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Abstract

In the modern immune oncology field, currently there are challenges for allowing
for effective immunotherapeutic drug screening systems for immune cell populations in a
biologically relevant design for process development and analytical development
experimental systems. This challenge has yet to be effectively overcome without using
animal models prior to moving towards clinical studies. Without successfully
recapitulating in-vivo like settings ex-vivo, data collection and analysis for immunologic
behaviors such as T-cell migration, B-cell germinal center formations and isotype class-
switching are unable to be demonstrated, and thus limit the research and development
procedures and results by preventing thorough characterization of immunotherapies prior
to use in human patients within clinical trials. The problem causes increased costs prior to
release of immune oncology drug pipelines, as well as extended time delays and use of
resources for pharmaceutical, medical device and clinical companies within the industry
and the field. One key solution that has been emphasized to resolve the challenge of 2D
culture evaluation systems vs. biologically relevant settings of experimentation and data
production such as that within in-vivo models has been to utilize bioprinting which
allows for the generation of multi-dimensional structures within cell culture environments
allowing for more accurate and efficient recapitulation of organic systems within the
biology of the body. Historically bioprinting was inspired by developments in material
transfer processes which operated at varying scales ranging from nano to macro.

However, with most cellular housing/mimicking systems the scale tends to gravitate more



towards the microscale and has proven to be a feasible target to be achieved when
bioprinting structures and environments of this size (Guillotin, 2010). Over time and
since its invention in 1983 the resolution and detail level that could be achieved by
bioprinting has improved, and the characteristics and unique abilities of the technology
have become far more validated and credible throughout the iterations and applications
(Mironov, 2006). One of the unique properties of the bioprinting technology when it
comes to creation of three-dimensional structures for culture, is its ability to print these
three-dimensional structures in such a fashion that it allows for living cells to be printed
within the structures themselves such that cells are bioprinted within void space but
within the volume of the device (Kolesky, 2014). This technology has allowed for better
recapitulations of varying biological structures required to form significant organs within
the body, one such being the lymph node through generating representative structures
found within the organ that generate required passive and active signaling pathway
triggers for natural cell behavior to take place. By having such recapitulation,
mechanical, chemical, and systemically impactful cues are able to be generated through
utilization of tonic signaling and the formation of concentration gradients. This approach
will allow for cells to interact, react, and produce chemokines, cytokines, and mobility
more representative to their standard state in which they do so within the body in-vivo,
and do so ex-vivo posing advantageous properties as opposed to traditional two-
dimensional in-vitro systems. With a three-dimensional system in place, compound and
immunologic screening will be able to better characterize the effectiveness and efficiency
of immunotherapies on cell populations within the body that are relevant for disease areas

such as oncology and cancer treatment and prevention, autoimmune disease, and sickle



cell disease. This demonstration will give more physiologically relevant data prior to, or
in place of animal models, and allow for a better understanding of the impact on the
immune system within human patients, and thus a clearer understanding of which
immunotherapies screened, developed, and delivered will be the best product and most
helpful in curing the disease in focus during clinical trials both for short-term and long-
term evaluation. By having a system in place that allows for effective drug screening of
immune oncology compounds and therapies, both a broad array of immune cells as well
as cells of cancers, autoimmune disease, sickle cell disease, and other can be thoroughly
evaluated and characterized through data collection and analysis in lieu of animal models
so as to provide for quicker turnaround times for patients as well as more thorough
evaluations of high-efficacy candidates. Future work of the technology’s broader
implications can in turn be used for high-demand immunotherapies such as evaluation of
combination therapies, as well as CAR-T screenings, characterization, and evaluation
helping to generate product sets that target disease areas with high unmet need such as
cancer in the solid tumor space for example. To establish the foundation of this
technology, a bioprinted 3D cell culture will first be optimized, and then a series of co-
cultures of relevant immune populations will be conducted to generate indicative data

results and analysis demonstrating effectiveness.
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Chapter I.

Introduction and Background of the Problem

The impact of replacing animal models with organ-on-a-chip models is one that
can greatly improve cost-reduction, efficacy, and effectiveness of therapeutic pipeline
generation. However there hasn’t been developed a specific organ-on-a-chip model
targeting unique immune populations within the lymph node, a key organ in cancer
treatment and prevention. When specifically referring to lymph-node-on-a-chip type
technologies that are currently existing or established by others, two major developments
have been made in the area. One of which is through the use of aerated bioreactors to
generate a 3D-micro-organoid model mimicking the lymph node (ProBioGen, 2023). The
other existing development is the use of microengineering within the chip device to
mimic lymph node 3D cell culture so as to demonstrate vaccination response?. Although
both have shown success, they are missing the key component of the stromal cell
population within the culture. By introducing this component of the biologically
mimicking environment of the 3D culture chip, these developments can be further built
upon by introducing stromal cells which will allow for more natural and representative
recapitulation of the biological environment with the lymph node organ as it exists within
in-vivo animal models and humans. Within the lymph node, structure is a key component
which leads to function. The cells responsible for significant structural formation of the
lymph node are stromal cells. Stromal cells create the overall structure of the lymph node,
but a subpopulation of the stromal cells called fibroblastic reticular cells (FRCs) are
responsible for forming conduit-like structures through collagen | and collagen 11

deposition, which allow for trafficking of the T-cell population (Martinez, 2019). Once



structures of the lymph node have been successfully created and established, T-cells and
B-cells send and receive various signals between themselves and the surrounding stromal
cells which trigger migration and organization (Scandella, E., 2008). One such form of
organization can be observed during the formation of B-cell germinal centers within the
lymph node, along with other highly structured microenvironments such as secondary
lymphoid organs both of which maximize the efficacy of immune response (Allen, 2007).
Within the proposed lymph-node-on-a-chip type model, iterations are conducted where
B-cells and T-cells are bioprinted into the biocompatible three-dimensional structures
amongst primary cell population of stromal cells which are co-cultured within the chip.
Multi-immunofluorescence staining and rapid three-dimensional imaging allows for the
visualization of this T- and B-cell migration and organization at multiple timepoints of
culture, and chemokine production analysis via analytical assays such as ELISAs and
multiplex MSDs allowing for demonstration of necessary migratory signaling proteins
being produced by the stromal cells of the 3D-cell culture system. Because such a lymph-
node-on-a-chip model hasn’t been currently developed, many immunologically relevant
phenomena that occur in immune-related disease within the body, haven’t been able to be
demonstrated ex-vivo without using animal models, hence has increased time required for
screening immunotherapies within the industry, as well as increased costs. By having a
lymph-node-on-a-chip model that demonstrates the fundamentals and advanced
applications and outcomes of these phenomena, such as cytotoxic T-cell organization, B-
cell germinal center formation and isotype class-switching, immunotherapeutic drug
screenings can occur at higher volume and achieve more R&D and thus clinically

achievable efficacy by providing biologically relevant data and characterization upon



analysis, overall reducing the time needed for identifying first-in-class and best-in-class

immunotherapeutic candidates in demand.



Chapter II.

Materials and Methods

Overall the materials and methods section will outline a series of experimentation
that will provide data generation and analysis detailing terms of procedure and protocols

executed to generate a series of results, additionally with conditions utilized in operation.

Approach Overview

Experiments will be designed that utilize biomaterials, and bioprinting will be
conducted to create an optimal 3D cell culture for lymph-node-on-a-chip type
technology. The technology of bioprinting is one which when utilized allow for the
formation of three-dimensional hierarchical organizations in a culture environment that
provides cells structural and mechanical cues that are not normally present in a two-
dimensional culture system. The main scientific questions that will be addressed are, is it
possible to develop physiologically relevant structures and overall architecture able to be
recapitulated that can model an in-vivo like system that is representative of the lymph
node in the body. The goal of addressing this step is determining the optimal mechanical
environment for cell types typically found in the lymph node, specifically stromal cells in
a three-dimensional living system. This optimal mechanical environment refers to
biological structures formed by the stromal cells that allow for both efficient and effect T-
cell migration and B-cell germinal center formation that allow for efficacious chemokine
and cytokine exchange between all cell populations within the lymph node, as well as
mechanical cues that trigger and maintain healthy and cytotoxic immune cell behavior

within the body. The next scientific question will be is it possible to reproducibility co-



culture lymphocytes and stromal cells in this 3D environmental system, aiming to
recapitulate biologically relevant ratios as found within the body in-vivo. The technology
utilized will be revolving around bioprinting using biomaterials that these cell types
prefer and that are most representative of the biological materials found in-vivo such as
biocompatible collagen I and collagen 11 containing reagents. The final key scientific
question will be the system able to demonstrate advanced immune cell interactions such
as isotype class switch reaction in the 3D culture. The hypothesis is if select structures
found in the lymph node are bioprinted with biologically relevant cell populations such as
B-cells and T-cells printed within those structures and co-cultured with the lymph node
stromal cell population, then 3D cultures similar to what are demonstrated in-vivo in the
lymph node can be successfully recapitulated ex-vivo. Regarding materials and methods,
various assays are conducted such as chemokine and cytokine analytical assays including
ELISAs and multiplex MSDs, as well imaging analysis both two-dimensionally and
three-dimensionally over set time courses using confocal microscopy and 3D imaging
devices such as the Opera Phenix to address these scientific questions (Guo, 2021), and
the outputs can then be compared to outputs found from animal models representative of
human biology observed in patients with healthy immune systems that are active for
combating occurring cancers. There are three main specific aims. The first specific aim is
to successfully bioprint selected structures that mimic hierarchy found within the lymph
node, using a biologically relevant biomaterial. By successfully achieving this aim, there
will be a foundation for the establishment of a three-dimensional environment suitable for
lymph node mimicking cell culture going forward. Methods to test are imaging to

confirm structure dimension, and culture/incubation test with relevant solutions/media to



ensure stability of the structures formed. Culture/incubation periods will occur over a
seven-day time period so as to match the natural time required for complex structures to
demonstrate indication of formations as in the lymph node (structures such as B-cell
germinal center and T-cell populated conduits), with media containing components
representative to those found within a lymph node environment. Specific imaging
techniques will focus on the application of confocal microscopy, performing initial two
dimensional z-stack analysis of fluorescently tagged antibody targeted cell-specific CD
markers using Zeiss confocal microscopes to demonstrate appropriate morphology and
cell-identifying proteins, followed by three dimensional imaging over a time course using
the Opera Phenix imaging system to demonstrate structural formations within the 3D-cell
culture, as well as cellular migration, assembly and biological structure formations such
as B-cell germinal centers and T-cell populated conduits representative of in-vivo lymph
node organs. The second specific aim is to fine tune the bioprinting in such a fashion to
create an optimal mechanical environment for stromal cells in 3D. An optimal
mechanical environment will be determined by characterizing the stromal cells being
cultured, for example if the morphology and size of the individual stromal cell population
is aligned with the characteristics of stromal cell populations found within the lymph
node, that would be considered optimal. Quantitative characterization can be conducted
of stromal cells’ morphology imaged after differentiation as a result of mechanical cues
from the structures bioprinted within the culture utilizing microscopy measurement
software such as Image J. With achievement of this specific aim, necessary new insights
will be gained in reference to stromal biology ex-vivo and results will be able to be

compared to the standards found in-vivo relying on published findings to compare with



as well as in-vivo structures self-imaged from freshly explanted mouse lymph nodes as a
control. Methods to test this specific aim include microscopy with instruments including
Zeiss Confocal Microscopes and 3D cell imaging instruments such as Phenix to confirm
structure formation at matching dimensions to those found in-vivo, and analysis of
biologically relevant collagen production upon conduit-like structures normally found in
the lymph node. The next specific aim is to successfully co-culture lymphocytes and
stromal cells in 3D. Achieving this specific aim will overall improve current in-vitro
systems used to study immunologic response. Methods to test this specific aim include
microscopy to visualize T-cell/B-cell organization/structure formation in response to
stromal cell signals within a lymph-node mimicking bioprinted culture, as well
cytokine/chemokine production by the three populations of cells (T-cell, B-cell, stromal)
as a result of cross-talk between in an environment that has been built up to three
dimensions. The broader implications of the research and the goal of the system will be to
improve modern in-vitro systems utilized to gauge immunologic responses, as well as
provide insights in stromal cell biology (i.e., a basis for screening compounds and effects

of various immunotherapies).



Initial Gel Formulation for 3D Cell Culture Seeding and Stiffness Testing
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Figure 1. Plate layout for 3D cell culture conditions with various stiffness and controls
The above plate layout demonstrates an outline of various stiffness conditions, low,
intermediate, and high of bioprinted towers generating the three-dimensional cell

culture. Additionally uncoated and media only controls were implemented to demonstrate
growth dynamic differences of target primary cell populations.

Biogelx (BiogelxTM Peptide Bioinks, 2023) gel material was obtained and stored
in -80 degree Celsius freezer. Thawing was performed for 30 minutes, and ddH20 water
was utilized to reconcentration material to a working concentration. Once the gel had
been reconstituted, it was placed on ice while target cells were obtained. Once cells were
in a single-cell suspension, aliquots of reconstituted gel were used to resuspend cells at x
concentration. Cells were then plated into an Ibidi 12-well removable chamber and
placed in a 37 degree Celsius incubator. Conditions were mapped out in the plate layout

above, ensuring to include conditions of which CD45- would be cultured in varying



stiffness of the 3D gel from low, intermediate and high with a CD45+ cell population and

media only controls included as well.

Primary Cell Harvest via Mouse Lymph Node Explants
C57 mice were euthanized utilizing a CO2 chamber. Once euthanized incisions were
made and lymph nodes were carefully harvested from lymph node regions of the mouse.
After each explant, lymph nodes were pooled and placed on ice in RPMI media

containing 2% FBS.

Formulation of Digestion Buffer

Digestion buffer contained collagenase P (100mg/mL), Dispase (100mg/mL) and
DNase (50mg/mL). When creating stock of Collagenase P first 1 gram of Collagenase P
was reconstituted with 5 mL of sterile HBSS in a sterile hood prior to receiving an
additional 5 mL of sterile HBSS. Mixing occurred until homogenous and then 100 uL
aliquots were formed for adding to the working digest buffer. The Dispase stock was
formulated by first adding 5 mL of sterile HBSS to 5g of Dispase in a sterile hood and
thoroughly mixing in a 50mL conical tube. 20 mL of HBSS was then added to the tube
and inverted a few times to slightly mix prior to adding an additional 25 mL more of
sterile HBSS. After final addition to reach a total volume of 50 mL, vortex was
performed to mix the solution well until it was homogenous. 200 uL aliquots were made
into 1.5 mL tubes prior to adding to the working solution of the digestion buffer. The
DNase stock was formulated by adding 2 mL of DNase buffer to 100 mg of DNase I. The
mixture was inverted a few times to mix and then mixed carefully with a pipette pipetting

up and down until mixed homogenously. 100uL aliquots into 1.5mL tubes were made



before adding to the working solution of digestion buffer. The working solution of the
digestion buffer contained a base solution of RPMI Media with 2% FBS prior to addition

of digestion components Collagenase P, Dispase and DNase.

Lymph Node Digest to Obtain a Single-cell Suspension of Primary Cell Population
Upon completing harvest of lymph nodes, formulated digestion buffer was added

to each sample of pooled mouse lymph nodes after diluting 1 mL of digestion buffer into
9 mL of 2% FBS RPMI media in a 15 mL conical tube containing each mouse sample of
pooled lymph nodes. Cells were incubated on ice for a 20 minute time period, and the
aliquoted out through 40 um filters into a new 15 mL conical tube containing freshly
made digest buffer. The cells were then incubated on ice for 15 mintues, and the above
process was repeated twice until the pooled lymph nodes had fully digested. Once single-
cell suspension was obtained, cells were aliquoted into buffer in preparation for CD45

positive selection magnetic separation.

Cell Collection via Magentic Separation of CD45+ and CD45- Digested Primary Lymph
Node Cells

Once digested lymph node cells were resuspended into single-cell suspension
sample solutions, aliquots were made for MACs kit positive selection CD45 microbeads
(Miltenyi Biotec, 2023) cell staining and separation to obtain target cell populations.
Single-cell suspension samples were first centrifuged at 300xg for 10 minutes, and then
resuspended in 90 uL of buffer per 107 cells to which 10 uL of CD45 MicroBeads per 10’
cells was added. The solution was mixed well and incubated for 15 minutes in a 4 degree

Celsius refrigerator. After incubation, cells were washed and then aliquoted through LS
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tubes for magnetic separation into RPMI cell culture media. The collected cells yield the

CD45+ population which were then also washed into complete RPMI cell culture media.

Bioprinting 3D Conduit Mimicking Towers and Cell Plating
Colplant collagen was utilized as the base material bioink for performing bioprinting of
the three dimensional conduit mimicking towers creating the foundation of the 3D cell
culture prior to adding the lymph node cell popoulations. Through the implementation of
a custom designed photomask, 405 nm/UV radiation was utilized in z-stack laser cutting
fashion with a Zeiss microscope to allow for structures to be carved out and established
from the collagen bioink. Seperated cells were then seeded at varying densities within the
bioprinted three dimensional culture environment once structures were established and

residual bioink was washed out of each well.

Collection of Cellular Chemokines Emitted via Supernatant Collection and Analysis
To analyze the chemokines produced by the cell populations cultured within the

bioprinted 3D cell culture, media changes occurred to collect culture supernatant over a
6-day period. After each media change, current media collected and aliquoted in a
separate uncoated cell culture plate and frozen in cryogenic freezer prior to analysis.
Once all timepoints had been collected, samples were thawed prior to analysis through
the use of CCL19 and CCL21 R&D System ELISA DuoSet kits (R&D Systems® Elisa
Kits, 2023). To perform the procedure, first the kit’s Capture Antibody was diluted in
PBS without a carrier protein to a working concentrated and coated over a 96-well plate
with 100 uL per well of the dilution. The plate was sealed and incubated overnight at

room temperate. The plate was then washed 3 times with 400 uL per well, and then 300

11



uL of Reagent Diluent was added to each well to induce blocking. The plate was
incubated at room temperature for 1 hour and then washed 3 times with 400 uL per well.
The above process was performed for both CCL19 and CCL21 kits. Once plates were
washed, samples of the 3D cell culture thawed supernatant were added to each well,
along with standards in separate wells for reference and incubated for 2 hours at room
temperature. 3 washes were then performed and 100 uL of the kit’s Detection Antibody,
diluted in Reagent Diluent, was added to each well for an additional 2 hour incubation at
room temperature. 3 washes were then performed and 100 uL of working dilution of
Streptavidin-HRP was added to each well and after the plate was covered, 20 minutes of
incubation at room temperature was performed in a dark environment. Once incubation
was complete, 100 uL of Substrate Solution was added to each well and incubated for an
additional 20 minutes at room temperature in the dark. 50 uL of Stop Solution was then
added to each well, and the plate was lightly tapped to allow for thorough mixing. A
microplate reader was then set to 450nm and used to analyze the fluorescent signal

emitted by each sample for analysis.

Evaluating 3D Bioprinted Cell Culture Plating, Culture and Imaging
Varying microscope imaging equipment was utilized to capture images of the 3D
cell cultures over different stages of experimentation. This equipment included a Zeiss
confocal microscope, Echo Labs microscope for brightfield imaging over multiple
timepoints of culture, and Opera Phenix imaging for timelapse captures, confocal
microscopy and 3D imaging applications. After performing brightfield imaging on the
cell culture, timepoints were captured over a 7 day period. Cells were seeded at varying

density and images were captured throughout within the varying structure formation

12



outlines of bioprinted towers. Brightfield captures show that the cells proliferated with
higher density, and it could be observed that stromal cell populations differentiated in
such a fashion around these towers that was representative of that found within the body
in-vivo. 7 conditions were captured with in and qualitatively analyzed to draw the
conclusion for this portion of the step-wise experimentation. A standard mask was
established and use in conditions for high-cell density with conduit towers, high cell
density without conduit towers, low-cell density with conduit towers, and low cell density
without conduit towers. At the 7 day timepoint Phenix imaging was also utilized to
demonstrate the three dimensional growth of the cells, as well as collagen deposition over

varying tower stiffness conditions.
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CD45-only (20 culture)
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stained collagen | towers only (0.5% mCP) (no cells) ctrl.
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replicates: 3 wells/condi 200 uL C lete media (-bme)/well, 15 C57BL/6J x-week old female mice
subiect: 15 €57BL/61 x-week old female mice

Figure 2. Optimized 3D cell culture conditions for recapitulation of ex-vivo collagen
production and physiologically relevant cellular phenotype
Upon completing initial demonstration of collagen deposition emitted by primary cell

populations cultured in the bioprinted three-dimensional cell culture environment,
optimal stiffness values were implemented for the conduit mimicking towers to
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demonstrate reproducibility, as well as compare to existing biomaterial vs. in-house
bioprinting ink. Additionally two dimensional controls were integrated, as well as a new
implementation for staining controls when imaging 3D renders and multi-dimensional
antibody staining for identifying key cellular markers, as well as gauging collagen signal
produced within the well conditions.

For final experimentation, cells were cultured as mapped above in the plate
layout. CD45- and CD45+ cells were co-cultured in the presence of bioprinted towers
with high, intermediate and low stiffnesses. 2D controls were also implemented, as well
as unstained conditions for imaging and culture controls. Samples were seeded and
cultured in replicates of 3, and supernatants and imaging data was collected from all

wells of samples for comparison and analysis.

Definition of Terms

“Antibodies”: In general antibodies are blood proteins produced by cells in
response to a specific antigen. In the context of this paper, antibodies refer to
fluorescently labeled antibodies targeting specific CD markers to allow for cell staining,
and sequentially imaging data collection and analysis. Antibodies are also produced by
the B-cell population within the lymph node in reaction to and generation of adaptive
immune response.

“B-cell”: The B-cell derives from stem cells within the bone marrow and is a part
of the immune system as a white blood cell that produces antibodies. In the context of
this paper, B-cells will play a critical role in generating physiologically relevant
structures such as follicle germinal centers within the lymph-node-on-a-chip so as to

demonstrate morphologic and behavioral similarities as such found within the lymph

14



node organ in-vivo, overall contributing to demonstration of successful recapitulation of
the organ ex-vivo.

“Bioprinting”: Bioprinting is the use of three-dimensional printing technology
with biocompatible materials able to incorporate viable living cells. Bioprinting will be
utilized to allow for lymph node T-cells and B-cells to be seeded within 3D collagen
conduit structures within the co-culture of lymph node stromal cells.

“Biomaterials”: Biomaterials can be synthetic or natural materials that are
biocompatible/suitable for use with living cell populations in such a manner that viability,
function and physiologic maintenance is preserved. Biomaterials will be utilized to allow
for the generation of three-dimensional structures, while allowing for a biologically
relevant culture environment to be created for the lymph node cell populations in use
including B-cells, T-cells and stromal cells. “C57BL/6J”: C57BL/6, also known as C57
mice are an inbred strain of laboratory mice and have become the most commonly used
genetic background for modeling human biology as they are used for both healthy/normal
as well as disease models. C57 mice will be used to gather primary cell populations
through lymph node explanations, and sequential digestion, of which will be cultured in a
bioprinted 3D cell culture environment post-explanation/digest.

“CCL19/CCL21”: CCL19 and CCL21 are chemokines that are produced by the
stromal cell population found within the T-cell zone of the lymph node in-vivo, and play
a critical role in regulating migration and homing of both dendritic cells’ and T-cells
during immunoregulatory and inflammatory processes (Yan, 2019) .

“CD3”: CD3 is a common identifier for cells that are of the T-cell subpopulation of the

body’s immunologic lymphocyte population, and a marker that will be targeted mainly
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when trying to label T-cells for imaging data collection and analysis, as well as flow
cytometry as needed.

“CD19”: CD19 is a common identifier for cells that are of the B-cell
subpopulation of the body’s immunologic lymphocyte population, and a marker that will
be targeted mainly when trying to label B-cells for imaging data collection and analysis,
as well as flow cytometry as needed.

“Collagen I/III”: Collagen I and Collagen III are fiber-like structural proteins
produced by stromal cells in response to mechanical cues generated from biologically
relevant architecture found within the body in-vivo. Presence of collagen on structures
found within the lymph node, demonstrates natural function of lymphoid stromal cells,
specifically the fibroblastic reticular cell (FRC) subpopulation, and in turn can be an early
indicator of the presence of FRCs within the lymph-node-on-a-chip to help demonstrate
these cells are recapitulating what is biologically observed within the lymph node organ
in-vivo, ex-vivo within their 3D cell culture.

“Co-Culture”: A co-culture is an in-vitro or ex-vivo cell culture system that allows
for multiple cells to culture together despite having different genetic/origin backgrounds.
Co-cultures will be utilized to allow for stromal cells, B-cells, and T-cells to exist in the
same 3D cell culture so as to recapitulate the cellular environment found within the body
in-vivo.

“Co-localization”: Co-localization occurs when two or more cell types migrate to
and reside in the vicinity of each other, so as to achieve a physiologically relevant
biological function through signaling, continued mobility and symbiotic growth and

development for active behavior. Within the lymph-node-on-a-chip device, we will
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observe through Phenix imaging co-localization of T-cells, B-cells and stromal cells in
similar structural and morphological fashion as observed in the lymph node within the
body in-vivo.

“Conduit”: Conduits within the lymph node are physical transportation pathways created
by the stromal cell population that allow for T-cells to migrate between T Zones in the
lymph node, as well as enable mobility of T-cells for when need to exit to relocate to
another organ or site of disease/damage infliction within the body.

“Confocal Microscopy”: Confocal microscopy is a type of imaging that has
become commonly used within traditional and R&D laboratory settings. The technology
utilizes laser optics often to excite fluorescently labeled antibody bound to specific cell
types or fluorescent proteins. In the context of this paper, confocal microscopy will be a
form of imaging that will allow for early characterization of the 3D culture, providing
insight of morphology, cell types present, and their abundance and differentiation as a
result of their bioprinted three-dimensional culture.

“Chemokine”: Chemokines are secreted by cells and are small proteins that
induce mobility and migration of other cells through signaling, and they act through a
concentration gradient being released from this source. We can mimic these
concentration gradients with chemokines embedded within the biomaterial/matrix

through chemotaxis as opposed to solely chemokinesis.
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“Fibroblastic Reticular Cells (FRCs)”:
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Figure 3. Demonstration of the effect the presence of FRCs has on B-cell population

percentage
This figure demonstrates FRC's effect on B-cell follicle formation size, B-cell germinal
center formation/morphology, B-cell antibody production, and B-cell colocalization with

CDA4+ T-cell populations with the lymph node. (DTR*Cre™: model set where FRCs are
present, DTR"Cre™: model that have been FRC depleted) (Cremasco, 2014)

FRCs are a cellular subpopulation of the stromal cell population most commonly

found in the lymph node. FRCs respond to mechanical cues produced by the body’s
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structural organ tissues, and architectural components within the organ that composes for
example primarily the lymph nodes of the human body. In fact, the FRCs actually play a
critical role in both conduit formations within the lymph nodes, as well as cell signaling
for T-cells that helps that regulate homeostasis of naive T-cells (Link, 2007).
Additionally, FRCs produce CCL19 and CCL21, play a key role in naive B-cell follicle
generation and in turn germinal center maintenance, engagement through frequent
signaling and cross-talk with the B-cells to assistance with overall naive homeostasis
within the lymph node (Cremasco, 2014).

“Image J”: Imaging quantification software that can be used prior to, or alongside
any built-in automated imaging quantification software of Opera Phenix. Utilized in early
stages of image quantification/characterization of the experimental system/analysis
through early manual or automated approaches (Venter, 2019).

“Isotype Class-Switching”: Isotype class-switching is a biological phenomenon of
humoral immune response in which B-cells undergo a mechanism through which, after
first exposure to an antigen, activated B-cells change their antibody production by
switching the antibody isotype from IgM to either IgA, IgG, or IgE. Various experimental
studies have characterized this process, including one in which single-cell analysis of
human B-cell maturation was able to analytically demonstrate how antibody class
switching shapes biological activity as well as allows B-cells to continually facilitate
protective antibody responses against pathogens (James, 2021).

“Lymphocyte”: Term used to group and label white blood, and includes the CD3+

T-cell population, and the CD19+ B-cell population.
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“MSD/ELISA Kits”: Both Meso Scale Diagnostics (© 2023 MESO SCALE
DIAGNOSTICS, MSD) kits and ELISA kits are utilized for detecting chemokines and
cytokines produced cell types of interest. The main difference between the two Kit types
is that MSD assays have a wider array of chemokine/cytokine portfolio that can be
analyzed simultaneously, but also have a much higher price point for purchase. In the
context of the lymph-node-on-a-chip, kits such as MSD and ELISA can be helpful in
demonstrating biologically relevant recapitulation in the ex-vivo as in seen in-vivo, by
providing evidence that the stromal cell population is indeed adequately producing
motility chemokines, and additional necessary cytokines and chemokines which we are
looking for (such as C-C motif ligand 19 (CCL19) and C-C motif ligand 21 (CCL21) to
generate immunologically relevant T-cell and B-cell co-localization as seen within the
lymph node in-vivo.

“Naive”: state of an immune cell in which maturation has been reached, but the
cell has not yet received antigen or novel pathogens to trigger the cell to behave in innate
or adaptive immunity.

“Opera Phenix”: Automated imaging system utilized for high-throughput and
high-content imaging of the lymph-node-on-a-chip technology. This imaging device can
perform a large volume of z-stacks of entire wells, over specified time-lapse/time-course
periods of imaging covering 4 channels of fluorescent excitation/emission. Additional
features include built-in analysis and image construction software which allows for
efficient 3D rendering, as well as image quantification (Opera Phenix plus System -

HH14001000, 2023).
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“Podoplanin”: Podoplanin, also known as PDPN the gene that encodes it in
humans, is a transmembrane protein and is primarily used as a marker primarily for
stromal cells.

“Stromal Cell”: Cells that are non-hemopoietic, multipotent and self-renewable.
In context of the lymph-node-on-a-chip, they are an important population as they are the
key cell types for creating the structure of the lymph node, as well as providing migratory

and maintenance signals.
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Chapter I11.

Results

Varying Mechanical Stiffness Values and Imaging Analysis
Initial experimentation results demonstrated that through increasing the stiffness
of the gel in which the cells were being cultured, an increase could be observed in cell
density present due to the cells preference of environment leading to improved cellular
proliferation within the 3D cell culture as can be seen in Figure 4 below.

Varying Mechanical Stiffness Values
3.5 kPa 8.6 kPa 15 kPa 25 kPa

- ...-

CD45+

Figure 4. Lymph Node Stromal Cell Density is Increased With Increasing Stiffness of 3D
Gel

Upon seeding primary CD45- stromal cells obtained from mouse lymph nodes into an
initial 3D gel biomaterial, results of the cells demonstrating improved cell growth were
able to be generated (20X Magnification). Varying stiffness values of the gel were
formulated to produce a culture environment of low stiffness 3.5 kPa (top-left), 8.6 kPa
and 15 kPa intermediate stiffnesses (top), and high stiffness 25 kPa (top-right).

22



Additionally, controls were utilized by seeding CD45+ cell populations obtained from the
same lymph node source (bottom) to demonstrate the effects observed were cell
dependent.

Identifying Preferential ECM Components for CD45- Cell Binding
To optimize the three-dimensional cell culture system, experimentation was
performed to identify ECM components of which our target cell population would have
the highest affinity for so as to create a biologically relevant environment for the cells to
grow and expand within. In Figure 5 below results can be observed of the ECM
components identified of which results we utilized for planning of what specific material

we would focus in on using for bioprinting going forward.

Figure 5. ECM Binding Identification for Cellular Preference

Through utilization of ECM binding array, identified preferential components for CD45-
cell from the mouse lymph node, revealing collagen (right) as a good candidate for
cellular adherence. With having identified the optimal stiffness environment needed to
provide suitable mechanical cues for growth of the CD45- population within a 3D cell
culture, the next step was to ensure the right components were selected for mixing in
when formulating the material in which the cell would grow optimally. The ECM binding
array contained a series of extra cellular matrix components typically found within
various regions of the body, and the section of the array that contained collagen
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demonstrated results that showed that when CD45- cells were cultured on it they adhered
most to this section due to biological preferences for its growth mechanics.

Confocal Microscopy and Imaging Parameter Optimization for Target Cell Markers
The above results allowed for us to optimally select collagen as the core
component for formulating the biomaterial to be used when generating our bioprinted 3D
cell culture going forward. One method of analyzing the established 3D system included
confocal microscopy to confirm physiologically relevant cellular differentiation of our
target cells cultured within the device. To perform accurate confocal microscopy of our

cell population, staining and imaging parameters were required to be optimized and

established. Results of which can be observed below in Figure 6.

Figure 6. Fluorescent Microscopy Parameter Establishment

Optimized staining antibody conditions for identifying CD45- specific markers such as

PDPN (magenta) with nuclear stain DAPI (blue) as well as phalloidin (red) included for
cellular identification/confirmation. The target lymph node stromal cell population to be
cultured within the 3D cell culture environment would allow establishment of an in-vivo
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like foundation for the device going forward, and this cell population expressed specific
protein markers such as PDPN. In order to effectively image these cells, antibody
staining concentrations, procedures and imaging of PDPN expressed by the cells needed
to be optimized.

Upon implementing this optimization, results were generated that showed
effective PDPN staining of the differentiated CD45- stromal population (left), as well as
phalloidin staining for f-actin produced within the cells (right). Both images showed
effective DAPI staining as well, which confirmed cellular identification through

indication of nuclei being present within each cell body displayed.

Comparing Uncoated 3D Gel Culture With Collagen Coating
The demonstrated results allowed for us to establish the foundation for an optimal
antibody staining cocktail and protocol for imaging of the 3D cell cultures going forward,
and upon utilizing such we were able to stain and image cell cultures upon different

materials as shown in Figure 7 below.

25



Figure 7. Comparing Biomaterial Selection for 3D Cell Culture Foundation

Identified collagen coated material (right) as a more optimal condition for CD45-
cellular proliferation and differentiation as opposed to initial biomaterial gel (left).

Although the initial biomaterial gel allowed for us to demonstrate the effect of
increasing stiffness to allow for greater cell proliferation, upon utilizing collagen coated
material identified previously as preferential by CD45- lymph stromal cells, we were able
to generate results in which we not only saw an increase in cell proliferation to generate
higher cell density present, but also improved and more physiologically relevant stromal
cell differentiation. In the gel on the left it can be observed that there is f-actin (green),
cell nuclei (blue), and PDPN (magenta) present, however in the collagen coated material
on the right an increased and more differentiated presented of PDPN can be observed as
well as intracellular f-actin and some collagen 111 (red) found within the differentiated

cells.

Results of Bioprinting Optimization Developing Approach
The above results led to optimization of the protocol for developing our 3D cell
culture device by leading us to select the collagen coated biomaterial as the foundation of
which would be used when proceeding to produce the bioprinted conduit mimicking
towers. Figure 8 below demonstrates the results of the bioprinting process schematic we

outlined for implementation.
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Figure 8. Bioprinting Technique for Generating Three-dimensional Structures

Utilizing bioprinting of conduit mimicking towers allowed for establishment of 3D cell
culture device. Step 1 (top-left) of generating the device involved first aliquoting collagen
based bioink into each well of an uncoated glass 96-well culture plate. Once collagen
bioink has been seeded into each well, step 2 (top-right) involved utilizing 405nm/UV
radiation over a photomask to allow for structure formation based on the custom mask
design. Once structures have been formed, step 3 (bottom-right) crosslinking will occur

allowing for residual bionk to be washed out. Once complete, step 4 (bottom-left) will
involved adding target cells to the 3D cell culture device.

Once technique protocol was established for bioprinting the three-dimensional conduit
mimicking towers, cell cultures were formed utilizing the procedure prior to seeding
target primary cell populations obtained from the lymph node. Once cells reached various
type points of culture, wells were evaluated for cellular proliferation and differentiation

to ensure optimal culture settings and cell growth.
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Bioprinted Conduit Mimicking Tower Brightfield Imaging
By establishing this time designed system, we were able to generate a culture
environment for experiments going forward that allowed for cells to culture in a system
where conduit mimicking towers were representative to those found in-vivo within the
lymph node additional multiple dimensions and suitable mechanical cues as found within

the body. As a result we were able to perform experimentation to produce the bioprinted

foundation as can be seen in Figure 9 below.

Figure 9. Brightfield Imaging of 3D Cell Culture to Confirm Bioprinting Parameters

Demonstration of bioprinted conduit mimicking towers, creating the foundation of the 3D
cell culture. Optimal tower spacing, height and width identified and implemented to
generate device creation as can be observed in 10X magnification (left) and 20X
magnification (right).
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Co-culture of Target Cell Population Within 3D Culture Environment
Upon having selected collagen material as the foundation for the three-dimensional
structures to be bioprinted, the next step was to utilize a bioprinting mask which would
allow for generation of the towers within the device prior to cell seeding and future co-
cultures. The above results allowed for us to effectively create and implement this mask
for the bioprinting prior to cell culture within the three-dimensional environment created

as can be seen in the below Figure 10.

Day 7 (170 hr. tp) . o p— Magn:10x

hi w/CTs

hi w/o CTs

low w/CTs

low w/o CTs

Alternate

Figure 10. Optimizing Cell Count Density Per 3D Cell Culture Condition

A 7-day timepoint of 3D cell co-culture was demonstrated and observed amongst varying
cell densities.
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Day 7 timepoint taken of cells cultured within 3D environment demonstrated the
cell density effect behaviorly being that the CD45- cell populations not only co-localized
to regions of the culture near the bioprinted conduit mimicking towers, but also
demonstrated proliferation and physiologically relevant differentiation in high cell
density conditions as compared to low cell density conditions and no bioprinted tower
controls. Additionally we identified the mask layout design established was favorable for

the growth of our target population.

Cellular Chemokine Emission Analysis and Quantification
The high cell density conditions demonstrated the most localization of CD45-
population to bioprinted towers and relevant cellular differentiation through culture with
the CT mask used, allowing us to identify optimal cell concentration for seeding in
experimentation going forward. Additionally supernatants were collected over a 6 day
culture period to attempt to identify chemokines being emitted from the CD45-

population as can be observed in Figure 11 below.
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Figure 11. Chemokine Emission After One Week of Bioprinted 3D cell culture.
Results here are intended to demonstrate CCL21 (left), CCL19 (center), and IL-7 (right)

emitted by CD45- lymph node cell populations after six days of culture within the three-
dimensional device.
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Conditions included cells culture with bioprinted 3D towers of high, intermediate
and low stiffness values, as well as control conditions such as towers without cells to
measure any noise that may have been present in the supernatant, CD45- cells cultured in
2D on collagen coated plate surface, blank wells containing no towers or cells to measure
any media noise, and cells cultured with recombinant protein as a stimulation control.
CCL21, CCL19 and IL-7 were measured as the target output as they are indicative of
chemokines (and interlukin) produced by the CD45- cell population found within the

body’s lymph nodes.

3D Cell Culture vs. 2D Cell Culture Whole System Imaging For Collagen Production
Although results were able to be collected and evaluated here with ELISA

analysis, no strong conclusions could be determined due to the fact that raw value outputs
were not significantly higher than the blank controls. Based on these results, additional
methods for evaluating the 3D cell culture device were established including imaging
experiments going forward to evaluate collagen production via image quantification and
target cellular localization over imaging timelapse and 3D imaging renders. In Figure 12
below initial results of imaging analysis show this evaluation of collagen production
amongst two varying stiffness values of the bioprinted towers when cultured with the

lymph node CD45- population.
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Figure 12. 3D Cell Culture vs. 2D Cell Culture of Primary Lymph Node Cells

Confocal microscopy imaging captured with Opera Phenix at 10X magnification of
intermediate and high stiffness bioprinted towers with 3D cell culture (left) vs. 2D cell
culture (right) demonstrating observable collagen (green) deposition within the 3D cell
culture by the CD45- stromal cell population (red).

Bioprinting With Varying Stiffness Condition For Reproducibility and Quantification
To demonstrate reproducibility as well as analyze a low stiffness condition in addition for
a control, the below Figure 13. demonstrates the results of our experimental design
planning for a second 7-day three-dimensional culture period in which we could
reobserve collagen production by our CD45- cell population both in CD45- cell cultures
with bioprinted towers as well as a CD45- coculture with CD45+ cells with bioprinted

towers.
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High Stiffness Intermediate Stiffness Low Stiffness

Figure 13. 3D Cell Culture Conditions and Reproducibility for Testing Varying Stiffness
Co-culture

High stiffness (left) bioprinted towers are generated by combining initial collagen
ColPlant material with PEG through formulation prior to bioprinting.

The same process was performed to generate intermediate stiffness (center)
through the use of a lower percentage of PEG combined during formulation. Low
stiffness (right) towers were generated through no addition of PEG. Varying stiffness
conditions allowed for reproducible evaluation and analysis of collagen production by

digested and isolated primary lymph node cells within the three-dimensional cell culture.

3D Cell Culture Collagen Deposition Upon Varying Bioprinting Stiffness Conditions
Upon following the experimental plan for bioprinting going forward, we were once again
able to observe collagen production within our three-dimensional cell cultures. In Figure
14 below, collagen deposition is demonstrated across the varying stiffness conditions

after a 7-day period.
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High stiffness (0.5% mCP + 0.5% PEG) Unstain Ctrl. (0.5% mCP)

Figure 14. Collagen 111 Deposition and Expression Within 3D Cell Culture Bioprinted
Varying Material Stiffness.

Results show high-throughput imaging captured with Phenix at 10X magnification.
Fluorescence for the marker was cumulated over a 170um z-stack and mapped for single
display of total signal intensity of 4 3D cell culture conditions including bioprinted tower
high stiffness (top-right), intermediate stiffness (bottom-left), low stiffness (bottom-right),

and an unstained control (top-right) which received no col3A staining/fluorescent
antibody. Collagen (green) deposition was localized surrounding bioprinted towers.

Quantification of Collagen Production via Fluorescent Signaling and Analysis
Upon having generated results of reproducible collagen generation within our device, our
next step was to quantify the cumulative fluorescent signal emitted from our cultures to
allow for comparison across our varying stiffness conditions. The below Figure 15
demonstrates the quantification methodology utilized, as well as the results of signal

observed across conditions. The quantified images produced a set of values of which
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demonstrated calculated total fluorescent signal for antibody stained collagen based on
excitation and emission from the tagged fluorophore conjugated the collagen binding
antibody. Values were compiled into a dataset and plot by single points for each given
condition, compared including error bars present. Numerical display indicated relative
stiffness values across low, intermediate and high stiffness of the bioprinted conduit
mimicking towers forming the 3D cell cultures which contained primary mouse lymph
node cells after digest, isolation and incubation within physiologically relevant conditions

including temperature, media changes and microfluidic flow due to such.
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Figure 15. Quantified Cumulative Collagen Signal Intensity/Expression Within Culture
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Quantified and calculated via cross sectional area measurements; intensity/sq unit.
Results plotted with quantification software demonstrated collagen signal expression
within bioprinted 3D cell cultures reproducibly across varying tower stiffness conditions.

3D Imaging Analysis of Bioprinted Cell Culture at Day 7
With having observed the highest production in the middle/intermediate stiffness
condition of the bioprinted cultures, we conducted 3D rendered imaging analysis of this
condition in sections of the culture to observe cellular localization with the bioprinted

towers upon which collagen was deposited as can be seen in Figure 16.

Alternate angle

Set angle

Figure 16. 3D Imaging of Bioprinted Co-cultures at Day 7
Collagen (green) deposition upon bioprinted towers can be observed in intermediate

(left) and high stiffness (right) conditions, with CD45- stromal cells (red) co-localizing to
location within the culture where towers were present.

Phenix imaging was utilized to generate 3D renders of bioprinted conduit mimic
demonstrating tower localization and cellular growth upon collagen 111 deposition by the

CD45- cell populations cultured within the device.
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3D vs. 2D Culture Analysis and Co-culture Collagen Deposition
Having observed localization to the towers of stromal cell populations, we took a closer
look at the intermediate stiffness condition we had with the co-culture of CD45+
lymphocytes with CD45- cell population from the lymph node. The below Figure 17
demonstrates a look at this culture through Phenix confocal microscopy for cumulative
collagen deposition by total cell population, as well as 3D render of a portion of this

culture comparing it to traditional 2D cell cultures.

3D culture

2D culture

Figure 17. Whole Well Capture of 3D Cell Culture, and 3D Render vs. 2D Culture

Day 7 Phenix z-stack image capture of 3D cell CD45+/- co-culture (left) and 3D render
of bioprinted device co-culture (top-right) as compared to traditional 2D cell culture
(bottom-right). Stromal cells can be observed in red, collage deposition in green, and
cellular nuclei in blue without PDPN surrounding indicate CD45+ lymphocyte
populations.
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Chapter IV

Discussion

Upon generating results, it could be observed that with intermediate stiffness
bioprinted collagen conduit mimicking towers, physiologically relevant collagen
production by the co-culture could be observed. Both qualitatively and quantitatively it
was demonstrated that over multiple stiffness conditions, high stiffness demonstrated
collagen production similar to that which is observed in-vivo within the lymph node
(McKee, 2011). Additionally phenotypical similarities were observed with CD45-PDPN+
FRC populations, indicating differentiation not seen in traditional two-dimensional cell
cultures. Upon implementing a co-culture system of both CD45- and CD45+ primary
lymph node cell populations with the 3D cell culture environment, we were able to see
CD45- localization around bioprinted three dimensional towers, as well as high collagen
I11 production. Initial attempts at developing the device included utilizing a 3D gel. From
these early experiments we were able to demonstrate the effect of the mechanical cues
generated from the three-dimensional material stiffness being that it increased cell
density through proliferation within the culture, however imaging and analysis of this
initial system was difficult so progression to the bioprinted collagen tower system was
developed and optimized. Once optimal spacing, width and height of the bioprinted
collagen towers was established, varying stiffness values of the towers were tested with
first CD45- lymph cell populations and then CD45- and CD45+ co-cultures to evaluate
for chemokine emission, collagen production and cellular co-localization within the 3D
cell culture. Intermediate stiffness towers demonstrated that this value was most effective

in leading to the highest overall collagen production by the cells cultured within the
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device for 7 days. Some limitations within the experimental system may include the
scalability, materials, and equipment resources in use. One limitation of the lymph-node-
on-a-chip technology may be the scalability. On a small scale, the device will be able to
provide answers to key scientific questions, but as a product some optimization will need
to be made so as to allow for a large quantity of devices to be used and maintained. The
main cause of this limitation is due to obtaining high amounts of primary cells necessary
to create the device successfully. Recent publications within the last few months have
demonstrated ways to overcome this scalability challenge if scale-up were to be
implemented of the technology in the future for more widespread use amongst the
industry of the immune oncology field (Jense, 1970). An additional limitation of the
system may be materials and resources in use, specifically natural collagen quantities,
imaging devices and funding. Natural collagen for experimental use is generally more
scarce than other proteins or process additives and is generally priced at a high financial
cost. One solution could be to use biocompatible artificial or natural collagen substitutes
able to begenerated in large volumes, such as from collagen production vendors like
CollPlant. CollPlant’s collagen product is “rhCollagen” which is grown/extracted from a
plant-based platform effectively expressing human collagen and is designed for use in
experimental processes including 3D cell culture and bioprinting applications (Powell,
2012). Validation comparison studies can be conducted to demonstrate similar
effectiveness as compared to the traditional natural collagen material that is normally
used in R&D experimental processes and that has been obtained at higher price points
such as Sigma Aldrich’s Collagen I priced at $1,870/gram (Corning® Collagen | from

Rat(Tail), 2023). Traditional imaging systems such as Zeiss microscopes could pose a
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limitation for the full scope of experimentation, due to the many z-stacks that will be
required for thorough imaging over 7-day time-course periods of the 3D cell culture
system of the lymph-node-on-a-chip. These traditional microscopes will demand a high
amount of time, energy, and manpower both for operator and well as image data analysis.
One solution to overcome this limitation will be through the use of the automated high-
throughput and high-content imaging technology of the Opera Phenix. Phenix imaging
device will not only help reduce time and energy but also overall cost of operation as well
all the while producing large volumes of both image data sets of entire wells z-stacked

and portions 3D-rendered, but also quantification of image analysis as well.
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