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Abstract 

Recent achievements in the field of immunotherapy, such as the development of 

engineered T cells used in adoptive cell therapy, are introducing more efficient strategies 

to combat cancer. Nevertheless, these T cells are challenging to manufacture, manipulate, 

and control. Specifically, there are limitations in producing the large amounts of T cells 

needed for these therapies in a short period of time and in an economically viable manner. 

In this thesis, we have studied different 3D systems with the objective of achieving higher 

proliferation rates and tune the resulting phenotypes, resembling the natural 

environment of the secondary lymphoid organs.  

Matrigel and a 3D polystyrene scaffold were studied as two of the most suitable 

commercially available options, showing an increase in cell proliferation compared to 

standard suspension systems. This research proved not only the beneficial effect of the 

addition of a 3D physical support, but also the importance of the chemical input to 

stimulate cell expansion. However, these systems were not designed for secondary 

lymphoid organ mimicking and thus, they significantly differ in terms of ECM composition. 

Consequently, a new platform was developed for this application to improve the obtained 

results. 

Hydrogels composed of poly(ethylene) glycol (PEG) covalently combined with low 

molecular weight heparin (PEG-Hep hydrogels) were synthesized and completely 

characterized for this purpose. PEG confers the 3D structure to the hydrogel, and can be 

manipulated to change its mechanical properties. Heparin, which is a negatively charged 

molecule, is used as an anchor for positively charged proteins that can affect cell behavior. 

This system was used for immune cell expansion under different conditions, specifically, 

unloaded hydrogels were employed as well as hydrogels loaded with cytokines related to 

immune cell proliferation like CCL21 and CCL19. All the conditions resulted in an increase 

of CD4+ T cell proliferation but the highest proliferation indexes were achieved with 

hydrogels loaded with CCL21 together with the addition of CCL19 in suspension, which are 

the conditions that best mimic the extracellular matrix of lymph nodes. Besides, the 

resulting phenotypes of CD4+ T cells cultured in PEG-Hep hydrogels showed an increase 

of the TEM percentage in comparison with cells expanded in suspension.   

The same systems were used for peripheral blood mononuclear cells (PBMCs). 

3D polystyrene improved the proliferation parameters in comparison with suspension 

systems. However, the killing capacity of the resulting cells did not change in comparison 

with cells cultured in suspension due to the lack of chemical input in this system. The 

beneficial results obtained with PEG-Hep hydrogels for the culture of CD4+ T cells could 

not be reproduced for this population. Nevertheless, PEG-Hep hydrogels did show an 

effect in the resulting phenotypes achieved, increasing the CD45RO+/CD62L-  percentage 

(TEM population for T cells).   
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Finally, PEG-Hep hydrogels were studied as bioink for 3D printing, optimizing the protocol 

of hydrogel formation for this application which required a scaling up process. The 

resulting printed scaffolds were applied to immune cell culture. It was observed increases 

in the proliferation parameters of CD4+ T cells and changes in their resulting phenotypes 

in comparison with non-printed hydrogels. In this case an increase in the TCM phenotype 

was observed, which is related to good clinical outcomes. For PBMCs no proliferation 

enhancement was observed and the resulting phenotypes were comparable with the ones 

obtained without printing. However, a further optimization of the use of PEG-Hep 

hydrogels as bioink for 3D printing is still necessary. 
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1.1 Immunotherapy. Historical background 

Immunotherapy is a medical strategy that offers a different approach to chemotherapy, 

radiation, and surgery in the treatment of cancer, which is based on employing and 

reinforcing the immune system of patients. This system protects the organisms against 

disease, distinguishing between self and non-self body cells. However, cancer appears 

from the organism own cells, and it creates a tumor microenvironment with immune 

evasion and immunosuppression signals capable of avoiding the immune response. The 

main objective of immunotherapy is to develop different strategies able to surpass 

cancer immunosuppression methods, detect, and eliminate malignant cells without 

damaging healthy tissues.1 

The knowledge about the natural defenses present in the body to combat cancer exists 

long before the modern period. Throughout history, from ancient Egypt up to the 

Europe in the early 18th century, there are some accounts of tumors “miraculously 

disappearing”, sometimes spontaneously or after a febrile or an infectious episode. 

However, the scientific basis for the attempts to modulate the immune system to treat 

cancer can be found in the second half of the 18th century, when two German 

physicians, Busch and Fehleisen, independently noticed the regression of tumors in 

cancer patients after accidental infections by erysipelas in 1868 and 1882 respectively.2 

In 1891, an American surgeon, William Coley, of the Bone Tumor Service at the 

Memorial Hospital in New York, today known as the Memorial Sloan Kettering Cancer 

Center, observed a long-term regression of a sarcoma after an erysipelas infection. 

Following this results, he developed a treatment consisting of injecting heat-inactivated 

bacteria (“Coley’s toxins”) into patients with inoperable cancers.3 Although he reported 

a significant number of regressions and cures in more than 1,000 patients, most with 

sarcomas, his treatment gradually disappeared from use because of the development of 

radiation therapy and chemotherapy, and his failure to follow good scientific protocols 

and consistently obtain reproducible results. Even viral infections were believed to have 

a cancer suppressive effect, when in 1896 George Dock at the University of Michigan 

observed the remission of an acute leukemia in a 42-year-old woman after an infection 

with influenza.4 After some years with little progress on the topic, Coley’s principles 
were clinically supported by Morales et al.5 in 1976, when the effectiveness of the 

bacterium Bacillus Calmette-Guérin (BCG) was established in the treatment of superficial 

bladder cancer. This study was based on a previous one from 1959 of Old et al.6 showing 

the anti-tumor effects of BCG in a mouse model.  

The beginning of the immunotherapy’s modern era was in the fifties with the discovery 

of interferon by Isaacs and Lindenmann (1957),7,8 and the founding of the Cancer 

Research Institute of New York dedicated to the development of immune-based 

treatments for cancer, by William Coley’s daughter, Helen Coley Nauts.9 In 1959 Ruth 

and John Graham published the first ever cancer vaccine study with 114 gynecologic 

cancer patients treated with adjuvanted tumor lysate, observing a 22% incidence of 
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remission or stable disease.10 However, this study did not achieve a lot of attention. The 

critical role of the cellular immune response in adaptive immunity was fully 

characterized by Jacques Miller’s seminal publication in 1967 titled ‘Cellular basis of the 

immunological defects in thymectomized mice’.11 It was followed by other crucial 

discoveries that would set the stage for a faster evolution of cancer immunotherapy, like 

the discovery and characterization of dendritic cells (DCs) by Ralph Steinman in 1973,12 

Zinkernagel and Doherty’s description of the major histocompatibility complex (MHC) 

restriction in 1974,13 and Eva Klein’s documentation of natural killer (NK) cell activity in 
1975.14,15 Besides, in this period some immune-based cancer treatments began to be 

performed. This is the case of bone marrow transplantation for the treatment of 

hematologic malignancies, which was pioneered in the mid-seventies at the University of 

Minnesota. However, as in William Coley’s time, the immunologic component of these 
regimens was not understood. Together with these first treatments a simultaneous 

revolution in molecular biology allowed Talpaz and colleagues at the MD Anderson 

Cancer Center to molecularly clone the interferon gene for its further industrial-scale 

production and application for treating chronic myeloid leukemia patients.16 

Recently, the field of immunotherapy has been marked by some events that forced 

acceptance of immuno-oncology onto ambivalent clinical practitioners. One of this 

events was the FDA approval of the inhibitor ipilimumab for the treatment of stage IV 

melanoma patients.17 Similarly, the FDA approved sipuleucel-T, an autologous active 

cellular immunotherapy which showed evidence of efficacy in reducing the risk of death 

among men with stage IV metastatic castration-resistant prostate cancer.18 Finally, it 

was also of great importance the success showed in early clinical studies by the chimeric 

antigen receptor (CAR) strategy, first experimentally described in 1993.19 This receptor 

linked the CD19 antigen, which is found on many types of B-cell cancers, single-chain 

immunoglobulin variable region (scFv) to CD3-ζ and other stimulatory signaling domains 

like CD28.20,21 Following this strategy, Carl H. June et al.22 reported in 2011  a phase I 

clinical trial using CD19 targeted CAR T cells for the treatment of three patients with 

advanced chronic lymphocytic leukemia (CLL). A CD19-specific immune response in all 

patients was achieved with a complete remission in two of them, accompanied by the 

persistence of a portion of these cells as memory CAR+ T cells, retaining the anti-CD19 

effector functionality.22 Due to the success obtained, this treatment was applied to treat 

14 patients with relapsed and refractory CLL, observing an overall response rate of 8 of 

14 patients, with 4 complete remissions and 4 partial remissions.23 

These facts provided to the immunotherapy field the support to keep progressing and 

broaden the application of CAR T cell therapy to additional diseases, such as acute 

lymphoblastic leukemia (ALL) in 201324 and refractory multiple myeloma in 2015.25 

Moreover, by the end of 2016, different checkpoint inhibitor drugs were approved by 

the FDA to treat melanoma, renal cell carcinoma, lung cancer, lymphoma, and cancers of 

the bladder. The mechanism of action of these drugs consists of blocking the proteins 
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responsible for inactivating the immune response, allowing the immune cells to detect 

and kill cancer cells.26 In 2018, James P. Allison and Tasuku Honjo were awarded with the 

Nobel Prize in Medicine for their contribution to the discovery of cancer therapy by the 

inhibition of negative immune regulation. 

The success shown by the novel anticancer immunotherapies proving their capacity to 

elicit clinically meaningful and durable responses in different tumor types, has targeted 

them as ones of the most promising strategies to fight cancer. However, the response 

rates are still modest in many cases, especially in solid tumors, and, more efforts are 

required for a better understanding of the mechanisms that underlie this approach to 

improve the clinical outcomes.27  

1.2 Immune system 

The secondary lymphoid organs (SLOs) are in charge of generating and coordinating the 

immune responses in mammals, and they are positioned at strategic locations 

throughout the body. SLOs include lymph nodes (LNs), spleen, Peyer’s patches, and 
mucosal tissues such as the nasal-associated lymphoid tissue. In these organs there is a 

high concentration and transit of immune cells, which move throughout the body in a 

fluid named lymph, and is where T and B cells scan for the presence of their cognate 

antigen. SLO development depends on the precisely regulated expression of cooperating 

lymphoid chemokines and cytokines. When there is no antigen recognition, immune 

cells only receive homeostatic survival signals allowing them to continue their journey 

through the LNs. However, if T or B cells do recognize an antigen, the SLOs provide an 

optimal environment for cellular activation, proliferation, and selection for high affinity 

antibodies.28,29  

1.2.1 Immune cells 

The cells of the immune system can be classified in three types: lymphocytes (T cells, 

B cells and NK cells), neutrophils, and monocytes/macrophages. Peripheral blood 

mononuclear cells (PBMCs) are formed approximately by an 80% of T and B cells, 10% 

NK cells, and 10% myeloid cells, mostly monocytes (figure 1.1). These blood cells play an 

important role in the immune response that preserves the host’s homeostasis, fight 
infection, and cope with intruders.30  
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Figure 1.1 Diagram of the cells present in blood focusing in the composition of PBMCs. Cell images 

courtesy of Wikimedia.org (in February 2020). 

Cellular immunotherapy mainly focuses on modifying the activity of T cells to drive an 

anti-tumor response. The differentiation state and subset specification of T cells can 

influence their metabolism, cytotoxicity, and longevity. T cell differentiation states 

include naïve T cells (TN), central memory T cells (TCM), effector memory T cells (TEM), and 

finally terminally differentiated TEMRA (figure 1.2).31 TCM has been reported to be the 

preferable phenotype for therapy success.32,33 
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Figure 1.2 Linear differentiation of T cells from TN to TCM, TEM, and finally TEMRA. The diagram shows the 

alterations in metabolic characteristics that accompany T cell differentiation. 

1.2.2 Natural structure and function of secondary lymph nodes 

LNs are the organ where it is produce the activation of the immune responses in case of 

antigen recognition. They are kidney-shaped structures ranging from the size of a few 

millimeters to about 1–2 cm, which can get inflamed or enlarged in various conditions 

like infections and malignancies. Humans have around 450 LNs placed at vascular 

junctions along the lymphatic “highways”, where lymphatic vessels converge. They 

contain large numbers of lymphocytes, macrophages, and antigen-presenting 

cells (APCs).34  

A capsule derived from the lymphatic vessels surrounds the inner structure of the LNs, 

which is distributed in different sub-compartments with distinct cellular micro-domains, 

as represented in figure 1.3. These compartments are almost exclusively colonized by 

either T or B cells to facilitate cell-to-cell contact and recognition as well as to provide a 

favorable environment for signaling and induction mechanisms. This distribution is 

critically dependent on cytokines, adhesion molecules, and extra cellular matrix (ECM) 

proteins produced by non-hematopoietic stromal cells.35,36 

Factors that enter the LNs through the afferent lymph can be either transported deep 

into the LN cortex or move via the subcapsular sinus and leave through efferent 

lymphatic vessels. Cells and antigen also enter the LNs via an arteriole at the medullary 

sinus, which branches into a capillary bed with post-capillary venules, called high 

endothelial venules (HEVs). HEVs are placed in the T zone, and are the main points of 
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entry for naïve T and B cells in response to ‘homing’ chemokines like CCL19 and CCL21. 
Finally, in the superficial cortex are found B cell follicles, where B cells interact with 

follicular dendritic cells (FDCs), which present unprocessed immune complexes to B cells 

during germinal center reactions. Besides, they secrete the B cell chemoattractant 

CXCL13 that is essential to maintain the structural integrity of the B cell follicle under 

homeostatic conditions.28,29,34 

 

 
Figure 1.3 Representation of the general structure of a lymph node, where T represents the T zone 

populated for T cells, and B represents the B zone populated by B cells. 

The stroma or structural part of the LNs is in its majority formed by fibroblastic reticular 

cells (FRCs). Besides the supporting function, FRCs are involved in the immune response 

by guiding lymphocyte migration both physically, by providing anatomical arrangements 

that influence the traffic patterns of lymphocytes, and chemically, by secreting the 

chemokines CCL19 and CCL21 that attract T cells, B cells, and DCs, i.e. CCR7-expressing 

cells. FRCs form a set of interconnected channels termed FRC conduit system, by 

wrapping reticular fibers mainly made of type III and IV collagen, elastin, and laminin, for 

the efficient and rapid transfer of soluble molecules, such as antigens, chemokines and 

immune complexes, from the subcapsular sinus to the deeper cortex, the HEVs, and the 

follicular compartment.37,38 Simplifying, this complex structure results in a sponge-like 

framework composed mostly of collagen fibers covered by reticular cells which provide 

an optimal environment as defense against the invasion of pathogens at any site in the 

body. 

 

  



Chapter 1. Introduction and Objectives 

 

8 

1.3 Current Immunotherapies 

1.3.1 Adoptive cellular therapy 

Adoptive cellular therapy (ACT) is an approach that consists of using autologous T cells, 

which have been modified or selected, and expanded in vitro, for a further reinfusion 

into the patient to mediate tumor destruction (figure 1.4).39 To apply these treatments a 

preparative lymphodepletion, which is the temporary ablation of the immune system of 

the patient, needs to be performed by chemotherapy alone or combined with total body 

irradiation. Thus, in order to cause a durable antitumor therapeutic immunity leading to 

tumor eradication can be obtained, as has been seen in metastatic melanoma, 

lymphoma, lymphoid leukemias and other refractory tumors.40–43  

Initial ACTs in cancer involved expanding infiltrating tumor-specific T lymphocytes (TILs) 

ex vivo, relaying on the tumor specificity of these cells, however, recent advances have 

demonstrated that employing engineered T cells may be an even better strategy to 

target cancer. Nowadays, the main ACT strategies under study are lymphokine-activated 

killer (LAK) cells, TILs, cytokine-induced killer (CIK) cells, T cell receptor (TCR) 

gene-modified T cells, and chimeric antigen receptor (CAR) T cells.44 

 
Figure 1.4 Simplified diagram of the process of adoptive cellular therapy in cancer. 

LAK cells are white blood cells stimulated to kill tumor cells and have been mostly 

applied to treat a minority of tumors like renal carcinoma and melanoma.45 LAK cells 

that are stimulated and activated with interleukin 2 (IL-2) result in effector cells with 

non-specific cytotoxicity derived from PBMCs. They have a broad anticancer spectrum 

and non-MHC restrictive cytotoxic effect. They show the advantage of destroying tumor 

cells both sensitive and non-sensitive NK cells, but they have a limited amplification and 

produce serious side effects like liquid retention.44   
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CIK cells are heterogeneous ex vivo expanded lymphocytes with a mixed T NK cell 

phenotype. They are another non-specific and non-MHC-restrictive cytotoxic effector 

cell type also derived from PBMCs whose main cell population is CD3+CD56+ effector 

cells.44 They are generated by the incubation of PBMCs with cytokines such as interferon 

gamma, IL‐2, and anti‐CD3 monoclonal antibody.46 Between the advantages of this 

strategy, there is the rapid cell proliferation, high efficiency and broad spectrum in killing 

tumor cells, little toxicity against normal human, hematopoietic precursor cells, and 

strong resistance to apoptosis induced by tumor cells.44,47 The main problem of this 

technique is the lack of fine precision, causing unspecific cytotoxicity. To overcome such 

limitation, different combined techniques are being studied.48 

TILs are generally mixtures of CD8+ and CD4+ T cells, infiltrated in the tumor bed that 

specifically recognize tumor-associated antigens and have the capacity to traffic to the 

tumor site after reinfusion. Although TILs growth has been described for a variety of 

solid cancers like renal, ovarian, breast, and colon,49 this strategy has mainly been 

applied to melanoma, where over two-thirds of T cells grown show autologous tumor 

recognition after being cultured with IL-2.50 However, this strategy still has some 

limitations, like the limited number of tumors where reproductive TILs are detected, 

their inefficacy in provide responses for long periods of time, the absence of a 

standardized protocols for TIL expansion in vitro, and the possibility of 

immunosuppression of reinfused TILs due to the tumor microenvironment.44,50 

TCR-T cell therapy was developed in order to overcome the fact that TILs could almost 

exclusively be applied to treat patients with malignant melanoma, because of the 

difficulty of isolating and expanding pre-existing tumor-reacting T cells. In the TCR-T cell 

strategy, the lymphocytes of patients are genetically engineered with genes derived 

from a tumor-reactive T cell clone to express its TCR (α and β chains), which recognizes 

the human leukocyte antigen (HLA, term for human MHC), thus conferring the 

antigen-specificity of the transferred TCR to the cells (figure 1.5).1,51 The first successful 

results were obtained by using T cells genetically modified with a TCR targeting MART-1 

for the treatment of patients with melanoma.52 Additionally, numerous preclinical and 

clinical studies have demonstrated various levels of feasibility, safety, and efficacy using 

TCR engineered T cells to treat cancer and viral infections.53 However, it is becoming 

more evident that it implies a high probability of causing severe adverse events, 

destroying healthy tissues that express the same target antigen. Other challenges are 

the improvement of gene transfer efficiencies, the identification of target antigens 

highly selective for tumor cells rather than normal cells, and the use of allogeneic (cells 

are collected from a matching donor) instead of autologous cells (cells are collected 

from the patient's own body).1,51 
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Figure 1.5 Representation of the antigen-specificity of the transferred TCR-T cells and CAR-T cells. 

CAR-T cells have tumor-reactivity because their transduction with an artificial receptor, 

the CAR, which consists of an antibody variable domain fused to a TCR constant domain 

(figure 1.5). Following this strategy, T cells obtain the antigen-recognition properties of 

antibodies. Thus, the need of a functional antigen processing machinery by tumor or 

dendritic cells such as the MHC class molecules is omitted.54 Additionally, CARs are 

capable of recognizing both protein and non-protein surface antigens including 

glycolipids and carbohydrates, which could be molecules of importance due to their 

specificity for tumor cells.55 Nowadays CAR-T cells represent a potential tool to treat 

persistent cancers. The most effective treatment reported is the use of CAR engineered 

T cells targeting CD19 and CD20 to treat CLL, B-cell lymphoma and ALL.22,24,56–58 This 

strategy was also studied for the treatment of solid cancers, however, the success 

achieved to date is limited, especially due to the difficulty of identifying suitable target 

antigens.49 Despite the observed potential of this strategy, the mechanism of action is 

less well known than the one of TCR-T cells due to e.g. features that vary among 

different target antigens and CAR constructs. It is therefore important to find a balance 

between antigen (antigen surface level, epitope location, and antigen mobility) and CAR 

structure (CAR surface level, affinity, and signaling domains).59 

In summary, there are different advantages and disadvantages for each cell type, but all 

of them have a common step consisting of expanding the respective cell populations 

ex vivo. This step is currently one of the limiting factors for the broad use of ACT in 

clinics. Thus, it is very important to improve the performance of the state of the art 

immune cell expansion systems to obtain the large needed clinical doses in a short 

period of time and in an economic way.60,61 
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1.3.2 Therapeutic cancer vaccine 

The term “cancer vaccine” can refer either to a prophylactic vaccine, given to prevent 
cancer, or to a therapeutic vaccine, given to eradicate an existing tumor, stopping it 

from growing or spreading. Normally, a cancer vaccine contains a desired tumor antigen 

and an adjuvant, which is able to generate an immune response, emitting signals that 

stimulate the maturation of DCs. Then, DCs present the tumor antigens from the vaccine 

on MHC surface molecules and subsequently stimulate an anti-cancer T cell response.62 

First-in-human clinical trials of cancer vaccines have shown the feasibility, safety, and 

immunotherapeutic activity of this strategy.63,64 However, the accumulation of genetic 

alterations specific for each tumor calls for a personalized selection of vaccine targets, 

which might be possible thanks to technological advances in genomics and data science, 

which might allow a rapid mapping of the mutations within a genome.65 

1.3.3 Immunotherapy with antibodies 

Antibody-based immunotherapeutics are specific therapeutic agents based on the 

affinity of antibodies to target antigens at (even) nanomolar levels (Fv region) as well as 

their ability to engage components of the host immune system (Fc region).66 The most 

commonly used are monoclonal antibodies (mAb), which are antibodies produced 

against a single epitope. Clinical trials of mAbs are ongoing for several types of cancers 

such as breast, colon, and lymphomas.67 The cancer immunotherapeutic efficacy of mAb 

is based on three main mechanisms: the antibody-dependent cellular cytotoxicity 

caused by mAbs that bind to specific tumor associated antigens, 

complement-dependent cytotoxicity by complement activation, and the inhibition of the 

factors and receptors that activate the signal pathways used by cancer cells in division 

and angiogenesis by antibody binding. The first mAb approved by the FDA for cancer 

immunotherapy was named Rituximab in 1997, targeting the CD20 antigen in the 

treatment of B-cell non-Hodgkin’s lymphomas. The following years more mAbs with 

different targets were approved, such as Trastuzumab in 1998, a humanized mAb which 

inhibits human epidermal growth factor-2 (HER-2)-activated signaling pathways in 

(breast) cancer cells; Ipilimumab in 2011 for the treatment of metastatic melanoma, 

targeting cytotoxic T lymphocyte antigen-4 (CTLA-4) which plays a role in delivering 

inhibitory signals to cells; or Avelumab in 2017 for non-small cell lung, ovarian, and 

stomach cancers, and renal cell carcinoma binding to PD-L1.66 Thanks to the advances in 

antibody technology, the number of approved and developing mAbs for cancer therapy 

is increasing. However, this treatment is also facing several challenges such as the 

alleviation of various side effects such as fever, trembling, fatigue, headache and muscle 

pain, nausea/vomiting, difficulty in breathing, rash, and bleeding.68 



Chapter 1. Introduction and Objectives 

 

12 

1.3.4 Current challenges of Immunotherapy  

Recent success of novel anticancer immunotherapies has led to a new era of cancer 

treatment, eliciting clinically meaningful and durable responses in multiple tumor types. 

Unfortunately, the response rates to immunotherapy are still modest, and, clearly, more 

efforts are required to improve outcomes with these treatments.27 Although each 

strategy confront different limitations, there are some common challenges faced by 

immunotherapies which need to be improved in order to increase the efficacy of these 

therapies.  

It is of vital importance to obtain a deep understanding of the mechanisms that regulate 

the immune response and the anti-tumor activity of the used immunotherapies in order 

to shed light on the different degrees of clinical responses. This information will also 

contribute to design combinatorial immunotherapeutic strategies to target tumor cells 

and their microenvironment, and counteract the multiple immune escape mechanisms 

utilized by tumor cells. To reduce the side effects, it is necessary to develop treatments 

with an enhanced degree of specificity and identify new antigens highly selective for 

tumor cells.  

An additional challenge is the use of ACT in a clinical scale. For that, further automation 

and control of the cell therapy manufacturing processes is necessary in order to reduce 

patient risk, achieve better product robustness, and lower costs. As mentioned before, 

most cell therapies require a step of cell expansion. The improvement of this process 

could lead to the production of relevant quantities of therapeutic cells to reach the 

necessary clinical doses. With the objective to overcome these limitations, mimicking 

the natural tissue of the immune cells could help design better culture systems for a 

deeper understanding of the mechanisms that rule immune responses, and with the 

potential to provide higher proliferation rates and affect the resulting phenotypes. 
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1.4 Current clinical expansion strategies 

Different activation and expansion systems of T cells have been mostly used in clinical 

trials and also in two products that are already in the market named Kymriah (Novartis, 

USA) and Yeskarta (Genentech, USA), based on autologous T cells genetically modified 

with an anti-CD19 CAR. With the objective of improving current expansion technologies 

and designing new ones, it is vital to have a deep understanding of the T cell activation 

process. 

1.4.1 T cell activation 

T cells have the task of identifying small numbers of specific foreign antigens, usually 

peptides, from a very noisy environmental background of endogenous self-peptides. To 

fulfill this mission, they need the APCs to process and present such antigens bound to a 

MHC. T cells can then detect this complex through the TCRs, which are located at their 

surface. These receptors are generated somatically through site-specific DNA 

recombination, resulting in a large repertoire capable of recognizing most of the 

encountered antigens. The interaction of both, TCR and the foreign peptide presented 

by MHC molecules, becomes a primary signal for T cell activation and dictates the initial 

activation of T cells. Nevertheless, this signal is not enough to fully activate naïve T cells, 

which require co-stimulation. Although there are multiple molecular contacts between a 

T cell and an APC that provide co-stimulatory signals, the most relevant one is the 

interaction of CD28 on the T cell with CD80 or CD86 on the APC.69,70 A diagram of this 

natural T cell activation process is represented in figure 1.6.A.  

A strategy followed to mimic in vitro this interaction is the use of advanced biomaterials 

that replicate specific properties of the APC surface by functionalizing them with ligands 

that specifically bind to known receptors on the immune cell surface. These materials 

have the potential to form an artificial immunological synapse (IS) with cells.71 

Nowadays, in vitro T lymphocyte stimulation is a technique extensively used to facilitate 

T cell expansion mainly for research, but also in the clinics.  

A common strategy in the past was the use of a soluble anti-CD3 mAb, which recognized 

the CD3 unit present in the TCR and activated T cells by signal transduction through this 

complex, together with the addition of high-doses of the cytokine IL-2, and allogeneic 

PBMCs as feeder cells, which released growth factors to further enhance the 

proliferation of T cells. The combination of these three components was first described 

to expand TILs to treat melanoma patients,72 but it was also used in different ACT-based 

studies, such as engineered TCRs to treat patients with metastatic synovial cell sarcoma 

and melanoma,73 or anti-CD19 CAR T cells to treat CLL, mantle cell lymphoma (MCL), and 

ALL.74–76 
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Figure 1.6 Schematic representation of the IS. A) Natural T cell activation process due to its interaction 

with an APC (dendritic cell). B) In vitro activation of a T cell through the use of Dynabeads®. 

Although the capacity of clinical grade anti-CD3 mAb and IL-2 for T cell expansion was 

demonstrated, some studies reported that the repetitive use of soluble antibody could 

cause activation induced cell death, being the lack of costimulatory signals one of the 

causes.77 For this reason a new strategy to replicate the T cell activation procedure was 

developed, which included the use of an antibody specific for CD28 (anti-CD28) to 

provide a co-stimulatory signal together with the one specific for the TCR-CD3 complex 

(anti-CD3). Besides, the antibodies were bound to a solid surface (e.g. accessory cells, 

beads, and planar surfaces),78 observing a significant impact of the anchoring on the 

expansion efficacy, especially with the antiCD3 due to its capacity of 

mechanotransduction, thus resulting in different registered products. The most used 

one is Dynabeads® (Invitrogen, USA), which consists of superparamagnetic beads coated 

with a thin polymer shell that is decorated with the antibodies to encase the magnetic 

material with a homogeneous size of 4.5 µm of diameter. Its production allows a high 

batch-to-batch reproducibility ensuring the quality of the results unlike feeder cells. A 

representation of the activation mechanism of Dynabeads® can be seen in figure 1.6.B. 

After the activation and expansion of the T cell population, the magnetic beads can be 

easily removed by using a magnet. 

1.4.2 Use of 2D surfaces 

Planar bidimensional (2D) surfaces have been shown to be valuable systems due to their 

capacity to mimic the in vivo environment in a well-controlled and simplified manner. 
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They were used in the study of the IS between a T cell and an APC, the identification of 

the TCR and LFA-1 signaling in the regulation of the T cell-APC interaction, and on the 

elucidation of mechanical forces in T cell activation.79  

The IS was deeply studied with 2D strategies proving that is organized into two 

concentric clusters of proteins. The center was named central supramolecular 

aggregative clusters (SMAC) and is enriched with TCR/CD3 complexes and the 

co-receptors CD4 and CD8 that stabilize the interaction between the MHC class I and II, 

respectively. The outer ring, the peripheral SMAC, is enriched with adhesion molecules 

such as lymphocyte function-associated antigen 1 (LFA-1), that enhances actomyosin 

forces, and intercellular adhesion molecule-1 (ICAM-1), which secures the T cell-APC 

interaction. Analysis of very early T cell activation following the interaction of 

antigen-specific T cells and a planar bilayer containing specific antigen peptide-MHC, 

revealed that the TCR begins clustering immediately after T cell recognition, prior to 

mature IS formation, establishing initial clusters that recruit downstream signaling 

molecules and mediate the activation signal.80 

An interesting method used to deepen the understanding of immune cell interactions at 

nanoscale levels are bioactive quasi-hexagonal arrays consisting of biofunctionalized 

gold nanoparticles (AuNPs) with a controlled interparticle spacing.81 This strategy 

showed that the initial T and NK cellular response to stimulation decreased with 

increasing the spacing between AuNPs, proving the causative role of nanoscale spatial 

structure in immune cell activation.81 It was also used to demonstrate that T cell 

activation was significantly higher on Au nanoarrays than on anti-CD3 coated plastic 

slides, highlighting the importance of the chosen material.82 Additionally, the role of 

integrin-mediated adhesion was also assessed, demonstrating that the RGD peptide 

enhances T cell activation.83 Another strategy employed surfaces coated with CCL21 and 

ICAM-1 together with IL-6 media enrichment as an ex vivo synthetic immune niche with 

the objective of effectively stimulating the proliferation of antigen-activated 

CD4+ T cells. It was found that plate surface functionalization dramatically increased 

T cell proliferation and changed the culture topology from cell clusters in suspension to a 

firm, substrate-attached monolayer of cells.84 

Although a lot of valuable information was obtained with 2D studies, the natural 

T cell-APC interaction occurs in a three dimensional (3D) space.  To compare 2D with 3D 

configurations, an experiment was performed using a TCR ligand anchored to 

lithographically patterned NP clusters surrounded by mobile adhesion molecules on a 

supported lipid bilayer (SLB). The TCR ligand could be co-planar with the SLB (2D), or 

elevated by 10 nm on solid nanopedestals (3D). This resulted in different T cell responses 

and it was possible to identify important contributions of lateral and axial components 

of ligand positioning, suggesting the importance of the 3D mimicking in order to truly 

replicate immune interactions in vitro.85 
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1.5 Toward 3D culture 

Although classical 2D and suspension systems can provide very valuable information, 

cells cultured in 3D models might exhibit features that are closer to the complex 

conditions present in the original environment of cells, and thus are more realistic 

systems for translating the findings to in vivo applications. Thus, the development of 

suitable 3D environments for cell culturing is highly desired, which not only can benefit 

cell culture techniques, but also tissue engineering, a discipline that aims at regenerating 

tissues and creating study models through cell-material interactions.86,87 

A large variety of different 3D approaches have been studied to recreate the 

extracellular original conditions of many different cell lines in vitro, such as the 

formation of spheroids, the use of de-cellularized tissues, cell printing, and the culture of 

cells in 3D matrices using a high selection of different types of materials, which are 

summarized in Table 1.1. They include natural and synthetic polymers, ceramics, metals, 

etc., all with their inherent advantages and disadvantages (around 380 cell lines, and 100 

types of matrices and scaffolds of both organic and inorganic nature).87  

3D Hydrogels are a particularly interesting strategy, which offers more realistic results 

than hard planar substrates such as standard polystyrene dishes, thus potentially 

revealing fundamental phenomena associated to cell behavior and providing tools for 

the expansion and directed differentiation in ways that are not possible with 

conventional culture substrates.88 Hydrogels can be generated by using various 

materials, from natural polymers such as collagen, gelatin, elastin, silk fibroin, chitosan, 

fibrin, fibrinogen, etc.; to synthetic polymers, such as poly(glycolic acid) (PGA), 

poly(lactic acid) (PLA), or, poly(ethylene glycol) (PEG). Composites of both natural and 

synthetic substances are also being used. A scheme of a generic hydrogel used for cell 

culture can be seen in the figure below. 

 

Figure 1.7 Schematic image of a generic hydrogel used for cell culture. 
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Table 1.1 Common scaffolds and matrices for 3D culturing cells. 

Matrix/scaffold Examples Properties Major applications 

Natural structures - Decellularized tissues 

- Structural collagen 

- Basement membranes such as laminin 

- Fibrin, alginate, chitosan, hyaluronic 

acid, silk fibroin, cellulose acetate, 

fibrinogen, gelatin, elastin, etc. 

- Maximum resemblance to the in vivo 

conditions 

- Batch to batch variation 

- Favorable for cellular 

attachment, proliferation, and 

differentiation 

- Poor mechanical properties with variable 

physical properties 

- Immunogenic problems 

- Induce specific cell and tissue 

responses, such as  cell 

differentiation, by mimicking the 

native ECM 

Synthetic 

polymers 

- Hyaluronic acid (HA)  

- Poly(ethylene glycol) (PEG)  

- Self-assembling protein hydrogels  

- Poly(lactic-co-glycolic acid) (PLGA)  

- Polycaprolactone (PCL)  

- Polyurethane 

- Possess predictable and reproducible 

chemical and physical properties 

- They can be combined with 

biomolecules such as growth factors and 

antibiotics 

- Used as carriers for growth 

factors, drug delivery, gene 

transfection, etc.  

- Cell therapy  

 

Hybrids - PCL-chitosan 

- PLLA-Hydroxyapatite 

- Hydroxyapatite-bioglass-ceramic 

- Hydroxyapatite-collagen 

- Possess predictable and 

reproducible physical properties (e.g. 

flexible mechanical properties) 

- Enhanced biodegradability 

- Stimulate healing injuries and 

impart stability until the cells 

integrate with the native tissue 

- In vitro 3D models to study organ 

disease  
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Metals - Magnesium and its alloys 

- Titanium and its alloys 

- Lack of biological activity  - Osseointegration and in vivo bone 

formation when coated 

- Used as implanting materials for 

dental and orthopedic defects 

Ceramics and 

bioactive glass 

- Titanium  

- Hydroxyapatite  

- Bioactive silicate glass 

- Calcium phosphate glass 

- Excellent cell support 

- Cells infiltrate and proliferate effectively 

in the porous structures 

- High bone ingrowth and 

mineralization 
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1.5.1 Natural hydrogels  

Polymers with a natural origin are often used in tissue engineering, as they are either 

components of the natural ECM or have similar properties. The most prominent one is 

collagen.  

Collagen is the primary organic constituent of native tissues, and around a 90% of their 

29 identified types in the human body are fibrillar. The most common one is type I 

collagen, as it is the major structural component of many tissues.89 This type of collagen 

is commonly used in 3D culture systems due to its intrinsic properties, which allow  cell 

adhesion without modification, present a native viscoelastic environment to resident 

cells, cytocompatibility, ease in processing, low-cost, and flexibility for alive cell 

manipulation. Besides, the structural properties of the resulting hydrogel such as pore 

size, ligand density, and stiffness can be varied by changing the concentration of 

collagen or introducing chemical cross-linking compounds.90,91 These hydrogels have 

been thoroughly used as a model of cellular microenvironments for studies on topics 

ranging from mesenchymal stem cell differentiation92 to carcinoma cell 

reprogramming.93 However, this material has also important limitations, some of them 

shared with the majority of other natural materials, like its limited long-term stability, 

batch-to-batch variability, and low stiffness (stiffness higher than 1 kPa require extensive 

chemical crosslinking, which alters the degradability of collagen).88 Despite these 

drawbacks, collagen is still an excellent choice for in vitro studies of cell behavior such as 

migration in a tissue-like environment94,95 like the LNs, since it is their major structural 

component. 

1.5.2 Synthetic hydrogels  

Synthetic polymers are attractive due to the possibility to control their chemical, 

structural, and physical properties, when the proper fabrication methods are used. PEG 

is probably the most used synthetic material, which we also employed, as shown in the 

next chapters. PEG is a non-toxic, hydrophilic, and inert polymer, which can have a high 

water content when cross-linked into networks. Besides, it does not generally elicit an 

immune response, is resistant to non-specific protein adsorption, and exhibits rapid 

clearance from the body. Additionally, PEG may be used to encapsulate molecules in 

order to confer them non-toxicity or solubility. PEG hydrogels are chemically 

well-defined and can be modified by multiple chemical strategies to study different 

biological processes,96–98 such as stem cell differentiation and migration of encapsulated 

T cells and DCs.99,100 

 



Chapter 1. Introduction and Objectives 

 

20 

1.6 Current 3D models of lymph node microenvironments 

As mentioned before, technologies such as Dynabeads® allow to in vitro activate T cells. 

However, mimicking the 3D environment of a LN, the organ where this process takes 

place, suppose a challenge due to variables such as the high level of complexity resulting 

from the variety of cell types, the highly organized stromal and lymphoid structure, the 

rapid cellular motility of lymphocytes and DCs, and the staggering cell density. 

Nowadays, engineering a LN is more complex than engineering larger organs like the 

heart or kidneys.28 Yet, the creation of an artificial ex vivo site for culturing immune cells 

could be a powerful strategy to manipulate their behavior prior to adoptive 

immunotherapy.100  

A few approaches have been used to recreate the SLO environment with goals such as 

the achievement of better models to study the role of different immune cells in the 

human body, mimic the tumor microenvironment, and provide tissue engineering 

platforms for new ACT, resulting in improvements in tissue engineering and 

immunotherapies. 

1.6.1 3D scaffolds  

Different 3D scaffolds have been investigated to mimic primary and secondary lymphatic 

organs and/or their function. For example, a sponge-like collagenous hydrogel was used 

to transplant a thymus-derived stromal cell line and DCs into mice renal subcapsular 

spaces, proving the generation of lymphoid tissue-like organoids with distinct 

compartmentalized B and T cell clusters and a similar CD4+/CD8+ ratio than the natural 

SLOs.101 These artificial structures were also proved to be transplantable to normal as 

well as immunodeficient mice lacking functional lymphocytes, where they supported the 

induction of antigen-specific secondary immune responses, which were maintained over 

time after, resulting in the development of memory B cells and long-lived plasma cells.102 

A polyurethane matrix embedded in type I collagen and Matrigel in a ratio of 9:1 

collagen/Matrigel was used as a tissue-engineered model of the stromal cell network of 

SLOs to study the effects of 3D culture and interstitial flow on regulating FRC 

morphology and CCL21 expression. Collagen matrices were also studied for these 

purposes, but their low stiffness prevented proper cell culturing unlike the systems with 

polyurethane, which provided sufficient tensile strength. These results suggest that 

although a 3D environment is important for FRC culture, to acquire in vivo-like 

properties, the matrix needs to be stiff enough to allow cell extension and withstand the 

contractile forces of FRCs. These cells were also showed to be responsive to the 

interstitial flow, reacting with an increased organization, CCL21 expression, and in vitro 

proliferation at high flows.103 
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To mimic natural lymphocyte migration along collagen fibers, a synthetic 

collagen-mimetic peptide that binds to lymphocytes via the α2β1 collagen receptor, was 

integrated into polymerized alginate scaffolds used as implants for cell delivery.104 T cell 

migration through the matrix was observed under time-lapse microscopy, achieving 

similar velocities than those in lymphoid organs, averaging 8.9 μm/min.105 These 

scaffolds were tried in a mouse breast cancer resection model and a multifocal ovarian 

cancer model, showing that the implants effectively support tumor-targeting T cells 

throughout resection beds and reduce tumor relapse compared to conventional delivery 

modalities.104 With the same objective, heparin-conjugated PEG hydrogels infused with 

collagen showed mechanical stability and the potential to anchor supporting 

cytokines/chemokines. They supported intra-scaffold migration of murine primary T cells 

and DCs, and when the cytokine CCL21 was bound to the structure, the motility of the 

T cells could be quantitatively compared to the in vivo migration observed in native 

SLOs.106 Thermoreversible PEG-g-chitosan gels, which have a transition from solution to 

gel at around 32°C, were used for steady T cell release. These gels were loaded with 

therapeutic T cells to be locally delivered to glioblastoma cells for brain tumor 

immunotherapy. In this case, T cell invasion through the gel and subsequent cytotoxicity 

to glioblastoma were assessed in vitro, using Matrigel as a control. T cells encapsulated 

in the gel retained their antiglioblastoma activity, and shown to be more effective in 

killing glioblastoma than those in Matrigel. This improvement was attributed to the 

optimal pore size of the gel allowing a better invasion of T cells, and showing again the 

importance of the porosity of the material.107 

Polyisocyanopeptide hydrogels were studied for in vitro expansion and in vivo local 

delivery of pre-activated T cells, finding higher rates of survival and expansion of T cells. 

The reversible thermo-sensitive gelation at temperatures above 16°C of these scaffolds 

favored a straightforward recovery of cells, and caused the instant gelation of the 

hydrogels when subcutaneously injected in vivo. Cells encapsulated in the gels egressed 

gradually and migrated into distant organs, showing that this material can be used to 

locally deliver cells within a supportive environment.108 Another strategy to facilitate the 

expansion of T cells was the use of 3D-printed polycaprolactone lattices with highly 

organized micron-scale architectures, similar to 3D polystyrene. This scaffold was 

functionalized via plasma polymerization to bind mAbs that trigger the expansion of 

therapeutic human T cell subsets.109 Alginate hydrogel tubes were proposed as a novel 

cell culture technology to expand primary human T cells for adoptive immunotherapy. 

This system consisted in culturing T cells in microscale alginate hydrogel tubes with the 

objective of protecting cells from hydrodynamic stresses, ensuring an efficient mass 

transport, and controlling cell aggregation. It was observed that the alginate tubes 

produced controllable mono-dispersed cell masses and the negative effects caused by 

strong hydrodynamic conditions were reduced, allowing to scale up the culture volume 

without changes in the growth rate.110 
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Finally, in a different approach, 3D microfluidic tumor microenvironment models of 

PDMS were used to study the immunosuppressive potential of monocytes towards 

hepatitis B virus-specific TCR T cells via PD-L1/PD-1 signaling. Interestingly, it was 

observed that, although the ability of the T cells to kill cancer cells was preserved 

regardless of the presence of monocytes in the 2D system, they produced a reduced 

cytotoxic activity in a 3D model, thus highlighting the differences between 2D and 3D 

systems.111,112 

1.6.2 Bioreactors 

Bioreactors are the most commonly used systems for the clinical use of ACT. Currently, 

there are different designs described, being the most utilized the static gas permeable 

culture bags, G-Rex bioreactors, WAVE bioreactors, and the CliniMACS Miltenyi Prodigy 

system, as shown in figure 1.8.113 

 
Figure 1.8 A) G Rex flask, B) WAVE bioreactor, and C) Miltenyi Prodigy system. Images courtesy of 

A) WilsonWolf (USA), B) GE Healthcare Life Sciences (Japan), and C) CliniMACS Miltenyi Biotec (Germany). 

Preliminary studies were performed with G-Rex flasks, which consist of standard cell 

culture flasks with a gas-permeable membrane at the base that supports large media 

volumes. These flasks were used for different applications such as the clinical 

manufacture of antigen-specific cytotoxic T lymphocytes (CTL) for ACT114 or to achieve a 

simple method for a rapid expansion of TILs.115 To fully optimize the efficiency of this 

system, the optimal cell seeding density, maximal cell output that could be achieved, 

volume of medium that would support maximal cell growth, and cell growth kinetics 

were studied. Thus, it was demonstrated that the optimized culture conditions were 

linearly scalable and adaptable as a closed system, simplifying the translation of 

cell-based therapeutics from the laboratories to the clinics.116 

To achieve a reproducible and effective process with an accurate control of critical 

variables such as pH or media flow, new bioreactor systems have been described such as 

the WAVE bioreactor or the CliniMACS Miltenyi Prodigy system. 
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The WAVE bioreactor uses disposable, transparent, sterile culture bags that allow media 

perfusion, harvest, sampling, and gas exchange, resting over a tray that can be heated 

and agitated in different rocking angles and rates. The system can be programmed to 

add or remove culture media and allows high cell densities.117 Moreover, R.P. Somerville 

et al.118 developed a rapid expansion protocol for TILs and genetically modified 

peripheral blood lymphocytes under GMP conditions, producing relevant numbers of 

T cells for clinical trials. They compared the efficacy of the WAVE bioreactor protocol 

with the standard static gas permeable culture bags using pre-stimulated T cells with 

feeder cells, anti-CD3, and IL-2. No statistical differences were shown in the fold 

expansions achieved by the two systems, therefore proving that the WAVE bioreactor is 

a valid alternative to the static culture bags in terms of cell quantities. Nevertheless, 

differences in the generated cell phenotypes were observed, which could impact the 

frequency and durability of clinical responses.118 

Following a similar protocol, TILs from melanoma patients were expanded in the WAVE 

bioreactor and in traditional static culture methods (T-flasks or gas-permeable bags). Cell 

viability, final cell number, phenotype, and effector function were measured. In this 

case, a rapid expansion of TILs was also achieved in the WAVE bioreactor, but no 

phenotypic, nor specificity differences between processes were detected.117 

The WAVE bioreactor has also been used to expand other types of cells such as NK cells, 

CIK cells, and DCs, confirming to be safe and sterile. It showed a significant potential in 

CIK and NK cell cultivation. Specifically, the viability of both cell types was significantly 

higher in the WAVE bioreactor than in standard cultures. Moreover, the bioreactor could 

increase the quantities of CD8+ T cells and CD3+CD56+ T cells, simultaneously 

suppressing the growth of regulatory T cells in expanded CIK cell populations. 

Nevertheless, no significant differences were observed in DC cultivation in comparison 

with the standard methods. This result could be a signal that the WAVE bioreactor might 

not be a favorable method for the cultivation of adherent cells such as DCs.119  

The most recent device developed is the CliniMACS Prodigy system (Miltenyi Biotec, 

Germany), which is the first computer controlled unit that automates each of the 

required processing steps in a completely closed system. It has been approved to be 

used in cell separation procedures and for the selection and culture of antigen-reactive 

T cells. Due to the short time that this system has been available, most of the 

investigations have been directed to optimize the protocols for each application and 

demonstrate the robustness and reproducibility of the system.120–123 For example, it was 

used to separate primary human NK cells, which were further used outside the 

instrument to optimize an expansion protocol that contained NK cells modified to 

express CARs against CD123, a common marker for acute myeloid leukemia (AML). More 

interestingly, the efficiency of the Prodigy system has already been proven for the 

production of CAR-T cells,124 enormously simplifying a process that required multiple 

open processing steps into a closed-system process. 
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The system was also used to prepare genetically engineered anti-CD20 specific 

CAR T cells in less than 2 weeks.123 The robustness and reproducibility was strongly 

assessed by using different conditions, including various operators. Although this 

process had already been tested with healthy donors,121,122 this was the first time that it 

was assessed using lymphoma or melanoma patient material. Interestingly, the results 

obtained from patients were comparable to those of healthy donors with respect to cell 

composition, phenotype, and function.123  

The CliniMACS Prodigy was also tested for CD45RA depletion. The adoptive transfer of 

alloreactivity-depleted donor T cells is supposed to serve to accelerate immune 

reconstitution, surveillance, and eradication of residual leukemia cells. CD45RA-depleted 

donor lymphocyte infusion was studied to avoid lethal graft-versus-host disease (GVHD) 

produced by haplo-identical (family) donors in patients who needed a stem cell 

transplantation. The quality and robustness of the process and the generated product 

shows promise to be used in clinical set-ups.125 

1.6.3 Combined systems 

A disposable miniaturized bioreactor in combination with macroporous agarose 

hydrogels, which supported the spreading of primed DCs prior to its integration into the 

bioreactor, was used as a device to recreate the human LN environment in vitro. This 

system provided wide ranges of cell feeding rates, gas supply, and cell recycling, 

resulting in T cell clustering which suggests functionality.126 This same strategy was also 

used with the objective of studying the interactions between mesenchymal stromal 

cells, known for their high immune modulatory capacity, and immune cells. Rat LN cells 

and allogeneic bone marrow-derived mesenchymal stromal cells were seeded within the 

agarose matrix of the bioreactor. A clear suppressive effect of the stromal cells on the 

pro-inflammatory cytokine release produced by the immune cells, which were 

stimulated with concanavalin A, was detected, together with a significant increase in 

stromal cell proliferation due to the presence of immune cells.127 
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1.7 Objectives 

The main objective of this PhD thesis is to obtain a versatile 3D platform to be used as 

3D culture system of immune cells for i) mimicking the ECM of SLO in order to faithfully 

reproduce the behavior of immune cells, ii) improving the proliferation rates currently 

achieved with suspension cultures, and iii) tuning the differentiation pathways taken by 

the cells affecting the resulting phenotypes.  

With these goals, we aim at helping to overcome current limitations of ACT providing 

high immune cell expansion rates of relevant phenotypes and fabricating a model 

platform. Such platform could be used for different applications such as the study of the 

mechanisms that rule the immune responses, immune cell delivery (by implantation of 

the scaffold), and analyze the responses of the immune cells under different 

physicochemical properties of their environment (e.g. stiffness), which would be 

modified in situ through the application of different external stimuli (e.g. complexing 

agents, temperature, etc.). 

To carry out these general objectives, we have focused on the following specific tasks, 

which are organized in five different experimental chapters: 

 Study the current commercially available systems for CD4+ T cell activation, 

proliferation and differentiation (Chapter 2). 

 Design, synthesis, and characterization of a 3D matrix aimed at mimicking the 

original ECM of the LNs in order to study CD4+ T cell proliferation and differentiation 

(Chapter 3). 

 Culture of PBMCs in the 3D matrix presented in the previous chapters and 

pre-clinical assessment of the expanded cells against tumor cells using bifunctional 

antibodies (Chapter 4). 

 Optimization of the proposed 3D matrix as bioink for 3D printing. The resulting 

scaffolds are applied for both CD4+ T cells and PBMCs culture (Chapter 5). 
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2.1 Introduction 

Taking into account what was mentioned in the introduction, it becomes evident the 

interest of studying the effect of different types of materials with distinct properties as a 

scaffold for immune cell culture. To enhance T cell proliferation of therapeutic 

phenotypes, we first checked 3D commercially available systems. After a bibliographic and 

market study, the chosen platforms for immune cell culture were Matrigel (Corning, USA) 

and a 3D Polystyrene Scaffold (3D Biotek, USA).  

On one hand, Matrigel is a well-defined gelatinous protein mixture extract prepared from 

the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumor with an abundant ECM that 

resembles basement membranes.1 The major components of Matrigel are laminin, 

collagen IV, entactin/nidogen, and heparan sulfate proteoglycans, which provide both 

structural and signal transduction functions.2 It shows a stiffness of 443 Pa,3 which is 

similar to other ECM-based hydrogels, such as mixtures of collagen I and laminin (60:40)4 

and softer than typical synthetic hydrogels, such as polyethylene glycol dimethacrylate.5  

On the other hand, the 3D polystyrene scaffold consists of layers of parallel fibers with a 

diameter of 300 µm, arranged at 90° and offset to each other. The resulting pore size of 

this structure is 400 µm, providing a 100% connectivity within its structure which allows 

effective exchange of nutrients and waste between the media and the cells.6  

Thus, these two platforms, Matrigel and the 3D polystyrene scaffold, have completely 

different characteristics. The 3D polystyrene scaffold only provides a physical support, 

without any chemical stimuli, high stiffness, and a very big pore size. In contrast, Matrigel 

is a natural hydrogel consisting of proteins and thus chemical stimuli, low stiffness, and a 

low pore size. These differences allowed us to explore the influence of the 3D scaffolds 

under extremely different conditions, but common biomaterials for different applications. 

Photographs and schemes of these two platforms can be seen in figure 2.1.  
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Figure 2.1 Photographs and schemes of A) Matrigel (Corning, USA) and B) Polystyrene Scaffolds (3D Biotek, 

USA). 

Matrigel has been used in various 3D cell culture studies, mainly involving cancer cell 

types, such as mammary carcinoma,7 tongue carcinoma,8 and prostate carcinoma,9 and 

also stem cells,10 but to our knowledge, studies of T cells using Matrigel are limited to the 

analysis of their invasiveness and migration capacity. These assays showed that T cell 

migration is dependent on matrix metalloproteinase (MMP) secretion, through the 

correlation of MMP inhibitor’s production and migration blocking in a dose-dependent 

manner.11 Similarly, T lymphoblastoma cell migration was also shown to be dependent on 

MMPs secretion.12 Immune cell infiltration assays were also performed to a 3D model 

consisting in tumor cell lines grown as floating 3D spheroids and embedded in 

Matrigel/collagen together with fibroblasts and immune cells, trying to mimic the active 

infiltration of human immune cells to a 3D tumor, for the study of the interaction between 

the tumor microenvironment and immune cells such as T and NK cells.13 

Alternatively, polymer scaffolds are interesting for 3D cell cultures due to their multiple 

and varied fabrication techniques available14, such as emulsion polymerization,15 

foaming,16 phase separation,17 electrospinning,18 or 3D printing.19 These techniques 

enable the production of scaffolds with controlled dimensions and a porous structure, 

both important characteristics for a suitable cell culture system. Given that 

plasma-treated polystyrene is an ubiquitous material for standard 2D cell culture, it is not 

surprising that polystyrene scaffolds have been developed to serve as 3D cell culture 

systems.15–17 Such 3D polystyrene scaffolds were tested for the amplification of 

lymphoma cancer cells, incubating mantle cell lymphoma cells in the presence of 

neighboring stroma cells achieving a remarkable proliferation efficiency.6 They were also 

used to study the macrophage response in vitro in comparison with the effects of a flat 
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polystyrene surface, finding that 3D nanofibrous substrates activated the intrinsic 

macrophage angiogenic function.20 3D polystyrene was also used for the study of stem 

cells, observing that the presence of carbonyl groups to polystyrene surfaces correlated 

well with successful adhesion of ECM proteins and sustaining ECM production of 

deposited human mesenchymal stem cells.21 Finally, it was used as a platform for the 

xeno-free expansion and differentiation of induced pluripotent stem cells (hiPSCs).22 

2.2 Objectives and strategy 

The objective of this chapter was to study the influence of different 3D scaffolds to 

increase the T cell expansion of relevant phenotypes to contribute to the improvement of 

ACT. The strategy used consists of using the two platforms mentioned above, Matrigel 

and 3D polystyrene, to activate, expand, and tune the phenotypes of CD4+ T cells. 

CD4+ T cells were chosen between all the different immune cells types in order to reduce 

the biological variability and due to its abundance in the immune cell population. The 

effects of each 3D matrix in comparison with the standard static suspension cultures were 

analyzed, but also the differences between the two 3D systems, to better understand how 

the different variables and stimuli of both scaffolds affect immune culture.  

2.3 CD4+ T cell activation study 

As explained in chapter 1, section 1.4.1, ex vivo polyclonal activation of T cells has been 

performed by using the standard commercial artificial APCs, named Dynabeads, which are 

4.5 μm diameter beads coated with the activating antibody anti-CD3 and the 

costimulatory antibody anti-CD28. To evaluate the effectiveness of the T cell activation, 

the amount of IL-2 present in the culture media was measured. The IL-2 protein is an 

inflammatory cytokine responsible for multiple immunomodulatory tasks, such as the 

activation of T cells, trigger of natural killer cells, and inflammation.23 Moreover, it is a 

very well characterized T cell growth factor that plays a crucial role in cell proliferation 

and determining the fate of the expanded T cells in vitro and in vivo.24 Resting T cells do 

not express IL-2 receptors, but the receptors are rapidly expressed on T cells after 

activation. Interaction of IL-2 with the IL-2 receptor triggers T cell proliferation, and also 

leads to the de novo synthesis of IL-2 and expression of the IL-2 receptor. Synthetized IL-2 

interacts on the same cells that produce it and on adjacent cells, acting through autocrine 

and paracrine mechanisms.25  This means that, in principle, the higher the amount of IL-2 

in the media, the more effective the activation of T cells and the greater the proliferation. 

Consequently, IL-2 is used in clinics to evaluate lymphocyte function. Here, it was used to 

evaluate the activation of CD4+ T cells in the 3D structures through a human IL-2 

Quantikine enzyme-linked immunosorbent assay (ELISA) kit, together with a 

morphological study of the resulting cells for each condition. The results are presented 

below. 
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2.3.1 IL-2 ELISA measurements 

An ELISA is a biochemistry assay which origins in 1971 from the hand of Engvall and 

Perlmann.26 This assay allows the quantification of a ligand, normally a protein, present in 

a liquid sample by its immobilization in a solid-phase enzyme immunoassay and its further 

detection through the use of antibodies directed against the protein to measure.27 CD4+ 

T cells activated with Dynabeads were cultured in three different environments, which 

consisted of a static suspension, 3D polystyrene scaffold, and Matrigel. To evaluate the 

activation of cells, which is a previous and necessary step to proliferation, the amount of 

the IL-2 present in the culture media was measured one day after seeding with a human 

IL-2 ELISA kit. A microplate pre-coated with a target-specific antibody is provided by the 

kit, where the IL-2 present in the sample is retained. Then, this is detected by the addition 

of the second antibody, and finally a substrate solution is added that reacts with the 

enzyme-antibody-target complex to produce a colorimetric measurable signal.  

 

Figure 2.2 IL-2 secretion of CD4+ T cells seeded in suspension (positive control), a 3D polystyrene scaffold, 

and Matrigel one day after seeding. All cultures were stimulated with Dynabeads for activation. The results 

shown were obtained from Ndonors = 9 and statistical significance was determined by the Mann-Whitney 

U test (*** p < 0.001). 

CD4+ T cells activated with Dynabeads in suspension (positive control), i.e., without any 

3D platform, showed a median value of 44.6 ng/ml of IL-2, with most measured values 

falling into the range between 36.3 and 51.0 ng/ml (percentiles Q-25 and Q-75), due to 

the intrinsic variability of primary samples. These values are significantly higher than those 

obtained in both the 3D polystyrene scaffold, with a median value of 23.5 ng/ml, and 

Matrigel, which shows negligible IL-2 results in the majority of samples. Although a real 
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low secretion cannot be discarded, unspecific adhesion of IL-2 to the matrices could also 

explain the observed results. Due to these unexpected results, more experiments were 

performed to evaluate the activation of T cells, like an analysis of cell morphology or the 

study of cell proliferation. 

2.3.2 Cell Morphology 

It is known that, prior to activation, cells exhibit a round morphology, while activated 

T cells show larger sizes and elongated shapes, compatible with the amoeboid migration 

mode.28 So, various images were taken from the different cultures (negative and positive 

controls, 3D polystyrene, and Matrigel) by optical microscopy, in order to study the 

presence or not of these changes on cell morphology. The results can be seen in figure 2.3, 

where one representative image for each condition is presented. To quantify 

morphological changes, the area, perimeter, aspect radio (AR), and circularity of cells were 

analyzed using the FiJi (ImageJ) software. 

The median area resulting of inactivated cells, i.e., without Dynabeads, was of 43.4 µm2 

(negative control), while cells activated in suspension (positive control) and in the 

3D polystyrene scaffold exhibited significantly larger areas with median values of 114.8 

and 109.2 µm2, respectively. The median area of activated cells using Matrigel was of 

41.3 µm2 (figure 2.3.E). Similarly, perimeter and AR followed the tendencies observed for 

cell area (figures 2.3.F and 2.3.G). The median value of the cell perimeter of inactivated 

cells (negative control) and cells seeded in Matrigel was of 23.3 µm, while the ones of the 

positive control and 3D polystyrene scaffold increased to 40.2 and 37.9 µm, respectively. 

The AR of resting cells (negative control) was 7.3, which grew to 11.2 for cells activated in 

suspension (positive control) and in the 3D polystyrene scaffold. Cells activated on 

Matrigel showed an AR of 6.7. Alternatively, the circularity of cells, which is proportional 

to the area divided by the square of the perimeter, showed statistical changes in all 

activated cells in comparison with the negative control. Although the median values were 

similar (1.03 for the negative control and 1.05 for the rest of the cases), the variability of 

shapes was higher in the samples with activated cells, as represented by the larger box 

charts (figure 2.3.H). As expected, when T cells are activated, they express cell adhesion 

receptors that allow their spreading and adhesion to available substrates, such as vessels 

in vivo, resulting in different shapes and sizes in comparison with the completely spherical 

shape of the inactivated form.29 The morphological differences observed in Matrigel 

compared to cells obtained in suspension or seeded in the 3D polystyrene scaffold could 

be explained by the truly 3D structure of Matrigel in comparison with the polystyrene,30-32 

where cells are not completely covered by the scaffold due to its large pore size. 

Additionally, the chemical input of Matrigel could also play a role through modifications 

on the phenotype obtained after proliferation. 
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Figure 2.3 Representative optical images of CD4+ T cell cultures: A) Negative control (cells cultured without 

supply of Dynabeads), B) positive control (activated cells in suspension), C) in a 3D polystyrene scaffold and 

D) using Matrigel cells with supply of Dynabeads (dark spheres with a bright nucleus) in a 1:1 ratio for the 

three last environments. Analysis of cell morphometric parameters: E) Area, F) perimeter, G) aspect ratio 

(AR), and H) circularity were analyzed on day 2. The results shown were obtained from Ndonors/condition = 3, 

with a minimum of Ncells/donor = 20. Statistical significance was determined by the Mann-Whitney U test 

(** p < 0.01, *** p < 0.001). 
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These results show that, although lower levels of IL-2 in suspension were measured from 

the samples with the 3D matrixes, cells seeded with Dynabeads acquired different 

conformations and sizes in comparison with inactivated cells (negative control, cells 

seeded without Dynabeads), suggesting that they are being properly activated. 

2.4 CD4+ T cell proliferation study 

Once the activation of CD4+ T cells seeded with Dynabeads in these 3D systems was 

confirmed, we analyzed the effect of each platform on the CD4+ T cells proliferation after 

five days of culture through a carboxyfluorescein succinimidyl ester (CFSE) cell 

proliferation kit (chapter 6, section 6.1.5).  

2.4.1 CSFE analysis 

CSFE is a cell permeable fluorescent staining dye that covalently binds via its succinimidyl 

group to intracellular molecules. Originally, it was developed as a fluorescent dye to label 

and track lymphocytes within animals for many months.33 Further investigation showed 

that it could be also used to monitor lymphocyte proliferation, both in vitro and in vivo, 

due to the progressive halving of CFSE fluorescence with every completed cell division.34 

Nowadays, CFSE based tracking of the lymphocyte proliferation using flow cytometry is a 

powerful technique in immunology that allows to quantify the proliferation of labelled 

cells from 1 up to 10 divisions that cells undergo.35 

 

 

Figure 2.4 Representation of the basis behind the CSFE analysis. 

This technique starts with the staining of the initial population, thus determining the 

maximum fluorescence, represented in figure 2.4 as the zero peak (red line). The cell 

populations stimulated to proliferate produce as many peaks as cell generations, reducing 
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the fluorescence inside the cells to half in each division as can be seen in figure 2.4 (blue 

line). The resulting graph is analyzed to achieve the proliferation parameters of the 

culture, allowing to assess T cell proliferation through the expansion, replication, and 

proliferation indexes. The expansion and replication indexes determine the 

fold-expansion of the whole population, and of responding cells respectively. A high value 

in these parameters correlates with a high quantity of cells after the proliferative process. 

The proliferation index is the number of divisions that cells from the original population 

have undergone divided by the number of divided cells. Thus, this parameter considers 

the number of responsive cells, i.e. a higher value correlates with a higher response to a 

proliferative stimulus. These three parameters are therefore relevant for cell therapy, 

showing how responsive the cells are to the proliferative stimulus, how much they divide 

after sensing this stimulus, and how many cells can finally be obtained. 

2.4.2 Proliferation results 

After five days of culture (figure 2.5.A), the replication index, which measures culture 

expansion of the responding cells, was of 19.1 for Matrigel, while the positive control and 

the 3D polystyrene scaffold were 12.6 and 15.1, respectively. These results indicate that 

the response of activated T cells was more effective in Matrigel samples than in the 

3D polystyrene scaffold and the positive control. For the expansion index, Matrigel 

samples showed a median value of 11.2, while the suspension (positive control) exhibited 

an 8.9 and the 3D polystyrene scaffold an 11.1. In other words, for each million of cells 

seeded, Matrigel samples reached 11.2 and the 3D polystyrene scaffold 11.1 millions of 

cells, while in suspension 8.9 millions were obtained. Although the median value of the 

3D polystyrene scaffold is similar to Matrigel, it does not show significant differences in 

the other indexes in comparison with the positive control as it does Matrigel. Finally, with 

a similar tendency than the replication index, Matrigel showed a median proliferation 

index value of 3.1 compared to the 2.6 and the 2.9 of suspension cells and the 

3D polystyrene scaffold, respectively. Thus, the total number of divisions performed by 

the responding cells was significantly higher in Matrigel than in suspension.  

In order to determine if the tendency observed for the 3D polystyrene to increase the 

CD4+ T cell proliferation parameters at day 5 improved with more time, proliferation 

analysis were performed at day 6 (figure 2.5.B). In this case, the replication index median 

increases from 19.8 to 29.8, the median value of the expansion index rises from 14.2 of 

the positive control to 22.1, and the proliferation index ascends from 3.1 to 3.4. In this 

occasion, statistically significant changes were obtained for cells seeded in 3D polystyrene 

scaffolds. Figure 2.5.C-D shows the diagrams of the peaks of fluorescence achieved for 

representative data points at days 5 and 6 respectively. The peaks corresponding to the 

firsts generations of proliferated cells are smaller when both Matrigel or Polystyrene are 

used, whereas the peaks of generations 5 are higher. 
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Figure 2.5 A) Raw data of the replication index (fold-expansion of the responding cells), expansion index 

(fold-expansion of the whole population), and proliferation index (average number of divisions among the 

responding cells) obtained of CD4+ T cells 5 days after seeding in Matrigel, 3D polystyrene scaffolds, and 

suspension (Ndonors = 4, with a minimum of Ndonors/condition = 3). B) Proliferation analysis of CD4+ T cells 6 days 

after seeding in 3D polystyrene scaffolds (Ndonors = 5). Statistical significance was determined by the 

Mann-Whitney U test (*** p < 0.001). Diagrams of the resulting CFSE fluorescence peaks of a representative 

data point for C) 5 days and D) 6 days of culture. 
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2.4.3 Normalization to the positive control 

In order to reduce the influence of the intrinsic donor-to-donor variability of the samples, 

and make a more accurate study of the effect of each 3D platform to CD4+ T cells in 

comparison with the culture in suspension (positive control), the raw data previously 

showed (figure 2.5) were normalized to the positive control. To perform this analysis, the 

median value of three triplicates of each condition was calculated. Once the median value 

of each condition was obtained, the values of the indexes obtained for the positive control 

were divided by themselves, fixing their value to 1. Then, the results for the other 

conditions were divided by the median value of their corresponding positive control. This 

treatment was also used for the experiments reported in the following sections. The 

results of Matrigel and polystyrene after this data analysis can be seen in figure 2.6. 

 
Figure 2.6 Normalized data to the positive control of the proliferation indexes achieved A) 5 days after 

seeding in suspension (positive control), Matrigel and 3D Polystyrene (Ndonors = 4, with a minimum of 

Ndonors/condition = 3); and B) 6 days after seeding in suspension and 3D polystyrene scaffolds (Ndonors = 5). 

Statistical significance was determined by the Mann-Whitney U test (* p < 0.05, ** p < 0.01). 

After the normalization to the positive control, the median value of the normalized 

replication index obtained after 5 days of culture for Matrigel is of 1.71, i.e. an 

improvement of a 71% was achieved. The expansion and proliferation indexes showed 

median values of 1.23 and 1.20, respectively (i.e. an increase of the 23% and 20% 
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respectively). Thus, the tendency of the 3D polystyrene to improve the proliferation 

parameters is confirmed, but the statistical significance is slightly modified (figure 2.6.A). 

Specifically, it is increased in the expansion index and reduced in the rest. After 6 days of 

CD4+ T cell culture in 3D polystyrene scaffolds, the median value of the normalized 

replication index obtained was 1.64, whereas the expansion and proliferation indexes 

showed a media of 1.50 and 1.08, respectively, resulting in statistically significant results. 

These results show that both 3D systems were able to increase the proliferation 

parameters of CD4+ T cells in comparison with cells seeded in suspension. Matrigel was 

able to achieve significant results in less culture time than 3D polystyrene, probably due 

to the presence of chemical stimuli and more adequate mechanical properties in 

comparison with polystyrene. Nevertheless, 3D polystyrene shows how the mere fact of 

having the physical effect of a 3D support can improve the proliferation of T cells. These 

results also suggest that the lack of IL-2 measured through ELISA was possibly not due to 

an inefficient activation, but to an unspecific adhesion of IL-2 on the 3D matrices. 

2.5 CD4+ T cell differentiation study 

To determine the phenotype of the CD4+ T cells after culture, differentiation assays were 

performed 5 days after seeding through the staining of two isoforms of the cluster of 

differentiation 45 (CD45), which is a tyrosine phosphatase protein that is present in all 

leukocytes, with a greater expression in lymphocytes. CD45 belongs to a complex family 

of high molecular weight glycoproteins (180-220 kDa) and has tyrosine phosphatase 

activity playing an important role in the regulation of cell differentiation. The two isoforms 

stained were CD45RA and CD45RO, given that following mitogenic stimulation, naïve 

T cells gradually lose CD45RA and gain the CD45RO isoform, which is a marker for T cell 

memory.36  

The percentages of T cells that express CD45RA and CD45RO prior to stimulation (negative 

control) are submitted to the intrinsic donor variability. In this case, they showed a low 

percentage of the double positive population with a median value of 14.3%, whereas the 

percentage of CD45RA+ ranged from 26.5 to 67.8 (percentiles Q-25 and Q-75) with a 

median of 53.6%, similar to CD45RO+ cells, which varied from 20.3% to 56.2% with a 

median value of 28.6% (figure 2.7.A-C). After stimulation, the median value of CD45RA+ 

cells decreased to 8.9% and 7.5% in suspension (positive control) and when using the 

3D polystyrene scaffold, respectively, indicating that CD4+ T cells successfully 

differentiated into phenotypes other than naïve. A lower decrease was observed for cells 

activated in Matrigel, which showed a percentage of CD45RA+ cells of 33.0%. On the other 

hand, the percentage of double positive populations increased from the 14.3% of the 

negative control to 50.8% in the positive control, 41.2% in the 3D polystyrene scaffold, 

and 42.2% in Matrigel. Thus, the percentage of T cells showing both markers is significantly 

higher for all conditions compared to the negative control. The CD45RO+ population 
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remained constant with median values of 33.7% and 41.7% in the positive control and the 

3D polystyrene scaffold, respectively, whereas it was reduced to 12.5% in Matrigel. The 

differences observed in the latter could be attributed to its chemical stimulation, absent 

in the other two platforms, which may promote the conservation of the CD45RA 

phenotype. 

 
Figure 2.7 Percentage of A) CD45RA+ T cells,  B) CD45+ T cells, and C) CD45RO+ CD4+ T cells in the different 

platforms. Representative dot plot graphs of cells in a D) negative control, E) positive control, 

F) 3D polystyrene scaffold and G) Matrigel 5 days after the seeding. The results shown were obtained from 

Ndonors = 6, with a minimum of Ndonors/condition = 4. Statistical significance was determined by the 

Mann-Whitney U test (** p < 0.01, *** p < 0.001). 
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Finally, representative dot plots of the negative control (figure 2.7D), positive control 

(figure 2.7E), 3D polystyrene scaffold (figure 2.7F), and Matrigel (figure 2.7G) are shown. 

In this graphs each dot represents one cell analyzed by the cytometer, showing if it is 

CD45RO+, CD45RA+, or CD45RO+CD45RA+, and it can be easily seen the differences or 

similarities between the resulting populations. As can be seen in these graphs, the 

memory marker CD45RO appears in the 3D polystyrene scaffold and the positive control, 

increasing the double positive population, and drastically reducing the CD45RA 

phenotype. The resulting cell population of these two conditions seems to be very similar 

as no significant differences were observed in the studied phenotypes. Nevertheless, cells 

expressed higher percentages of the CD45RA marker in Matrigel, conserving the higher 

capacity to proliferate of naïve cells, and significantly changing the phenotype of the 

resulting cells. 

2.6 Conclusions 

In this chapter it has been proved the benefits that can be obtained from substituting 

typical 2D culture systems to the use of novel 3D platforms. The influence of two different 

3D scaffolds (Matrigel and polystyrene) to CD4+ T cell proliferation and differentiation has 

been studied. It has been observed how the proliferation rates of CD4+ T cells significantly 

increased for all the 3D systems studied. In the case of the 3D polystyrene scaffold, which 

only introduces a 3D physical support in the cell culture, 6 days were required to obtain 

significantly different results from the positive control in comparison with the 5 days 

needed for Matrigel. Moreover, Matrigel, which additionally introduces a chemical input, 

showed promising results with interesting phenotypes, proving that a 3D matrix not only 

can improve CD4+ T cell proliferation, but also can tune the phenotype of the resulting 

cells. These observations could be exploited in the future to obtain higher percentages of 

cytotoxic cells capable of recognizing malignant cells and result in more effective 

treatments. However, Matrigel suffers from a high compositional variability, which can be 

explained by its natural origin and the associated batch to batch variability. Moreover, it 

was not designed for secondary lymphoid organ mimicking, thus significantly differing in 

terms of ECM composition. Thus, new 3D platforms should be designed for T cell culture 

to improve the current T cell expansion systems and therefore facilitate the broad use of 

ACT in the clinics.  
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3.1 Introduction 

As has been widely discussed in chapter 1, immunotherapy is a new treatment against 

cancer that is based on harnessing the immune system of patients and which has shown 

promising results in the last years. Thus, a lot of effort is being applied in optimizing and 

overcoming current limiting steps of this treatment, like immune cell activation and 

expansion. It has been shown the importance of introducing 3D matrixes to mimic the 

original ECM of cells to increase T cell proliferation and tune differentiation. The results 

of chapter 2 showed the potential of using a 3D platform for improving the expansion of 

CD4+ T cells. The benefit of only the 3D physical support could be seen due to the 

experiments with the 3D polystyrene scaffold, and the importance of the chemical stimuli 

was observed for the case of Matrigel.1 Current bibliography supports these observations. 

PEG hydrogels have been extensively studied because of their interesting 

physicochemical properties, chemical versatility, and biocompatibility. They can be 

formed under mild, cytocompatible conditions, and are easily engineered to present 

different functionalities such as cell adhesion and cell-mediated degradability, or different 

mechanical properties affecting the porosity, viscosity and stiffness.2  

Heparin is a highly sulfated and variable glycosaminoglycan (GAG), which is highly 

negatively charged and an abundant component of the ECM of LNs. 

Heparin-functionalized hydrogels have been widely used in affinity-based protein 

delivery.3 This anionic character mediates binding to various positively charged proteins 

which can interact with cells causing different responses such as proliferation, 

differentiation, and control of chemokine signaling.  

PEG-Hep hydrogels have been studied for diverse applications, such as cardiovascular 

tissue engineering applications through the study of human aortic adventitial fibroblasts, 

showing improved cell adhesion to materials with the highest modulus;4 cellularization of 

synthetic or autologous implants, evaluating hydrogels of different stiffness on vascular 

cells observing differences in attachment, proliferation, and gene expression profile 

associated with the hydrogel modulus;5 and in neurobiological studies using the gel as a 

scaffold to demonstrate the impact of mechanical and biomolecular cues on primary 

nerve cells and neural stem cells.6 However, to our knowledge, this hydrogels have never 

been applied to immune cell 3D culture. 

In this thesis, PEG-Hep hydrogels are synthesized and studied with the objective of 

mimicking the physicochemical properties of the ECM of LNs, thanks to the properties of 

both PEG and Hep. These hydrogels are composed by maleimide-functionalized low 

molecular weight heparin (Hep-Mal) and a thiol-functionalized PEG multi-arm polymer.7 

The fast kinetics and specificity of the reaction between maleimide and thiols have been 

described,4,5 and used in this case for the crosslinking of thiolated PEG with Hep-Mal. On 

one hand, PEG is responsible to imitate the physical 3D structure of the lymph nodes, due 

to its specific structural and mechanical properties, which can be easily regulated thanks 
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to its synthetic nature.2 On the other hand, the heparin is resembling the function of the 

heparan sulphates naturally present in the ECM, acting as molecular sinks, storage sites, 

or presentation platforms  to bind growth factors and chemokines.8  

As reported in the literature and previously discussed in chapter one, there are some key 

parameters of any 3D platform that should be properly designed in order to achieve a 

proper mimicking of the LN, such as, its porosity, mechanical properties, degradability, 

and presence of key cell signaling molecules.9 The pore size of the hydrogel should allow 

the circulation of immune cells through the inner part of the hydrogel. Previous studies 

showed that a pore size of 2 μm was enough to observe lymphocyte migration through 

the matrix, being the median size of T lymphocytes of approximately 1−2 μm of diameter 

when inactivated.10 Techniques such as scanning electron microscopy (SEM) and 

microtomography imaging have been used to analyze the pore size of the proposed 

hydrogels which can be tailored by varying the amount of PEG, together with its viscosity, 

gelation time, and resulting stiffness.  

The mechanical properties of the hydrogel are of vital importance due to its influence in 

both cellular behavior and tissue compatibility.11 Moreover, most envisioned clinical 

applications require scaffolds that degrade into excretable or metabolizable products over 

time.12 The soft nature of the lymphoid microenvironment is one of the key parameters 

that have to be present in the design of a 3D scaffold to be used as SLOs.9 Interestingly, 

PEG-Hep hydrogels degradation has been already assessed.7 Rheology was the chosen 

technique to characterize the hydrogel mechanical properties and gelation time at 

different compositions.  

Finally, the ability of PEG-Hep hydrogels to retain positively charged molecules thanks to 

the role of the heparin, was confirmed with green fluorescence protein (GFP) at different 

concentrations and fluorescence analysis.  

Following these strategies, PEG-Hep hydrogels were fully characterized and used as 3D 

scaffold for CD4+T cell activation, expansion, and differentiation, to study its further 

application into immunotherapy treatments (figure 3.1). 
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Figure 3.1 Diagram of the application of PEG-Hep hydrogels (in this case loaded with CCL21) to the expansion 

of immune cells. 

3.2 Objectives and strategy 

In this chapter PEG-Hep hydrogels are proposed for CD4+ T cell expansion, fully 

characterized, and studied. This material has been designed to mimic the conditions of 

the ECM of the SLOs, specifically the LNs, to increase CD4+ T cell proliferation and tune 

differentiation, given that these organs are believed to be highly efficient in promoting 

such cellular responses. More specifically, we had the following objectives: 

1. Synthetize, design and fully characterize the proposed PEG-Hep hydrogels in order to 

achieve the desired properties to mimic the ECM of LNs. Hydrogels with different stiffness, 

porosities and loading capacities were prepared and analyzed.  

2. Use of the hydrogels for CD4+ T cell culture under different conditions, studying 

resulting changes observed in proliferation and in the phenotypes achieved in comparison 

with the state-of-the-art suspension cultures.  

In summary, the main objective of this chapter was to achieve high proliferation rates by 

using hydrogels, and obtain cytotoxic phenotypes in order to have many active cells to 

fight cancer.  
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3.3 Synthesis of Hep-Mal and PEG-Hep hydrogel formation 

As has been mentioned in the introduction of this chapter, PEG-Hep hydrogels are formed 

by two components, 4-arm thiolated PEG and Hep-Mal. Although the PEG derivative used 

is commercially available (Sigma-Aldrich, USA), the heparin had to be functionalized with 

the maleimide prior to its use. A diagram of this functionalization process can be seen in 

figure 3.2. 

 

 

Figure 3.2 Synthesis of maleimide-functionalized heparin. 

The functionalization of heparin with maleimide was based in a method previously 

described.3,4 Heparin was dissolved in a solution of 0.1 M of MES buffer, together with the 

N-(2-aminoethyl) maleimide trifluoroacetate salt (AEM) and HOBt/EDC·HCl were added to 

activate the reaction (more details of this process can be found in chapter 6 section 6.2.2). 

The reaction was left overnight and then purified by dialysis. The resulting product was 

analyzed by 1H-NMR spectroscopy. The result can be seen in figure 3.3. 
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Figure 3.3 Full H-NMR spectrum of Hep functionalized with maleimide after an overnight reaction. 

The maleimide linked to the heparin appears at 6.83 ppm in contrast with the free 

maleimide ring that has a peak at 6.86 ppm. Depending on the heparin batch, this value 

can slightly change its position.  

Once the heparin was fully functionalized, we studied the hydrogel formation. For that, a 

solution of a 4-arm thiolated PEG (PEG-SH) was mixed with a solution of functionalized 

heparin in a proportion of 1:1.5, in phosphate buffered saline (PBS). As mentioned before, 

hydrogels with different mechanical properties can be obtained by varying the percentage 

of PEG. Thus, we prepared hydrogels with the 3%wt, 4%wt, and 6%wt of PEG, all of them 

with the same proportion of PEG:Hep (1:1.5). PEG-Hep hydrogels were formed through a 

maleimide-thiol reaction between the maleimide of the functionalized heparin, and the 

thiols of PEG, which result in a covalent crosslink and the consequent gelation. A diagram 

of this gelification mechanism can be seen in figure 3.4.A, together with the photographs 

of the resulting hydrogels (figure 3.4.B). 
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Figure 3.4 A) Schematics of PEG-Hep hydrogel formation through a maleimide-thiol reaction resulting in a 

covalent crosslink and gelation. B) Photographs of the resulting hydrogels. 

3.4 Structural and mechanical properties of PEG-Hep hydrogels 

To optimize the resulting hydrogels for immune cell culture, various experiments were 

performed, and its physical properties were characterized (e.g. stiffness, porosity, 

gelification time, and pore interconnectivity). Rheology was the technique used to 

characterize the gelification time and stiffness of the hydrogels. SEM was used to observe 

the inner structure of the hydrogel in the sections and surface. Finally, microtomography 

was used to obtain 3D images of the scaffold and study their pore interconnectivity. 

3.4.1 Rheology 

The main rheological technique to characterize hydrogels is small-amplitude oscillatory 

shear (SAOS).13 In SAOS, a small amount of sample is placed between parallel disks (or a 

cone and a disk for samples of different nature) and a small-amplitude torsional oscillation 

generates shear flow in the sample. SAOS is ideal for monitoring changing systems (such 

as the gelation of a hydrogel), since the measurement is quick and can be monitored as a 
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function of time. Moreover, it is also commonly used to identify the equilibrium shear 

modulus of a gel, Ge,14 for gels with low stiffness, like PEG-Hep hydrogels.  This modulus 

is the ratio of stress and strain in a balanced state where the material supports stress 

without deformation. To determine the Ge of a gel, the storage modulus (G') (black line 

of figure 3.5) and the loss modulus (G'') (grey line of figure 3.5) are measured in the 

linear-viscoelastic limit, and the limiting value of G’ at low frequency is identified as the 
shear modulus. A typical linear-viscoelastic behavior of a crosslinked gel is shown in figure 

3.5, where it can be seen that at high frequencies, the polymer shows a glassy behavior, 

while at low frequencies the gel shear modulus is observed. The transition of G’ between 
these two regions characterizes the glass transition of the polymer.15 

 
Figure 3.5 Typical linear-viscoelastic behavior of a crosslinked gel. Figure courtesy of Jonathan M. Zuidema 

et al.13 

This technique requires a trial-and-error approach to find the appropriate values of strain 

and frequency of each gel. Thus, the measurements require strain sweeps, frequency 

sweeps, and time sweeps at 37°C to calibrate the range of pressure and frequency where 

the hydrogels maintain their viscoelastic behavior. In strain sweeps, G’ and G’’ are 
measured at a fixed frequency, while the pressure applied to the hydrogel increases within 

the range of interest. For frequency sweeps, the procedure is quite similar but, in this 

case, the pressure applied is constant and is the frequency what is changed. These two 

experiments show the values of pressure and frequency where the hydrogels maintain 

their viscoelastic behavior, and which are applied to the time sweep, where the changing 

variable is the time. 
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To perform these experiments, the samples with different percentages of PEG (3%wt, 

4%wt, and 6%wt) were previously prepared and stored in the incubator at 37°C in Milli-Q 

water. Strain sweeps were performed at 37°C and a constant frequency of 1.0 Hz, while 

the pressure was conducted from 1 Pa to 150 Pa on fully formed hydrogels (after 

optimizing the range where the hydrogels maintain their viscoelastic behavior). Then, 

frequency sweeps were performed from 0.01 Hz to 10 Hz at a constant strength of 50 Pa. 

Results are shown in figure 3.6. 

 
Figure 3.6 A) Strain sweeps and B) frequency sweeps of 6%wt, 4%wt, and 3%wt of PEG-Hep hydrogels.  

All hydrogels showed linear behavior of G’ from a strength of 10 Pa to 100 Pa. Samples of 

3%wt show a G’ lower than those of 4%wt and 6%wt, i.e. they can accumulate less energy 

in their structure without causing deformation. Thus, hydrogels with less amount of PEG 

are softer than those with higher amounts of PEG, as expected. The frequency sweeps 

were linear from 0.01 Hz to 1 Hz. Similarly, lower G’ values were obtained for the 3%wt 

than the 4%wt and 6%wt PEG-Hep hydrogels. The values of the equilibrium shear modulus 

(Ge) achieved were 4.8±0.2 kPa for the 6%wt PEG-Hep hydrogel, 3.1±0.1 kPa in the case 

of 4%wt PEG-Hep, and 1.1±0.1 kPa for the 3%wt PEG-Hep. G’’ was too small to be 

measured, as is to be expected for fully formed hydrogels.13 It is worth noting that these 

values of Ge correspond to fully formed and completely hydrated hydrogels. This is 

important because this is the state in which hydrogels were applied to cell culture. Thus, 

these results provide reliable information about the mechanical properties of the material 

that cells interact with. 

Time sweeps were performed for the characterization of the gelification process, 

performed at 50 Pa and 0.1 Hz, values in which PEG-Hep hydrogels showed to maintain 

their viscoelastic behavior, with the rheometer at 37°C. The 6%wt and 4%wt PEG-Hep 

hydrogels were stabilized after ca. 200 min, at a storage modulus of 8.2±0.5 kPa, while the 

3%wt PEG-Hep hydrogel required 240 min at a storage modulus of 2.7±0.2 kPa 

(figure 3.7). The storage modulus values achieved are higher in comparison with the ones 

showed in strain and frequency sweeps, because in this case the hydrogels were not fully 
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formed and hydrated. In other words, here we are analyzing the gelification process and 

the properties of the hydrogel when this process ends, without the addition of water or 

any other possible treatment. This means that, without the hydration process PEG-Hep 

hydrogels are more compact and stiff, as expected. Although this experiment was useful 

to characterize the gelification process, the stiffness values relevant for immune cell 

culture are the ones obtained before, i.e. the ones obtained after hydrogel hydration in 

PBS. 

 
Figure 3.7 Time sweeps of 6%wt, 4%wt, and 3%wt PEG-Hep hydrogels. 

3.4.2 SEM 

After the rheological characterization, the pore size of fully formed and hydrated PEG-Hep 

hydrogels at different percentages of PEG (6%wt, 4%wt, and 3%wt) was studied by SEM 

imaging of their surface and section. Normally, this technique is used to analyze dry 

samples, however, images of the inner structure of the hydrated hydrogel could be 

obtained by slowly decreasing the pressure and temperature of the vacuum chamber, i.e. 

using the so-called ambient mode. Representative images for the surface and section of 

each hydrogel are shown (figure 3.8.A) 
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Figure 3.8 A) SEM images of the surface and section of the samples studied at different compositions of PEG 

(6%wt, 4%wt and 3%wt). B) Pore size evaluation of 6%wt, 4%wt, and 3%wt PEG-Hep hydrogels. The 

statistical significance was determined by the non-parametric Kruskal Wallis ANOVA test (*** p < 0.001). 

The pore size the samples was analyzed using the FiJi (ImageJ) software (figure 3.8.B). The 

median pore size of the 6%wt PEG-Hep hydrogels resulted of 20 µm with a porosity range 

of 5-50 µm, which increases to 40 µm for the 4%wt hydrogels with a range of 20-75 µm, 

and to 55 µm with a range of 25-105 µm for the 3%wt PEG-Hep hydrogels. These results 

show that the lower the amount of PEG present in the sample, the higher the porosity of 

the hydrogel, as expected. In order to apply PEG-Hep hydrogels to immune cell culture, 

the 3%wt PEG-Hep hydrogel was chosen due to its porosity and mechanical properties. 

For a deeper study of this hydrogel, the interconnectivity of its pores was measured 

through 3D microtomography. 

3.4.3 Microtomography  

In addition to the previous characterization, 3%wt PEG-Hep hydrogels were freeze-dried 

and then lyophilized in order to obtain the dried 3D structure to characterize it by X-ray 

microtomography. The images achieved support the data obtained by SEM, and provided 

high quality images and videos of the internal structure of the hydrogels where the 

interconnectivity of the pores can be seen (figure 3.9). 
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Figure 3.9 A) Lateral and B) top views of an overall 3% PEG-Hep hydrogel of 1 cm of diameter. C) and D) 

show the same perspectives but of a small zone of the hydrogel used to analyzed its porosity of 3.5 mm of 

diameter and 500 µm of height. 

The percentage of the different pore sizes measured by this technique was represented 

and fitted to a Gaussian model (figure 3.10) with a R2 of 0.998. 

 

Figure 3.10 Porosity analysis of 3%wt PEG-Hep samples studied by microtomography (Nsamples = 2) and the 

Gaussian fitting performed. 
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This model fit our data to the function: 

𝑦 =  𝑦0 + 𝐴(𝜔 ∙ √ 𝜋4 ∙ ln(2)) ∙ 𝑒(−4∙ln (2)∙(𝑥−𝑥𝐶)2𝜔2 )
 

In this equation y0 represents the base of the function, xC the center, A the area, and ω, 

the FWHM (Full Width at Half Maximum). The values obtained applying the fitting of this 

function to our data are showed in the table below. 

 

Table 3.1 Values of the Gaussian fitting applied to the porosity data achieved by microtomography for 

3%wt PEG-Hep hydrogels. 

Model Gaussian 

y0 0.61 ± 0.03 

xC 69.98 ± 3.35 

A 374.34 ± 33.45 

ω 69.07 ± 9.24 

R2 0.998 

From this analysis we can extract that most of the pores measure around 70 µm, in 

agreement with the data obtained by SEM, where the median pore size observed was of 

55 µm.  

3.5 Biofunctionalization of PEG-Hep hydrogels: Loading capacity 

To confirm the ability of PEG-Hep hydrogels to attract positively charged molecules to 

their negatively charged heparin units, different concentrations of GFP were incubated 

with the hydrogels during 1 h to observe the dependency of the laoding capacity of the 

hydrogel with the concentration of the positively charged protein. More details of the 

protocol followed are explained in chapter 6, section 6.2.4.  

The surface charge of the GFP used at pH 7 was calculated knowing the amino acid 

sequence of the protein, resulting in an estimated value of +5.6 mV 

(http://protcalc.sourceforge.net/ in June 2018). The surface charge of the Hep used is 

reported to have an aproximate value of -25 mV.16  

As shown below, the fluorescence was retained by the hydrogel after rinsings, indicating 

that the GFP was trapped inside, as expected. However, even at our highest concentration 

of GFP available of 1 mg/ml, the fluorescence in the hydrogel was not completely 

saturated (figure 3.11).  

http://protcalc.sourceforge.net/
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Figure 3.11 GFP loading curve of 6%wt, 4%wt and 3%wt of PEG-Hep hydrogels. 

Although a higher retention capacity was expected for the 6%wt PEG-Hep hydrogels 

compared to the 4%wt and the 3%wt PEG-Hep hydrogels due to its higher presence of 

Hep in the hydrogels, the 3%wt PEG-Hep hydrogel showed the highest retention value. 

These results suggest that 3%wt of PEG-Hep hydrogels have a better pore 

interconnectivity than the rest, and thus, the GFP solution can easily reach the whole 

hydrogel. 

3.6 Unloaded PEG-Hep hydrogels applied to CD4+ T cell culture 

Once PEG-Hep hydrogels of different PEG percentages (6%wt, 4%wt, and 3%wt) were fully 

characterized, 3%wt PEG-Hep hydrogels were chosen for CD4+ T cell culture, given their 

mechanical properties, higher porosity, and loading capacity.  

As performed for the study of commercial platforms, T cell proliferation analysis were 

assessed through CFSE staining and flow cytometry (Chapter 2 section 2.4.1). Thus, the 

expansion, replication, and proliferation indexes were calculated 5 days after seeding. As 

a reminder, the expansion and replication indexes determine the fold-expansion of the 

overall culture and that of the responding cells respectively, and the proliferation index is 

equal to the number of divisions that cells from the original population have undergone 

divided by the number of divided cells.  

The results of the unloaded 3%wt PEG-Hep hydrogels used as a scaffold for CD4+ T cell 

culture were normalized to the positive control, as showed in chapter 2 section 2.4.3, and 

its representation can be seen in figure 3.12.A. The media of the normalized replication 

index obtained was 1.25, i.e. an improvement of a 25% was achieved, whereas the 

expansion and proliferation indexes showed a media of 1.1 and 1.05, respectively. All 

three parameters showed statistically significant increases compared to the positive 
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controls, which corresponded to cultures in suspension with Dynabeads. The strongest 

difference was observed for the replication index, which indicates that the responding 

cells that get activated in the synthetic hydrogels proliferate more than the activated cells 

in suspension. A representative graph of the peaks of fluorescence obtained in the flow 

cytometer after culturing is shown in figure 3.12.B. It shows the displacement of the CFSE 

fluorescence peaks to the left in the positive control and sample compared to the negative 

control, indicating the new generations of cells obtained. 

 
Figure 3.12 A) Normalized proliferation analysis of CD4+ T cells 5 days after seeding in unloaded PEG-Hep 

hydrogels (3%wt) (Ndonors = 6). Statistical significance was determined by the Mann-Whitney U test (*p<0.05, 

**p<0.01). B) Diagram of the resulting CFSE fluorescence peaks of a representative data point. 

These results indicate, not only that PEG-Hep hydrogels do not show any cytotoxicity for 

the cells, but also that the 3D physical effect of the hydrogel, even without the 

introduction of any chemical stimuli, already causes an improvement in CD4+ T cell 

proliferation, which is very promising for this material. 
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3.7 Study of different chemical stimuli to introduce into PEG-Hep hydrogels 

Once the beneficial effect of unloaded PEG-Hep hydrogels was observed, we studied the 

effect of different chemical stimuli through the introduction of biomolecules into the 

hydrogels. For the introduction of such chemical stimuli, it was used the already proved 

capacity of the heparin present in the hydrogels for anchoring positively charged 

molecules through electrostatically interactions, mimicking the natural function of the 

heparin sulphates present in the ECM of the LNs.  

Positively charged molecules associated with immune cell activation and expansion were 

studied in suspension and fixed in 2D and 3D systems to observe their effect on the 

proliferation and differentiation of CD4+ T cells. The proteins chosen for this purpose were 

the cytokines CCL21 and CCL19. 

3.7.1 CCL21 

Chemokine (C-C motif) ligand 21 -CCL21- is a small cytokine involved in the activation 

process of the immune system. It plays an important role in costimulating the expansion 

of CD4+ and CD8+ T cells and inducing Th1 polarization.17 It is highly expressed in the 

endothelium of lymphatic vessels and LNs and interacts with T cells and mature DCs which 

express the chemokine receptor CCR7.18,19  

T cells were initially activated in suspension in the presence of different concentrations of 

CCL21 to find the optimum amount of cytokine. The concentrations chosen were 1 ng/ml, 

20 ng/ml, and 100 ng/ml. Elevated concentrations of CCL21 were avoided given their 

potentially inhibitory effect.20 As can be seen in figure 3.13, no significant differences 

could be observed among the different CCL21 concentrations in suspension. The median 

values for the replication index for 100 ng/ml, 20 ng/ml, and 1 ng/ml were 1.01, 0.95, and 

0.96, respectively, i.e. very similar to the positive controls. The same tendency was 

observed for the expansion index, with median values of 0.99, 1.02, and 0.99, and the 

proliferation index with values of 1.05, 1.12, and 1.00 for 100 ng/ml, 20 ng/ml, and 

1 ng/ml, respectively. 
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Figure 3.13 Normalized proliferation analysis of CD4+ T cells 6 days after seeding with different 

concentrations of CCL21 in suspension (Ndonors = 5, with a minimum of Ndonors/condition = 4). 

Nevertheless, CCL21 is known to be anchored to the stromal cells of the LNs. With the 

objective of mimicking such interaction, we studied the possibility of immobilizing it 

through its cysteine groups. Although the interaction between cysteine and Au has 

already been reported,21,22 a proof of concept experiment was performed to ensure the 

attachment of CCL21 on Au surfaces through its domain rich in cysteines. For that, we 

used a surface that was functionalized with a quasi-hexagonal pattern of AuNPs only on 

its lower part by dip-coating, as previously reported.23 Briefly, block copolymer micellar 

lithography (BCML) was used to prepare an Au-loaded micellar solution by dissolving an 

amphiphilic block copolymer in an apolar solvent to create reverse micelles.24 In our case, 

commercial indium titanium oxide (ITO)-coated glass substrates were dip-coated with the 

loaded Au micellar solution obtaining AuNPs with a lateral interparticle distance of 

68 ± 20 nm (figure 3.14.B). More details of the protocol used to achieve these surfaces is 

explained in chapter 6 section 6.2.5. These surfaces were passivated with PEG overnight 

and incubated with CCL21 during 1 h. After the incubation, an immunostaining 

(figure 3.14.C) was performed using human anti-CCL21 as primary antibody and mouse 

anti-human Alexa 488 as secondary antibody to observe through fluorescence where was 

the cytokine retained. A diagram of the experiment performed can be seen in 

figure 3.14.A. The immunostaining protocol used is explained in more detail in chapter 6 

section 6.1.9. As can be seen below, fluorescence could only be detected in the part of 

the surfaces decorated with AuNPs, proving that CCL21 was fixed on their surface. 
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Figure 3.14 A) Scheme of the experiment performed to study the adhesion of CCL21 to gold substrates. 

B) SEM image of the ITO substrate with the quasi-hexagonal array of AuNPs. C) Fluorescence image of the 

surface decorated with AuNPs, functionalized with CCL21, immunostained with human anti-CCL21 and the 

secondary antibody with mouse anti-human Alexa 488, showing signal only on its lower half.  

After verifying that CCL21 binds to Au, 2D planar Au surfaces were prepared as described 

in chapter 6, section 6.2.6, functionalized with CCL21, and used for cell culture. 

Specifically, the immobilization of CCL21 on Au surfaces was done at concentrations of 

1 ng/ml and 20 ng/ml (figure 3.15.A) and resulted in significant changes (** p < 0.01) for 

the proliferation and expansion indexes. Specifically, the median values for the expansion 

index were of 1.1 and 1.16 for the concentrations of 20 ng/ml and 1 ng/ml respectively, 

showing an improvement of 10% and 16% in comparison with the positive control. 

Similarly, the proliferation index increased to 1.06 and 1.08 for each concentration. The 

replication index also showed a slight tendency to increase with median values of 1.06 for 

20 ng/ml and 1.1 for 1 ng/ml.  
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Figure 3.15 A) Normalized proliferation analysis of CD4+ T cells 6 days after seeding with different 

concentrations of CCL21 fixed to Au surfaces (Ndonors = 8). Statistical significance was determined by the 

Mann-Whitney U test (** p < 0.01). B) Diagram of the resulting CFSE fluorescence peaks of a representative 

data point of CCL21 fixed to Au surfaces and its corresponding positive and negative control.  

These results confirmed that CCL21 increases CD4+ T cell proliferation when fixed. In the 

next step, this cytokyne was loaded into PEG-Hep hydrogels. The study therefore evolved 

from a 2D to a 3D experiment; so a new optimization of the CCL21 concentration was 

performed. Different concentrations of CCL21 were incubated in PEG-Hep hydrogels and 

100 ng/ml was identified as the concentration which led to the highest expansion results 

in contrast with the CCL21-immobilized on Au surfaces. This difference is most probably 

caused by the increase in total area available when moving from 2D to 3D biomaterials. 

As can be seen in figure 3.16, all the proliferation indexes were improved when using the 

hydrogel loaded with CCL21 in comparison with the unloaded hydrogel. For the hydrogels 

with 100 ng/ml of CCL21, a 30% of increase in the replication index was obtained in 

comparison with the positive control (1.3 of median value), while the unloaded hydrogel 

showed a 15% (1.15 of median value) of improvement. The proliferation and expansion 

indexes showed less pronounced increases with average values of 1.05 and 1.06, 

respectively. Again, the strongest difference was observed for the replication index, which 

seems to be the parameter most affected by the introduction of the 3D PEG-Hep 

hydrogels.  
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Figure 3.16 A) Normalized proliferation indexes 6 days after seeding CD4+ T cells in PEG-Hep hydrogels 

unloaded (3%wt) and loaded with 100 ng/ml of CCL21 (Ndonors = 6). Statistical significance was determined 

by the Mann-Whitney U test (*p<0.05, **p<0.01). B) Diagram of the resulting CFSE fluorescence peaks of a 

representative data point. 

Once verified that PEG-Hep hydrogels functionalized with CCL21 increase CD4+ T cell 

proliferation, differentiation assays were performed 5 days after seeding to determine the 

phenotype of the resulting T cells. The changes in the surface of CD4+ T cells caused by 

their activation result in different phenotypes, which were analyzed by flow cytometry. 

These phenotypes were naïve (TN; CD45RO−/CD62L+), central memory (TCM; 

CD45RO+/CD62L+), and effector memory (TEM; CD45RO+/CD62L−).25  

As mentioned in chapter 2, CD45RO is expressed on memory T cells. When naïve T cells 

become activated, they gradually lose the surface marker CD45RA and gain the CD45RO 

isoform.26  

CD62L, also named L-selectin is a type I transmembrane cell adhesion molecule expressed 

on most circulating leukocytes, including neutrophils. L-selectin is one of three family 

members: L-, E- and P-selectin. Each selectin is defined according to the cell type in which 

it was first characterized (L = lymphocyte, E = endothelial cell, P = platelet).27 
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The percentages of CD4+ T cells that express CD45RO and CD62L prior to stimulation 

(negative control) are submitted to the intrinsic donor variability. As expected though, 

they mainly showed a TN phenotype with a median value of 53%, whereas the TEM and TCM 

phenotypes were found in lowers percentages, being 12% and 32%, respectively 

(figure 3.17.A-C). 

 

Figure 3.17 Differentiation analysis of CD4+ T cells 5 days after seeding (Ndonors = 10, with a minimum of 

Ndonors/condition = 4). Percentage of A) naïve (TN), B) central memory (TCM), and C) effector memory (TEM). 

Representative dot plot graphs of cells in a D) negative control, E) positive control, F) unloaded 3%wt 

PEG-Hep hydrogel, and G) 3%wt PEG-Hep hydrogel loaded with a solution of 100 ng/ml of CCL21. Statistical 

significance was determined by the Mann-Whitney U test (*p<0.05). 

After stimulation, the median value of TN cells decreased to 4% in suspension (positive 

control). Both unloaded and loaded (100 ng/ml of CCL21) hydrogels also exhibited a 

decrease of this phenotype, being the median values 14% and 11% respectively. 

Consequently, the TEM and TCM phenotypes increased in comparison with the negative 
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control. Specifically, the median values for the TCM phenotype of the positive control, 

unloaded and loaded hydrogels were 68%, 51%, and 47%, respectively, thus showing 

lower percentages when using hydrogels. For the TEM phenotype, median values raised to 

26% for T cells in suspension, 21% for unloaded hydrogels, and 33% for hydrogels with 

100 ng/ml of CCL21, showing an increase of effector cells for those seeded in cytokine 

loaded hydrogels. These results point out that PEG-Hep hydrogels can be used to modify 

the resulting phenotype of T cells and different chemical inputs could be studied to 

achieve diverse differentiation pathways. Finally, representative dot plots of the negative 

control, positive control, unloaded and loaded hydrogels are shown (figure 3.17.D-G). It 

can be seen how the resulting activated populations of cells evolve differently in 

suspension and in the hydrogel, although both come from the same initial population of 

cells. 

In brief, we have seen how CCL21 improves CD4+ T cell proliferation and tune 

differentiation, increasing the total amount of effector T cells and decreasing the amount 

of central memory. Thus, it can be concluded that the capacity of PEG-Hep hydrogels for 

anchoring positively charged molecules opens the way to study different proteins to 

mimic the ECM, such as CCL19.  

3.7.2 CCL19 

CCL19 is a cytokine from the same family of CCL21 that interacts with the CCR7 receptor, 

like CCL21, resulting though in differential T cell signaling.17 CCL21 has an extended 

C terminus that mediates GAG binding, whereas CCL19 lacks this domain and as such is an 

obligate soluble chemokine.28 CCL19 has been found to act as a potent inducer of T cell 

proliferation in a DC-T cell co-culture system, although only with activated DCs.29 

Moreover, it has been identified as a key factor to increase T cell motility, conditioning T 

cells into a motile DC-scanning state amplifying the frequency of T cell responses.30  

To study the effect of CCL19 on T cell activation, the cytokine was added in suspension 

with cells activated with Dynabeads. The same concentrations previously studied for 

CCL21 were used for CCL19, 100 ng/ml, 20 ng/ml, and 1 ng/ml. After 6 days of culture the 

proliferation results were measured (figure 3.18). In this case the highest increase of the 

proliferation parameters was observed for the concentration of 1 ng/ml, with median 

values of 1.19, 1.20, and 1.06 for the replication, expansion, and proliferation indexes, 

respectively.  

Although no statistical changes were observed for the concentrations of 100 and 20 ng/ml 

of CCL19 in suspension, a tendency to increase the proliferation of CD4+ T cells can be 

seen for the latter. In contrast with the results observed for CCL21, where no significant 

differences were observed in solution, CCL19 showed its influence in suspension for the 

concentration of 1 ng/ml in agreement with its soluble nature. 
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Figure 3.18 Normalized proliferation analysis of CD4+ T cells 6 days after seeding without cytokine (positive 

control) and with different concentrations of CCL19 in suspension (Ndonors = 8). Statistical significance was 

determined by the Mann-Whitney U test (**p<0.01, ***p<0.001). 

Nevertheless, we also decided to study the differences between having CCL19 in solution 

and anchored to the hydrogels. As shown in figure 3.19, the replication index exhibited an 

increase of 50% and 56% for unloaded hydrogels and loaded with 100 ng/ml of CCL19 

respectively (1.5 and 1.53 of median value) compared with the positive control. A lower 

increase of 38% for hydrogels loaded with 20 ng/ml of CCL19 was also obtained. A similar 

tendency was observed for the expansion index, with average values of 1.35, 1.47, and 

1.34 for unloaded, 100 ng/ml and 20 ng/ml of CCL19 respectively. Finally, the achieved 

proliferation index median values were 1.23, 1.20, and 1.14 respectively. Thus, all the 

proliferation indexes were improved in comparison with the positive control, however, no 

significant differences were observed between the unloaded hydrogels and the ones with 

CCL19, as expected given its soluble nature.  

 
Figure 3.19 Normalized proliferation indexes 6 days after seeding CD4+ T cells in unloaded PEG-Hep 

hydrogels (3%wt), and in PEG-Hep hydrogels loaded with 100 ng/ml and 20 ng/ml of CCL19 (Ndonors = 6). 

Statistical significance was determined by the Mann-Whitney U test (*p<0.05, **p<0.01).  

3.7.3 CCL21 loaded in the hydrogel and CCL19 in solution 

Once having studied CCL21 and CCL19 separately, both cytokines were used with the 

objective to maximize the proliferation results and mimicking the natural behavior of 

the LN. In agreement with the results previously obtained, the concentrations used were 
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100 ng/ml for both CCL21 and CCL19. However, CCL21 was loaded in the hydrogel during 

1 h and CCL19 was added in solution with the media [CCL21(h) CCL19(s)]. Proliferation 

was measured 6 days after seeding. The results can be seen in figure 3.20. 

 
Figure 3.20 A) Normalized proliferation indexes 6 days after seeding CD4+ T cells in unloaded PEG-Hep 

hydrogels (3%wt) and in PEG-Hep hydrogels loaded with 100 ng/ml of CCL21 and with 100 ng/ml of CCL19 

in solution (Ndonors = 6). Statistical significance was determined by the Mann-Whitney U test (*p<0.05, 

**p<0.01). B) Diagram of the resulting CFSE fluorescence peaks of a representative data point. 

Hydrogels loaded with 100 ng/ml of CCL21 and 100 ng/ml of CCL19 in solution showed to 

duplicate the replication index (2 of median value) in comparison with the positive control, 

improving also the unloaded hydrogel, which had a median value of 1.8. The expansion 

index was also improved obtaining average values of 1.5 for the hydrogel with cytokines 

and 1.13 for the unloaded hydrogel. Finally, the proliferation index obtained similar 

median values, 1.21 and 1.20 respectively, showing higher statistical significance in the 

case of the hydrogel with CCL21 and CCL19. These results show the benefits of resembling 

the natural environment of cells as accurate as possible, thus achieving higher 

proliferation rates than the ones observed only with one of the cytokines or with the 

unloaded hydrogel. 
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3.8 Summary and conclusions/perspectives 

In this chapter we presented the synthesis and characterization of PEG-Hep hydrogels and 

their optimization to mimic the ECM of the LNs. Such hydrogels were used for CD4+ T cell 

expansion and differentiation. 

More specifically, we presented the successful optimization of the reaction between 

heparin and maleimide (Hep-Mal. Then, PEG-Hep hydrogels with different percentages of 

PEG were efficiently produced (6%wt, 4%wt, and 3%wt) by mixing the Hep-Mal and 

thiolated 4-arm PEG. The mechanical properties of the resulting hydrogels were measured 

by rheology. Briefly, high values of hydrogel stiffness were related with high percentages 

of PEG. The porosity was analyzed by different techniques that showed that the lower the 

amount of PEG in the samples the higher the pore sizes and the interconnectivity 

obtained. Finally, the capacity of the hydrogel to retain positively charged molecules due 

to electrostatic interactions with the heparin was proven through fluorescence 

measurements using GFP as a positively charged model protein. All the data resulting from 

this characterization evidenced that the 3%wt PEG-Hep hydrogels were the most suitable 

for CD4+ T cell culture. 

The use of PEG-Hep hydrogels to culture CD4+ T cells showed an increase in the 

proliferation of CD4+ T cells, and modification of the resulting phenotypes, even without 

the addition of any chemical stimuli. Moving a step forward, the cytokine CCL21 was 

anchored to the heparin present in the hydrogel to promote CD4+ T cell proliferation. 

First, it was proven that CCL21 induces CD4+ T cell proliferation when is fixed, but has no 

effect when is in suspension. Thus, PEG-Hep hydrogels were pre-incubated with CCL21 

and afterwards used for CD4+ T cell culture. Higher proliferation results than the ones 

observed with unloaded hydrogels were obtained, proving the versatility of this platform 

to introduce different chemical factors. The same study was performed with CCL19, 

although in this case significant differences were observed when having the cytokine in 

solution. The highest proliferation parameters obtained were achieved with the 

combination of both cytokines, the CCL21 loaded in the hydrogel and CCL19 added in 

solution to the media, mimicking their original state in the LN. This system proved to have 

the potential to be further developed and explored towards the fabrication of artificial 

LNs, and could help surpassing one of the most challenging limitations of current 

immunotherapies, which is producing large amounts of T cells with therapeutic 

phenotypes. 
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4.1  Introduction 

PBMCs are a cell population whose composition is donor-dependent, but approximately 

is formed by an 80% of T and B cells, 10% NK cells, and 10% monocytes. A diagram of the 

cells present in this population can be seen in Chapter 1, figure 1.1. These blood cells 

play an important role in the immune response which preserves the host’s homeostasis, 
fight infection, and cope with intruders.1 They have been used for immunotherapy to 

treat patients with problems such as cancer or infectious diseases.2  

Payne et al.3 studied the clinical applicability of a cellular reprogramming protocol using 

PBMCs of breast cancer patients expanded ex vivo. They reported that the combined 

proteins bryostatin 1 and ionomycin, together with the cytokines IL-2, IL-7, and IL-15 

could expand and reprogram tumor-sensitized PBMCs, achieving cells resistant to 

myeloid-derived suppressor cells (MDSC), and with a predominantly CD62L+ memory 

T cell phenotype. These results suggest that NK T cells may protect T cells from MDSC 

suppression via an NKG2D-dependent signaling pathway, although further investigation 

is required.3 Preclinical studies showed that reprogrammed memory T cells persisted in 

animals after complete rejection of the tumor.4 Currently this is one of the major goals 

of Immunotherapy, because it would allow not only to overcome the tumor, but also to 

avoid any possible relapse. This research exemplifies one of the advantages of working 

with PBMCs, which is the synergy between the different cells that integrate the PBMC 

population influencing both proliferation and differentiation pathways. However, using 

populations with different types of cells, as PBMCs, increases the number of variables 

present in the study. 

PBMC-derived models have also shown excellent preclinical results to study immune 

checkpoint inhibitors, as described by Shouheng Lin et al.5 This model consisted of 

human lung cancer cells implanted in mice followed by an injection of human PBMCs. 

After four weeks the efficacy could be evaluated, showing accurate results in terms of 

PD-L1/PD-1 signaling,5 which is a pathway that has been successfully exploited to elicit 

positive responses in lung cancer patients in some clinical trials.6,7  

Somerville et al.8 studied PBMC expansion in a WAVE® bioreactor (figure 1.8.C of 

chapter 1). Through the use of this system, gene modified cells were generated with 

comparable properties to a gas permeable static bags, thus simplifying the process of 

rapidly expanding tumor reactive lymphocytes. Cellular and immunological analysis 

suggested that the WAVE bioreactor may be a preferred method of cell expansion for 

some cell subsets or phenotypes, such as the CD8+CD62L+ and CD62+ cells.8 This study 

shows the impact that the method of expansion can have not only in the efficiency of 

cell proliferation, but also in the resulting phenotypes.  

 



 

83 

Additionally, PBMCs are the precursor cell population of different types of purified cells 

used in ACT, such as T cells.3–5,9 The purification of such cells might also have an 

influence on the clinical results, as shown in CIK cells, whose biological activity changed 

when purified using a blood cell separator (apheresis method) or a Ficoll lymphocyte 

separation medium (Ficoll method).10 

Another immunotherapy that has been widely studied using PBMCs is the addition of 

T cell bispecific antibodies (TCBs) that target an antigen on the tumor cells and recruit 

immune cells for the lysis of the former. Different TCBs have been studied in order to 

cause potent tumor killing activity reducing the toxicities derived from cytokine 

release.11-13 For example, there are antibodies that target the receptor tyrosine kinase 

HER2, which is a tumor-associated antigen of approximately the 25% of breast cancers.14  

To explore the potential of 3D systems throughout the field of immunotherapy, PBMCs 

were cultured in the 3D platforms previously mentioned.  

4.2  Objectives and strategy 

As has been mentioned, primary human PBMCs are usually the source of relevant 

therapeutic T cell subsets such as CD4+ and CD8+ T cells. They are isolated and can be 

expanded ex vivo using different approaches, however, current expansion systems 

should be improved in order to efficiently expand large quantities of cells. Depending of 

the chosen system it would be possible not only to increase the number of obtained 

cells, but also to manipulate the differentiation pathways of seeded cells affecting the 

phenotype of the resulting expanded cells.  

With the objective of study new 3D platforms for PBMC expansion that allow to tune cell 

differentiation, two different 3D systems have been studied: 3D polystyrene scaffolds 

and PEG-Hep synthetic hydrogels, as previously done with CD4+ T cells. The techniques 

to measure proliferation and study the resulting phenotypes are the ones previously 

described in chapters 2 and 3. Moreover, in this chapter the cytotoxic capability of the 

cultured PBMCs was studied through a co-culture of the resulting PBMCs with cancerous 

cells in the presence of bispecific antibodies in collaboration with Prof. J. Arribas from 

the Vall d’Hebron Institute of Oncology (VHIO, Spain). 
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4.3  PBMC culture in 3D polystyrene scaffolds 

We first explored the possibility of culturing PBMCs in a commercially available 3D 

polystyrene scaffold, before assessing their proliferation in our recently synthetized 

PEG-Hep hydrogels.  

4.3.1 Proliferation analysis 

As performed for CD4+ T cells in chapter 2.4, the expansion, proliferation, and 

replication indexes of PBMCs seeded in 3D Polystyrene Scaffolds (3D Biotek, USA) 

(figure 2.1.B, chapter 2) were evaluated 5 days after seeding. A graphical representation 

of the obtained numeric results, and a diagram of the peaks of fluorescence achieved 

with the CFSE staining for a representative point are shown in the figure below. 

 

Figure 4.1 A) Normalized proliferation analysis of PBMCs 5 days after activation with Dynabeads and 

seeding in suspension (positive control) and in 3D polystyrene scaffolds (Ndonors = 7). B) Diagram of the 

resulting CFSE fluorescence peaks of a representative data point. The negative control corresponds to 

PBMCs seeded in suspension without Dynabeads. Statistical significance was determined by the 

Mann-Whitney U test (**p < 0.01). 
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The resulting data indicates that all the parameters increased after 5 days of culture. The 

higher increase was observed for the expansion index, with a median value of 1.68, i.e. 

an improvement of a 68% was achieved. The replication and proliferation indexes 

showed a media of 1.52 and 1.17, respectively.  

In contrast with the results obtained for the CD4+ T cells seeded on 3D polystyrene 

scaffolds, statistically significant results were obtained after 5 days for all the 

proliferation parameters studied. Moreover, higher proliferation rates were achieved in 

comparison with the CD4+ T cell experiments due to the presence of all the different 

types of cell populations that compose the PBMCs. The interactions between cells such 

as T cells with monocytes present in the PBMCs, enhance the proliferative stimulus.15 

However, the use of PBMCs also increase the variability of the results, affecting the 

reproducibility of the experiments due to the presence of many different types of cells in 

the same culture and the lack of control of their proportions due to their 

donor-dependent nature. 

As previously mentioned, polystyrene scaffolds not only present an excellent 

connectivity with open size pores that allow the adequate diffusion of cells and 

nutrients, but also present a mechanically strong structure.16 According to these results, 

it seems that the 3D stiff structure of these 3D polystyrene scaffolds is beneficial for 

PBMC overall proliferation, although they could be improved, for example, by adding 

chemical stimuli. 

4.3.2 Differentiation analysis 

Once proven that the 3D polystyrene scaffolds increased PBMC proliferation, the 

CD3+CD4+ and CD3+CD8+ proportions after expansion were analyzed to study if the 

presence of the scaffold affected the proportion of these populations. This experiment 

was performed following the protocol used to analyze the quality of PBMCs after 

purification described in chapter 6.1.2. 

The median percentage of CD4+ T cells in the negative control was of 67.3%, while in the 

positive control increased to 72.8%. The value obtained with the 3D polystyrene scaffold 

was of 69.0%. These results show that after activation, the percentage of CD3+CD4+ 

T cells increased, however, the presence of the 3D polystyrene scaffold, slightly reduced 

the percentage of these cells.  

 



Chapter 4. Expansion of PBMCs in 3D systems 

86 

 

Figure 4.2 Percentage of CD3+CD4+ and CD3+CD8+ T cell subsets within PBMCs. The box plots summarize 

the percentage of CD4+ (blue) and CD8+ (green) T cells within PBMCs (Ndonors = 6) cultured in suspension 

with (positive control) and without (negative control) Dynabeads, as well as cells expanded with 

Dynabeads in a 3D polystyrene scaffold. Statistical significance was determined by the 

Mann-Whitney U test (*p < 0.05). 

The median percentage of the CD3+CD8+ phenotype in the negative control was of 

18.9%, which increased after activation to 21.5% in the positive control and 25.0% for 

T cells seeded in the 3D polystyrene scaffold, as shown in figure 4.2. Thus, it seems that 

the 3D polystyrene scaffold, although only provides 3D mechanical support without any 

chemical stimuli, favors the CD3+CD8+ proportion 5 days after T cell activation. This 

information is very valuable as CD8+ T cells are the subset of choice in many ACT 

applications, because of their effector cytotoxic function and enhanced antitumor 

activity.17 It is also worth mentioning that in general terms, the higher percentage of 

CD4+ than CD8+ T cells in the PBMCs agrees with the reported 2:1 ratio found in 

peripheral blood.18 

As previously mentioned, CD45RO is a surface protein expressed by human leukocytes 

and used as a marker of memory T cells.19 CD62L, also named L-selectin is a type I 

transmembrane cell adhesion molecule expressed on most circulating leukocytes.20  

In this case the population under study is PBMCs, which, as said, is mainly composed of 

CD4+ and CD8+ T cells (∼80%), but it also has cells of different nature. Consequently, we 

did not use the TN, TCM, or TEM terminology, but the presence or absence of the relevant 

markers (CD45RO−/CD62L+, CD45RO+/CD62L+, and CD45RO+/CD62L−). 
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Figure 4.3 Differentiation analysis of PBMCs 5 days after seeding showing the percentages of 

CD45RO−/CD62L+, CD45RO+/CD62L+, and CD45RO+/CD62L+. The controls consist of cells seeded in 

suspension with (positive control) and without (negative control) Dynabeads. The sample cells were 

activated with Dynabeads and seeded in 3D polystyrene scaffolds (Ndonors = 6). Statistical significance was 

determined by the Mann-Whitney U test (*p<0.05, **p<0.01). 

The resulting phenotypes analysed with this procedure barely changed for cells activated 

in suspension and in the 3D polystyrene scaffolds. The percentage of CD45RO−/CD62L+ 

cells decreased from a mean value of 50.6% for the inactivated cells (or negative control) 

to 17.1% for cells activated in suspension (or positive control) and 15.1% for cells seeded 

and activated in 3D polystyrene scaffolds. These values resulted in a significant decrease 

of this phenotype for activated cells, but no significant differences were observed due to 

the effect of the 3D system. CD45RO+/CD62L+ cells increased from a mean percentage 

of 28.1% in the negative control, to a mean value of 73.1% in both the positive control 

and 3D polystyrene scaffold. Finally, no significant change was observed for 

CD45RO+/CD62L+ cells, i.e. similar median values of 10.7%, 6.2%, and 8.2% were 

obtained for the negative and positive controls and polystyrene, respectively. These 

results show that although the proliferation indexes obtained for PBMCs expanded in 

3D polystyrene scaffolds were higher than for PBMCs expanded in suspension, the 

resulting phenotypes are similar for both conditions. 

4.3.3 Analysis of the killing capacity 

To study the cytotoxic capacity of the phenotypes obtained after the activation and 

expansion of PBMCs under different conditions, the resulting cells were cultured 

together with MKN45, a carcinoembryonic antigen (CEA)-expressing tumor cell line of 

human gastric adenocarcinoma, with the objective of study the capacity of the resulting 

PBMCs to kill these tumoral cells, in collaboration with Prof. J. Arribas (VHIO, Spain). 

Additionally, we added an IgG-based TCB, which recognizes the CEA present in this cell 

line and recruit immune cells due to interaction with the CD3 marker. A scheme of this 

experiment is shown in figure 4.4. 
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Figure 4.4 Co-culture of expanded PBMCs together with a TCB that recognizes the CEA present in this cell 

line and recruits immune cells due to interactions with the CD3 domain, causing the death of the cancer 

cells. 

This CEA-TCB is a novel approach for the treatment of CEA-expressing solid tumors, 

which has already been proven to cause the secretion of cytotoxic granules and tumor 

cell lysis.22 To ensure that there is no intrinsic T cell killing prior to adding the CEA-TCB to 

the cell culture (PBMCs were polyclonally activated and not directed against CEA), the 

first step consisted of culturing PBMCs activated in suspension with MKN45 cells.  

With this objective, first we compared PBMCS cultured in our standard complete RPMI 

media (20% of FBS and 1% of P/S) with PBMCs cultured in RPMI with “human 
serum (HS)” consisting of 10% of HS, 10 mM of HEPES, and 30 IU/ml of IL-2, which was 

the protocol used by Prof. J. Arribas laboratory to ensure the inactivity of PBMCs prior to 

TCB addition. In both cases, PBMCs were expanded using Dynabeads for 5 days and then 

co-cultured with MKN45 in HS medium during 2 days without the addition of the TCB. 

The results can be seen in the figure below.  
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Figure 4.5 Cytotoxicity study of cultured PBMCs against MNK45 cells without TCB. The PBMCs were 

non-activated (negative control) and activated PBMCs in suspension with Dynabeads using either HS or 

FBS media (Ndonors = 2).  

Although no killing capacity was expected, PBMCs expanded in RPMI with FBS showed 

inner killing capacity. In order to avoid interferences in the cytotoxic studies, and study 

the killing capacity of resulting PBMCs caused exclusively by the presence of the TCB and 

different phenotypes, we substituted the FBS-containing media by the HS one.  

Consequently, we assessed the influence of such medium in the proliferation of PBMCs 

without the addition of any 3D system during 6 days of culture. The results obtained are 

shown in figure 4.6. The proliferation parameters studied did not show any significant 

difference between PBMCs seeded in one supplemented medium or the other, with the 

exception of the expansion index. This index showed a slight decrease when cells were 

cultured in RPMI supplemented with HS, falling their median normalized values from 

1.00 to 0.83. The median values for the replication and proliferation indexes were 1.06 

and 0.93 respectively. 

 

Figure 4.6 Proliferation study of the effect of FBS and HS used as supplements of the RPMI media after 

6 days of culture. Analysis was made with Ndonors = 4. Statistical significance was determined with 

Mann-Whitney U test (*p<0.05). 

In addition to the proliferation study, the resulting phenotypes of cells were studied for 

the different media following the system previously used (section 4.3.2). The 

CD45RO−/CD62L+ cells showed median values of 52.60% and 48.20% for the negative 

control when using FBS and HS, respectively, whereas values of 33.40% and 26.12% 

were obtained for the positive control. As shown in figure 4.7, no significant changes 

were achieved for these cells. Similarly, the CD45RO+/CD62L+ cells did not result in 
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significant changes either with a 22.80% and 26.34% for the inactivated cells as well as a 

55.04% and 48.20% for activated cells for FBS and HS-based media, respectively. 

However, the CD45RO+/CD62L− PBMCs showed a significant increase in their phenotype 

for activated cells cultured in RPMI supplemented with HS, from a 6.03% of the media 

supplemented with FBS to a 17.30%. These results show that, with the exception of a 

slight increase of the CD45RO+/CD62L- population, no significant changes were 

observed by changing the supplement of the media in terms of proliferation. 

 

Figure 4.7 PBMC differentiation analysis when cultured in negative and positive controls, supplemented 

with either FBS or HS. The results shown were obtained 5 days after seeding, from Ndonors = 6 with a 

minimum of Ndonors/condition = 4. Statistical significance was determined with Mann– Whitney U test 

(*p<0.05, **p<0.01). 

Once proven that HS could be used without major changes in proliferation and 

differentiation, the killing capacity of PBMCs cultured with HS in suspension and in 

3D polystyrene scaffolds, without the addition of the TCB was studied (figure 4.8).  

 
Figure 4.8 Cytotoxicity study of cultured PBMCs against MNK45 cells without TCB. The PBMCs were 

non-activated (negative control) and activated PBMCs in suspension and 3D polystyrene scaffolds with 

Dynabeads using HS medium (Ndonors = 2). 

As no basal killing capacity was observed in this case, the TCB was added. Different 

concentrations of the antibody were used to study the cytotoxic capacity of the 

expanded PBMCs measuring the number of malignant cells resting in the culture after 

2 days of co-culture. All conditions (positive and negative controls and PBMCs seeded in 

3D polystyrene) were seeded at the same cell concentration, thus the number of cells 
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obtained after expansion is not relevant in this experiment. In contrast, the phenotypes 

obtained are crucial to induce cytotoxic capacity in combination with the TCB. More 

information of this experiment and its protocol can be found in chapter 6 section 6.1.10. 

The achieved results can be seen in figure 4.9. 

 
Figure 4.9 Cytotoxicity study of cultured PBMCs against MNK45 cells with TCB at different concentrations. 

The PBMCs were non-activated (negative control), activated in suspension (positive control) or activated 

in 3D polystyrene scaffolds (Ndonors = 5).  

The concentrations used of targeting CEA-TCB were 0.001 nM, 0.01 nM, and 0.025 nM. 

Inactivated PBMCs did not show any killing capacity for antibody concentrations of 

0.001 nM and 0.01 nM. However, at a concentration of CEA-TCB of 0.025 nM, T cells 

seem to be affected by the capacity of the antibody, killing cancer cells and decreasing 

this population to a median value of 67.1% MKN45 survival. When using cells from the 

positive control and cells expanded in 3D polystyrene scaffolds, the MKN45 survival 

dropped from a 100% at a concentration of 0.001 nM of antibody to 86.3% at 0.01 nM 

for both cases. Moreover, the survival rates further decreased reaching values of 49.3% 

and 47.2% at 0.025 nM CEA-TCB for the positive control and the 3D polystyrene scaffold, 

respectively. These results are in agreement with our hypothesis that PBMCs expanded 

in suspension (positive control) and in 3D polystyrene scaffolds would show similar 

killing capacities giving their similar resulting phenotypes.  
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4.4  PBMC culture in PEG-Hep hydrogels 

After proving that the increase observed in CD4+ T cell proliferation when using 

3D polystyrene scaffolds in comparison with standard suspensions (chapter 2.4) could be 

extrapolated to PBMCs, PEG-Hep hydrogels were studied with the same purpose. The 

protocols of hydrogel preparation (chapter 6.2.3) and seeding (chapter 6.1.6) used for 

CD4+ T cells were also applied to PBMCs.  

4.4.1 Proliferation analysis 

Proliferation was measured 5 days after cell seeding in unloaded and loaded hydrogels 

with 100 ng/ml of CCL21. The obtained results can be seen in figure 4.10. PBMCs 

exhibited lower median values than the positive control for all the indexes studied. 

Specifically, the replication index showed no statistically significant difference with 

media normalized values of 0.93 for the unloaded PEG-Hep hydrogels and 0.88 for the 

ones loaded with CCL21. However, the expansion index showed statistical relevance 

with median normalized values of 0.84 and 0.73 for unloaded and loaded hydrogels, 

respectively. Finally, the proliferation index also exhibited slight reductions for the 

unloaded PEG-Hep hydrogels with a median value of 0.95 and loaded with cytokine, with 

a higher decrease to 0.92. Unfortunately, the tendency observed for CD4+ T cells seeded 

in PEG-Hep hydrogels of increased cell expansion (chapter 3.7.1, figure 3.15) could not 

be thus reproduced with PBMCs.  

 

 

Figure 4.10 Normalized proliferation indexes of PBMCs after 5 days of expansion in suspension, and using 

PEG-Hep hydrogels unloaded (3%wt) and loaded with 100 ng/ml of CCL21 (Ndonors = 6). Statistical 

significance was determined by the Mann-Whitney U test (*p<0.05, **p<0.01). 

Given these results, we repeated these experiments 6 days after seeding to study if 

longer culturing times were needed to appreciate a beneficial effect. The protocols used 

were the same than the ones used in the previous experiments.  
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Figure 4.11 Normalized proliferation indexes of PBMCs after 6 days of expansion in suspension, and using 

PEG-Hep hydrogels unloaded (3%wt) and loaded with 100 ng/ml of CCL21 (Ndonors = 10, with a minimum of 

Ndonors/condition = 2). Statistical significance was determined by the Mann-Whitney U test (*p<0.05, 

**p<0.01). 

Nevertheless, as showed in figure 4.11, similar results were achieved 6 days after 

seeding. Namely, the replication, expansion, and proliferation indexes of PBMCs seeded 

in 3%wt PEG-Hep hydrogels decreased a 12%, 10%, and 7%, with median values of 0.88, 

0.90, and 0.93, respectively. Moreover, very large ranges and high variability were 

obtained with percentiles Q-25 and Q-75 of 0.75 and 1.05 for the replication index, 0.73 

and 1.00 for the expansion index, and 0.90 and 1.00 for the proliferation index. Similar 

data were obtained for PEG-Hep hydrogels loaded with 100 ng/ml of cytokine with 

median values of 0.90 for replication and expansion indexes, and 0.94 for the 

proliferation index. In this last case, only two donors were used due to the observed 

inefficiency to improve the proliferation parameters. As it was obtained for 5 days of 

culture the proliferation parameters could not be improved. 

4.4.2 Differentiation analysis 

The resulting phenotypes of PBMCs seeded in PEG-Hep hydrogels were also studied to 

discriminate between CD45RO−/CD62L+, CD45RO+/CD62L+, and CD45RO+/CD62L− cells 

(Figure 4.12).  

The CD45RO−/CD62L+ phenotype significantly decreased from a mean value of 52.8% 

for the negative control, to 6.7% and 7.4% for the positive control and hydrogel. The 

percentage of CD45RO+/CD62L+ cells increased from a median percentage of 29.7% for 

inactivated cells to 69.8% and 56.4% for PBMCs activated in suspension and in the 

hydrogel. On the other hand, the CD45RO+/CD62L- population increased significantly 

from an 8.9% of the negative control to a 19.0% of the positive control and a 31.2% for 

the PBMCs seeded in PEG-Hep hydrogels.  

In this case thus, not only differences could be observed in the resulting phenotypes of 

activated and inactivated cells, but also in PBMCs activated in suspension and in 3D 

PEG-Hep hydrogels. 
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Figure 4.12 Differentiation analysis of PBMCs activated with Dynabeads and cultured in suspension and 

PEG-Hep hydrogels (Ndonors = 6). Statistical significance was determined by the Mann-Whitney U test 

(*p<0.05, **p<0.01). 

In summary, these results showed that, although the proliferation parameter could not 

be improved for PBMCs with the use of PEG-Hep hydrogels, they affected the 

differentiation pathways taken by the cells, allowing to tune the resulting phenotypes. 

Taking into account that T cell differentiate in a linear direction from TN to TCM to TEM,23 

rather than branching from different early subtypes, we assume that the higher 

percentage of CD45RO+/CD62L- (corresponding to TEM) means that the resulting cells 

were more differentiated from the initial population. In future experiments, we will 

further optimize the physicochemical conditions of the hydrogels to promote the 

differentiation into TCM, which has been proved to be the preferable phenotype for 

therapy success.24,25 

4.5  Summary and conclusions 

In this chapter PBMCs were used to study their expansion and differentiation capacities 

when cultured in different 3D systems with the objective to use them for experiments 

with patients in collaboration with Prof. J. Arribas (VHIO, Spain). It was proven that the 

use of 3D polystyrene scaffolds increased PBMC proliferation, achieving significantly 

higher values of expansion, proliferation, and replication indexes 5 days after seeding. 

Also, the resulting phenotypes from this platform were analyzed. Although no significant 

changes were observed through the analysis of the CD45RO and CD62L markers, the 

CD3+CD8+ T cells were favored over the CD3+CD4+ T cells. The cytotoxic assays 

demonstrated the same killing capacity of MKN45 cells by PBMCs expanded in 

suspension than in the 3D scaffolds when using the targeting CEA-TCB (once HS was 

implemented in our protocol as the medium supplement to avoid interferences with the 

intrinsic killing capacity of PBMCs acquired by the use of FBS). We suggest that these 

results can be explained by the functional phenotypes after the culture despite the 

increased CD3+CD8+ population. 
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In any case, the improvement of the proliferation makes the 3D polystyrene scaffolds a 

good option for PBMC activation and expansion. However, the unfeasibility of 

introducing a chemical input in these 3D structures, prevents a further proliferation 

improvement and a tune in the resulting phenotypes. 

The use of PEG-Hep synthetic hydrogels to culture PBMCs enabled the introduction of 

such chemical input to the culture. However, it resulted in a proliferation decrease 5 and 

6 days after seeding for both unloaded and loaded hydrogels (with 100 ng/ml of CCL21). 

Moreover, the scaffold resulted in a significantly higher percentage of CD45RO+/CD62L- 

cell population (effector memory phenotype, TEM, for T cells) accompanied by a decrease 

in the percentage of CD45RO+/CD62L+ (central memory phenotype, TCM, for T cells). 

These phenotypes were also obtained with the pure CD4+ T cell population. Given the 

linear differentiation pathway followed by T cells previously reported,23 we hypothesize 

that the higher percentage of TEM could be reduced together with the culture time. 

Moreover, other chemical stimuli, such as the combination of immobilized CCL21 and 

soluble CCL19, could be studied in order to obtain the desired phenotypes. 
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5.1. Introduction 

3D printing is a technique that consists of producing 3D objects with precisely designed 

geometries in a layer by layer approach. Moreover, this fabrication method is 

compatible with different materials, and thus, there are different inks that can be used, 

ranging from polymers to metals, including ceramics and organic molecules. This system 

represents a promising technology in various fields due to its notable advantages 

including a high degree of automation and accurate control of complex structures, 

especially in biomedical engineering.1  

Nowadays, 3D printing technologies can be divided into four major categories, namely 

vat photopolymerization-based printing, powder-based printing, droplet-based printing, 

and extrusion-based printing.2 Vat photopolymerization-based printing technologies 

uses a vat of a liquid photopolymer such as resins, out of which the model is constructed 

layer by layer, while an ultraviolet (UV) light is used to cure or harden the resin where 

required. Inside this category, there are the stereolithography, direct light processing, 

and continuous liquid interface production techniques.3,4 The powder-based printing 

technology uses localized heating to fuse the materials utilized, which usually are 

polyamide, alumide, titanium, and rubber-like materials. Techniques such as selective 

laser sintering, direct metal laser sintering, selective laser melting, multijet fusion, and 

electron beam melting, belong to this category.5 In droplet-based printing technologies 

such as multijet modeling, laser-induced forward transfer, and wax deposition modeling, 

liquid droplets are ejected onto a substrate to form a layer by layer construct.6,7 Finally, 

the extrusion-based printing, which includes fused deposition modeling and direct ink 

writing, uses printable materials that are extruded from a nozzle and deposited in 

filaments layer by layer on a platform to form a 3D construct.8,9 A scheme of this 

technique can be seen in figure 5.1. This last technique is the most popular method in 

biomedicine, especially for cell-laden 3D constructs, because of the wide range of 

printable materials that can be used including cells, as well as its simplicity.10  

 

Figure 5.1 Diagram of a typical extrusion-based printing technique. 
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In this field, 3D printing has been used for different applications such as tissue 

engineering, pharmacokinetic analysis, and basic cell biology studies. For example, 

implants and scaffolds have been created for regenerative medicine11 or artificial tissues 

have been produced with the objective of replicating the structures of native tissues by 

precisely depositing biological factors and cell-laden biomaterials.12–15 An ideal bioink to 

ensure the correct functionality of bioprinted tissues and organs should possess certain 

mechanical and biological properties. Regarding the physical properties, the material 

should have adequate structural strength and stiffness, preferably in a tunable and 

dynamic manner through an adjustable gelation and stabilization process. The porosity 

is a key parameter of the material, because it affects cellular responses such as 

migration, but also the robustness and strength of the material. Additionally, the bioink 

must be obviously biocompatible and should be processed under cell-friendly 

conditions, i.e. no toxic agents, neutral pH, and room temperature processes. Depending 

on the application, it should also present some biodegradability, allow chemical 

modifications to satisfy tissue-specific needs, and have potential for large-scale 

production.11,16–18 Bioinks may be made from natural polymers (such as collagen, 

fibrinogen, alginate, gelatin, etc.), synthetic biomaterials (such as PEG, poly (vinyl 

alcohol), etc.), or combinations of both.19 For example, Matrigel was studied mixed with 

alginate to improve its printability for vascularization studies, revealing that the types of 

materials and their ratios are critical parameters to adjust when developing an optimum 

bioink.20   

5.2 Objectives and strategy 

Due to the beneficial effects showed by PEG-Hep hydrogels for T cell expansion 

(chapter 3) and in order to move one step forward in the study of the potential of this 

material for different applications, these hydrogels were analyzed as bioink for 3D 

printing in collaboration with Dr. Miguel Timoneda from the Institute of Bioengineering 

of Catalonia (IBEC, Spain). To achieve this, the gelification process of PEG-Hep hydrogels 

was optimized and adjusted to the 3D printer requirements. Then, the resulting scaffolds 

were studied for immune cell culturing. Both CD4+ T cells and PBMCs were used to study 

the potential of the 3D printing technique, which also opens the way to new applications 

such as cell-laden PEG-Hep hydrogels that we started to explore. 
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5.3 PEG-Hep hydrogels as bioink for 3D printing  

To use PEG-Hep hydrogels as bioink, the gelification process had to be optimized to 

obtain well defined pre-designed 3D scaffolds for cell culture in a 3D Discovery printer 

from RegenHU Biosystem Architects (Switzerland). In this case, the printed structure 

chosen was a basic one, which is commonly used by our collaborators in IBEC to evaluate 

new materials, consisting of a grid with a separation of 1.5 mm between its lines and of 

4 layers of height. A diagram of this structure can be seen in figure 5.1.  

 

Figure 5.2 Schematic images of the scaffold designed to optimize the use of PEG-Hep hydrogels as bioink. 

With this purpose, 3%wt PEG-Hep hydrogels were prepared in PBS as usual, following 

the protocol explained in chapter 6.2.3. Once the solutions with both reagents (PEG and 

Hep) were mixed and heated up to 37°C, the resulting mixture was analyzed as bioink for 

3D printing at different times. 3 h after the beginning of the gelification, the sample 

remained liquid impeding its printing. Nevertheless, the first printings could be 

performed after 3.5 h, when the sample had enough consistency. As shown in 

figure 5.2.A, the resulting scaffolds had though a very low rigidity and no differentiated 

lines were achieved in the printed grid. To improve that, samples were stored overnight 

under two conditions, at room temperature and in the incubator at 37°C, and the 

experiment was repeated after 24 h of gelation. The material stored at room 

temperature showed optimal properties for its printing, obtaining quite well defined 

scaffolds, as it can be seen in figure 5.2.B. Nevertheless, samples stored at 37°C inside 

the incubator got very dried, making the printing heterogeneous and difficult, and the 

resulting scaffolds were not adequate for cell culture (figure 5.2.C). Additionally, 

different pressures of extrusion and tips for the printing were tested. After the 

corresponding optimization experiments, it was found that the optimum extrusion 

pressure was of 1.2 bars by using a conic tip with an inner diameter of 27 G (0.36 mm). 
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Figure 5.3 Microscope images of the resulting scaffolds printed with a 3%wt PEG-Hep hydrogel after 

A) 3.5 hours of gelation, B) one day at room temperature, and C) one day incubated at 37°C. 

D) Microscope images of scaffolds printed with 3%wt PEG-Hep hydrogels made in DMEM media instead of 

PBS. 

In order to assess the use of PEG-Hep hydrogels for cell-laden experiments, we tried to 

prepare these hydrogels in culture media instead of PBS as usual. Unexpectedly, the 

gelation was immediate, probably due to the catalysis of the gelification reaction 

through some of the components present in the cell media, and the resulting gel could 

be properly printed (figure 5.2.D). Thus, this strategy could be used in the future to 

introduce cells inside the hydrogel through cell-laden experiments.  
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5.4 PEG-Hep printed scaffolds for CD4+ T cell expansion 

Once it was demonstrated that 3%wt PEG-Hep hydrogels could be used as bioink and 

the protocol was optimized, 3D layered structures were printed to observe their effect 

on CD4+ T cell culturing and ensure their (bio)compatibility.  

Initially, we assessed the printing in a 96 well plate (WP) as these are the ones that we 

usually employ. It was technically impossible due to the intrinsic resolution of the used 

3D printer. Consequently, we discarded the possibility of directly printing on a 96 WP 

and we printed the scaffolds in the larger wells of the 24 WP (figure 5.3). 

 

Figure 5.4 Photographs of the printed scaffolds in the 24WP with CD4+ T cells. 

Given the price of the material and that the printed superficial area was higher than in 

the non-printed hydrogels, it was decided to print scaffolds of 4 and 6 layers with 

1.5 mm of separation between the lines of the grid, using ~35 and ~50 µg of material, 

respectively, as a starting point to evaluate the potential usefulness of the printing 

process. Although we maintained the cell concentration of the seeded CD4+ T cells at 

106 cells/ml as in the previous experiments (chapters 2-4), the total volume of media 

had to be scaled up ten times, from 100 µl to 1 ml due to the larger size of the well. 

Consequently, the number of cells/µg of material was lower than in the previous 

experiments where each hydrogel weighted ~50 µg. The results obtained in this chapter 

are therefore not quantitatively comparable to the ones obtained in the previous 

chapters.     

We first evaluated unloaded printed hydrogels and after we incubated the scaffolds with 

100 ng/ml of CCL21 as in the previous studies, given that the protein was considered 

small enough to successfully penetrate the hydrogel. Thus, it is supposed to be equally 

distributed in both printed and non-printed systems. 
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5.4.1 Unloaded printed hydrogels 

Unloaded printed scaffolds of 4 and 6 layers were cultured with CD4+ T cells activated 

with Dynabeads during 6 days. Afterwards, the replication, expansion, and proliferation 

indexes were measured by flow cytometry as usually and compared with the ones 

obtained for cells seeded in suspension (positive control). The results were normalized 

to the positive control, as showed in chapter 2 section 2.4.3.  

 
Figure 5.5 A) Normalized proliferation analysis of CD4+ T cells seeded in suspension (positive control), and 

unloaded printed PEG-Hep hydrogels of 4 and 6 layers of height, 6 days after seeding (Ndonors = 6). 

Statistical significance was determined by the Mann-Whitney U test (*p<0.05, **p<0.01). B) Diagram of 

the resulting CFSE fluorescence peaks of a representative data point for all the conditions. 

The PEG-Hep scaffold printed with a height of 4 layers exhibited a slight tendency to 

increase the proliferation parameters in comparison with the positive control, obtaining 

normalized values of 1.03 for the replication and proliferation indexes. The only 

significant change obtained was in the proliferation index. On the other hand, the 

PEG-Hep scaffolds printed with 6 layers of height showed higher and statistically 

significant proliferation parameters, improving the replication and proliferation index a 

7% (1.07 as a result of their normalized value), and the expansion index a 4%. It can be 

therefore concluded that the amount of hydrogel used has an influence on cell 

proliferation, improving the proliferation parameters with higher amounts of material, 

i.e. higher number of layers. Thus, the presence of a 3D printed scaffold improves T cell 

proliferation in comparison to expansion in suspension. The representative graph of the 
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CFSE peaks obtained (figure 5.4.B) shows lower differences than in previous cases, given 

that the material/cell proportion has decreased ten times compared to previous 

experiments. Because of that, it can be concluded that the amount of printed material 

used could be further increased in order to improve the proliferation indexes. 

To determine if the phenotype of the resulting T cells was affected, the differentiation 

assay explained in chapter 3 section 3.7, was here performed again with scaffolds of 

4 and 6 layers. Thus, the resulting CD4+ T cell populations were classified in naïve (TN; 

CD45RO−/CD62L+), central memory (TCM; CD45RO+/CD62L+), and effector memory (TEM; 

CD45RO+/CD62L−)21 5 days after seeding. The results achieved are shown in the figure 

below. 

 
Figure 5.6 Differentiation analysis of CD4+ T cells seeded in unloaded printed PEG-Hep hydrogels of 4 and 

6 layers of height with their respective controls (Ndonors = 6). Percentage of A) and D) naïve (TN), B) and E) 

central memory (TCM), and C) and F) effector memory (TEM). 

For the 4 layers scaffolds (figure 5.5.A-C), a statistically significant increase of the 

percentage of TCM, which is a cytotoxic phenotype associated with positive responses in 

clinics, was observed corresponding with a decrease in the TEM. The median value of TCM 

raised from the 45% of the negative control, to the 61% of the positive control and 66% 

for the 4 layers printed hydrogels. On the other hand, the TEM mean values augmented 

for CD4+ T cells activated in suspension from a 14% of the negative control to a 30%, 

while this increase was lower for cells seeded in the printed hydrogel, with a mean value 

of 23%. The naïve cells decreased from a 39% of the inactivated cells to a 5% and 6% of 



PEG-Hep hydrogels for 3D Printing 

107 

cells activated in suspension and in hydrogels, respectively. However, no significant 

changes were observed between cells activated in suspension or using a scaffold in this 

population. Although the same tendency was observed for scaffolds with 6 layers, the 

achieved differences were less pronounced, especially for the TCM. Interestingly, these 

results differ from the ones obtained for non-printed PEG-Hep hydrogels in chapter 3 

section 3.7, where the TEM phenotype increased and the TCM decreased. Thus, the use of 

printed hydrogels provides an advantage over non-printed ones. 

5.4.2 Printed hydrogels loaded with CCL21 

As previously done for non-printed hydrogels, a solution of 100 ng/ml of CCL21 was 

incubated during 1 h prior cell to seeding to decorate the printed scaffolds and study its 

effect on CD4+ T cell proliferation. In addition, a control consisting of a non-printed 

hydrogel (N.P. 3%wt) was added using the same mass of sample than in the 6 layers 

printed hydrogel (~50 µg) to evaluate the effect of the printing.  The quantitative 

achieved results can be seen in figure 5.6.A, whereas figure 5.6.B shows a representative 

CSFE diagram of the analyzed samples.  

 The replication index improved a 3% and 10% (which mean values of 1.03 and 1.10) 

when using unloaded and loaded printed hydrogels, respectively, in comparison with the 

positive control. The expansion index showed no significant changes for the unloaded 

gels, slightly increasing its mean value from 1 to 1.06 with the addition of the cytokine. 

Finally, the same tendency was obtained for the proliferation index with mean values of 

1.05 and 1.08 for unloaded and loaded hydrogels, respectively. Once again, all the 

proliferation indexes improved when using the hydrogel loaded with CCL21 in 

comparison with the unloaded hydrogel and the positive control. Unexpectedly, the 

non-printed PEG-Hep hydrogels improved all the proliferation indexes a 15% (i.e. mean 

values of 1.15) compared to the positive control, although these changes were only 

statistically relevant in the case of the proliferation index. Moreover, higher mean 

proliferation rates than both unloaded and loaded printed scaffolds were obtained.  

These results evidenced that the used non-printed hydrogels already allow a good 

transfer of cells, nutrients, and gases, which are in agreement with the positive results 

obtained when using T cells. Nevertheless, preliminary experiments with thicker 

hydrogels (i.e. with a higher material/cell ratio) have shown problems, which we believe 

to be able to solve with 3D printed scaffolds. Consequently, further experiments will be 

performed in order to assess the advantages of 3D printing. 
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Figure 5.7 A) Normalized proliferation indexes 6 days after seeding CD4+ T cells in suspension (positive 

control), non-printed PEG-Hep hydrogels (N.P. 3%wt) as well as 6-layer printed PEG hydrogels unloaded 

and loaded with 100 ng/ml of CCL21 (Ndonors = 6). Statistical significance was determined by the 

Mann-Whitney U test (*p<0.05, **p<0.01). B) Diagram of the resulting CFSE fluorescence peaks of a 

representative data point. 

5.5 PEG-Hep printed scaffolds for PBMCs expansion 

Although the PEG-Hep hydrogels could not improve the proliferation of PBMCs, as seen 

in chapter 4.4.1, we decided to study the effect of the 3D printing to this material on the 

PBMCs culture, to study the effect of the increase in surface area. With this objective 

PBMCs were seeded in PEG-Hep printed scaffolds of 4 and 6 layers, as previously 

performed with CD4+ T cells. 

5.5.1 Unloaded printed hydrogels 

PBMCs were cultured during 6 days with the same scaffolds previously used for the 

expansion of CD4+ T cells. However, a high variability of the results was again observed, 

especially for the replication and expansion indexes (figure 5.7). The replication index 

showed values between 0.78 and 1.04 for scaffolds of 4 layers (percentiles Q-25 and 

Q-75) with a median value of 0.90, and 0.81 to 1.03 for scaffolds of 6 layers with a 

median value of 0.93. Nevertheless, no significant differences could be detected. Similar 

data were obtained for the expansion index with median values of 0.89 and 0.90, and a 

range between 0.76 to 1.08, and 0.8 to 0.93, for scaffolds of 4 and 6 layers respectively. 
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In this case though, the results obtained with the printed 6 layer scaffolds were 

significantly lower than the positive control. Finally, the proliferation index showed 

lower variability, but the median values were still lower than the normalized positive 

control (0.96 and 0.95, respectively).  

 
Figure 5.8 Normalized proliferation indexes of PBMCs seeded in 3D printed scaffolds of PEG-Hep hydrogels 

of 4 and 6 layers. Statistical significance was determined by the Mann-Whitney U test (**p<0.01). 

These results show that, as observed in chapter 4 section 4.4.1, the proliferation of 

PBMCs does not improve in either printed and non-printed hydrogels. These results 

suggest that this material might not be the most adequate one for this cell population, 

although further optimization could be done to change this situation. 

The resulting phenotypes (CD45RO−/CD62L+, CD45RO+/CD62L+, and CD45RO+/CD62L−) 

were also analyzed following the same procedure used in chapter 4 section 4.3.2. The 

results can be seen in the figure below. 

 

Figure 5.9 Differentiation analysis of inactivated (negative control) and activated (positive control) PBMCs 

cultured in suspension, and 4 layer printed 3%wt PEG-Hep hydrogels (Ndonors = 6). Statistical significance 

was determined by the Mann-Whitney U test (*p<0.05, **p<0.01). 

The resulting phenotypes of PBMCs seeded in 3D printed gels changed in comparison 

with those expanded in suspension, as was previously reported for non-printed 
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hydrogels in chapter 4 section 4.4.2. The CD45RO−/CD62L+ cells, corresponding with the 

naïve phenotype of T cells, show a significant decrease when comparing non-activated 

(negative control) with activated cells, and no differences were observed between the 

positive control and the printed hydrogel. The mean values were 31.64% for the 

negative control, 10.87% for the positive control, and 8.23% for the 4 layers printed 

hydrogel. The mean values of the double positive population were 31.18% for the 

negative control, which significantly increased to 69.84% for the positive control and 

59.68% for the case of PBMCs seeded in printed hydrogels. Finally, the CD45RO+/CD62L- 

cells slightly increased from 11.09% of the negative control to 13.75% of the positive 

control, and augmented even more, to a 27.65%, in the printed hydrogels. The tendency 

here observed is the same than the one obtained for PBMCs seeded in non-printed 

hydrogels, which consists of a decrease in the CD45RO+/CD62L+ population 

accompanied by an increase in the CD45RO+/CD62L- cells. These results indicate that 

the resulting PBMCs were more differentiated than the initial population, as expected. In 

contrast to CD4+ T cells, the resulting phenotypes of PBMCs are comparable for both, 

printed and non-printed hydrogels. 

5.5.2 Analysis of the killing capacity 

The PBMCs that resulted from 5 days of culture in printed PEG-Hep hydrogels were 

seeded together with the tumor cell line MKN45 and different concentrations of a TCB 

(0.001 nM, 0.01 nM, and 0.025 nM), which recognizes the CEA present in this cell line, as 

was previously done to study the cytotoxic capacity of PBMCs expanded in 3D 

polystyrene scaffolds in chapter 4 section 4.3.3. The achieved results can be seen in the 

figure below. More information of this experiment and its protocol can be seen in 

chapter 6 section 6.1.10. 

 
Figure 5.10 Cytotoxicity study of expanded PBMCs for non-activated cells (negative control), activated 

PBMCs in suspension (positive control), and PBMCs expanded in the 3D printed hydrogel (Ndonors = 2). 



PEG-Hep hydrogels for 3D Printing 

111 

Starting from the 100% of MKN45 survival at a concentration of 0.001 nM of antibody, a 

decrease to an 88% was obtained at a concentration of 0.01 nM for the positive control, 

while no further cell death could be measured in the negative control or printed 

scaffolds. Finally, the antibody concentration of 0.025 nM resulted in a percentage of 

alive cells of a 48%. However, the MKN45 survival in the culture where the PBMCs were 

expanded in the printed scaffold, was only slightly lower than the one observed in the 

negative control, with mean values of 80% and 85%, respectively (figure 5.9). Thus, 

PBMCs cultured in the printed hydrogels showed a lower killing capacity than those 

expanded in suspension. These results can be explained by the decrease in the 

CD45RO+CD62L+ phenotype (TCM for the T cells) obtained in the printed hydrogels in 

comparison with the positive control.22,23 

5.6 Conclusions 

In this chapter it has been shown that after an adequate optimization of the gelification 

process, 3%wt PEG-Hep hydrogels can be successfully used as an ink for 3D printing. 

Thus, 3D scaffolds were obtained with PEG and Hep diluted in both, PBS and cell culture 

media, opening the way to a wide range of applications, including cell-laden 

experiments. In our case, PEG-Hep hydrogels were printed in a basic grid structure, 

obtaining 3D scaffolds that were used for the culture of CD4+ T cells and PBMCs. 

The proliferation of CD4+ T cells increased when cells were incubated in printed 

scaffolds in comparison with the positive control, observing even higher rates for 

scaffolds of 6 layers. We suggest that this increase is produced by the presence of a 

higher amount of material, being therefore the number of layers one of the multiple 

variables that could be optimized. Additionally, these scaffolds also resulted in an 

increase of the percentage of TCM cells obtained after 5 days of incubation, which is 

known to be a phenotype associated with high cytotoxicity and effectiveness in 

immunotherapies. Interestingly, the increase of the percentage of TCM cells differ from 

the results previously obtained for non-printed hydrogels in chapter 3 section 3.7, where 

the TEM phenotype was promoted. CCL21 was also studied as a chemical stimulus for the 

printed hydrogels, observing the expected CD4+ T cell proliferation increase. Besides, 

non-printed samples formed with the same mass of material than the printed hydrogels 

were used to study the beneficial effect of the 3D printing. Unexpectedly, these samples 

showed higher proliferation rates than the printed ones.  
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On the other hand, 3D printed hydrogels did not improve PBMC proliferation, in 

agreement with the results reported in chapter 4 section 4.4.1. The resulting phenotypes 

were not affected either by the printing processability, obtaining the tendency 

previously observed for non-printed hydrogels consisting of a decrease of the phenotype 

CD45RO+/CD62L+ and an increase of the CD45RO+/CD62L- population. Not surprisingly, 

these phenotypes possessed less cytotoxic capacity than PBMCs expanded in 

suspension.  

In summary, the differences observed in the proliferation rates using printed hydrogels, 

with and without cytokine, were lower than expected. Thus, further experiments will be 

performed to optimize the use of PEG-Hep hydrogels as bioink for 3D printing and assess 

its advantages. 
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6.1 Biological techniques 

In this section all the different biological techniques that were used are explained. 

6.1.1 PBMCs isolation 

PBMCs were obtained through a purification process of buffy coats of healthy adult 

donors obtained from “Banc de Sang i Teixits” (Barcelona, Spain) after the approval of 

the “Ethics Committee on Animal and Human Experimentation” of the Autonomous 

University of Barcelona (No. 3511). The buffy coat is the fraction of 

an anticoagulated blood sample that contains most of the white blood 

cells and platelets.  

PBMCs were separated by density gradient centrifugation using Ficoll. All procedures 

were performed under sterile conditions. The blood was diluted with the pre-warmed 

Dulbecco’s phosphate-buffered saline (DPBS) with 2 mM of EDTA at 37oC in a proportion 

of 1:4. This diluted blood was slowly placed over the Ficoll keeping the 2 phases 

separated, in a proportion 2:1, and centrifuged during 20 min at 300 g (1500 rpm) and 

20°C. Photographs and schemes of the sample after the centrifugation can be seen in 

figure 6.1.  

 

Figure 6.1 Schemes and photographs of the different phases resulting after the centrifugation of the blood 

with Ficoll. 

Once the sample was centrifuged the upper part or supernatant was removed, and the 

white phase between the supernatant (plasma) and the Ficoll was recovered. This white 

phase was cleaned three times with DPBS with 2 mM of EDTA and centrifuged at 300 g. 

Then, the achieved cells were counted with a Neubauer chamber (Hirschmann). Until 

this step the process is shared for obtaining PBMCs and CD4+ T cells.  

 

https://en.wikipedia.org/wiki/Blood_fractionation
https://en.wikipedia.org/wiki/Anticoagulant
https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/White_blood_cell
https://en.wikipedia.org/wiki/White_blood_cell
https://en.wikipedia.org/wiki/Platelet
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The protocol to purify the CD4+ T cells is presented in the section below 

(6.1.3 CD4+ T cell purification). For the purification of PBMCs, the resulting cells were 

resuspended with Red Blood Cell Lysing Buffer to eliminate resting red cells. Pictures of 

the pellet after and before the addition of this product can be seen in figure 6.2. Cells 

were incubated in ice with this product for 5 min and then neutralized with RPMI with 

20% of FBS and 1% of P/S. Then, they were centrifuged, again at 300 g during 10 min, 

resuspended in the same media used for neutralization and re-counted. 

 
Figure 6.2 Photographs of the resulting pellet A) before and B) after the addition of the Red Blood Cell 

Lysing Buffer 

6.1.2 PBMCs quality control 

The proportion of CD3+ CD4+ and CD3+ CD8+ of each population of PBMCs obtained 

was measured by flow cytometry. To determine this donor dependent parameter three 

samples of 105 cells in 50 µl of PBS with 0.1% of FBS were stained. The first one was 

incubated with 2.5 µl of antihuman CD3 FITC and antihuman CD4 PE, the second one 

with 2.5 µl of antihuman CD3 FITC and antihuman CD8 PE, and the last one with 2.5 µl 

mouse IgG2a control PE-conjugated and mouse IgG1 control FITC-conjugated for the 

negative control. All antibodies were acquired from Immunotools GmbH (Germany). 

After the addition of the antibodies, the cells were incubated during 30 min at 0°C in the 

dark. Then, the samples were washed with PBS with 0.1% of FBS and centrifuged for 

6 min at 22°C and 1800 rpm to remove the excess of antibodies. After carefully removing 

the supernatant, 500 µl of PBS with 0.1% of FBS were added to the samples and they 

were placed in tubes for flow cytometry.  
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6.1.3 CD4+ T cell purification 

Primary human CD4+ T cells were obtained through a purification process of PBMCs (see 

section 6.1.1) from healthy adult donors, as explained before. Once the PBMCs were 

obtained, a CD4+ T cell isolation kit purchased from Miltenyi Biotec (Germany) was 

employed. This kit contains a biotin-antibody cocktail with antibodies against CD8, CD14, 

CD15, CD16, CD19, CD36, CD56, CD123, TCR γ/δ, and CD235a (Glycophorin A), which is 

used to label non-CD4+ cells, i.e., CD8+ T cells, monocytes, neutrophils, eosinophils, B 

cells, dendritic cells, NK cells, granulocytes, γ/δ T cells, or erythroid cells. The other 

component of the kit is a CD4+ T Cell MicroBead Cocktail, which are magnetic 

microbeads conjugated to the monoclonal anti-biotin, which retain all the labeled cells. 

The suspension obtained after incubation with the two cocktails is added on a LS 

column, properly placed in a magnet. The matrix of the LS columns is composed of 

ferromagnetic spheres, which are covered with a cell-friendly coating allowing a fast and 

gentle separation of cells. Thus, the magnetically labelled cells stay in the column, while 

the resulting CD4+ T cells are collected after passing through the column.  

6.1.4 CD4+ T cell purity assay 

Once the CD4+ T cells were obtained, their quality was analyzed by flow cytometry. To 

determine their purity, the staining protocol followed was the same than in the case of 

the PBMCs but in this case only two samples were necessary. The first one with 

antihuman CD3 FITC and antihuman CD4 PE, and the other one, with the negative 

control. Only samples that were at least 90% positive for both CD3+ and CD4+ by flow 

cytometry (usually CD3+CD4+ T cells > 95%) were used for experiments. Viability was 

constantly above 80% (usual viability > 90%). 

6.1.5 CSFE staining. Proliferation assay 

To study the proliferation of cells, they were stained with a CellTrace CFSE cell 

proliferation kit provided by Thermo Fisher Scientific, before their seeding. 

Carboxyfluorescein succinimidyl ester (CFSE) is a long lasting dye well retained within 

labelled cells. For the staining, 1 μL of CFSE stock solution was diluted in 99 μL of PBS 
with 5% of FBS. Cells were diluted in PBS up to a final volume of 900 μL, put in contact 

with 100 μL of the diluted CFSE solution through rapid agitation, and incubated for 5 min 

at room temperature in the dark. After the incubation, 10 ml of ice cold PBS with 5% of 

FBS were added to quench the staining. Then, the medium was extracted and cells were 

resuspended in the corresponding media at the desired concentration. 
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6.1.6 Cell seeding and culture 

Cells were seeded on 96 WP, except for the experiments performed with 3D printing, 

which required 24WP as explained in chapter 5. The culture media used was Roswell 

Park Memorial Institute (RPMI) medium with 10% FBS and 1% P/S for CD4+ T cells and 

RPMI with 20% FBS and 1% P/S for PBMCs for all studies, except those focused on 

cytotoxicity evaluation where RPMI where RPMI with 10% of HS, 10 mM of HEPES, and 

30 IU/ml of IL-2 was employed as explained in chapter 4, section 4.3.3. The cell seeding 

concentration was of 106 cells/ml in all the cases with the exception of the proliferation 

studies of 3D printing experiments, where a concentration of 5·105 cells/ml was used. 

The activation of cells was induced by commercial Dynabeads in a 1:1 ratio, as suggested 

by the manufacturer (Invitrogen, Thermo Fisher Scientific, USA). For all the hydrogels 

studied, cells were seeded with Dynabeads on top of a previously formed hydrogel, 

given their capacity to penetrate and migrate through it. For the 3D polystyrene 

scaffolds, a 15 μL drop of a concentrated cell suspension was seeded on top of the 

scaffold, incubated during 3 h at 37 °C, and finally the corresponding medium was 

added. Positive controls were done by seeding the cells in suspension, as well as 

negative controls, which did not include Dynabeads. 

6.1.7 CD4+ T cell activation study 

The amount of IL-2 present in the media was used to evaluate the activation of cells. 

Cultures were evaluated 1 day after seeding by measuring the secreted IL-2. The 

supernatant of the cell cultures was recovered and the IL-2 concentration was 

determined by a human IL-2 Quantikine ELISA (R&D Systems, USA) following the 

instructions of the manufacturer.  

Additionally, activation was also qualitatively assessed through cell morphology using 

optical microscopy, which was performed in a Nikon Eclipse TE2000-E (Nikon, Japan), 

and the images acquired were treated with FiJi (ImageJ).  

6.1.8 Differentiation analysis 

The phenotypes resulting after 5 days of culture were analyzed by cell staining with 

different antibodies depending on the populations under study. Two different 

differentiation experiments were performed, CD45RO/RA and CD62L/CD45RO. 

The first experiment was performed with the antibodies antihuman CD45RA PE and 

antihuman CD45RO FITC, with mouse IgG2a control PE-conjugated and mouse IgG1 

control FITC-conjugated as negative control. All these antibodies were provided by 

Immunotools GmbH (Germany). In the samples where cells were activated, Dynabeads 

were removed with a magnet before the staining. Then, cells were centrifuged, 

suspended in PBS with 0.1% of FBS, and the antibodies were added (2.5 µl as in the 
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other staining protocols) and incubated for 30 min at 0°C. Afterward, they were washed 

and analyzed by flow cytometry. 

The analysis with antihuman CD45RO FITC and antihuman CD62L PE required the 

purchase of CD62L PE and its control from BioLegend (USA). In this case, the protocol 

was the same than before, with the only difference that 1 µl of the CD62L PE antibody 

and its control was enough to obtain good measurements. 

6.1.9 Immunostaining of CCL21 in glass surfaces functionalized with Au NPs 

To prove that CCL21 could bind to Au, 100 µl of CCL21 at 10 μg/ml were incubated on 

the desired substrates in a PBS solution for 1 h at room temperature. The chosen 

substrates were glass surfaces half-functionalized with Au NPs, with the objective of 

clearly seeing the difference between the part with and without Au in the same sample. 

After 1 h of incubation the surfaces were washed three times with PBS during 5 min 

each wash, to remove all the cytokine that could not bind the surface, and ensure the 

quality of the experiment. 

Once the samples were ready, the staining protocol was performed. For that, the 

substrates were incubated with a solution of 10 µg/ml of the primary antibody mouse 

anti-human CCL21 (Invitrogen, USA) in PBS for 1 h at room temperature. This antibody 

binds to every CCL21 protein present in the samples. The same washing procedure 

mentioned before was applied after this incubation for the removal of the excess of 

antibody. After that, a secondary antibody, goat anti-mouse Alexa 488 (Invitrogen, USA), 

which binds to the first antibody and provides fluorescence, was added in a solution of 

PBS with 1% of BSA at a concentration of 10 μg/ml. The incubation time was again of 1 h 

at room temperature, but in this case, the sample was covered with aluminum foil, to 

avoid fluorescence quenching. Finally, samples were washed during 10 min on a shaker, 

and prepared for imaging. The fluorescence microscope used was an Olympus BX51 with 

U-RFL-T reflected fluorescence system (Olympus, Japan). 

6.1.10 Expanded PBMCs, co-culture of MKN45, and targeting CEA-TCB 

To study the cytotoxicity of PBMCs expanded under different conditions, they were 

cultured together with tumoral MKN45 cells and the targeting CEA-TCB. MKN45 is a cell 

line of human gastric adenocarcinoma established from the poorly differentiated 

adenocarcinoma of the stomach (medullary type) of a 62-year-old woman which was 

purchased from ATCC (USA). TCBs are engineered molecules that include, within a single 

entity, binding sites to the TCR and to tumor-associated or tumor-specific antigens.1 

CEA-TCB is an antibody which has the capacity to link T cells to the MKN45 cells, with the 

objective to destroy the malignant cells. 

Prior to the co-culture of both cell types and the antibody, MKN45 cells were cultured in 

RPMI with 10% HS and 2mM of glutathione, and stained with CSFE as previously 

described (Section 6.1.5). Once the desired PBMCs were expanded they were 
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co-cultured in a ratio effector:target of 1:1, and the targeting CEA-TCB antibody was 

added in three different concentrations, 0.001 nM, 0.01 nM, and 0.025 nM. The plates 

were incubated for 48 h and then cells were analyzed by flow cytometry. Thus, 

fluorescent cells were counted and the amounts of live and dead cells were obtained, 

allowing to establish the efficacy of the treatment. 

6.2 Chemical techniques and materials 

6.2.1 Materials 

A modified green fluorescence protein (GFP) was synthesized as described elsewhere2 by 

our collaborator Dra. Elena García-Fruitós in IRTA (Institute of Agrifood Research and 

Technology). Low molecular weight heparin was purchased from Fisher Scientific (Fisher 

BioReagents, Spain). Poly(ethylene oxide) 4-arm thiol terminated (Mn 10000 g/mol), 

N-(2-aminoethyl) maleimide trifluoroacetate salt (AEM), 1-hydroxybenzotriazole hydrate 

(HOBT), N-(3-dimethylamino-propyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl), 

2-(N-morpholino) ethanesulfonic acid (MES), and the rest of the products not otherwise 

specified were purchased from Sigma-Aldrich (USA). 

6.2.2 Synthesis of heparin functionalized with maleimide 

The functionalization of heparin with maleimide was based in a method previously 

described.3,4 For 100 mg (0.02 mmol) of heparin dissolved in a solution of 0.1M MES, 

20.6 mg of HOBT (0.15 mmol), 20.6 mg of AEM (0.08 mmol), and 20.6 mg of EDC·HCl 

(0.11 mmol) were used. To ensure maximum yield, the reaction was left overnight. The 

product was purified by dialysis (MWCO 1000) against 500 ml of deionized water for 

6-15 h during the first step, and 500 ml of MilliQ (MQ) water during the second and last 

steps. Once the product was purified, it was lyophilized, and characterized by nuclear 

magnetic resonance (1H-NMR) spectroscopy in a Bruker Avance-III of 400MHz 

equipment. 

6.2.3 PEG-Hep hydrogel formation 

To prepare PEG-Hep hydrogels, a solution of 4-arm thiolated PEG (PEG-SH) was mixed 

with a solution of functionalized heparin in a proportion of 1:1.5, both PBS. For such 

calculation, five maleimide groups per molecule of heparin were estimated to react with 

the four thiol groups of PEG.4 Different concentrations in weight of PEG were used 

(6%wt, 4%wt, and 3%wt) to obtain different types of hydrogels. Once the solutions were 

mixed, they were kept in the incubator at 37°C during at least 1 h to produce the gel. 

Negative controls consisting of solutions of only one of the reactants at relevant 

concentrations confirmed that the hydrogel formation is caused by the reaction 

between the thiol groups of the 4-arm PEG and the maleimide of the functionalized 

heparin.  
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6.2.4 Loading capacity 

3%wt PEG-Hep hydrogels were loaded with solutions of GFP at different concentrations 

during 1 h. After that, the supernatant was removed and the hydrogels were washed 

three times with PBS. The fluorescence of the supernatant, washing PBS, and hydrogels 

was measured in each step with a Victor 3 Multioption plate reader (Perkin Elmer, USA). 

6.2.5 Preparation of nanostructured surfaces for CCL21 immobilization on Au  

Nanostructures were prepared by block copolymer micellar lithography (BCML) as 

previously described in literature.8 As explained in chapter 3 section 3.7.1, BCML consists 

of dissolving an amphiphilic block copolymer in an apolar solvent to create reverse 

micelles, which can be loaded with a metallic precursor. In our case, 40 mg of 

polystyrene (x)-2-vinylpyridine (y) (PS(106)-P2VP(75); Polymer Source Inc., Canada) were 

dissolved in 20 ml of a dry solution of o-toluene at room temperature and stirred for 

24 h. Then, 19.54 mg of gold (III) chloride trihydrate (Sigma-Aldrich, USA) were added to 

the block copolymer micellar solution and stirred for 48 h. This inorganic metal complex 

was dissolved into the polar micellar cores, where it loses a proton that binds to the 

nitrogen atom of the P2VP chain, stabilizing the micelles. Commercial indium titanium 

oxide (ITO)-coated glass substrates (20 mm x 15 mm Ossila Ltd, UK) were dip-coated 

with the Au-loaded micellar solution at a constant velocity of 110 mm/min and then 

plasma treated with oxygen plasma (150 W, 0.15 mbar, 45 min) using a microwave gas 

plasma system (210 PVA TePla, Germany) to obtain quasi-hexagonally ordered AuNPs 

with lateral interparticle distances of 68 ± 20 nm. After that, the ITO surface was 

passivated with 50 mg of PEG-silane (Prochimia, Poland), 20 μl milliQ water, and 2 ml 
triethylamine (Sigma Aldrich, USA) in 20 ml toluene overnight at 80°C. Then, it was 

functionalized with CCL21 (Sigma Aldrich, USA; concentration 10 µg/ml) during 1 h at 

room temperature by means of the cysteine groups of the cytokine. 

6.2.6 Preparation of CCL21-functionalized planar Au surfaces 

The function of CCL21 and its effect in T cell proliferation was studied in suspension and 

immobilized on Au surfaces to analyze the influence of fixing this cytokine on CD4+ T cell 

proliferation. To prepare these samples, glass surfaces were properly washed with 

piranha and coated with 3 nm of titanium and 10 nm of gold in an evaporation System 

Auto 306, Boc Edwards. The resulting Au surfaces were fixed to the bottom of the well 

plates with a special glue named picodent twinsil speed (Picodent, Germany). Once the 

device was ready CCL21 was incubated during 1 h at the desired concentration.  
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6.3 Physical techniques 

6.3.1 Rheology 

The small-amplitude oscillatory shear (SAOS) technique was used to characterize the 

linear-viscoelastic regime (LVE) of the hydrogels. It consists of a small-amplitude 

torsional oscillation that generates a shear flow in the sample and requires a 

trial-and-error approach to find the appropriate values of strain and frequency of each 

gel.7 The equipment used was a Rheometer HAAKE RheoStress RS600 (Thermo Electron 

Corporation) with a rotor of 10 mm of diameter (figure 6.3). The experiments performed 

were strain sweeps, frequency sweeps, and time sweeps at 37°C to calibrate the range 

of pressure and frequency where the hydrogels maintain their viscoelastic behavior, 

characterize the gelification process, and achieve the value of the gel equilibrium shear 

modulus (Ge). To perform the strain and frequency sweeps, samples were previously 

prepared, i.e. completely gelified, and stored in the incubator at 37°C in MQ water. For 

the time sweeps, 200 µl of sample were needed to characterize the gelification process. 

In this experiment, the reactants to form the hydrogel (4-arm thiolated PEG and Hep 

functionalized with maleimide) were mixed in PBS and immediately placed under the 

center of the rotor, to characterize the whole gelification process, from the liquid state 

to the gel. 

 
Figure 6.3 Rheometer HAAKE RheoStress RS600 and a 3% PEG-Hep hydrogel in a measurement. 
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6.3.2 SEM 

Scanning electron microscopy (SEM) is a technique that allows to observe the surface 

and section of the hydrogels. Although this technique is typically used in dry samples, a 

special protocol at the vacuum chamber was used named “ambient mode”. It consists of 

slowly decreasing the pressure and temperature to enable to image the structure of the 

hydrated hydrogels. The equipment used was a FEI Quanta 650F Environmental scanning 

electron microscope (Thermo Fisher Scientific, USA). Thus, the structure of hydrogels 

with different compositions (6%wt, 4%wt, and 3%wt of PEG) previously prepared and 

stored in the incubator at 37°C in MQ water was observed.  

6.3.3 Microtomography 

Microtomography is an X-ray 3D imaging technique with a high resolution that allows 

the visualization of the internal structure of a sample. In this case, a skyscan 

1272 high-resolution micro computed tomograph (Bruker, Germany) was used. After 

considering different conditions to study the 3D structure of the hydrogels, pre-made 

hydrogels were frozen in PBS with liquid nitrogen and then lyophilized. The size of the 

measured samples was 2 mm of height and 1 cm of diameter. The time of scanning 

chosen was of 3 h with a minimum resolution of 5 µm. 

6.3.4 3D Printing with PEG-Hep hydrogel 

The 3D printing experiments were performed in collaboration with the Institute of 

Bioengineering of Catalonia (IBEC, Spain) with a 3D Discovery printer from RegenHU 

Biosystem Architects (Switzerland). The experimental conditions were optimized to be 

able to use 3%wt PEG-Hep hydrogels as ink. According to this protocol, sterilized 

solutions of both reagents (PEG-SH and Hep-Mal) were mixed a day before the 

impression in a sterile syringe adequate for the printing, and incubated at room 

temperature overnight. After that, the syringe was placed in the printer with a tip 

TIP27GA TT 008’’ NAT, which showed to be adequate for the printing of this material at a 
pressure of 1.2 bar and a printing speed of 15 mm/s in a 24WP.  
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6.4 Statistical tests 

6.4.1 Mann-Whitney U test 

The Mann-Whitney U test is a non-parametric test, which is used with data that do not 

belong to any specific probability distributions (in our case, different donors). It is a test 

of the null hypothesis that compares two populations of data. To determine if two 

populations are significantly different or not, it randomly selects one value from one 

population and calculates the probability of this value to belong to the second 

population.  

6.4.2 Kruskal Wallis ANOVA test 

Kruskal Wallis ANOVA test is another non-parametric test, which tests whether samples 

originate from the same distribution (in our case, the same sample). It compares two or 

more independent samples of equal or different sample sizes, extending the use of the 

Mann-Whitney U test. 
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7.1 Summary and conclusions 

This doctoral thesis has focused on the improvement of current immune cell expansion 

methods by the introduction of a 3D matrix or scaffold, to resemble the natural 

environment of the SLOs. With this objective, we aimed to overcome one of the current 

problems of cellular immunotherapies, specifically of ACT, which is the production of 

large amounts of specific T cells in a short period of time and in an economically viable 

manner.  

Matrigel and a 3D polystyrene scaffold were studied as the two most suitable, but also 

extremely different commercially available systems. They showed increases in 

CD4+ T cell proliferation compared to standard suspension systems, proving the 

beneficial effect of the 3D physical support and the importance of the chemical stimuli. 

However, these systems were not designed for SLO mimicking, and thus, they 

significantly differ in terms of ECM composition from these organs. Consequently, a new 

platform was developed for this application. 

PEG-Hep hydrogels were synthesized and completely characterized for this purpose. On 

one hand, PEG provides a 3D structure, which can be manipulated to change both its 

structural and mechanical properties. On the other hand, heparin is used as an anchor 

for positively charged proteins that interact with the cells in culture, tuning their 

proliferation and differentiation pathways. This system was used for the expansion of 

CD4+ T cells without any chemical stimuli, with CCL21, CCL19, and a combination of both 

cytokines (CCL21 loaded to the hydrogel and CCL19 in solution). It was obtained an 

increase of CD4+ T cell proliferation for all the conditions, but specially with the loading 

of CCL21 together with the addition of CCL19 in solution, which are the conditions that 

best mimic the ECM of LNs (Table 7.1). The resulting phenotypes of CD4+ T cells cultured 

in these hydrogels showed an increase of the TEM percentage in comparison with cells 

expanded in suspension.   

The same 3D systems were used for PBMCs, due to their importance in immunotherapy 

treatments, and the fact that they are a common source of relevant therapeutic T cell 

subsets such as CD4+ and CD8+ T cells for the clinics. 3D polystyrene improved the 

proliferation parameters in comparison with the suspension systems, while not altering 

the killing capacity of the resulting cells in comparison with cells cultured in suspension. 

The beneficial results obtained with PEG-Hep hydrogels for the culture of CD4+ T cells 

could not though be reproduced for this population (Table 7.2). Nevertheless, PEG-Hep 

hydrogels did show an effect in the resulting phenotypes achieved, increasing the 

CD45RO+/CD62L- percentage (TEM population for T cells). Further experiments will be 

performed to optimize these results, such as the use of cytokine cocktails.  
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Finally PEG-Hep hydrogels were studied as bioink for 3D printing. Once the protocol was 

scaled up from 96WP to 24WP due to technical reasons, the resulting printed scaffolds 

were used for immune cell culture. Increases in the proliferation parameters of 

CD4+ T cells were observed as well as changes in their resulting phenotypes in 

comparison with non-printed hydrogels. In this case an increase in the TCM phenotypes 

was observed, which is reported to be related to good clinical outcomes. In contrast, 

PBMCs did not show proliferation enhancements when cultured in printed PEG-Hep 

hydrogels, and the resulting phenotypes were comparable with the ones obtained 

without printing. In this case, a further optimization of the use of PEG-Hep hydrogels as 

bioink for 3D printing will also be performed. 

Table 7.1 Summary of the proliferation indexes obtained for CD4+ T cell culture under different materials 

and conditions. 

CD4+ T cells 

Sample Replication index Expansion index Proliferation index 

Matrigel (day 5) 1.71 1.23 1.20 

Polystyrene (day 5) 1.08 1.14 1.08 

Polystyrene (day 6) 1.64 1.50 1.08 

Unloaded 3%wt (day 5) 1.25 1.1 1.05 

100ng/ml CCL21 loaded 

3%wt (day 6) 
1.3 1.05 1.06 

100ng/ml CCL21 loaded 

and 100ng/ml CCL19 in 

solution 3%wt (day 6) 

2 1.5 1.20 

    

Unloaded 6 layers 3D 

printed 3%wt scaffolds 

(day 6) 

1.07 1.04 1.07 

6 layers 3D printed 3%wt 

scaffolds loaded with 

100ng/ml CCL21 (day 6) 
1.10 1.06 1.08 

Non-printed unloaded 

3%wt scaffolds (day 6) 1.15 1.15 1.15 
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Table 7.2 Summary of the proliferation indexes obtained for PBMC culture under different materials and 

conditions. 

PBMCs 

Sample Replication index Expansion index Proliferation index 

Polystyrene (day 5) 1.52 1.68 1.17 

Unloaded 3%wt (day 5) 0.93 0.84 0.95 

100ng/ml CCL21 loaded 

3%wt (day 5) 
0.88 0.73 0.92 

Unloaded 3%wt (day 6) 
0.88 0.9 0.93 

100ng/ml CCL21 loaded 

3%wt (day 6) 
0.9 0.9 0.94 

    

Unloaded 6 layers 3D 

printed 3%wt scaffolds 

(day 6) 

0.93 0.9 0.95 

7.2 Outlook  

Moving one step forward in the development of PEG-Hep hydrogels to mimic the natural 

environment of the LNs, different strategies will be studied in the near-future to 

transform the static PEG-Hep hydrogels in dynamic hydrogels. These new hydrogels 

should have not only self-healing properties, increasing the lifetime of the material, but 

also be able to be formed and dissolved to recover the totality of the cells from inside 

the hydrogel. Moreover, we should be able to tune the mechanical properties of the 

hydrogels on demand upon the application of an external stimulus, thus mimicking the 

LN capacity to change stiffness depending on the health condition of the body.   

There are multiple options to obtain dynamic hydrogels depending on the structure and 

chemical composition of the material. This process can be either autonomous or occur 

as a result of external stimuli, and can be a one-time event or an indefinitely repeatable 

process. Besides, there are different driving forces that can be used as a parameter to 

initialize the dynamic process, such as thermally reversible reactions, ionomeric 

arrangements, or molecular diffusion and entanglement. Thus, the switching 

mechanisms can involve different strategies such as hydrogen bonding, dynamic 

covalent bonds, supramolecular host-guest, ionic, or hydrophobic interactions.1,2 
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After a bibliographical study, we have chosen a host-guest strategy to be applied to 

PEG-Hep hydrogels based on the cucurbit[8]uril (CB[8]) as the host molecule and a 

phenylalanine derivative as a guest molecule (figure 7.1). 

 
Figure 7.1 Molecular structures of A) phenylalanine derivative, and B) cucurbit[8]. 

The interaction between the phenylalanine derivative and CB[8] control gelification 

made by the incorporation of two molecules of phenylalanine inside the CB[8] structure. 

This process should be tuned and finally reverted through the addition of a highly 

concentrated phenylalanine solution or an alternative molecule such as anthracene, 

acridine (Keq: 5.2 ± 0.8 × 109 M−2), methyl viologen and naphthoxy derivates 

(Keq > 1011 - 1012 M−2), by displacement.  

This strategy requires the synthesis of the thiolated phenylalanine derivative, which to 

the best of our knowledge has never been described before. With this objective, we 

started a new collaboration with Dr. V. Sergeev and Dr. N. Davydova from the 

A.N.Nesmeyanov Institute of Organoelement of Russian Academy of Sciences (INEOS 

RAS, Russia). The first proposal for the synthesis of the desired derivative consists of 6 

steps (a condensation reaction, a tosylation of the alcohol, a nucleophilic substitution, a 

cleavage of the Boc group, a dimerization and a final reduction) and is already under 

development to create new dynamic PEG-Hep hydrogels in the near future. 
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Besides, other research lines are currently under study or planned for future 

exploration: 

 Use of other biomolecules related to immune cell proliferation to load the PEG-Hep 

hydrogels, like ICAM-1, which could be used alone or in combination with the 

cytokines already studied (CCL21 and CCL19). 

 Application of microfluidic systems to the static cultures with PEG-Hep hydrogels to 

mimic the flow of the lymph through the SLOs. 

 Culture CD8+ T cells in the hydrogels and overcome the problems encountered with 

PBMCs. 

 Culture of TILs and CAR-T cells in the hydrogels to perform in vitro and in vivo studies 

in collaboration with Prof. J. Arribas (VHIO, Spain). 

 Optimization of the 3D printing process of the hydrogels in collaboration with Prof. 

timoneda (IBEC, Spain). 

 Use of PEG-Hep hydrogels as a platform for immune cell delivery. Hydrogels loaded 

with expanded immune cells could be implanted in mice models to progressively 

deliver the cells together with the natural degradation of the scaffold. 
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