and 

chemo-resistance (62, 105, 106). Specifically, Tian et.al demonstrated that the crosstalk 

between the lymphoma microenvironment and integrin α4β1 and αvβ3 is critical for 

human DLBCLs survival (45).  

Despite significant evidence for implication of integrins in agiogenesis in solid 
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neoplasm, there is no reported study to this date on the role of 3D integrin engagement 

in angiogenesis in lymphoma. We hypothesize that 3D integrin engagement regulates 

endothelial and lymphoma growth by modulating the secretion of VEGF and surface 

expression of VEGFR by both lymphomas and endothelial cells.  We present a hydrogel 

based bioartifical platform with tunable integrin ligand presentation capability to study 

angiogenesis in lymphoma. We also demonstrate that 3D integrin engagement 

transduces the cross talk between endothelial cells and lymphoma cells via VEGF and 

surface expression of VEGFR in ABC-DLBCLs. This cross talk differentially promotes 

the growth of lymphoma cells and endothelial cells in a molecular subtype dependent 

manner, which we believe could potentially impact  vascularization and disease 

progression in DLBCL patients. We anticipate that these findings would lead to better 

understanding of angiogenesis in DLBCL, and help in development of integrin 

antagonist based novel anti-angiogenic lymphoma therapy. 

Materials and methods 

1.1 Human B cell lymphoma and endothelial lines 

We used a set of five lymphoma cell lines that would capture the molecular diversity of 

DLBCLs. These cell lines are: HBL-1 (ABC-DLBCL, IgM BCR dependent), LY-10 

(ABC-DLBCL, IgM BCR dependent), LY-7 (GCB-DLBCL, IgM BCR independent), 

LY-3 (ABC-DLBCL, IgM BCR independent), and LY-1 (GCB-DLBCL, IgM BCR 

independent). human umbilical vein endothelial cells (HUVEC, Lonza) were used  as 

vascular cells for human lymphomas (45). All lymphoma cells except LY-10 were 

cultured in RPMI 1640 media supplemented with 10 % fetal bovine serum and 1 % 

penicillin/streptomycin. Ly-10 cells was cultured in Iscove's Modified Dulbecco's 

media (IMDM) supplemented with 20 % fetal bovine serum and 1% 

penicillin/streptomycin. The subsequent passage of these lymphoma culture involved 

use of 20 % conditioned media (45).   The HUVEC cells at low passage (p < 6) were 

cultured in Bio-Whittaker medium 199 (M199) supplemented with endothelial cell 

growth supplement (ECGS, Millipore, Billerica, MA), 20% FBS, 1% P/S, 2 mM 

Glutamax, and 5 U/mL heparin.  
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1.2 Cell encapsulation, organoid fabrication and vascularization 

The organoids encapsulating lymphoma cells with 7.5% (w/v) PEGMAL macromer 

concentration were fabricated using PEGMAL (Laysan bio, Inc., > 90% purity) and 

thiolated cross-linkers. PEGMAL macromers were initially functionalized with 

thiolated bioadhesive peptides RGD or REDV with 4:1, 4:0.75, 4:0.5, 4:0.25, and 4:0 

MAL-to-peptide molar ratio. MMP-degradable peptide VPM and nondegradable 

dithiothreitol (DTT) thiolated cross-linkers were combined at a 50:50 molar ratio, and 

added to macromere for crosslinking in 4:1.5 macromer-to-cross-linker molar ratio. All 

components were prepared using PBS++ solution with pH 7.4 and 1% HEPES. 

Lymphoma cells were suspended in the PEGMAL macromer solution prior to cell 

encapsulation. Each organoid was formed in the middle of a well of a nontreated 96 

well plate by placing 5 µL of functionalized PEGMAL macromere and injecting 5 µL 

of cell-containing cross-linker solution macromer droplet, flowed by quick mixing using 

a pipette. The resulting hydrogel organoids were set by curing them for 15 min at 37° C 

inside cell culture incubator. Fresh 50:50 solution of M199 and RPMI 1640 (or IMDM 

for LY10) and supplemented with 10% FBS (20% for LY10), and 1% P/S was then 

added to the organoid culture. 

1.3 Cellular analyses of lymphomas in organoids  

Lymphoma proliferation studies were performed using a CellTiter 96 AQueous One 

Solution Cell Proliferation Assay (Promega) (45, 114, 115). For this study media was 

removed from TCP wells, and organoids were washed with PBS. Following that 

CellTiter reagent was added as per manufacturer’s protocol, and resulting supernatant 

was analyzed after 4 hr using a Biotek H1 Hybrid plate reader. For flow cytometry 

analysis, organoids were degraded by enzymatic degradation for 6 hrs using collagenase 

solution (25 U/mL, Worthington Biosciences), and cells were harvested using a 70 µm 

cell strainer (BD Falcon). The harvested cells were washed with PBS and stained with 

antibodies against B cell marker CD19, BCR IgM, integrins CD29 (β1) and CD49D 

(α4) at 1:500 dilutions for 1 hr at 4 °C. The antibodies used for flow cytometry studies 

were Anti Human IgM (APC), Anti Human CD20 (PE CY7), Anti Human CD49D 

(FITC), and Anti Human CD29 (PE), Anti Human CD51/61 (FITC), Anti Human CD31 
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(FITC) and all were purchased from eBiosciences. The stained cells were re-suspended 

in FACS buffer and analyzed using a BD Accuri C6 flow cytometer. FlowJo software 

was used to analyze data.  

1.4 Integrin-inhibition studies in organoids 

The integrin inhibition studies on lymphoma cells were performed by allowing cells to 

proliferate in organoids for 3 days under normal growth conditions followed by addition 

of the integrin inhibitors. We studied two classes of integrin inhibitors: (a) cilegitide 

(αvβ3 inhibitor) and (b) BIO1211 (α4β1 inhibitor). After 48 hr of drug exposure, cells 

were harvested and stained with for flowcytometer analysis of biomarkers, and 

supernatant was used to run ELISA. In order to study the effect of integrin inhibition on 

angiogenesis morphology, co-culture of HUVEC and lymphomas were treated with two 

integrin inhibitors right at the inception of culture, and fluorescent microscopy was done 

at an intermittent period of 24 hr for 3 days. 

1.5 Statistical analysis 

We carried statistical analysis of variance by Tukey's test (1-way ANOVA) or 

Bonferroni correction (2-way ANOVA) method using GraphPad Prism software. The 

groups which have p-value of less than 0.05 were considered significantly different. All 

experiments were carried in triplicates unless otherwise mentioned. The quantities 

reported in this manuscript are in the form of Mean ± S.E.M. 

2. RESULTS AND DISCUSSION 

2.1 The presence of lymphoma cells upregulates the proliferation of endothelial 

cells 

In order to understand the role of lymphoma tumor in angiogenesis, we cultured 

HUVEC cells in supernatant obtained from various lymphoma culture. The endothelial 

cells manifested rapid proliferation in lymphoma supernatant in a lymphoma subtype 

dependent manner. As indicated in Figure 1A and B, culture of endothelial cells in 

IM199 media conditioned with supernatant from lymphomas, showed remarkably 

higher proliferation as compared to no-supernatant counterpart, and this could be 
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observed as soon as on third day of starting the culture. While ABC-DLBCLs 

proliferated to ~4 fold p<0.05 compared to their no supernatant counterpart, GCBs 

proliferated at a relative slower rate, to ~2 fold p<0.05 in comparison to culture without 

supernatant. Similarly, ABC lymphomas, in the presence of endothelial cells in 2D 

culture, proliferate at ~2X rate compared to stand alone culture of lymphomas, as shown 

in  (Figure 1C, D; p<0.05). Cocco et.al reported an investigation on DLBCLs and 

follicular lymphoma in which conditioned media lymphomas stimulated strong 

angiogenic response in a CAM assay. Brandvold et.al demonstrated that MYC over 

expression in chicken lymphocytes generates an angiogenic phenotype both in-vivo as 

well as in-vitro. Brandvold et.al also reported that conditioned media from the culture 

of MYC transformed lymphocytes of chicken strongly simulated the proliferation of 

endothelial cells as high as 5 fold compared to a culture without conditioned media. 

(Ribatti et.al and Brandvold et.al). In yet another reported experiment by Bao et.al, it 

was observed that conditioned media from stem-cell like glioma cells significantly 

increased migration and growth of endothelial cells. Many previously reported studies 

implicated VEGF secretion by cancer cells as the prime pro-angiogenic factor. 

Gratzinger et.al conducted immunohistochemistry on DLBCL patient tumor and found 

that 60% of these samples stained positive for VEGF.  Kuramoto et.al and Ship et.al 

reported that often DLBCLs are associated with overexpressed VEGF gene expression. 

This motivated us to characterize the VEGF secretion by lymphoma cells. In order to 

capture the entire spectrum of DLBCL, we measures VEGF level in the culture media 

of various lymphoma cell lines. Figure 1D presents the VEGF release profile of 

different cell lines, and as shown, lymphomas secrete VEGF in varying amount 

depending on the molecular subtype of DLBCLs. 

2.2 Synthetic hydrogel-based engineered lymphoma organoids with tunable 

integrin ligand presentation  

It has been previously reported that 3D culture and integrin engagement has profound 

effect on angiogenesis in various types of cancer. But to this date role of 3D culture and 

integrin in lymphoma has not been extensively studied. We hypothesized that integrin 

specificities and integrin density would determine the extent of induction of pro-survival 
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factors. In the spirit of understanding the effect of 3D culture and integrin engagement 

on DLBCLs and endothelial cells we synthesized an engineered hydrogel organoids of 

PEGMAL with varying density of RGD and REDV motives. We observed that 3D 

integrin liganded organoids differentially stimulated the proliferation of DLBCLs in a 

molecular subtype and integrin density dependent way, as shown in Figure 2A.  HBL-

1, which is an ABC-DLCBCL cell line, responded strongly to RGD. The 3D organoids 

of HBL-1 grafted with RGD always facilitated enhanced proliferation, and the extent of 

proliferation was correlated to the RGD ligand density; organoids with 4:1 macromer to 

RGD ligand showed as high as ~2 fold more proliferation than organoids with no ligand. 

The organoids with REDV motif showed higher proliferation than their 2D counterpart, 

but the effect of density of REDV motif on cell growth was insignificant. As shown in 

Figure 2A, a similar observation was made for LY-10. LY-3 which is a BCR 

independent ABC-DLBCL cell line, while 3D organoids proliferated more than its 2D 

counterpart, increasing integrin ligand density did not have a stimulating affect. 

Similarly, for GCB cell lines LY-1 and LY-7, the 3D organoids with RGD ligand fared 

better in terms of proliferation, but we did not observe any significance of increasing 

ligand density. Fischbach et.al investigated a synthetic ECM of alginate hydrogel that 

contained RGD motives at density matching in-vivo tumor condition to study 

angiogenesis. Interestingly, Fishbach observed that 3D culture and matching integrin 

density promoted cancer cells proliferation, and secreted progiogenic factors such as 

VEGF, IL-10 and bFGF at a markedly higher concentration than in 2D culture. DLBCLs 

and immune cells in general secrete VEGF. We observed that 3D culture of DLBCLs 

were characterized by higher VEFG level in the culture when compared to their 2D 

counterparts. We hypothesized that enhanced proliferation of VEGF promoted the 

growth of endothelial cells, which subsequently  upregulated the growth of DLBCLs.        

2.3 3D integrin engagement modulates release of growth factor by lymphomas 

and development of vascular network 

We next determined the role of endothelial cells on DLBCLs. We cocultured endothelial 

cells and DLBCLs together, and found that presence of endothelial cells, promoted 

proliferation of both ABC and GCB type of DLBCLs. The observation that HUVECs 
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proliferated upto ~5 fold compared to fresh media, motivated us to hypothesize that 

lymphomas released growth factor VEGF which promoted proliferation of HUVECs. 

We also observed 3D organoids enhanced the proliferated of endothelial cells even 

more, as shown Figure 3C. We hypothesized next that 3D integrin engagement 

modulates VEGF secretion by lymphomas. In order to test our hypothesis we 

investigated VEGF release by a spectrum of DLBCL organoids. The results indicate 

that integrin specificity and density of integrin ligand presentation correlates to the 

amount of VEGF released by the orgnoids. Both GCB and ABC- DLBCL organoids 

secreted more VEGF, as we increased the density of RGD ligand in the organoids. In 

LY-1 (GCB-DLCBCL) we did not observe any significant difference between 2D and 

3D VEGF release, unless density of RGD was at least 75% of the PEG macromer. In 

case of REDV presenting organoids, we noticed a similar trend, VEGF released from 

LY-1 organoids matched that of 2D culture unless REDV density was above 75% of the 

macromer. The 3D ABC-organods released more VEGF that 2D, but in a composition 

independent manner.  

2.4 Endothelial cells engage v 3 integrins to adhere to the ECM, and 4 1 to 

adhere to DLBCLs and to form clusters 

We next investigated if blocking of integrins on lymphomas had any effect on their 

VEGF secretion. We first conducted integrin blocking study in 2D cultures. We 

observed that inhibition of αvβ3 using cilengitide affected VEGF secretion only in 

ABC-DLBCLs with chronically activated BCR. The VEGF release in GCB-DLBCL 

(LY-1 and LY-7) and BCR independent ABC-DLBCL (LY-3). Interestingly, inhibition 

of α4β1 by BIO1211 (α4β1 inhibitor) also depreciated VEGF release for all types of 

DLBCL except LY-1 (GCB) and LY-3 (BRC independent ABC).   

The coculture of HUVECs and DLBCLs were characterized by cluster formation of 

lymphomas on above HUVECs. Interestingly, these clusters of DLBCLs were resilient 

enough that they could not be dismantled even after multiple washing by PBS. This 

motivated us to ask if integrins played any role in physical interaction between HUVECs 

and DLBCLs. We treated HUVECs and DLBCLs with cilengitide ( v 3 inhibitor) for 

30 mins, and cocultured them over TCP. We observed that HUVECs treated with 
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cilengitide, as low as 1 µM, did not adhere to TCP and lost their spread morphology, 

and subsequently died over next 24 hrs. The DLBCLs treated with cilengitide did not 

undergo cluster formation, and ~80%   cells dies within 24 hrs of starting the culture. In 

order to elucidate the role of 4 1 we treated HUVECs and DLBCLs with BIO1211 

(α4β1 inhibitor), and coculutred them over TCP. We observed that BIO1211 treated 

HUVECs could adhere and spread over TCP. In contrast DLBCLs did no more adhere 

to BIO1211 treated HUVECs and no cluster formation was observed. Vice-versa, 

treatment of DLBCLs with BIO1211 resulted in loss of cluster formation by DLBCLs 

above HUVECs. These observations concluded that different set of integrins are 

involved HUVEC-ECM and HUVEC-DLBCL interaction. While HUVECs engage 

αVβ3 integrins with ECM in order to adhere and spread, they engage α4β1 integrins to 

form the physical association with DLBCLs.  

2.5 Integrins v 3 and 4 1 modulate the migration of endothelial cells and 

DLBCLs  

We next studied migration of lymphomas and endothelial cells. We hypothesized that 

migration of endothelial cells is modulated by integrins presentation by ECM to 

lymphomas. We employed a microfluidic conduit system with three ports, first housed 

2D control lymphomas, second contained HUVECs, and third port cultured 3D ligand 

specific organoids. We measured the relative migration of HUVEC cells from HUVEC 

port to other two, and  the migration of endothelial and lymphoma cells, as shown in. 

We observed that organoids presenting RGD and REDV ligand to lymphomas promoted 

migration of HUVEC cells. While we observed a significant difference between 

migration of endothelial cells as a result of 2D and 3D culture of lymphomas, we did 

not observe a significant correlation between ligand density and migration though. We 

also observed migration of lymphomas towards endothelial cells, that resulted in cluster 

formation of lymphomas away from three respective ports. This observation is 

important, since it demonstrates that HUVECs promotes cluster formation of DLBCLs 

in a three-step process; firstly endothelial cells and lymphomas both release factors to 

induce migration of lymphomas and endothelial cells, secondly they engage integrin 

4 1 in order to form a physical adhesion between lymphomas and endothelial cells, and 
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thirdly release of growth factors and integrin transduced pro-survival signal promote the 

proliferation of DLBCLs. 

3. CONCLUSION  

Despite past studies implicating integrins in angiogenesis in many different cancer, 

integrins role in lymphoma angiogenesis has been largely ignored. This report presents 

a 3D biosynthetic synthetic model of DLBCL to study the cell-cell interaction between 

lymphomas and endothelial cells. The scaffold has a facile integrin ligand presentation 

capability that allows to probe role of integrin specificity and its 3D ligand presentation 

on lymphomas and endothelial cells. Taken together our results suggest that 3D integrin 

engagement differentially modulates the growth and migration of endothelial cells in 

lymphoma in a molecular subtype dependent manner, by differentially regulating VEGF 

and VEGFR. We anticipate that this 3D biosynthetic model of DLBCL could potentially 

evolve into an DLBCL angiogenesis platform and enable discovery of novel anti-

angiogenic lymphoma therapy based on integrin antagonists. 
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Figure Legend 

 

Figure 4.1 Effect of DLBCLs on Proliferation of HUVECs.  A) Prominent blood 

vessels in a neoplastic lymph node from 2 months old Eu-Myc mice. B) Proliferation of 

HUVECs in the presence of conditioned media from DLBCLs. Fold change in the MTS 



 143 

absorption. N =5; Mean ± S.E.M; p<0.05. C) Proliferation of monoculture of ABC-

DLBCL lines (LY-10, LY-3, HBL-1) and GCB-DLBCL line (LY-1 and LY-7) N =5; 

Mean ± S.E.M; p<0.05, D) Proliferation of ABC- 

DLBCL lines (LY-10, LY-3, HBL-1) and GCB-DLBCL line (LY-1 and LY-7) as a 

result of coculture with HUVECs N =5; Mean ± S.E.M; p<0.05 

 

Figure 4.2 Synthetic hydrogel-based engineered lymphoma organoids with tunable 
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integrin ligand presentation as a model for angiogenesis.  A) Schematic to describe 

the hydrogel synthesis method,  B). Schematic of our angiogenesis platform describing 

the relative arrangement of  DLBCL organoids, Collagen ECM and HUEVCs, C) Effect 

of integrin ligand specificity and its density on Proliferation of ABC-DLBCL lines (LY-

10, LY-3, HBL-1) and GCB-DLBCL line (LY-1 and LY-7) organoids as a result of N 

=5; Mean ± S.E.M; p<0.05, D) Effect of integrin ligand specificity and its density on 

surface receptors of DLBCL N =5; Mean ± S.E.M; p<0.05. 
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Figure 4.3 3D integrin engagement modulates release of growth factor by 

lymphomas and development of vascular network. (A-C) VEGF release profile of 

ABC-DLBCL lines (LY-10, LY-3, HBL-1) and GCB-DLBCL line LY-1 in organoids, 

Mean ± S.E.M, n = 3, *p < 0.05, (D) Bar graph showing reduction in VEGF secretion 

level as a result of inhibition of v 3 and 4 1. Mean ± S.E.M, n = 3, *p < 0.05 

 

Figure 4.4 Endothelial cells engage v 3 integrins to adhere to the ECM, and 4

1 to adhere to DLBCLs and to form clusters. (A) Microscopic images showing the 

adhesion and spreading of HUVECs with and without v 3 and 4 1 integrin 

inhibitors. (B) Bar graphs representing apoptosis of B cell lymphomas and HUVECs as 

result of inhibition Mean ± S.E.M, n = 3, *p < 0.05, (C) Bar graphs represent reduction 

in cluster size of DLBCLs as a result of integrin inhibition Mean ± S.E.M, n = 3, *p < 

0.05. 



 146 

 

Figure 4.5. Integrins v3 and 41 modulate the migration of endothelial cells and 

DLBCLs. (A) Microscopic images of vascular network formation by endothelial cells 

induced by RGD presenting HBL-1 organoids. The images show infiltration of 

HUVECs into HBL-1 organoid on third day of starting seeding of cells. (B) Schematic 

of the microfluidic conduit system to study the migration of HUVECs and DLBCLs, 

and (C) Microscopic images showing protruding HUVECs under chemotactic gradient 

created by DLBCL organoids. The difference in migration towards 2D vs 3D DLBCL 

organoids is visible by as soon as 12 hours (D) Visible difference between proliferation 

of HUVECs inside conduit after 48 hrs; conduit facing 3D organoids proliferate higher 

than the conduit connecting 2D DLBCL. 
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Chapter 5 

Future Work 

 

Moving forward, we propose to combine three innovations, employ a lymphoid 

organoid with suitable lymph node mimicking mechanical properties within 

microfluidic model of lymphatic system along with various cellular component of 

lymphomas microenvironment to present a holistic engineer lymphoma-on-chip that 

would serve as a surrogate lymphoid-and-patient-specific neoplasm allowing for 

efficient and accurate screening of therapeutic drugs for lymphoma. Such a 

comprehensive biosynthetic model would possess the desired qualitied such as 

modularity, tunability, easy to use, and ability to perform long term cultures.  

Currently we lack a suitable biosynthetic angiogenesis model for DLBCL. Anti-

angiogenic drugs have played an important role in advancing cancer therapy. The 3D 

organoid model presented in chapter 4 of this thesis demonstrated its application in 

study of angiogenic factors. This organoid model could potentially be tailored into a 

bio-synthetic model of DLBCL vascularization.  

The current landscape of lymphoma therapy is diverse, and it includes anti-lymphoma 

drugs ranging from chemotherapeutics to those whose mechanism of action is non-

cytotoxic and microenvironment dependent, such as epigenetic and metabolic agents, 

which require long term survival for reprogramming and therefore cannot be tested 

using conventional 2D culture platforms. This necessitates to improve upon the 

biosynthetic models presented here to make them suitable for testing a wide range of  
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drug candidates for lymphomas.


