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Chapter 1

The human immune system has evolved over time to ensure the continuous survival of the human
race. It maintains global health by reducing morbidity and mortality, with individuals protected from
infectious diseases, cancers, and other pathological conditions. The immune system is composed
of anintricate arrangement of immune cells and organs that act efficiently to identify and eliminate
bacteria, viruses and parasites, as well as distinguishing these pathogenic threats from the body’s
own cells. Furthermore, the immune system’s adaptability is critical for the global success of vacci-
nation, which has revolutionised world health with full eradication of smallpox' and near-eradication
of other diseases like polio?. Beyond this, the immune system plays a pivotal part in the pathology of
chronic conditions, including autoimmune disorders and allergies, as well as in the emerging fields of
cancerimmunotherapy and regenerative personalised medicines. In the face of societal challenges,
such as antimicrobial resistance, pandemics and an aging population, understanding and enhancing
immune functions are central to advancing healthcare and improving quality of life worldwide.

The humanimmune system contains around 1.8 trillion immune cells®, comprising either the innate
or adaptive branch of immunology. Innate immunity is the first line of defence, where a non-specific
response is initiated to stop the spread of foreign pathogens. These cells include naturalkiller (NK) cells,
neutrophils, dendritic cells (DC), macrophages and monocytes, which sense pathogenic challenge
via pattern recognition receptors (PRRs)* and offer a quickimmune response, such as phagocytosis.
The adaptive immune response is the second line of defence, where a specific immune response is
elicited after recognition of molecular fragments called antigens. T and B cells, collectively known
as lymphocytes, offer long-lasting memory reactions to the same pathogenic threat, either through
direct cell killing by T cells or neutralisation via immunoglobulin (antibody) production by B cells.
Allimmune cells are derived from, and matured in, primary lymphoid organs (Fig. 1). The bone marrow
is the site of haematopoiesis and is where hematopoietic stem cells (HSCs) are generated, which can
then differentiate into either common myeloid progenitor (innate) or lymphoid progenitor (adaptive)
cells. This is also where B cells mature, whereas T cells undergo maturation in the thymus through
processes that harbour T cells with functional potential (clonal selection) and eliminate self-reactive
T cells (clonal deletion).

Secondary lymphoid organs include lymph nodes (LNs), tonsils, peyer’s patches and spleen. They are
a critical component of human immunology with ~500 LNs found throughout the body, located mainly
in the abdomen, groin and thoracic cavity®®. LNs are the place where lymphocytes are activated by
antigen-presenting cells (APCs), as well as an important location forimmune surveillance to monitor
pathogens and abnormal/cancerous cells. As such, the LN functions essentially as a central hub for
lymphocytes to undergo priming and antigen recognition, where specific immunological memory
is generated for time-sensitive and long-lasting adaptive immune activity. Thus, understanding the
biology of LN-related immune events is essential for developing innovative therapies and diagnostics

to treat immune-related conditions and improve patient outcomes.
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Fig. 1 - Artistic illustration of the immune system. Immune cells originate from primary lymphoid organs. The
bone marrow is the first site of haematopoiesis and B cell development, and T cells further mature in the thymus.
Secondary lymphoid organs include the lymph nodes and spleen to filter ymph and blood, respectively. Lymph nodes
are featured in abundance throughout the lymphatic system, connected by a network of lymphatic vessels. This is

where the adaptive immune response begins.



Chapter 1

The structure and function of lymph nodes

Systemically, LNs are integrated within both the lymphatic and blood circulation. The lymphatic
system is a network of lymphatic vessels that drain interstitial fluid, composed of water, electrolytes
and nutrients, from all tissues and organs to prevent edema in steady-state conditions. During inflam-
mation, interstitial fluid accumulates in tissue as exudate, a protein-rich liquid containing immune
cells and waste products, which requires lymphatic drainage and filtration through the LNs’. Once in
the lymphatic vessels, this fluid can be referred to as lymph, with 8-10 litres processed per day®. This
is typically the route taken by soluble antigens, pathogens and innate immune cells, such as DCs
and monocytes, to arrive in the LN via the afferent lymphatic vessels after activation in the periphery.
Non-activated/naive immune cells, like lymphocytes, enter the LN from the blood vasculature through
specialised high endothelial venules (HEVs) after their development within primary lymphoid organs.
Such processes happen regularly during homeostasis, but during infection or inflammation, the LNs
can swell in size to accommodate the influx and proliferation of immune cells.

In this sense, LNs are a dense multi-cellular environment, with around 10° cells per gram of tissue®
arranged in a specific structural organisation that facilitates optimal immune activity (Fig. 2). These
include distinct domains for adaptive immune cells, such as B cell follicles in the LN cortexand T
cell areas in the LN paracortex. The structural arrangement of these domains allows for an efficient
immune response, as it ensures that the correct immune cells encounter each other at the right
time and place, thereby improving response speed and specificity®. For example, the B cell follicles
are generally located between the T cell area and LN subcapsular sinus (SCS) to facilitate antibody
production. At one side, soluble antigens can be captured from the incoming lymph into the SCS
for direct B cell recognition'. At the other end, activated CD4* T helper cells, from the nearby T cell
area, can provide co-stimulatory molecules (e.g. CD40) and cytokines (such as interferon-y (IFN-y),
interleukin-4 (IL-4) and transforming growth factor-g (TGF-B)) for B cells to assist with somatic hy-
permutation and isotype switching for high affinity antibody production™. This then leads to the
formation of germinal centres (GCs) in the B cell follicles, where memory B cells reside and rap-
idly produce antibodies upon re-exposure to pathogens as part of the humoralimmune response’?.
Similarly, the cell-mediated immune response occursinthe T cell area, where APCs bearing a foreign
antigen on their major histocompatibility complex (MHC) can present and active cognate T cells'.
This also requires co-stimulatory signals from both cells (CD80/86 on APCs with CD28 on T cells),
as well as adhesion molecules and cytokines that skew the type of T cell response. This not only
allows for enabling antibody secretion, but also for the elimination of intracellular (Th1 and CD8* T
cellresponse) and extracellular pathogens (Th2 response), the clearance of bacteria and fungi (Th17
response), and prevents excessive immune activity by maintaining tolerance (Treg response)'®. These
cellular processes ensure that a tailored immune response is generated to efficiently counter a wide
range of pathogenic threat, while still preserving immune homeostasis.

However, all of these cellular reactions depend on a group of non-hematopoietic cells that have yet

to be mentioned until now. Hereby, introducing the immune maestros; the LN stromal cells (LNSCs).
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Lymph node stromal cells: the immune architectures

LNSCs are historically categorised into mesenchymal fibroblastic reticular cells (FRCs), lymphatic
endothelial cells (LECs), blood endothelial cells (BECs), and double negative cells (DNCs)'. LNSCs
provide structural support to LNs and also facilitate cellular migration and anchorage for immune
cellswhere needed. Furthermore, LNSCs produce immune cell survival factors, control lymphocyte
proliferation, restrict self-reactive T cells and have the unique ability to present peripheral tissue
antigens as a tolerogenic mechanism'®'’. The development of LNSCs during LN organogenesis re-
quires the lymphotoxin-B receptor (LTBR), which is expressed on non-hematopoietic cells. Knockout
mouse models of LTBR have been shown not to develop LNs'8, similar to LTBR-deficient humans
who have no tonsils or LNs™. More specifically, a multitude of studies performed with mouse models
manipulating the LNSCs, such as ablation of FRCs, revealed the absence of homeostatic signals,
disruption of stromal networks and HEVs, as well as hallmarks of autoimmunity, thereby resulting
in an inability to mount an adaptive immune response’®'®2%-22, Thus, LNSCs are required for correct

immune functioning.

Fibroblastic reticular cells: chaperones of adaptive immunity

FRCs create the three-dimensional (3D) structural network throughout the LN and promote cross-
talk between DCs, T cells and B cells for immune activity?* (Fig. 2 inset). LN FRCs have a unique
transcriptional profile compared to fibroblasts from peripheral tissue, featuring an enrichment of
genes associated with cytokine/chemokine pathways and antigen presentation?%’, along with dis-
tinct functional properties described further below. Initially defined as podoplanin® (PDPN") cells in
mice, new insights in humans have revealed a heterogenous profile of mesenchymal stromal cells
with overlapping phenotypes between PDPN- and PDPN* FRCs?. These subdivision of FRCs were
first identified in mice using single-cell RNA sequencing (scRNA-seq)?, but recent human studies
have unveiled a more heterogenous FRC diversity?®3%-%, To date, the general classification of FRCs
based on LN anatomical location include T cellzone FRCs (TRCs), B cell zone FRCs (BRCs), follicular
dendritic cells (FDCs), marginal reticular cells (MRCs) and pericytes.

A range of specific FRC-functions have been discovered. Most notably, as mentioned above, FRCs
can exclusively present peripheral tissue antigens to immune cells as a tolerogenic mechanism to
restrict self-reactivity®®’. Dynamically, FRCs generate the cellular niches for B cells through B cell
activating factor from the TNF family (BAFF) and CXC motif chemokine ligand 13 (CXCL13), and T
cells through production of CC motif chemokine ligand 19 (CCL19), CCL21 and IL-7. Likewise, FRCs
maintain homing of DC subsets and promote DC interactions with lymphocytes at the intrafollicular
border®. As well as providing survival niches for plasma B cells®®, FRCs also create a conduit system
through deposition of extracellular matrix proteins (ECM) for the rapid transport of <70 kDa molecules
from the SCS into the LN paracortex*®“2. This is not only important to prevent large molecules and
pathogens from entering and disturbing the LN interior, but also to facilitate the delivery of cytokines/
chemokines, nutrients and antigens directly to the paracortex for DC and incoming HEV-derived

immune cell sampling®. FRCs are also responsible for LN swelling based on their interaction with
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Fig. 2 - Artistic illustration of LN and FRCs. General overview of the LN interior, highlighting the B cell follicles and
T cell zone areas, afferent and efferent lymphatic vessels, and high endothelial venules (HEVs). Pop out from the LN
paracortex shows fibroblast reticular cells (FRCs) in a connected reticular network, supporting T, B and DC migration
through the LN parenchyma.

DCs through the PDPN and C-type lectin-like receptor 2 (CLEC2) axis*. This is due to relaxation
of the reticular network after actomyosin contractility in FRCs is downregulated, thereby inducing
stretching of the LN to accommodate the influx of immune cells that boost an immune response®.
In pathophysiology, homeostatic FRC function can become dysregulated. Autoimmune disorders, like
rheumatoid arthritis (RA) are characterised by loss of tolerance. LN FRCs from RA patients displayed a
lower induction ofimmunomodulatory molecules, such as the human leukocyte antigen-DR (HLA-DR)
and programmed cell death ligand 1 (PD-L1), compared to healthy controls®. Likewise, changes to
FRC phenotypes were observed in two distinct populations in melanoma®' and remodelling of fibrous
stromal tissue in follicular lymphoma*’.

In summary, these valuable functions not only highlight the importance of FRCs in dictatingimmune
responses, but also their role in maintaining homeostatic mechanisms that can be unbalanced in

disease settings.
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Lymphatic endothelial cells: beacons of the lymphatic sea

The LECs of the LN can be generally distinguished from their BEC counterparts based on Prospero
homeobox protein 1 (PROX1) and PDPN expression. They line the lymphatic vessels that drain inter-
stitial fluid/exudate from tissue, with the resulting lymph then transported to the LNs. At the LN, LECs
form sinus channels entering and exiting the LN (afferent and efferent lymphatic vessels, respectively),
along the SCS, and across the LN parenchyma as an intertwined network (Fig. 3). For guidingimmune
cell migration, LECs secrete CCL21, which is detected by CC chemokine receptor type 7 (CCR7) on
DCs* and thereby forms a chemotactic gradient for cell passage through the lymphatics and into
the LN SCS. In addition to this, LN LECs also exhibit functional properties to optimise LN functioning,
highlighting their distinct characteristics compared to other tissue LECs?*“°. These include trapping
and filtering lymph-borne molecules that arrive in the SCS®, producing survival and proliferation
signals for macrophages® and lymphocytes®?, and exhibiting antigen-presenting capabilities®-2,
LECs are another heterogenous LNSC, with six subsets identified in humans based on anatomical
location®. The main subsets include atypical chemokine receptor 4* (ACKR4") SCS ceiling LECs, TNF
receptor superfamily member 9* (TNFRSF9*) SCS floor LECs and macrophage receptor with collagenous
structure” (MARCO") medullary LECs. While the complete purpose of these classification markers
are yet to be fully elucidated, ACKR4 is well characterised for creating the chemokine gradient in the
lymphatics, as it acts as a decoy receptor to scavenge CCL21%. Inthe LN SCS, LEC-secreted CCL21
further guides DC migration over the SCS floor LECs into the LN parenchyma®®. From here, CCL21
and the other CCR7-ligand, CCL19, facilitate the guidance of APCs into the LN microdomains*®:°7:%,

Ceiling LEC

Tcell
DC

Fig. 3 - Artistic illustration of LECs within the LN. General overview of incoming afferent lymphatic vessel into
the LN subcapsular sinus (SCS). Pop out from the SCS reveals LEC subtypes lining the ceiling and floor, supporting
immune cell chemotaxis and transendothelial migration.
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Chapter 1

Human lymph node models

To study the LN in health and disease, and recapitulate such LN-related immune events, a biological

system is required that can mimic features of the physiological microenvironment. Such in vitro models

are termed microphysiological systems (MPS)*°. MPS technology has been established to address

the global demand for more humane models, which in turn can enhance the understanding of organ

(patho)physiology and be further applied in disease modelling and drug development environments®6',
This is especially crucial given that animal models often have poor translational relevance to humans

mainly due to species variation, i.e. immune cell subtype differences and limited representation of

diseases®, as well as other factors like low testing throughputs®. One such type of MPS platform

is the organ-on-chip (OoC), which is a microfluidic device that strives to imitate native tissue/organ

functions, such as dynamic, organisational and physiological responses, with control over mechanical

parameters like flow rate, stretch and pressure. These small scale bioreactors allow the culture of

cells, human biopsies or reconstructed organotypic tissues/organoids for extended periods of time®®.
The human immune system has now been recognised as an important factor in MPS development,
but has yet to be fully recapitulated in vitro due to its intrinsic complexity. However, effort has been

made to include the immune system as in the form of human LNs, which can be used to help further
understand LN (patho)physiology®® and study adaptive immune responses to tissue damage and

infection®. MPS models have evolved for human LNs with a variety of static and dynamic elements,
as well as recapitulating distinct aspects of immune functionality. The spectrum of human LN mod-
els can range from two-dimensional (2D) co-cultures of immune cells up to 3D microenvironments

composed of biological-ECM or synthetic scaffolds, and further advanced into OoC systems where

parameters like flow can be necessary for LN-relevant chemokines®.

However, several pitfalls and shortcomings do still exist with such LN models, especially with the

lack of LNSC integration as either individual cell types or unacknowledged in cell suspensions/tissue

slices. Moreover, LN models that are ‘organoid-like’, meaning they are fullyimmunocompetent and

display LN characteristics, have typically only focused on B cell-related humoralimmune responses.
As such, an overview of the latest LN models is presented in Table 1 below, categorised in order of
increasing LN-like complexity from 2D cultures, 3D cultures, LN tissue slices, and OoC models either
with specific immune cell types (partial) or tissue-derived cell suspensions (full). A more detailed

summary about LN-on chip models, including information about microfluidic chip setups, can be

found in Chapter 2%, as well as from existing reviews®¢6:67,
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Table 1 Overview of human LN models. ECM; extracellular matrix, LN; Lymph node, SCS;
Subcapsular sinus, OoC; Organ-on-chip, 2D; two-dimensional, 3D; three-dimensional.
Complexity Model Features Source Limitations
Plasmablast formation and antibody No LNSCs
Tonsi production against influenza viru- No ECM
onsil o8 I, )
R s%and vaccination ) Only humoralimmune
2D cultures organoidsin . Tonsils
transwells Follicular lymphoma treatment responses
studies” Static
Sex-specific lymphocyte responses”’
De novo antibody formation, inhi- No LNSCs
bition of regulatory pathways and Tonsil Synthetic scaffold
immunodeficiency prediction in Po;PiICS or Only humoralimmune
B cell follicles  ancer patients’? S responses
3Dcultures  in PEG-4MAL Static
scaffold ] . )
Enhanced B-cell survival, prolifer- PBMCs Synthetic scaffold
ation, differentiation and antibody Tonsil-FRCs ~ Only humoral immune
production”® CD40L Cell  responses
lines Static
Vaccine adjuvant testing on innate No LNSCs
immune cells™ Axillary LNs  acknowledgement
Static
Sliced tissue Eﬁzllzrgslgumé Stromal and immune responses to li
cultures ’ i i i
in culture posomal adjuvants, like TLR ligands” CysticLNs  Static
plate
FRC regulation of T cell stimulation®*
Tonsils Static
Fluid flow regulates adhesive ligands No LNSCs
SCS for monocyte interactions”® Celllines No ECM
No immune cells
Stromal-regulated DC and T cell Only blood-derived
migration in the LN paracortex’” PBMCs immune cells
Celllines LNSCs are cell lines
No B cells
Partial LN
00C models Immune cell Fluid flow negatively correlates with Only blood-derived
migration and T cell egress, but positively with PBMCs immune cells
. 8 . inflammatory cytokine secretion by . LNSCs are cell lines
interactions e Celllines
stromal cells No B cells
No ECM
T cell-dependent interactions with B ) Only blood-derived
cells for antibody production’® Tonsils immune cells
No LNSCs
Vaccine responses to hepatitisin a Only blood-derived
bioreactor device with antigen-spe- PBMCs immune cells
cific DCs (TissUse)® No LNSCs
FUllLN OoC  Lymphoid Flow induced follicle formation Only blood-derived
models organs and response to influenza® and PBMCs immune cells
COVID-19 vaccines (Emulate)® No LNSCs
Long-term culture of high den- Tonsils No LNSCs
sity lymphoid tissue for antibody PBMCs No ECM

responses®
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Chapter 1

Aim of this thesis

With the rapid progress in the global need for humane research, the immune system remains ce-
mented as a critical factor that requires addressing and incorporation into animal-alternative models.
While the LN itself acts essentially as the control centre of human immunology, and advancements
in lymphoid organ models have shown promising developments, incorporation of the influential
LNSCs has yet to be properly achieved. Therefore, this thesis aims to build a 3D LN model with a
stromal cell backbone in both static and dynamic settings to mimic physiological LN functioning.
Chapter 2 provides a comprehensive overview of all single- and multi-OoC models that have incor-
porated the human immune system. This explores the level of immunocompetency for each OoC
model with the use of innate and adaptive immune cells, while also discussing the current limitations,
challenges and degrees of physiological improvements.

Before diving into the development of a LN model with an FRC component, Chapter 3 outlines our
initial efforts in examining whether it was possible to culture human LN-isolated FRCs ex vivo, and
whether these FRCs could represent characteristics of human LNSCs subsets.

In Chapter 4, we investigate the possibility of constructing a human LN model using cultured FRCs
to actas the foundation for DC integration. However, the LN contains a variety ofimmune cells, such
as a plethora of lymphocyte and myeloid cell subsets. Therefore, in order to advance the two cell
FRC-DC modelinto one reflecting a LN environment to study immune cell functionality, Chapter 5
reports the incorporation of native LN-derived immune cells into a LN model, enriched with FRCs.
As mentioned, the LN is a dynamic environment characterised by immune cell trafficking, chemotactic
gradients and cell-cell interactions. Static models fail to mimic these elements, which are pivotal
in facilitating efficient and potent immune responses. Therefore, the last experimental study of this
thesis, described in Chapter 6, aimed to bring the LN model into an OoC device and establish the
lymphatic vasculature through the LN model using autologous LECs.

Finally, Chapter 7 collectively discusses the key findings of each chapter to conclude this thesis.
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Chapter 2

Abstract

Impressive advances have been made to replicate human physiology in vitro over the last few years
due to the growth of the organ-on-chip (OoC) field in both industrial and academic settings. OoCs
are a type of microphysiological system (MPS) that imitates functional and dynamic aspects of native
human organ biology on a microfluidic device. Organoids and organotypic models, ranging in their
complexity from simple single-cell to complex multi-cell type constructs, are being incorporated into
OoC microfluidic devices to better mimic human physiology. OoC technology has now progressed
to the stage at which it has received official recognition by the Food and Drug Administration (FDA)
for use as an alternative to standard procedures in drug development, such as animal studies and
traditional in vitro assays. However, an area that is still lagging behind is the incorporation of the im-
mune system, which is a critical element required to investigate human health and disease. In this
review, we summearise the progress made to integrate human immunology into various OoC systems,
specifically focusing on models related to organ barriers and lymphoid organs. These models utilise
microfluidic devices that are either commercially available or custom-made. This review explores
the difference between the use of innate and adaptive immune cells and their role for modelling
organ-specific diseases in OoCs. Immunocompetent multi-OoC models are also highlighted and
the extent to which they recapitulate systemic physiology is discussed. Together, the aim of this
review is to describe the current state of immune-OoCs, the limitations and the future perspectives

needed to improve the field.
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Introduction

Disease is a major burden on society; economically, socially, physically and psychologically. Worldwide,
over 7.6 million people die annually from transferable diseases, like influenza and COVID-19, and over
40 million people from non-transferable diseases, such as cancer and cardiovascular diseases'. Over
the past decades, progress at healthcare organisations and pharmaceutical industries has advanced
to such a level that many diseases can be prevented, controlled or even cured. Significant improve-
ments have been made, with key driving factors including vaccination programs, innovative research
on disease pathophysiology, discovery of new drug targets and advancements in toxicity screenings®©.
Given the complexity of human physiology and ethical considerations, many human diseases have
been investigated using animal models or in vitro cultures of human cells®. Animal studies have
traditionally been the gold standard in the drug development process preceding clinical trials. While
they have been recognised as a necessity for evaluating drug metabolism, toxicity and efficacy, they
do have several drawbacks. These include poor translatability to humans, low reproducibility rates,
high costs and a time-consuming nature®. Together, this results in around 90% of drug trials that are
pre-screened in animals failing in humans due to differences with drug efficacy and toxicity effects®.
In addition to in vivo models, conventional in vitro assays have been widely used for predictive drug
testing. These make use of human cells derived from either fresh human tissues/organs, or immor-
talised cell lines cultured under static conditions’. However, such cultures generally lack the intricate
three-dimensional (3D) multicellular organisation of a human organ, including vascularisation, which
is complex to recreate in a static model. As such, this has led to the birth of MPS; a more realistic

human physiological microenvironment represented in an in vitro setting.

Microphysiological systems and organ-on-chip platforms

MPS is a hypernym for in vitro models capable of replicating features of human physiology on a mi-
cro-scale that is biologically suitable for their intended function®. OoCs are a type of MPS platform in
a microfluidic device that can control and allow the imitation of native tissue/organ functions such as
dynamic, organisational and physiological responses. An OoC microfluidic device can act as a small
scale bioreactor to maintain fresh human biopsies or reconstructed organotypic tissues/organoids for
extended periods of time®. These microfluidic devices can enable additional mechanical parameters
like flow rate, stretch and pressure, which are traditionally lacking in static two-dimensional (2D) and
3D cultures™. Such parameters allow constant supply of oxygen and nutrients to the organ models,
as well as removal of toxic metabolites, while also facilitating cell migration and multi-organ crosstalk.
The design of the microfluidic device varies based on the requirements for culturing single or multiple
organ types within the device and the biological questions that need addressing'" 2. Examples of
such microfluidic OoC platforms can be seen in Fig. 1. Typically, microfluidic devices are made from
cell culture-compatible materials, namely polydimethylsiloxane (PDMS), and feature micro-channels
for media flow and culture compartments that can be filled with cells, ECM-like gels, organotypic
models or biopsies™. OoCs have been made in academic bioengineering laboratories and are also

commercially available from industrial companies. Both sectors have generated promising results in
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terms of modelling true human representative organ functions-on-chip. This includes toxicity screens
performed during drug development and disease mechanisms that can be further understood to a
deeper level than what is currently possible in animal models'. The more accurate portrayal of hu-
man physiology in vitro has led to official acknowledgement by the United States (US) FDA, who has
authorised the “use of certain alternatives to animal testing” that includes OoC models to investigate

the safety and effectiveness of a drug'™:'®.
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Fig. 1 - Workflow for generating an immunocompetent OoC. The human organ of interest (1) is modelled by using
cells derived from either primary tissues or organs, cell lines or iPSCs (2) to make a 3D organotypic model that can
be incorporated or built directly into an OoC microfluidic device (3). Dependent on organ anatomy and chip layout,
single-OoCs are possible with various commercial chips companies, e.g. (A) Mimetas have a high-throughput 3-lane
channel OrganoPlate® with 64-chips per plate, and (B) Emulate have a design that features a single chip with two
channels separated by a porous membrane. (C) multi-OoCs are achievable through connection of multiple single-OoCs
or within one microfluidic device, e.g. the setup of the TissUse HUMIMIC Chip2 where two (shown) or up to four
compartments can house organotypic models or media reservoirs. Compartments can be connected by a channel,
forming a continuous circuit with up to two separate circuits per chip. Chip images are courtesy of MIMETAS US Inc.,
Emulate Inc., and TissUse GmbH. Created with BioRender.com.
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The necessity to incorporate the immune system

Although encouraging advancements have been made in OoC innovation, the inclusion of the im-
mune system is still significantly lacking and is crucial for these models to reflect more optimally
human physiology and disease'?°. The human immune system has a major underlying role in the
pathophysiology of almost every disease, whether that be cancer?', metabolic disease?, infection® or
autoimmunity 2. The process by which the human body reacts to external or internal threat is called
inflammation, and this can be an acute reaction, where unwanted pathogens, wound debris or toxins
are swiftly removed, or chronic where the response persists for weeks or even years?. Inflammation
in itself is an umbrella term for a cascade of events that result in the recruitment and activation of
immune cells via release of pro- or anti-inflammatory mediators, such as lipids, cytokines and en-
zymes®. The landscape of these inflammatory mediators varies throughout different organs, resulting
in organ-specific immune responses.

Immune cells develop within primary lymphoid organs and can then migrate through complicated
blood and lymphatic vascular networks to secondary lymphoid organs and tissues. Lymphoid organs
systemically co-operate with innate and adaptive immune cells, who can be migratory or tissue-res-
ident?. Innate immunity is the first line of defence and includes cells such as dendritic cells (DC),
macrophages, monocytes, neutrophils and mast cells from myeloid origin, and nature killer (NK) cells.
These innate cells sense danger via pattern recognition receptors (PRRs)* and offer a quick immune
response upon pathogenic challenge, such as phagocytosis and secretion of inflammatory cytokines.
In contrast, T and B cells are the main subsets in adaptive immunity, which exhibit memory capabilities
and are specific in theirimmune response. T cells become activated after the T cell receptor (TCR)
recognises its cognate antigen in the lymph nodes via presentation by DCs using human leukocyte
antigen class Il (HLA) molecules. These molecules are composed of different subtypes, termed
HLA-DR, -DP, -DQ. T cell activation also depends on co-stimulatory molecules, such as CD27 from
T cells bound to CD80/CD86 on antigen presenting cells (APCs). Once T cells are activated, they
can either stimulate other lymphocytes to respond to potential threat or directly eliminate the target
through the release of cytotoxic proteins, like granzymes. B cells also become activated after stimu-
lation from T-helper cells or via antigen recognition directly, and can produce antibodies to neutralise
the pathogen and/or facilitate opsonisation; a specific type of directed phagocytosis.

Until now, innate immunity has been predominantly simulated in OoC platforms. Unlike adaptive
immune cells, innate immune cells do not rely on HLA molecules for their activation. Complexity
greatly increases when adaptive immune cells are to be used due to their associated HLA-mole-
cules, which may result in immune cell activation when other HLA-mismatched cell types are also
presentin the platform. This undesirable effect, mirrors the phenomenon known as graft versus host
disease (GVHD) which leads to organ rejection by the adaptive immune system?°. In order to avoid
cytotoxicity initiated by HLA-mismatch in OoC when investigating adaptive immune responses, all
cell types should be derived from the same individual or at least be HLA-matched, introducing a
major limitation of cell sourcing for current models. While efforts have been made by researchers
to integrate immune cells into OoCs®*°, development of human immunocompetent-organ models

is needed to help us further understand how immune cells interact with organs during health and
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disease. This is particularly important for understanding how drugs can influence these interactions

(e.g. localised immunotherapies for treating autoimmune disorders or cancer).

Therefore, the aim of this review is to provide a comprehensive overview describing the extent in which

the human immune system, specifically innate and adaptive immune cells, has been incorporated

into both single- (Table 1) and multi-OoC (Table 2) models, and to discuss their current limitations

and future perspectives. The focus is mainly on the body barriers (lung, skin, intestine and liver) and

lymphoid organs.

Table 1 Overview of immunocompetent single-organ-on-chip models. P: primary, CL: cell
line, IC: immune cell, SC: stromal cells, MD: microfluidic device, R: readout.
Organ Simulated feature(s) Cell types Microfluidic device and readouts
Lung Inflammation®® 40.42.45 IC: (P) PBMCs® %% macrophages® MD: commercial OoC (Emulate)®*->
37 neutrophilSSA,M,AZ TceuSAS,AA 37,38, 40, 41, 43-45 and in_hOUSGSG,SS,AZ Uni‘
SC: (P) alveolar epithelial cells %% directional open systems
Cell crosstalk® 3437, 43,44 404345 ‘microvascular ECs®357.39.41. R: |C migration and adhesion, cy-
4345 lung fibroblasts*?, HUVECs®*#?,  tokine secretion, gene and protein
SARS-CoV-2 35-38.41 airway epithelial cells*"#? expression, barrier permeability,
metabolomics and proteomics
Skin Barrier function* IC: (P) PBMCs®*, macrophages *°, MD: in-house**®" % % dynamic
T cells*®, neutrophils*® open/closed systems
Wound healing® (CL) U937-monocytes®®, HL-60 R: barrier function (microscopy,
cells® electrical resistance and fluorescent
Inflammation?-°". % SC: (P) keratinocytes® %, fibro- tracers), inflammation (cytokine se-
blasts®® "%, HUVECs®, ECs* cretion), viability, cell-cell interac-
H 54
Adipose (CL) HaCaT cells*®" tions, IC phenotype and migration
Intestine Host immune-microbiome  1C: (P) PBMCs®°, monocyte/mac- MD: in-house®%*"° and commercial
interactions®60: 62 rophages®"®, moDCs®, neutrophils® OoC (Emulate®: % 5° ChipShop®°,
(CL) THP-1 cells®5¢:7°, MUTZ-3-DC  and Mimetas 55, unidirectional/
precursors®, U937 cells bidirectional/dynamic open/closed
Barrier function®® SC: (P) HUVECs®"7°, microvascular ~ systems
ECs* %, organoids/iPSC? 8646970 R: harrier function (permeability), cell
IC migration®® (CL) epithelial cells (Caco-2), HT- viability, bacterial activity, gene and
29-MTX-12 cells®, protein expression, cytokine secre-
Inflammation?#: 6. 64.65.69.70
tion, transcriptomics
Liver Inflammation’?7” IC: (P) PBMC-isolated mac- MD:in-house’®, commercial OoC
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IC infiltration”?

rophages’?, Kupffer cells
SC: (P) Hepatocytes, HUVECs”?
(CL) stellate cells LX-27>7%, HepaRG 7’

(CNbio’® 77, Emulate’, Mimetas’?,
ChipShop??), unidirectional/ bidirec-
tional/dynamic open/closed systems
R: IC migration, cell-cell interac-
tions, gene and protein expression,
cytokine secretion, metabolomics,
cell viability
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Bone Haematopoiesis and niche  IC: (P) HSPCs, BMNCs &%, CD34* MD: in-house®®®> % and commer-
Marrow formation®8".84 progenitors® 8 cial (TissUse® and Emulate®®) OoC,
(CL) SUP-B158° dynamic/unidirectional closed/open
Bone marrow and cancer SC: (P) BMSCs, MSCs, HUVECs &2, systems
cellinteractionst? & osteoblasts®? R: cell survival and phenotype, cell-
cell/matrix interactions, gene and
Shwachman-Diamond protein expression, cytokine secre-
syndrome® tion, oxygen consumption
Lymph IC interaction and traffick-  1C: (P) PBMCs®”°, DCs®, moDCs®, MD: in-house® %% % and com-
Node ing®0:92.98 T cells®, mercial (Emulate®®, TissUse®®) OoC,
Cellular organization®®®' (CL) MUTZ-3 cells®, THP-1 cells®  unidirectional/dynamic open/closed
%8, Jurkat cells®" 2 systems
Antigen-antibody re- SC: (CL) fibroblasts® R: DC maturation and migration, T
sponses®” &8 cell activation, cell adhesion, anti-
gen-specific antibody secretion, cy-
Cancer metastasis® tokine production and permeability
Spleen Blood filtration®* % IC: (CL) THP-1 cells®® MD: in-house®*®

Sickle-cell disease®

Other: RBCs

R: cell viability, morphology, metab-
olomics, mechanical parameters,
microscopy

Vasculature
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Organ barriers

Tissue barriers (e.g. lung, skin and intestine) play a vital role in maintaining systemic homeostasis
by protecting internal organs from direct environmental assault, such as pathogens. In this way, the
tissue barriers preserve organ functions and provide a robust defence against immunological chal-
lenges. Additionally, although the human liver is not directly connected and exposed to the external
environment, itis an immune-rich tissue that acts as a checkpoint for the clearance of foreign intes-
tine-derived antigens before they can enter the systemic blood stream%. Therefore, characteristics
of single organ barriers-on-chip with an immune component, including the liver, are summarised in

Table 1 and are further described in the following text below.

Lung

The first OoC model to be established, which represented a more complex human micro-physiology,
compared to what could be achieved in static models, was a model of the lung™. The airways are
prone to infection and inflammation and therefore have numerous mechanisms for protection such

as; mucus surfactant for trapping foreign particles, epithelial cell barriers and resident immune cell

29



Chapter 2

populations, where the most prevalent are the alveolar macrophages'®.

The lung-on-chip mirrors human physiology by replicating essential tissue characteristics, including
dynamic airway movements, surfactant release, the alveolar-capillary interface, airway inflammation
and incorporation of blood vessels*?. Such chip models contain an air-liquid interface (ALl) and are
generally constructed in two-channel microfluidic devices. These channels can house primary lung
alveolar epithelial cells and pulmonary microvascular endothelial cells (ECs) on either side to simulate
an epithelial barrier, separated by a porous membrane. A standard configuration of a lung-on-chip is
illustrated in Fig. 1, which shows a design associated with the Emulate lung-on-chip system.
Incorporation of immune cells into existing lung-on-chips has been used mainly for disease models,
namely that of the lung’s response to SARS-CoV-2 from the COVID-19 global pandemic, but also
inflammatory diseases like asthma®. The most common approach to introduce immunity involves
the use of peripheral blood mononuclear cells (PBMCs) obtained from buffy coats, which consist
predominantly of T cells and different proportions of B cells, NK cells, monocytes and DCs. PB-
MCs can be administered into the vascular endothelial lined channels of the chip, simulating the
circulation of immune cells from blood. In the context of a lung-on-chip exposure to SARS-CoV-2,
PBMC-derived macrophages were found to contribute towards a SARS-CoV-2 induced interferon
(IFNB) inflammatory response. The use of an inhibitor targeting the type 1 IFN intracellular pathway
demonstrated the capability to alleviate the inflammation-on-chip, bringing the IFN levels down to
those observed in an uninfected chip®. Additionally, macrophages were recorded to have the ability
to phagocytose SARS-CoV-2 damaged ECs®*®. Furthermore, a severe immune overreaction, known
as a cytokine storm, was modelled when SARS-CoV-2 infected patient samples were tested on a
lung-on-chip, where the high cytokine levels were suppressed after monoclonal antibody treatment®’.
In addition, clinically relevant SARS-CoV-2 treatments demonstrated drug efficacy by reducing viral
load and inflammation on a lung-on-chip when PBMCs were present, indicating a benefit for the
use of immune cells*.

While most disease-related inflammatory lung-on-chip models focus on SARS-CoV-2, other viral
infections have also been studied. PBMCs in a lung-on-chip model of rare acute respiratory distress
syndrome (ARDS) displayed extravasation from one chip channel to another that was dependent on
the presence of an endothelial barrier, ECM density/stiffness, and the flow profile®'. Bidirectional
flow delayed the extravasation of immune cells compared to unidirectional flow, highlighting the
importance of organ-specific dynamic flow conditions. Another study focusing on influenza virus-in-
duced endothelial inflammation found that the number of PBMCs adhering to the lung-on-chip’s
endothelium was 100 times higher compared to uninfected chips®?, demonstrating their capability
to react to pathogenic challenges.

In addition to PBMCs, single immune cell populations have also been brought into lung-on-chips.
For instance, neutrophils, a major component of the lung’s innate immune system*2, have displayed
migratory chemotactic properties across the EC barrier to epithelial cells upon Influenza A exposure
in lung-on-chips®, as well as in fibrotic lung-chips®. Next to this, T cells are the predominant adap-
tive immune cell present in the airways and consist of mainly tissue resident memory T cells. When

applied to lung-on-chipsin a pool of PBMCs, activated T cells also had a migratory capacity towards
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epithelial cells upon inflammation using different viruses®. Since T cells have a prominent role in
recognising infected cells or cancer cells, effort has been made to increase their killing capability
via multiple mechanisms, including the generation of bi-specific antibodies*°. The safety efficacy
of a bi-specific antibody coupling CD3+ T cells to tumour antigens has been evaluated using an
alveolus-on-chip, highlighting the practical use of such a model in the toxicology field*'. T cells also
have a pathophysiological role in asthma, and while T cells have not yet been used in asthma-on-
chip, interleukin (IL)-13 was used to represent a T-helper cell type 2 suited microenvironment in a
microfluidic device that replicated clinical data in terms of mucociliary clearance and increased
mucus secretion®.

In summary, immunocompetent lung-on-chips have rapidly evolved, heightened by the COVID-19
pandemic, and have started to characterise the role of immune cells in viral and bacterial infections
and their effect on epithelial and ECs. There is still a need for further representation of the innate
and adaptive immune system in these chips, particularly for more inflammatory diseases such as
respiratory allergies to elucidate the role of allergen-related immune cells i.e., mast cells, and for

understanding drug mechanisms.

Skin

The skin is another protective barrier against external pathogens, chemicals and physical stimuli.
It consists of two main layers; the epidermis and the dermis. The epidermis is composed of highly
specialised keratinocytes, melanocytes and immune cells, such as Langerhans cells (LCs). The
dermis is a fibroblast-populated ECM compartment containing the vasculature and immune cells
such as dermal DCs, T cells and macrophages'”. These skin immune cells exist in either resident or
migratory populations, where upon tissue damage the APCs (LCs and DCs) become activated and
migrate towards the skin-draining lymph nodes through the lymphatic vasculature.

A major characteristic of in vitro human organotypic skin models is their exposure to the air from the
epidermis side, known as the ALI, which promotes spontaneous epidermal differentiation and strati-
fication. Nutrients are supplied via culture medium in contact with the basal layer of the epidermis in
reconstructed human epidermal (RhE) models or via the dermis side in full-thickness reconstructed
human skin (RhS) models. RhS are typically bi-layered structures with keratinocytes seeded on top
of a fibroblast-populated collagen-based 3D matrix'%. This design offers several advantages over ex
vivo skin biopsies, e.g. prolonged culture duration with defined cell types present and can be readily
used for safety/risk assessment, wound healing, drug delivery and allergen induced inflammation/
disease. However, immunocompetent skin-on-chip models are still in their infancy and relatively
simple in terms of their cellular setup.

One of the first reported immunocompetent skin-on-chip models was developed using epidermal
keratinocytes, cultured together with the U937 monocyte-like cell line under dynamic flow. The model
showed improved keratinocyte tight junction formation and general long term cell survival**. Such
immunocompetent skin-on-chips have evolved further by the addition of dermal fibroblasts with
PBMC-derived T cells*” or human umbilical vein endothelial cells (HUVECs) with macrophages* to

simulate a vascular channel. These immune cell additions facilitate the study of tissue infiltration,
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cytokine production and dynamic cell-cell interactions that more closely resemble normal native skin
processes. In addition, vascularised skin-on-chip models have demonstrated neutrophil migration
from endothelium to dermis upon ultraviolet (UV) radiation exposure?®, further show-casing the ability
to recapitulate dermatology-based phenomenon. Increased complexity of skin-on-chip has been
described to include neopapillae into the dermis hydrogel, which are precursors of the hair follicle'®,
but this has yet to include immune cells.

The pathophysiology of numerous skin related-diseases show immune cell involvement. For ex-
ample, the addition of an adipocyte layer to RhS model has displayed an essential role in stabilis-
ing the metabolic properties of the skin''?, and as such, obesity has been mimicked with immune
cell incorporation into a white adipose tissue (WAT)-on-chip*®. Adipocytes and ECs were isolated
from skin biopsies and co-cultured in a chip with the same patient derived PBMCs, namely CD14+
monocytes and T cells. The addition of these immune cells to the model could recapitulate endo-
crine and immunomodulatory WAT functions. For more inflammatory and allergy-associated skin
diseases-on-chip, incorporation of immune cells has yet to be achieved. However, potential does
exist to address these disease mechanisms. For example, atopic dermatitis (AD) was modelled on
chip using the disease-relevant cytokines IL-4 and IL-13. This resulted in tissue dehydration, keratin
exfoliation and suppression of barrier-related genes*.

In summary, skin-on-chip models have been comprehensively characterised and demonstrate robust
properties in comparison to native human skin, albeit still lacking key features such as adipocyte
layers, glands, nerves and growth of hair follicles. However, theirimmune-compatibility is stillin its

initial phases, primarily relying on the use of innate immune cells.

Intestine (Gut)

Like the skin and airways, the intestine (gut) is a barrier organ that is constantly in contact with ex-
ternal stimuli, harbouring a microbe dense microenvironment to fine tune a balance between tissue
homeostasis and pathogenic infection. Hence, this is why the gut houses an extensive population
of resident immune cells in the body. These immune cells can be found in an area of connective
tissue called the lamina propria that house a plethora of e.g. macrophages, T cells and DCs'"" "2,
The intestinal architecture contains villi, which are small projections of epithelium extending into the
lumen to increase the surface area for nutrient uptake. The majority of gut-on-chips have overlap-
ping attributes with lung-on-chips, such as inclusion of vacuum chambers to replicate peristaltic
movement and chip-channels separated with a semi-porous membranes or ECM-rich hydrogel to
enable culture of human intestine (or colon) epithelial cells and ECs (Fig. 1).

Immune cells of myeloid origin have generally been used in multiple gut-on-chip models. Similar
to skin-on-chip models, the first immunocompetent gut-on-chip model introduced the monocyte
cellline U937, perfused through a two-channel chip containing the epithelial cell line CaCo-2. After
lipopolysaccharide (LPS) or tumour necrosis factor alpha (TNFa) exposure to trigger inflammation,
the epithelium increased barrier permeability and induced immune activation*. To date, gut-on-chip
models have become more complex by the addition of HUVECs for the endothelial compartment,

and gut commensal microbiome components such as probiotic bacterial strains as detailed below.
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Gut-on-chip co-cultures with microbial species have included either complete PBMCs or PBMC-iso-
lated macrophages/DCs perfused through endothelial channels to study several different parameters,
such as microbe-dependent tissue inflammation, damage and cell differentiation (50-52). Such ad-
dition of immune cells in these experiments have displayed protective properties of the endothelium,
as the ECs were normally subjected to inflammation-associated tissue damage from the microbial

species when immune cells were not present.

The major chronic inflammatory disease associated with the gut is inflammatory bowel disease

(IBD), encompassing conditions like ulcerative colitis and Crohn’s disease. This condition poses

significant challenges for individuals, which is why gut-on-chip models are an appealing choice for
IBD disease modelling and testing drug efficacy. When epithelial barriers are damaged, it leads to

leaky gut, allowing pathogens to enter the bloodstream. In the context of gut-on-chips, IBD has been

recapitulated through combinations of inflammatory cytokines, E. coli or LPS, and has involved the

use of monocyte-derived DCs, macrophages, and PBMCs® ** %, More specifically, after cytokine

exposure, pro-inflammatory M1 macrophage differentiation occurred via crosstalk with epithelial

cells®® and the monocyte cell lines THP-1 and MUTZ-3 were able to provoke synergistic inflammation

through increase in IL-8 secretion in a chip®®. The theme of gut inflammation has extended to the use

of neutrophils in an LPS-induced gut-on-chip, which mimics epithelial damage by neutrophil invasion

and inflammatory crosstalk between resident and circulating immune cells®’.

Interestingly, there has been limited incorporation of adaptive immune cells in gut-on-chip models.
One study has explored the safety and efficacy of T cell bi-specific antibodies targeting tumour antigens,
which was conducted in parallel with an alveolus-on-chip model, as previously mentioned*>*'. None-
theless, for an incapacitating disease like IBD, the addition of immune cells, such as macrophages,
and inflammatory mediators to the intestine-on-chips recapitulates a physiologically-relevant disease

setting. This is particularly relevant since IBD patients have a higher abundance of macrophages

and inflamed epithelium compared to healthy individuals''® "4, Notably, models of the human in-
testine have a well distinguished organoid profile, whether derived from patient samples or induced

pluripotent stem cell (iPSCs). Such organoids are now being cultured in gut-on-chip models that

have an immune-like environment, such as iPSC-derived gut-like tubules that secrete IL-6 and IL-8

under an inflammatory stimulus®. Likewise, a vascularised colon organoid demonstrated monocyte

adherence to ECs, which then transmigrated towards the epithelium to undergo macrophage differ-
entiation®®. To summarise these immune gut-on-chip studies, it becomes apparent that they have

predominantly featured innate immune cells over adaptive immune cells. This is reasonable given

their prominent involvement in gut-related diseases to a certain extent. However, it is worth noting
that the gut contains a substantial population of T cells, which play a foundational role in other gut
disorders, like Crohn’s and celiac disease. Our intestine is influential to general health, so it would

be pivotal to include adaptive immunity into future gut-on-chip models.
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Liver

As stated in the introduction to the organ batrriers, the liver is included in this review. The liver directly
receives intestine draining-blood from the portal vein and thereby can act as a barrier to systemic
infection. Since it is crucial for filtering blood and metabolising drugs and toxins which have bypassed
the lymph node and spleen, this makes it an ideal organ for on-chip immunotoxicity testing. The liver
is animmune privileged organ, with specialised resident macrophages known as Kupffer cells'®.

Liver-on-chip models normally use primary human hepatocytes, but the inclusion of immune cells
at the single-OoC level are still lacking and are in a relative infant state. Such liver-on-chips can be
used to study hepatocyte differentiation and culture stability e.g. LPS-induced inflammation with
PBMC-derived macrophages resulted in macrophage polarisation to a M2 phenotype and demon-
strated their adhesive properties and infiltration into hepatic cell channels on the chip®’. Inclusion
of Kupffer cells allow for a more physiological immune model, where their use has been validated
in a liver-chip as a hepatotoxic screening platform based on metabolic readouts® %%, These Kupffer
cells have also been administered to study liver-related diseases on chip, such as advanced stages
of non-alcoholic fatty liver disease (NAFLD), where exposure to an overload of long-chain free fatty
acids induced pro-inflammatory biomarkers that could then be attenuated with drug application,
indicating a proof-of-concept for hepatotoxicity testing of drugs®. Likewise, in a liver-on-chip model
of hepatitis, the Kupffer cells responded to LPS and hepatitis B virus (HBV) infection by secreting
pro-inflammatory molecules associated with the disease®. Additionally, glucocorticoids were as-
sessed on liver-on-chips containing Kupffer cells to evaluate their anti-inflammatory properties®.

Henceforth, itis clear that so far only innate immunity is partially represented in liver-on-chip models
with the use of Kupffer cells. Integration of other innate immune cells to represent liver functioning

is still required for future studies.

Lymphoid vasculature and organs

Lymphoid organs are a crucial component of the human immune system and distributed through-
out the body to regulate and support immune responses. These specialised organs are integral in
the production, maturation and activation of various immune cells. This all begins in the primary
lymphoid organs and proceeds to the secondary lymphoid organs, which are strategically located
to drain interstitial fluid from tissue. These secondary lymphoid organs play a fundamental role in
immune surveillance, tissue specific immunity and memory responses.

The trafficking of immune cells between organs and tissues takes place in blood and lymphatic vessels,
which serve as a key structural element for systemic immunology e.g. to guide immune cells from
the tissue into secondary lymphoid organs and to direct them to the sites of inflammation. Since
itis evident that vessel-on-chip has almost unlimited potential for its integration into the OoC field
amongst numerous scientific disciplines'® 7, this review focusses only on literature which includes
vessel-on-chip to study immune cell migration. As such, features of lymphoid organs- and immuno-

competent vasculature-on-chip are summarised together in Table 1 and discussed in detail below.
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Primary lymphoid organs

In comparison to other organ models, lymphoid organ-on-chip models are distinctive for their abun-
dance of immune cells since they play a primary role in regulating our immune system. The bone
marrow and thymus are essential constituents of our immune system. Innate immune cells arise in the
bone marrow and mature in tissue. Adaptive immune cells stem from the bone marrow, functionally
mature in the thymus and differentiate in the lymph nodes. In this review, we focus on bone marrow-
on-chip models forimmune cells, as immunocompetent thymus-on-chips are yet to be developed.
The bone marrow is a complex organ that consists of several unique niches with differing microenvi-
ronments of ECM structures to perform several functions, namely erythropoiesis, myelopoiesis and
lymphopoiesis. The first bone marrow-on-chip model was created by implanting a PDMS device into
the bone marrow of mice, loaded with bone marrow-stimulating growth factors. The device was then
explanted after 8 weeks of growth and maintained for up to seven days ex vivo. The model, albeit using
mice in this study, was shown to accurately mimic physiological niches in the bone marrow and was
later used in drug toxicity tests®”. Progress without using animal material for bone marrow niches are
now widely modelled on chip. Numerous studies have recreated the endosteal niche, located at the
surface of the bone for hematopoietic stem and progenitor cell (HSPC) differentiation, on chip to
highlight the importance of mesenchymal stromal cell adhesion and cytokine secretion for CD34+
HSPCs maintenance and haematopoiesis® 77!, Currently, one bone marrow-on-chip study has
demonstrated the formation of macrophage colonies from HSPCs® and, to date, the generation of
further immune cell subsets are yet to be recapitulated.

One of the most studied diseases on bone marrow-chips is bone marrow cancer. As the bone mar-
row is closely situated to the blood supply, cancers that develop in the bone marrow can be prone
to metastasis. This proximity provides a route for cancer cells to enter the bloodstream, facilitating
their travel to distant organs and the subsequent formation of secondary tumours. This is particularly
perilous, as the spread of cancer cells can impact the normal functioning of various organs. Cancer
cells have been included in bone marrow-on-chips to study tumour migration, indicating preferential
metastasis to different niches’’. Moreover, anti-leukaemia drugs have been screened in bone marrow-
on-chips. Here, the 3D microenvironment was deemed to protect the cancer cells from drug-induced
apoptosis compared to 2D cultures’?, highlighting the advantages of chip models for the study of
drug efficacy. In addition to bone marrow cancer-on-chip, the genetic disease Shwachman-Diamond
syndrome (SDS) was emulated on chip, where mechanisms of the disease pathophysiology were
revealed to indicate association with neutrophil maturation impairment’®.

The modelling of bone marrow-on-chip is a complex task since the bone marrow features an intricate
organisation of different compartments, each with their own functions. Future improvements could
be made by demonstrating haematopoiesis for multiple immune cell subsets and/or the inclusion
of lymphoid progenitors. Further development of these models is crucial in our understanding of the

bone marrow microenvironment.
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Secondary lymphoid organs

Secondary lymphoid organs are strategically located throughout the body and are inter-connected by
a network of lymphatic vessels that transport lymph-fluid drained from the peripheral tissues. These
organs include lymph nodes, tonsils, spleen and peyer’s patches. Their key feature is a complex mul-
ticellular environment that is organised into special niches by lymph node stromal cells (LNSCs), and
this is where the adaptive immune response is orchestrated'®. Due to the involvement of secondary
lymphoid organs in the pathophysiology of inflammatory diseases and tumour metastasis, recreating
an organotypic lymph node environment that encompasses every biological process is challenging.
While there is a lot of complexity to immunological processes within lymph nodes, the majority of
models have used PBMC-derived moDCs, T cells and B cells to investigate immune cell clustering.
This research has included dynamic perfusion with adaptive immune readouts such as plasma cell
differentiation, antigen-specific antibody formation and cytokine productions’®’¢. Furthermore, im-
itation of immune cell chemotaxis across lymph nodes has extended to include DC maturation and
migration in the direction of flow to T cell compartments’ ’°. DC migration could be standardised
using the commercially available drug hydroxychloroquine, which induced reactive oxygen species
in T cells on the chip”. Cell-cell interactions have also been explored by investigating adhesion mol-
ecules in a subcapsular sinus model®, although the extent of this cellular characterisation remains
somewhat limited.

The spleen is another secondary lymphoid organ which, unlike the lymph node, filters blood. Initial
efforts have been made to recapitulate core spleen-functions, such as blood filtration, from perfusion
of ex-vivo spleen tissue®' and spleen-on-chip devices using red blood cells (RBCs)®2. Intriguingly,
macrophages were used in a spleen-on-chip model of sickle cell disease that revealed differences
in their phagocytic capabilities between sickled red RBCs and non-sickled RBCs, under hypoxia®.
In spite of the fact that robust spleen features have been well-characterised with immune cells-on-
chip, the technical developments to advance spleen-on-chip models are still at an early stage. For
example, further studies to recreate immune cell behaviour with spleen-on-chip are required to more
accurately portray splenic tissue biology, as well as using such models to better investigate infectious
diseases, like visceral leishmaniasis™®.

The challenges of modelling secondary lymphoid organs, the lymph node in particular, lies in their
complexity. A vital feature across all lymph node-on-chip models to date is their lack of stromal
cells, in contrast to other tissue/organ models-on-chip, which all contained a stromal component,
as detailed above. Currently, there is one chip model has included fibroblast reticular cells (FRCs)
from a cell line source’®, which showcased DC and T cell migration towards this FRC compartment.
There is clearly an unmet need for incorporation of these FRCs, given their role in not only shaping
immune responses within the lymph node'®, but also their importance for immune cell survival
and functioning in a 3D environment''. Considering the abundance of lymph nodes in the human
body and their central role in continuous filtration of interstitial fluid containing toxins, metabolites,
and immune cells from large organ barriers (such as skin), lymph nodes are an ideal candidate for
incorporation into multi-OoCs. Combined with other organ models, this can allow the recreation of

a systemic immune response in vitro, as depicted in the schematic of Fig. 2.
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Vasculature

Blood and lymphatic vessels play an important role in immunological processes by trafficking im-
mune cells between organs, tissue and the lymphatic system. Blood vessels allow for the transport
and circulation of a plethora of lymphocytes from primary lymphoid organs into secondary lymphoid

organs via high endothelial venules, as well as multiple other organs and tissue types. Lymphatic

vessels drain interstitial fluid, which contains waste metabolites, pathogens and activated APCs,
from all tissue to secondary lymphoid organs through afferent lymphatic vessels, for filtration and to

initiate adaptive immunity. Once primed in secondary lymphoid organs, immune cells leave through

efferent lymphatic vessels, and re-join the peripheral circulation. Therefore, without vasculature, it
is not possible for a systemic immune response to occur. Vascularisation of organ models within

microfluidic devices has become somewhat of a hot topic in the OoC field. This includes the integra-
tion of ECs under a single organotypic model and/or the seeding of ECs in vessel-like compartments

entering or leaving the organ model. These models can provide insight into significant parameters

such as blood and lymphatic vessel permeability of endothelial walls, shear stress, vessel formation

and inflammatory responses, such as cytokine production. In addition, immune cell migration and

cancer metastasis can also be modelled. Typically, the configurations of vessels-on-chip involves a

primary microfluidic channel that can be populated with ECs, allowing immune cells to be admin-
istered through this channel. ECs can form lumen-like structures, which are often surrounded by a

matrix containing stimulants or even tumour cells.

As such, vascular inflammation-on-chip with immune cell migration revealed that cytokine-stimulated

PBMCs could change EC barrier properties, such as affecting EC morphology and upregulation of
certain adhesion molecules®. Similarly, T cells were characterised on their response to chemotactic

gradients and shown to interact with ECs through transmigration into ECM hydrogels®#’. The versatility
of T cells was explored in other vascularised OoCs to highlight their functionality against tumour cells®- %,
Another immune cell type regularly integrated into vessels-on-chip is the neutrophil. It has been

shown that ECM components can dictate their migration capacities®. Neutrophils were shown to

exacerbate tumour cell metastasis in an ovarian cancer-on-chip device, indicating their unique role

in cancer progression, which may have been overlooked in standard static cultures®’. A similar result
was also observed with LPS-stimulated neutrophils that disrupted EC barriers and enhanced tumour
cell extravasation®. Likewise, APC characteristics could be recapitulated with vessels-on-chip, where

DCs exhibited their antigen capturing and presenting ability along a chemotactic gradient® and mac-
rophages exhibited phagocytic capacities®. M1 macrophages were also seen significantly inhibited

tumour-induced angiogenesis on chip®. These cellular functions even extended to NK cells, which

underwent trans-endothelial migration and killed tumour cells on chip®. Further NK cell killing prop-
erties were also displayed through trans-endothelial migration into breast cancer spheroids-on-chip®.
In summary, there are numerous prospects to explore immune cell migration through vessels-on-
chip. While itis already at a promising stage, this could be better accomplished by defining the use of

blood ECs (BECs) or lymphatic ECs (LECs) for showing specific immune processes. As such, vessels-
on-chip possesses unlimited potential for integration into pre-existing organ models and multi-OoC

devices, aiming to truthfully replicate a systemic immune response in vitro (Fig. 2).
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Fig. 2 - Schematic illustration of a potential organ-draining lymph node-on-chip. Exemplar use of a TissUse
multi-OoC device to demonstrate immune cell migration between an organotypic skin or intestine model (A) through
lymphatic vasculature (B) to an organotypic lymph node model (C). This is representative of a standard immune
response, where skin Langerhans cells and skin/intestine dendritic cells can become activated in the epidermis or
dermis/lamina propria, respectively, due to either allergen/bacterial exposure, injury or disease. APC migrate into the
lymphatic vessels for their journey to the lymph node for antigen presentation to the adaptive immune cells. Such a
response can be possible using multi-OoCs, as well as other types of organ-crosstalk models. Chip image is courtesy
of TissUse GmbH. Image of intestine model s credited to and adapted from'?2. Created with BioRender.com.

Multi-organ-on-chip

The systemic physiological nature of the human immune response ensures a coordinated, total-body
defence against a variety of health threats, like infections, cancer and toxic substances. This is why
multi-OoCs have been developed. The arrangement of multi-OoCs can either be one microfluidic
device that contains multiple interconnected organ models via channels and chambers, or multiple
separate single-OoC microfluidic devices that are externally connected through tubing. The goal of such
an integrated system, even without immune cells, offers a beneficial predictive value for drug safety
and toxicity testing at a more systemic physiological level'®. From an immunology perspective in vitro,
the potential of multi-OoCs are ideal for replicating dynamic immune cell migration between human
organs to initiate tissue-specific immune responses. A comprehensive summary of all multi-OoC

attributes with immune cells is displayed in Table 2, visualised in Fig. 2, 3, and elaborated upon below.
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Fig. 3 - Schematic overview of a human-on-chip design from all possible immunocompetent multi-OoCs.
Immune cells (innate and adaptive) are colour-coded to show the combinations to which they are currently used in
various biological processes and applications. Connecting and expanding such multi-OoCs would create the ability
to recapitulate human physiology in an in vitro setting, albeit on a more simplified level. Image is courtesy of TissUse
GmbH. Created with BioRender.com.
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Table 2.

Overview of allimmunocompetent multi-organ-on-chip models. P: primary,

CL: cellling, IC: immune cell, SC: stromal cell, MD: microfluidic device, R: read-

out

Organ

Gut/Skin'®

Simulated
feature(s)

Gut inflammation
and lipid uptake on
skin

Celltypes

IC: (P) macrophages

SC: (P)
keratinocytes

dermal fibroblasts,

(CL) Caco-2 cells

Microfluidic device and
readouts

MD: in-house

R: cell viability, metabolite
production, cytokine/chemok-
ine secretion, permeability
and immunofluorescence

Liver/Gut'e 17

Inflammation me-
diated modulation
of drug disposition.

IC: (P) Kupffer cells, DCs, T cells™”
SC: (P) hepatocytes
(CL) Caco-2 cells and HT29-MTX"®

MD: in-house

R: cytokine/chemokine se-
cretion and gene expression

Skin/Gingiva'®

Nickel
inflammation

induced

IC: (CL) LCs
SC: (P) keratinocytes, fibroblasts

MD: commercial HUMIMIC
multi-OoC (TissUse), dynamic
system

Lung/BBB™®

Lung cancer metas-
tasis to the brain

IC: (CL) THP-1 monocytes

SC: (CL) lung cancer cells, fi-
broblast, ECs, epithelial cells,
astrocytes, ECs

MD: in-house

R: barrier integrity and perme-
ability, immunofluorescence
and cytokine/chemokine se-
cretion and gene expression

Lung/Liver/Heart'?'

Drug
screening

toxicity

IC: (P) Kupffer cells

SC: (P) hepatic stellate cells,
hepatocytes, iPSC-derived car-
diomyocytes, cardiac fibroblasts,
ECs, stromal mesenchymal cells,
bronchial epithelial cells

MD: in-house

R: barrier function (micros-
copy,
fluorescent tracers), inflam-
mation (cytokine secretion),
viability, metabolite secretion

electrical resistance and

Gut/Liver/Kidney/Bone

Marrow'?

First pass metabo-
lism, PK and toxicity.

IC: (P) CD34+ progenitor cells

MD: in-house

R: viability and cell tracking
by immunofluorescence

At a two-organ immunocompetent multi-OoC level, crosstalk between the gut and liver during LPS-in-

duced inflammation was recreated by administering DCs to the gut compartment and Kupffer cells

to the liver model. Here, the upregulation of immune pathway genes and pro-inflammatory cytokines

was detected when the immune cells were present in each organ compartment®. In a separate gut-

liver axis study, the addition of circulating T cells enhanced IBD-like conditions on the multi-OoC,

enhancing its practical use for a disease-based model’®. In another study, the skin was separately

combined in two multi-OoCs devices, such as connection to gingiva'®' and the gut®. The skin-gingiva
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organotypic model on chip mimicked a clinical case study where topical allergen exposure to the
gingiva resulted in activation of a skin immune response, as illustrated by LC migration in the skin
model thus representing a systemic inflammatory response. The gut-skin multi-OoC assessed the
downstream effect of fatty acid absorption by the gut model on skin inflammation, where macrophages
increased nitric oxide uptake, associated with a pro-inflammatory response. Next to this, a lung-
blood brain barrier (BBB) multi-OoC was developed containing monocytes to study the epigenetics
of non-small cell lung cancer. The outcome was a consistent data profile between mice and patient
studies, indicating an accurate proof-of-principle set up that does not require animal models'%2.
A singular immunocompetent three-organ multi-OoCs has been developed, where lung-
liver-heart organs were connected through external tubing linking microreactors. Us-
ing liver Kupffer cells, cardiotoxicity was to be mediated by pro-inflammatory cytokine
secretion after inducing toxicity to the lung model with bleomycin, a chemotherapy antibiotic'®.
Four-organ multi-OoCs have demonstrated crosstalk among organs in both lung-brain-bone-liver
and gut-liver-kidney-bone marrow multi-OoCs. The lung-brain-bone-liver multi-OoC showcased im-
mune involvement, where monocytes seeded in the lung tissue differentiated to M2 macrophages
after tumour cell introduction. This provoked transmigration of cancer cells into other tissues and
inflicted damage on the astrocytes (brain tissue), osteocytes (bone tissue) and hepatocyte (liver
tissue) organ compartments'. The gut-liver-kidney-bone marrow multi-OoC used CD34+ pro-
genitor immune cells to represent the bone marrow and study metabolomics with pharmacody-
namic and pharmacokinetic parameters. However, such readouts were not immunology-related'.
In summary, immunocompetent multi-OoCs are still in their initial stages of development, predom-
inantly featuring innate over adaptive immune cells. Multi-OoCs represent the ultimate frontier in
replicating systemic immunological processes in an in vitro environment. It is evident that progress
is being made in the immunotoxicity field, but the path ahead is long and numerous challenges still

need to be overcome.

Conclusion and perspectives

OoCs are crucial for advances in studying immunity in vitro. However, scientists are challenged by the
most optimal chip design, fabrication and implementation to address biological questions. Human
immunology is complicated on a physiological level and this review has aimed to summarise the
extent of which the immune system has been recapitulated into OoC models.

In general, the innate branch of the immune system has most frequently been included into single- and
multi-OoC compared to adaptive immune cells. From a logical perspective, these innate cells are
the first line of defence against external pathogens, disease and inflammation, and therefore offer an
unspecific and diligent response that may be easier to model. Such immune cells are readily available
through PBMC-isolation from blood donors or as cell lines, allowing practical universal benefits and
a somewhat unlimited source of cells. However, as we learn more about tissue microenvironments,

the importance of tissue-specific immune cells becomes apparent and must be considered. This
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for example includes the liver Kupffer cells or skin LCs, which each exhibit specific environmental
profiles that dictate their tissue functioning.

While adaptive immune cells have been employed sparingly in non-lymphoid OoCs, these cells
present a genuine assessment of functional specificity due to their long-lasting and memory-like
properties representing the adaptive immune response. Once successfully integrated and thor-
oughly evaluated, this development will mark a significant step towards systemic immunology in
vitro, further complementing areas such as disease modelling, drug testing and personalised med-
icine. As OoCs become more and more advanced and complicated, this will allow the opportunity
to use tissue-specific cells that can either be obtained from biopsies or more appealingly; iPSCs.
The strength of using iPSC-derived immune cells above primary cells or cell lines will be that they
will enable donor-matched autologous cell types to be integrated into OoCs, thus bypassing the
allogenic responses in a donor HLA-mismatch, a vital hurdle for immune modelling. However, the
current limitations with iPSCs include the incomplete maturation status of the differentiated cells,
unknown ability to skew towards tissue specificity and, especially in the immunology field, their
unknown ability to generate diverse repertoires of T and B cells. The origin of these cell types can
naturally raise complex questions concerning whether an individual’s sex, age or lifestyle choice
might influence their functionality in an OoC, especially considering how our immune system alters
over time under the influence of epigenetic factors'®.

As mentioned above, OoCs still lack the inclusion of all organ-specific cells. This is where the organoid
field can act as a promising tool for creating models of the immune system for organ-on-chip. Such
examples include kidney organoid-on-chip'?® and BBB-on-chip'®, which both feature T cells that
demonstrate tumour eradication and adhesion, extravasation, and migration under inflammatory
conditions. Additionally, a primary NK cell model has illustrated dynamic extravasation into a physi-
cally separated tumour cell niche on a microfluidic device'?, indicating that immune cell migration
can be recapitulated without using an actual organ model on the chip. For immune organs, human
tonsil organoids have been established to show early promise for modelling vaccine efficacy'® and a
lymphoma microenvironment'°. However, these tonsil models do not feature or acknowledge stromal
cells, which are integral for lymphoid organ functioning as alluded to earlier. In future studies, we an-
ticipate a greater shift towards making these organoid models into more immunology based-on-chip.
The gold standard consideration is to what extent one must delicately balance the complexity and
simplicity of the biological and technical OoC design. For example, a liver-on-chip was able to detect
close to 90% of drug-induced liver toxicity in patients, a result that went completely under the radar
in an animal model'®" %2, While this liver-on-chip did not include immune cells, it is just one initial
example of the potential promise that immunocompetent OoCs will have in superiority over animal
experiments. Likewise, the very first lung-on-chip, developed by Emulate, mimicked lung pathology to
a level that was never observed before in an in vitro setting*2. Not to mention, the technical design of
such microfluidic devices must be considered for adding an immune element. The 3D environment
of tissue models, whether that be built around biological or synthetic scaffolds, need to mimic the
correct ECM of the native organ', and should be bio-compatible and spatially suitable for bringing

into a microfluidic compartment'“. Care must also be taken in regards to the properties of such
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biomaterials on immune cell sensitivity. For example, hydrogel components like fibrinogen can mod-
ulate immune cell behaviour in either a suppressive or supportive manner'*>%¢_QOther factors such

as the mechanical stimuli within the microfluidic device, such as shear stress, flow rate etc., and

the type of experimental readouts, such as in-line or end-point sampling, must all be acknowledged

when studying human immunology.

How far this work can progress into human immunology-on-chip, rather than multi-OoCs, is some-
what of a paradoxical outstanding question that only time will tell if it will be a tangible possibility or
whether it is even needed. The recent approval by the US FDA for OoCs to be used in pre-clinical

testing’® has complemented the progress of this field which works towards efficient standardisation

and safe robust use of such chips, as well as incorporating the immune system. This has already
seen a benefit from a drug repurposing perspective, as a human lung-on-chip accelerated the dis-
covery of a novel class of RNA-based therapeutics, where a pathological role of receptor found on

lung alveolar cells was identified in viral infections®2. Such an avenue is also highly appealing for big
pharma, as it has been reported that OoCs could reduce up to 26% of the costs for each drug that
is approved'’, therefore applicable companies with the appropriate resources can invest to scale

up OoC research, and in turn save finances, accelerate drug development and deliver the promise

of personalised medicine in the near future'? 139,

In conclusion, improvements of immunocompetent single-OoC and multi-OoC models are critical
for their utilisation in both the fundamental research and drug development field. The closer these
models come to accurately represent physiological systemic processes, the more widely available
and applicable they will become. In this way, they will play a pivotal role in the need to study human

diseases in more physiologically relevant models.
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Summary

Fibroblastic reticular cells (FRCs) are mesenchymal stromal cells in human lymph nodes (LNs) play-
ing a pivotal role in adaptive immunity. Several FRC subsets have been identified, yet it remains to
be elucidated if their heterogeneity is maintained upon culture. Here, we established a protocol to
preserve and culture FRCs from human LNs and characterized their phenotypic profile in fresh LN
suspensions and upon culture using multispectral flow cytometry. We found nine FRC subsets in
fresh human LNs, independent of donor, of which four persisted in culture throughout several pas-
sages. Interestingly, the historically FRC-defining marker podoplanin (PDPN) was not present on all
FRC subsets. Therefore, we propose that CD45negCD31neg human FRCs are not restricted by PDPN
expression, as we found CD90, BST1, and CD146/MCAM to be more widely expressed. Together, our
data provide insight into FRC heterogeneity in human LNs, enabling further investigation into the

function of individual FRC subsets.
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Introduction

Human lymph nodes (LNs) are strategically positioned throughout the body, allowing cells and
antigens from the tissues to enter via lymphatic vessels, while naive lymphocytes enter from the
bloodstream by means of specialized endothelial cells forming high endothelial venules (HEVs).
Through their lymphatic drainage, LNs function as a filter for tissues, allowing the generation of im-
mune responses upon tissue damage or infection. Within LNs, a high level of organization provides
distinct domains for adaptive immune cells, with B cell follicles in the cortex and T cell areas in the
paracortex'2. Upon presentation of antigen by dendritic cells (DCs) to lymphocytes, the adaptive
immune response is initiated. These cellular interactions are influenced by LN stromal cells (LNSCs)
that not only provide structural support to LNs but also facilitate cellular migration and anchorage
where needed. They also control lymphocyte proliferation, restrict self-reactive T cells, and produce
immune cell survival factors®“. Thus, non-hematopoietic LNSCs are central to the final outcome of
adaptive immune responses.

LNSCs are traditionally subdivided into four main groups using three cell surface markers: CD45, CD31,
and podoplanin (PDPN). Cells that express the platelet endothelial cell adhesion molecule CD31/
PECAM-1 are from endothelial origin and are either blood endothelial cells (BECs) or lymphatic
endothelial cells (LECs), where LECs in addition express the glycoprotein marker PDPN. LNSCs
derived from mesenchymal lineage are CD31"2 and have been termed either double-negative cells
(DNCs) or, when they express PDPN, fibroblastic reticular cells (FRCs). Further subdivision of FRCs
based on anatomical location within LNs and phenotypic markers defined T cell zone FRCs (TRCs),
B cell zone FRCs (BRCs), pericytes, marginal reticular cells (MRCs), as well as follicular dendritic
cells (FDCs)?2. Single-cell RNA sequencing (scRNA-seq) of both mouse and human LNSCs indicated
even more heterogeneity among these stromal cell subsets®®7821%1" This notion allowed for further
definition and identification of their specific roles in regulating the immune response. Distinct functions
have been identified for FRC subsets, ranging from the generation of micro-domains for the spatial
organization and homeostasis of DC subsets®'?, providing survival niches for macrophage subsets and
plasma B cells™", acting as a conduit system for small molecules'™ ¢, and forming a cellular interaction
niche for B cells, T cells, and DCs at the follicular border>'”'81°_ These functional analyses of FRC
subsets have mostly been carried out using cell-specific mutations in mice.

For human FRC subsets, determining these cellular functions requires characterization of stromal
cells in vitro in two-dimensional (2D) and three-dimensional (3D) systems by means of blocking
and directed mutagenesis studies to determine cell-specific functions. Several reports have shown
that, in addition, PDPN"& mesenchymal stromal cells with similar characteristics to PDPN* FRCs
can be found in human LNs?*2", While PDPN is used historically as the hallmark FRC marker, this is
mostly based on its broad expression on mesenchymal stromal cells within mouse LNs. However,
the definition of FRCs has changed over the years, ranging from fibroblasts in the T cell area?? to
all PDPN-expressing mesenchymal cells in mouse LNs?. A substantial portion of mesenchymal
stromal cells within human LNs lacks this expression when freshly isolated?>?'. Therefore, we here

aim to further standardize the currently available methods for isolation and culture of LN-derived
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CD45™CD31" mesenchymal stromal cells, which we collectively define as FRCs for this study.
We assess their phenotypic profile by multispectral flow cytometry to allow the analyses of distinct
cellular subsets for future studies.

Hereto, we reproduced and improved the isolation of FRCs from healthy human LN tissue®*? for ex
vivo analysis of fresh FRCs and in vitro-cultured FRCs. We assessed their phenotypic profile using
high-dimensional analysis on cell surface proteins that could potentially distinguish various types of
FRCs. Based on pseudotime analysis recently performed on human FRCs®, as well as RNA and protein
data from recent publications, we selected the following membrane markers: ACKR4, BST1, CD1486,
CD21,CD271,CD34, CD90, PDPN, and VCAM156:820.21.26.27 \Ng analyzed expression of these markers
using multispectral flow cytometry and our in-house developed unbiased approach to correct for the
great heterogeneity in autofluorescence (AF) found in both fresh and cultured FRCs?. Upon analysis
of CD45™2CD31™ cells in fresh human LNs, nine heterogeneous FRC clusters were identified across
all human LN donors. Of these, four clusters remained throughout several culture passages, while
four new clusters emerged upon FRC expansion in vitro. Our findings advance the knowledge of FRC
heterogeneity in healthy human LNs and identify which subsets are maintained in in vitro cultures.
This offers a valuable starting point for their prospective use in functional assays to uncover the role

of FRC subsets in human immunity.

Key resources table

Reagent or Resource Source Identifier

Antibodies

anti-ACKR4/CCRL1- BV650 BD Biosciences Cat# 747804; RRID:AB_2872268
anti-BST1/CD157- BV750 BD Biosciences Cat# 747147; RRID:AB_2871891
anti-CD146- BV711 BioLegend Cat# 361032; RRID:AB_2800998
anti-CD21- PE-Dazzle594 BioLegend Cat# 354922; RRID:AB_2750243
anti-CD235a- eFluor450 ThermoFisher Scientific Cat#48-9987-42; RRID:AB_2574141
anti-CD271- PerCP-Cy5.5 BioLegend Cat#345112; RRID:AB_11204075
anti-CD31/PECAM-1- BV605 BioLegend Cat# 303122; RRID:AB_2562149
anti-CD34- PE-Cy7 BioLegend Cat# 343516; RRID:AB_1877251
anti-CD45- eFluor450 Thermo Fisher Scientific Cat# 48-0459-42; RRID:AB_2016677
anti-CD90/Thy1- BV785 BioLegend Cat# 328142; RRID:AB_2734318
anti-PDPN- Alexa Fluor 647 BioLegend Cat# 337008; RRID:AB_2162063
anti-VCAM1/CD106- BV421 BioLegend Cat# 305816; RRID:AB_2832596

Biological samples

Lymph node of donor #1 (female, 83 yearsold) Erasmus MC, Rotterdam N/A
Lymph node of donor #2 (female, 16 yearsold) Erasmus MC, Rotterdam N/A

Lymph node of donor #3 (female, 21 yearsold) Erasmus MC, Rotterdam N/A
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Reagent or Resource

Lymph node of donor #4 (female, 53 years old)
Lymph node of donor #5 (male, 75 years old)
Lymph node of donor #6 (female, 25 years old)
Lymph node of donor #7 (male, 16 years old)
Lymph node of donor #8 (male, 28 years old)
Lymph node of donor #9 (female, 33 years old)
Lymph node of donor #10 (male, 53 years old)

Source

Erasmus MC, Rotterdam
Erasmus MC, Rotterdam
Erasmus MC, Rotterdam
Erasmus MC, Rotterdam
Erasmus MC, Rotterdam
Erasmus MC, Rotterdam

Erasmus MC, Rotterdam

Identifier
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Chemicals, peptides, and recombinant proteins

Belzer UW® Cold Storage Solution

RPMI 1640 Medium

Dispase Il

Collagenase P
DNAse |

EDTA

Foetal calf serum

Dulbecco’s Modified Eagle Medium (DMEM),
high glucose

Bridge to Life, University of

Wisconsin
Gibco
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Corning

Gibco

Cat# 11875093

Cat# 04942078001
Cat# 11213857001
Cat# 11284932001
Cat# 03677

Cat# 35-079-CV
Cat# 11965092

Penicillin/Streptomycin/Glutamine Capricorn Scientific Cat# PS-B
Insulin/Transferrin/Selenium Gibco Cat# 41400045

Trypsin Gibco Cat# 15400-054

Brilliant Stain Buffer BD Biosciences Cat# 563794

Critical commercial assays

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit  ThermoFisher Scientific Cat# L34961

MojoSortTM Human CD45 Nanobeads BioLegend Cat# 480029

Software and algorithms

Multibatch Cytometry Data Integration for Op-  Ogishi et al.*? https://github.com/casanova-lab/

timal Immunophenotyping (iIMUBAC)
R (version 4.2)

Harmony (version 0.2.1)

OoOMIQ
FlowJoTM Software (version 10.10)
Graphpad Prism 9

Image J

The R Foundation

Korsunsky et al.*!

Dotmatics
BD Biosciences

GraphPad Software

National Institutes of Health

iIMUBAC

https://www.rproject.org/

https://github.com/immunogenomics/

harmony
www.omiq.ai

https://www.flowjo.com

https://www.graphpad.com

https://imagej.net
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Reagent or Resource Source Identifier

Slingshot Kapoor et al.? https://github.com/kstreet13/
Street et al.*? slingshot)

Seurat Stuartet al.*® http://www.satijalab.org/seurat)

Experimental model and study participant details
Tissue collection

Human LNs were obtained from donors and patients from both sexes during liver transplant proce-
dures performed at the Erasmus MC, Rotterdam, The Netherlands, in accordance to the Medical
Ethical Committee (Medisch Ethische Toetsings Commissie; METC) of Erasmus MC (MEC-2014-060).
All patients (liver transplant recipients) gave written informed consent to use their donor tissue. The
LNs were resected along the hepatic artery and portalvein in the porta hepatis from donor livers and
diseased patient explant livers. Donor age and sex are shown in the key resources table, and extended
donor characteristics can be found in Table S1. Further information regarding donor ethnicity, race,
ancestry and socioeconomic has not been documented upon collection of the tissues. LNs were
transported in Belzer University of Wisconsin (UW) cold storage solution (Bridge to Life Ltd., London,

England, UK) and processed within 72 hours of surgery.

Cell culture

To allow for an efficient and selective outgrowth of FRCs from LN cell suspensions, a seeding den-
sity of 1.25 x 10° cell suspension per cm? was used on culture flasks that were coated with 2 pg/
cm?2 collagen from calf skin (Sigma-Aldrich). Culture media comprised of DMEM with 10% FCS, 2%
Penicillin/Streptomycin/Glutamine and 1% Insulin/Transferrin/Selenium. After three days, lympho-
cytes were washed away with PBS to allow for optimal FRC growth. This process of washing away
floating cells from the same flask was repeated twice per week during medium refreshments. Upon
confluence, cells were harvest with PBS supplemented with 0.05% trypsin and 5 mM EDTA for up
to 5 minutes maximum. Trypsin was neutralised using culture medium (as above), and FRCs were
passaged or collected for flow cytometry analysis. FRCs were used up to and including passage 6

for all individual experiments.

Method details
Enzymatic digestion of human lymph nodes

Human LNs were enzymatically digested, where modifications were made to the time of each di-
gestion cycle (4 x 10 minute intervals) compared to earlier protocols??°. In short, LNs were minced

and subsequently digested with an enzyme mixture containing RPMI-1640 medium with 2.4 mg/
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ml Dispase Il, 0.6 mg/ml Collagenase P and 0.3 mg/ml DNase | (all from Sigma-Aldrich, St. Louis,
MO, USA). To prevent over-digestion and neutralise the digestion enzymes after each cycle, isolated
cells were collected in ice-cold phosphate-buffered saline (PBS) supplemented with 2% foetal calf
serum (FCS) and 5 mM EDTA, and spun down at 300 g for 4 minutes at 4°C. The cell pellet was
re-suspended in 1 ml Dulbecco>s Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA)
supplemented with 10% FCS, 2% Penicillin/Streptomycin/Glutamine and 1% Insulin/Transferrin/
Selenium (Gibco). After the last digestion cycle, all collected cells were filtered through a 100 uM
filter and counted. The obtained human LN cell suspension was either cryopreserved, enriched for

CD45" cells or cultured to grow out FRCs.

Enrichment of CD45" cells

LN suspensions were enriched for CD45" (stromal) cells by negative selection using MojoSort™ Hu-
man CD45 Nanobeads (BiolLegend, San Diego, CA, USA). The manufacturer’s protocol was followed,
with the addition of a fluorescently-labelled antibody against CD45 during the CD45 Nanobeads
incubation step to enhance the CD45 signal for flow cytometry. The CD45"% enriched LN cell sus-

pension was further processed for characterisation by flow cytometry.

Multispectral flow cytometry

Cell suspensions were stained in a 96-well U bottom plate at 4°C for multispectral flow cytometry
analysis. Cells were firstly washed with PBS and stained with a fixable viability dye (LIVE/DEAD™ Fixable
Blue Dead Cell Stain Kit, 1:1000, cat. no. L34961, Invitrogen, Paisley, Scotland, UK) for 10 minutes
at 4°C. Next, cells were washed with PBS containing either 0.1 % bovine serum albumin (BSA) or
2% FCS (referred to as FACS buffer) prior to Fc-receptor blocking using 10 % normal human serum
in FACS buffer, mixed 1:1 with Brilliant Stain Buffer (BSB) (563794, BD Biosciences, Franklin Lakes,
NJ, USA). Cells were then incubated with directly-labelled antibodies diluted in blocking buffer and
BSB in the following dilutions: anti-ACKR4/CCRL1- 1:100, anti-BST1/CD157-1:200, anti-CD146-1:100,
anti-CD21-1:50, anti-CD235a-1:10, anti-CD271-1:100, anti-CD31/PECAM-1-1:100, anti-CD34-1:100,
anti-CD45-1:100, anti-CD90/Thy1-1:100, anti-PDPN-1:50, anti-VCAM1/CD106-1:200. After staining,
cells were washed two times with FACS buffer and fixed with 2% PFA for 15 minutes at 4°C in the
dark, and washed two times with FACS buffer. Samples, single stains on beads and for some markers
(PDPN, BST1 and CD90) single stains on cells as well as Fluorescence Minus One (FMO) controls
were acquired on Aurora 5-laser Flow Cytometer (Cytek, Amsterdam, The Netherlands). For highly

AF samples, area scaling factor was adjusted across all lasers.

Multispectral flow cytometry data analysis

First, the heterogeneous and bright AF spectra seen in LNSCs were extracted according to our in-
house developed analysis pipeline?. In short, all different AF clusters of the unstained samples were
identified in an unbiased method, and their unique AF spectra were used during the unmixing to extract

the AF from the full stained samples. This workflow was performed for every new batch acquired.
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To test reproducibility of our FRC isolation protocol, LNSCs were derived from ten human LN donors
and used in the different experiments (Table S1). For objective inter-batch comparison, data were
corrected using the IMUBAC method®. All files were pre-processed by gating on the cells of interest,
i.e. live CD45™¢CD235a"tCD31" cells. Doublet exclusion was omitted due to morphology of human
LNSCs affecting the FSC, based on brightfield images acquired on CytPix Attune Flow Cytometer
(Thermofisher, Waltham, MA, USA) (Fig. S6).

Next, batch correction was performed for all files combined, both fresh and cultured LNSCs, as we
assumed that minimal biological variability would be present between the samples. The expression
values for all markers were batch-corrected with Harmony (version 0.2.1)!, as part of the iIMUBAC
pipeline®? in R (version 4.2), using the same parameters as their example script and using each
marker directly as an input for batch correction, resulting in the corrected expression values (CEV)
per marker. MaxN was chosen based on the minimum number of available cells per batch. The effect
of batch correction was visualised using uniform manifold approximation and projection (UMAP)
(Fig. S7A, S7C). Using the online analysis software OMIQ (www.omig.ai, Boston, MA, USA), dimen-
sional reduction (Opt-SNE) was performed separately on the batch-corrected freshly digested LNSCs
or batch-corrected cultured FRCs. Different clusters were manually gated based on the expression
of different markers.

Data were visualised using OMIQ for the Opt-SNEs, FlowJot™ Software (v10.7, TreeStar, Ashland, OR,
USA) for density dot plots, and Graphpad Prism 9 software (GraphPad Software Inc., San Diego, CA,
USA) for bar graphs and heatmaps.

Brightfield imaging

Human LN cell suspension cultures were assessed for selective outgrowth of FRCs identified on
morphological changes. Brightfield images were acquired on consecutive days using a microscope
(Zeiss AX10, Jena, Germany) equipped with a high-resolution camera (Canon EOS 100D, Tokyo, Japan).

The images were processed with ImageJ software.

Pseudotime analysis

To identify the position of the FRC markers on the pseudotime axis of human FRC (CD45"¢CD31"¢
PDPN") scRNAseq dataset® (E-MTAB-10206), we reconstructed the trajectory using the Slingshot
algorithm as described by®#2. First, the Harmony algorithm was used for batch correction between
three donors. Next, the Slingshot algorithm was run on the corrected dimensional reduction from
Harmony, resulting in a pseudotime score per cell. For visualisation in a heatmap, the cells were
ordered based on their pseudotime scores. Markers for each cluster were calculated using the
FindAllMarkers function in Seurat*® with default parameters and visualised in a heatmap together
with the FRC cell surface markers that could be used for flow cytometry analysis (Table S2) and that

were present in the dataset.
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Quantification and statistical analysis

Statistical analysis was performed using unpaired student’s T-test or two-way ANOVA followed by
Tukey’s multiple comparison testin GraphPad Prism 9 software (GraphPad Software Inc., San Diego,
CA, USA)*p <0.05, **p < 0.01.

Results
Reproducible methods for isolation, enrichment, and culture of FRCs from human LNs

The percentage of FRCs in human LNs is very low (1%-5%) making it a challenge to characterize the

phenotypic profiles of the different FRC subsets. Here, we established a protocol to enrich human LNSCs from

LN suspensions and to expand FRCs by culturing LN suspensions. To obtain single-cell suspensions

from human LNs, we modified the enzymatic digestion protocols published before?*% (Fig. 1A). In

short, LNs were minced and subsequently digested with a mixture of three enzymes (Collagenase

P, Dispase I, and DNase ). To prevent over-digestion and improve LNSC yield, we performed digestion

in 4 cycles of 10 min with gentle shaking of the tube after 5 min, to increase the FRC yield (Fig. S1A).
After each digestion cycle, the cell suspension was transferred to a buffer containing FCS and EDTA
to inhibit enzyme activity and, in contrast to previous protocols, immediately spun down and re-sus-
pended in DMEM-based FRC culture media (in contrast to other medium as mentioned in previous

protocols?+?°). After digestion, on average, 5% of the cells from the LN cell suspension were identified

as CD45™eCD235a" stromal cells (Fig. 1B,1C).

To allow a detailed characterization of these LNSCs, CD45"¢ stromal cells were enriched to, on average,
60% of the cell suspension using CD45-negative bead selection (Fig. 1C), which did not affect PDPN

expression (Fig. S1B). LNSCs can be divided into four main subtypes, based on the expression of the

endothelial cellmarker CD31 and the glycoprotein PDPN (Fig. 1B)%:2°. The CD31-expressing endothelial

cells canbe divided into LECs (CD31*PDPN*) and BECs (CD31*PDPN"¢), while mesenchymal subsets,
called FRCs, can be divided based on the expression of PDPN into CD31"¢PDPN" cells and DNCs

(CD31ePDPN"#). The proportions of these subsets remained the same after CD45™% cell enrichment

of the LN cell suspension (Fig. 1D).

In order to selectively grow out FRCs, the freshly digested human LN cell suspensions were cultured in

collagentype |-coated flasks. After 2-3 days, lymphocytes suspended in the culture flasks were carefully

rinsed away. This process of washing away floating cells was consistently repeated twice per week during

media refreshments to promote the adherence of cells exhibiting an elongated morphology, i.e., a distinc-
tive characteristic of FRCs (Fig. 1E). Using these methods we were able to isolate, culture, and expand

FRCs, with most of the cells being attached in a confluent flask at the end of the first culture passage

(passage 0) (Fig. S1C). There was minimal endothelial stromal cell contamination in passage 2, 4, and

6, as the average percentages of CD31*PDPN"™e cells were 0.78%, 0.49% and 0.22%, respectively, and

the average percentages of CD31+PDPN+ cells were 0.60%, 0.58%, and 0.28%, respectively (Fig. S1D).
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Fig. 1 - Isolation and CD45neg enrichment for culture of stromal cells from fresh human LNs. (A) Schematic
representation of the method used to isolate stromal cells from fresh human LNs and the next steps including CD45neg
cellenrichment by CD45-negative bead selection or culturing in vitro, after which the cells are characterized by spectral
flow cytometry (FACS analysis). (B) Representative density plot showing the gating strategy for CD45negCD235aneg
cells and subsequently the gating used to determine the four main subtypes of LNSCs based on the expression of
PDPN and CD31. (C) Percentage of CD45negCD235aneg stromal cells in the LN cell suspension before (n = 4) and
after (n = 8) CD45neg enrichment. Data represent total mean percentage +SEM. Unpaired Student’s ttest, **p <0.01.
(D) Distribution of the four main LN stromal cell subsets before (n = 5) and after (n = 8) CD45neg enrichment. Data
represent total mean percentage =SEM. Two-way ANOVA with multiple comparison Tukey’s test, not significant (ns).
(E) Representative images of FRC expansion from an LN cell suspension, from day 0, 2, 3, and 7. Scale bar represents
100 um. See also Fig. S1 for cell characteristics of the improved digestion protocoland Table S1 for donor information.
FSC, forward scatter; eF, eFluor; BV, Brilliant Violet; FRC, fibroblastic reticular cell; LEC, lymphatic endothelial cell;
BEC, blood endothelial cell; DNC, double-negative cell. Created with BioRender.com.
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Identification of cell membrane markers to distinguish various subsets of FRCs

Recent studies using scRNA-seq, flow cytometry, and/orimaging have shown that various FRC subsets
can be distinguished depending on their marker expression profiles. Based on protein and RNA ex-
pression data from mouse LNSCs, PDPN%,BST1%5,CD21?” VCAM1%,CD34°%,and ACKR4° have all been
described as markers for multiple stromal cell subtypes with different localizations and functions within
the LN. Additional markers have been described for human LN FRCs, namely CD90%°, CD1462%°, and
CD271%". Forexample, PDPN*BST1'CD146'CD271" cells can be referred to as T-zone FRCs, whereas
CD271" cells, along with CD21*and VCAM1* cells, have been used to identify FDCs within the B cell
follicles. CD34" stromal cells are located in the LN capsule and medullary vessel adventitia, and
ACRK4* stromal cells are located within the subcapsular sinus?>?'.Moreover, re-analyzing the pseudo-
time analysis of human LN FRCs based on scRNA-seq®,the FRC marker profiles are expressed along
the complete pseudotime axis (Fig. 2). This suggests that these markers can be used to identify FRC

subsets present at different pseudotime stages, and therefore we decided to include themin our analysis.
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Fig. 2 - Pseudotime analysis of human LN FRCs. (A) Trajectory analysis of human FRCs (CD45"¢CD31"¢PDPN")
with slingshot obtained from Kapoor®. (B) Heatmap displaying the average expression of indicated genes, including
the FRC cell surface markers that we used in this study for flow cytometry analysis, along the pseudotime trajectory
as shown before®.
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Similar FRC subsets are present in freshly isolated human LNs from multiple donors

For the characterization of freshly isolated FRCs, we performed multispectral flow cytometry analy-
sis of four human LNs (donors 1-4, Table S1) using the FRC markers described earlier: BST1, CD34,
PDPN, CD146, CD271, CD90, VCAM1, CD21, and ACKR4 62021.2627 ' AF extraction was performed
according to the method developed in our lab?%, and we selected live CD45™¢CD235a"CD31"¢ cells.
To eliminate batch effects, data were corrected according to the integration of multibatch cytometry
(iIMUBAC) workflow®2. Next, dimensional reduction and gating based on the expression of the selected
FRC markers (Fig. 2) identified nine FRC clusters (Fig. 3A, S2, and S3; Table S2), which were all present
in the fresh cell suspensions of the four LN donors (Fig. S3B).

To better visualize and quantify the median corrected expression value (CEV) of each marker per
cluster, a heatmap was generated based on cells from all donors (Fig. 3B). The highest median CEV
was that of the marker CD90, which was highly expressed across the majority of clusters, apart from
low expressionin cluster 1, 7, and 9. This pattern of expression was similar to that of BST1, although
BST1 CEV was overall lower. Interestingly, expression of PDPN, a historically known FRC-defining
marker?2°, was only expressed in two clusters, 4 and 6. Of these PDPN* subsets, cluster 4 co-
expressed BST1, CD90, and CD34, and cluster 6 co-expressed BST1, CD90, and CD146. Additionally,
CD34 cells were mostly found in clusters 2, 3, and 4, and CD146" cells were present in clusters 1,
2, 5, 6, and 8. Of note, cluster 7 was the only cluster to show VCAM1* cells with co-expression of
BST1 and ACKR4.

We next sought to investigate the contribution of each cluster per donor, and this revealed a
consistent percentage of cluster contributions across all donors from freshly isolated CD31" cell
populations (Fig. 3C). However, in one donor (donor 2), there was a higher abundance of clusters 4
(CD34*PDPN*CD90") and 7 (PDPN"eCD90"¢VCAM1*) compared to the other donors, and this was
compensated with less cells belonging to cluster 3 (CD34*PDPN"CD90") and 8 (PDPN"CD90"),
albeit not statistically significant. Together, based on a selection of nine membrane markers, we
identified nine different FRC clusters in fresh cell suspensions of human LNs, and this heterogeneity

was consistent over all donors tested.

FRC subset heterogeneity is maintained in culture throughout different passages

To investigate if heterogeneity of FRCs is maintained upon in vitro culture and over time, we cultured
and expanded FRCs from LN cell suspensions from six different donors (donors 5-10, Table S1) and
performed multispectral flow cytometry analysis after passage 2, 4, and 6 in the same way as the
fresh LN cell suspensions. Using dimensional reduction (Opt-SNE), we identified eight FRC clustersin
cultured FRCs (Fig. 4A, S2, and S4). Based on the data from marker profiles of fresh FRCs (Fig. 3), we
observed a conservation of clusters 1, 3, 8, and 9 and a loss of clusters 2, 4, 5, 6, and 7. Interestingly,
we identified the emergence of four new clusters: cluster 10 (VCAM1*CD90*BST1°CD146",PDPN"),
cluster 11 (CD90'BST1"*CD34*'CD146'PDPN"¢), cluster 12 (CD90*BST1"'CD146'PDPN"), and cluster
13 (CD90*BST1*CD34'CD146'PDPN") (Fig. 4A; Table S2).
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Fig. 3 - High-dimensional analysis of FRCs in fresh human LN cell suspensions. (A) Based on Opt-SNE visu-
alization, we identified nine distinct clusters of fresh FRC subsets, gated from live, CD45"#CD31"¢ cells. Scale bar
represents median correction expression value (CEV) from -0.7 to 3.9. Data represent an overlay of four human LN
donors (Table S1). (B) Heatmap displaying median CEV of each marker per cluster shown in A. (C) Contribution of
clusters (shown in A) to overall CD45™eCD31" cell populations by donor. See also Fig. S2 for the gating strategy of
the identified clusters, Fig. S3 for Opt-SNEs of additional markers and per donor visualization, Table S1 for donor
information, and Table S2 for key markers per cluster.

Next, we generated a heatmap from alldonors and combined passages to visualize how the expression
of markers deviates per cluster (Fig. 4B). The expression of CD90, which was the most prolific marker
expressed on FRCs in fresh human LNs (Fig. 3), remained highly abundant across most clusters, as
well as in the four new clusters (10, 11, 12, and 13) (Fig. 4B). This trend was also seen for BST1* and
CD146" cells. Furthermore, we noticed the appearance of PDPN* cells in the new clusters 10, 12,
and 13 (Fig. 4B). In addition, we identified a new VCAM1" cluster (10) co-expressing BST1, PDPN,
CD90, and CD146 (Fig. 4B), while the VCAM1* FRCs (cluster 7, Fig. 3) in ex vivo human LNs only
co-expressed BST1 and ACKR4.
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We next determined the contributions of each cluster per donor across all passages. All donors
contributed to all clusters (Fig. 4C). However, there was a significant difference between donors
for cluster 1 (CD146%), 8 (CD90*BST1*), and 9 (negative for all) (Fig. S4B, S4C). Subsequently, we
questioned whether all passages contributed uniformly to different clusters. We observed no signif-
icant differences in cluster dominance between passages 2, 4, and 6 (Fig. 4D). However, cluster 1
(CD1467) showed a higher contribution in passage 4 and 6 when compared to passage 2, and this
was compensated with more cells belonging to cluster 10 (VCAM1*CD90*BST1*CD146"PDPN*) in
passage 2 (Fig. 4D). Together, these data indicate that the heterogeneous FRC phenotype found in
human LNs is highly maintained throughout culture irrespective of passage, with a broad overlap of
FRC clusters between freshly digested human LNs and cultured cells, and with a consistent homo-

geneity among all donors.

Discussion

Here, we provide an updated protocol for isolation and culture of mesenchymal stromal cells from
human LNs, which we here collectively call FRCs. This protocol is adapted from previously pub-
lished protocols for mouse and human LNs? and human tonsils?. Furthermore, we characterized
FRC subsets ex vivo and at different passages upon culturing and found that FRC heterogeneity is
maintained in vitro. We observed some differences between FRC clusters ex vivo and in culture, as
previously reported?'. However, changes in expression of markers on LNSC subsets upon culture
cannotdiscriminate whether functionally distinct FRC subsets are lost upon in vitro culture or whether
they undergo differentiation resulting in expression of additional surface markers.

Based on mouse data, mesenchymal stromal cells can be distinguished from endothelial cells based
on lack of CD31 expression?®?°. Within the mesenchymal fraction of murine stromal cells, FRCs are
characterized as high PDPN-expressing cells (PDPN**), which separate them from a heterogeneous
population of CD31™¢PDPN" cells (DNCs)?*2°. In our data, we find only two PDPN* clusters (out
of nine) in the CD31" fraction in human LNs. However, we find five CD90" clusters, of which only
two are co-expressing PDPN, suggesting that not all FRCs in human LNs express PDPN, in contrast
to mouse LNs. Indeed, Knoblich et al. also found CD90*PDPN" cells in freshly isolated human
LNs?!, and CD90 has been used as human FRC marker by others®2°:303% As such, we conclude that
characterization of human CD45"™¢CD31"¢ FRCs should not be restricted to only PDPN expression
as, in addition to CD90, we also found BST1 and CD146/MCAM to be more widely expressed.
However, we also found CD90™#“™ populations that lacked CD146, CD34, PDPN, and BST1, which
could indicate that these are the cells originally classified as DNCs??°, Recently, CD21 was proposed
to further distinguish FRCs from DNCs in the CD31™¢fraction of human LN suspensions®. However,
in our studies, we did detect some CD21" cells in fresh LN cell suspensions, but they did notform a
separate CD21-expressing cluster, neither in fresh LNs norin cultured FRCs. Likewise, the mesenchymal
cell marker CD271, originally detected in splenic FRCs®', was detected at low levels in fresh LNs,

but later lost in cultured FRCs.
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Fig. 4. High-dimensional analysis of cultured FRCs (A) Based on Opt-SNE visualization, we identified eight dis-
tinct clusters of FRC subsets throughout culture, gated from live, CD45"8CD31"* cells. Scale bar represents median
correction expression value (CEV) from -0.7 to 3.9. Data represent an overlay of six human LN donors (Table S1),
passages 2, 4, and 6 combined. (B) Heatmap displaying median CEV of each marker per cluster shown in A. (C and
D) Contribution of clusters to overall CD45"¢CD31" cell populations by either (C) donor (mean of all passages
combined) or (D) passage number (mean of all six donors combined). See also Fig. S2 for gating strategy of the
identified clusters, Fig. S4 for Opt-SNEs of additional markers, per donor and per passage visualization, Table S1 for
donor information, and Table S2 for key markers per cluster.
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Using scRNA-seq, nine and twelve mesenchymal stromal cells clusters were defined in mouse LNs>®and
five in human LNs®. Based on protein expression of key surface markers (BST1, CD146, CD34, CD90,
PDPN, and VCAM1), we found nine clusters in fresh human LNs. Of these, four were also presentin
cultured FRCs, as well as four new clusters (Table S2). We found three CD34" clusters (clusters 2—-4)
infresh LNs, whichisin line with two CD34" clusters found by Kapoor et al. using transcriptomics®. A
ccording to their pseudotime analysis, CD34-expressing FRCs would form the subset that is placed
at the beginning of this trajectory and could thus be the more immature FRC subset present within
human LNs®. However, they did not observe co-expression of CD34 and CD90 mRNA, whereas in
our data all three CD34" clusters co-express CD90 at protein level, which is in line with published
flow cytometry data of CD34" LNSCs?. We speculate that CD34 mRNA is not newly synthesized
upon FRC maturation but that CD34 protein expression remains stable. Future research is necessary
to test this hypothesis; for example, cellular indexing of transcriptomes and epitopes-sequencing
(CITE-Seq) could be used to directly compare scRNA-seq and protein datasets.

We also define a CD90*BST1°CD146°CD271*PDPN"e cluster (cluster 5) in human LNs. These cells
are most likely pericytes, which are located around blood vasculature controlling endothelial barrier
integrity, based on the phenotypic similarity described earlier for human LN pericytes?. Interestingly,
we completely lose this cluster upon culture, which indicates that pericytes require other conditions
to maintain their characteristic phenotype in culture. Perhaps that co-culture with BECs, which were
not presentin our cultures (Fig. S1D), may allow sufficient cellular interaction needed to mimic and
maintain their LN niche.

We found one cluster highly expressing VCAM1 and BST1 (cluster 7) in ex vivo FRCs. FDCs, an
FRC subset present in B cell follicles, express high VCAM134, but we did not observe CD21 co-
expression in these cells, nor throughout their culture period (Fig. S2A). Upon culture, we observed
aVCAM1* cluster co-expressing BST1 and PDPN as wellas CD90 and CD146. We also detected this
FRC phenotype in an organotypic human LN modelin which we identified these FRCs as supporting
stromal cell type for DCs®. These FRCs also expressed GREMT mRNA®* and are thus likely to represent
the GREM1* VCAM1* FRCs that provide a niche maintaining LN-resident DCs®. To more accurately
define the other FRC clusters we found in this study, future work needs to elucidate the transcriptome,
functionality, and secretome of these cells.

Interestingly, we observed five PDPN" clusters in cultured FRCs compared to two clusters expressing
PDPNin exvivo human LNs. Increased PDPN expression is a hallmark of fibroblast activation, for example,
described to occur upon wound healing®, during an immune response®” or in cancer®. Potentially,
the culture medium or growing cells on plastic may induce FRC activation. Furthermore, we expanded
and cultured FRCs on collagen type |, which may result in the selective expansion of FRC subsets or
induce FRC differentiation. It would be interesting to further investigate phenotypes of FRCs grown
on other ECM types, e.g., either single ECM proteins or human LN-derived ECM*#° and compare
whether these new culturing methods result in the outgrowth of different subsets or the differential
contribution of other subsets to the overall stromal cells grown in vitro.

Other micro-environmental factors may also influence the observed FRC phenotypes. Here, we have

analyzed FRCs from liver-draining LNs, but LNs from other locations in the body, draining other organs,
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may potentially have different or additional FRC subsets. Additionally, FRCs normally reside in a 3D
reticular network, while here they were taken out of this 3D structure for analysis in a single-cell sus-
pension or after 2D culture. We have recently shown that co-culturing FRCs with DCs in a hydrogel
induces a DC-supporting phenotype®, which provides a starting point for future investigations of
FRC phenotypes in 3D models mimicking the human LN.

Since the markers we used to distinguish these FRC subsets were based on existing datasets, we also
took into account the antibody fluorophore availability based on the high AF profile seen in spectral
flow cytometry, for which we have developed an analysis pipeline to extract AF spectra®. Spectral
flow cytometry allows for analysis of more markers than conventional flow cytometry and can also
distinguish various AF signals. However, the number of markers that can be analyzed with spectral
flow cytometry is limited by availability of antibodies with correct fluorophores and study of multi-
ple markers on the same cell. The latter depends on the type of cell, density of the marker, chosen
fluorophore, and co-expression/co-localization of the marker on the cell surface. When adding ad-
ditional markers to the antibody panel used in this manuscript, it would be recommended to avoid
fluorophores that overlap with channels where high AF is detected (Fig. S5).

In summary, this study shows that there are various FRC subsets present in human LNs, of which
the majority is preserved upon in vitro culture, but culture conditions may also induce functionally
relevant new FRC subsets. The heterogeneity of FRC subsets defined here in human LNs and in
cultured FRCs provides a better understanding of LNSC subtypes and allows the opportunity of
sorting specific subsets for future investigations of FRC functionality in homeostasis, disease, and

broaderimmunological research applications.

Limitations of the study

This study analyzes the phenotypic profile of freshly isolated ex vivo FRCs and in vitro-cultured FRCs.
The main limitation of this work is the small number of stromal cells from the LN material. In human
LNs, there is a low abundance of LNSCs (on average 5% of the total LN cell population) of which
around 35% are CD45"¢CD31" cells. As such, we could not use the same LN material to compare
freshly isolated ex vivo FRCs with in vitro-cultured FRCs from the same donor. Ideally, to assess
whether marker expression is changed upon culture, e.g., gain of PDPN or loss of CD271, FRC subsets
should be sorted from fresh LN cell suspensions and their marker profile in culture tracked over time.
All donors for ex vivo analysis were female, but for the cultured FRCs we had both female and male
donors. We did not observe FRC cluster variation across the different donors, indicating a homogeneity
that we would also expect for fresh FRCs between the two sexes.

For the in vitro-cultured FRCs, we analyzed passages 2, 4, and 6. We could not analyze earlier pas-
sages, as we needed to expand FRCs up to passage 2 in order to have enough cells to perform
phenotypic analysis, continue the culture to analyze higher passages, and freeze cells as backup.
Moreover, we did not analyze higher passages, since no phenotypic changes between passages 2,

4, and 6 were observed.
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Fig. S1 - Cell characteristics of improved digestion protocol, related to Fig. 1. (A) Bar graph visualising the per-
centage of CD31"¢PDPN+ and CD31"¥PDPN" cells from CD45"% cells after 3 digestion rounds of 15 minutes or after
4 digestion rounds of 10 minutes. (B) Geometric mean fluorescent intensity of PDPN on FRCs before or after CD45"®
enrichment. Shapes represent four different donors. (C) FRC growth from passage 0, visualised as FRC cell number
percm? on day 0 within the lymph node cell suspensions and after 10 or 12 days in culture. The three different symbols
correspond to three different donors. (D) Bar graph visualising the percentage of endothelial stromal cells from viable
CD45¢ cells within the fresh lymph node cell suspensions or after culture at passage 2, 4 and 6. For panels Aand D,
the mean is visualised with error bars representing standard deviations.
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Fig. S2 - Gating strategy of clusters within human LN cell suspensions and cultured FRCs, related to Fig. 3,
4. (A) Gating strategy and key membrane markers of the clusters identified within CD31"¢CD45" cells from human
LN cell suspensions, related to Fig. 3. Contour plots shown from one representative donor. (B) Gating strategy and
key membrane markers of the clusters identified within CD31"¢CD45"* cells from cultured FRCs, related to Fig. 4.
Contour plots shown from one representative donor.
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Fig. S4. High dimensional analysis of cultured FRCs, related to Fig. 4. (A) Based on Opt-SNE visualisation, we
identified eight distinct clusters of FRC subsets throughout culture, gated from live, CD45™eCD31"* cells. Scale bar
represents median correction expression value (CEV) from -0.7 to 3.9. Data represents an overlay of six human LN
donors (Table S1), passages 2, 4 and 6 combined. (B) Opt-SNE per human LN donor of the eight distinct clusters of
cultured FRCs, passages 2, 4 and 6 combined. (C) Significant different clusters between donors are represented per
cluster. Two-way ANOVA with Tukey’s multiple comparison test, *p < 0.05 and **p < 0.01. (D) Opt-SNE per passage
of the eight distinct clusters of cultured FRCs, six human LN donors combined.
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Fig. S5 - Spectra of the fluorophores of the antibody panel, related to STAR Methods. This image shows the
spectra of fluorophores of the antibody panel used in this manuscript (made with Cytek® Spectrum Viewer). The red
arrows above the graph indicate areas in the spectrum with high autofluorescence of human FRCs, and the blue arrows
indicate areas in the spectrum with low autofluorescence of human FRCs. When adding extra markers to the panel,
we recommend to choose fluorophores emitted in channels with low autofluorescence (blue arrows).
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Fig. S6 - Morphology of cultured human FRCs affects the positioning of events on forward (FSC) and side (SSC)
scatter, related to STAR Methods. Gating strategy for selection of human LN stromal cells (gate P1) in (A) linear and
(B) logarithmic scale. (C) Red arrow shows single cells deviating from linearity. (D) Images of individual human FRCs
acquired on CytPix flow cytometer. The blue squares indicate the area of zoom in of single events depicted by brightfield
images on the right. FSC and SSC are in log scale.
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Table S1 Human lymph node donor characteristics, related to Fig. 1, 3 & 4. F: Female, M:

Male, DBD: Donation after Brain Death, DCD: Donation after Circulatory Death., DLT,
Donation after Liver Transplantation.

# Sex Age Donor type Underlying liver disease Used in Fig.

1 F 83 DBD None 1&3

2 F 16 DBD None 1&3

3 F 21 DBD None 1&83

4 F 53 DBD None 1&3

5 M 75 DCD None 4

6 F 25 DLT Wilson’s disease 4

7 M 16 DCD None 4

8 M 28 DCD None 4

9 F 33 DCD None 4

0 M 53 DBD None 4
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Table S2 Summary of FRC subsets present in ex vivo and cultured human LNSC samples.

Related to Fig. 3, 4.

Clusterno. Present exvivo?

Presentin culture? Key membrane markers

Yes Yes CD146

Yes - CD90, BST1, CD34, CD146

Yes Yes CD90, BST1, CD34

Yes - CD90, BST1, CD34, PDPN

Yes - CD90, BST1,CD146,CD271, PDPN"*%

Yes - CD90, BST1, PDPN

Yes - VCAMT1, BST1, PDPN"%

Yes Yes CD90, BST1

Yes Yes
Yes VCAM1, CD90, BST1, CD146, PDPN
Yes CD90, BST1, CD34,CD146, PDPN"#
Yes CD90, BST1, CD146, PDPN
Yes CD90, BST1, CD34, CD146, PDPN
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Abstract

Background:

Human lymph node (HuLN) models have emerged with invaluable potential for immunological re-
search and therapeutic application given their fundamental role in human health and disease. While
fibroblastic reticular cells (FRCs) are instrumental to HuLN functioning, their inclusion and recognition

of importance for organotypic in vitro lymphoid models remain limited.

Methods:

Here, we established an in vitro three-dimensional (3D) model in a collagen-fibrin hydrogel with
primary FRCs and a dendritic cell (DC) cell line (MUTZ-3 DC). To study and characterise the cellular
interactions seenin this 3D FRC-DC organotypic model compared to the native HULN; flow cytometry,

immunohistochemistry, immunofluorescence and cytokine/chemokine analysis were performed.

Results:

FRCs were pivotal for survival, proliferation and localisation of MUTZ-3 DCs. Additionally, we found
that CD1a expression was absent on MUTZ-3 DCs that developed in the presence of FRCs during
cytokine-induced MUTZ-3 DC differentiation, which was also seen with primary monocyte-derived
DCs (moDCs). This phenotype resembled HuLN-resident DCs, which we detected in primary HuLNs,
and these CD1a” MUTZ-3 DCs induced T cell proliferation within a mixed leukocyte reaction (MLR),
indicating a functional DC status. FRCs expressed podoplanin (PDPN), CD90 (Thy-1), CD146 (MCAM)

and Gremlin-1, thereby resembling the DC supporting stromal cell subset identified in HULNs.

Conclusion:
This 3D FRC-DC organotypic model highlights the influence and importance of FRCs for DC func-
tioning in a more realistic HULN microenvironment. As such, this work provides a starting point for

the development of an in vitro HULN.
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Introduction

In humans, lymph nodes (LNs) are secondary lymphoid organs that possess a fundamental role in
orchestrating the adaptive immune response. Strategically positioned throughout the human body,
they drain interstitial fluid from all tissue and have a highly specialised architectural organisation
that is strictly regulated by non-hematopoietic stromal cells to facilitate multicellular interactions
within anatomical niches™2.

Lymph node stromal cells (LNSCs) have the ability to directly shape the immune responses through
lymphocyte communication®“ and can be categorised into various subsets based on their origin,
location and function®®. Among these subsets, fibroblastic reticular cells (FRCs) are present in
the paracortex area, also known as the T cell zone, as well as in the B cell follicles, where they are
termed follicular dendritic cells (FDCs). FRCs in the paracortex form a three-dimensional (3D) scaf-
fold that supports immune cell functioning, such as dendritic cell (DC) entry, migration and antigen
presentation to T cells”®°.

DCs exhibit heterogeneous characteristics that divides their status as either plasmacytoid DCs (pDCs)
or conventional DCs (cDCs)'?, which can all be found in the LN after their extravasation from blood
or lymphatic vessels. These DC subsets have been further identified in distinct niches within the
paracortex, where type 1 cDCs (cDC1; CD11¢c*CD141") localise to the central paracortical region
and are biased to antigen cross-presentation within MHC class | (MHC-I) molecules to CD8* T cells,
while type 2 cDCs (cDC2; CD11c*CD1c") are found underneath the subcapsular sinus, in the inter-
follicular area and in the B/T zone border for antigen presentation in MHC class Il (MHC-II) to CD4* T
cells' 213, Furthermore, DCs can be classified as LN-resident or migratory based on their antigen
sampling capabilities and homeostatic locations' ™.

It has been shown that FRCs are necessary for the maintenance of DCs in LNs, as ablation of the
FRC network in mice depleted DC populations and, moreover, the FRC subset expressing Gremlin-1
(GREM1) was shown to be essential for survival of tissue-resident cDCs'’.

The development of human LN (HULN) organotypic models offers attractive benefits for human immunity,
whether that be for therapeutic application inimmunotoxicology studies or translational experiments
to more precisely elucidate the behaviour of immune cells in a realistic in vitro microenvironment'®.
Progress towards 3D HULN organotypic models has incorporated elements like extracellular matrix
(ECM)-based hydrogels and dynamic flow on microfluidic organ-on-chip devices that are typically
omitted from, and not possible with, traditional two-dimensional (2D) cell co-cultures.

To date, 3D models of HULNs have demonstrated flow-induced B cell follicle formation with blood-de-
rived lymphocytes capable of producing antibodies upon antigen exposure'® and, similarly, tonsil-de-
rived organoids in transwell cultures resulted in antibody production?. In addition, tissue slices have
demonstrated migration and activation of immune cells in vitro, yet this has been primarily performed
with murine LNs?' and tonsil slices with human material??. However, a common feature among most
of these models is the lack of stromal cells, which have been minimally addressed in a synthetic in
vitro B cell follicle model® and an organ-on-chip model to study DC and T cell migration towards

FRCs?, despite their importance for LN biology.
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Here, we aimed to construct a 3D FRC-DC organotypic model to recapitulate and characterise the
cellular interactions that take place within the paracortical region of the native HULN. We isolated
FRCs from HuLNs and generated a 3D hydrogel co-culture with MUTZ-3, a well characterised plastic
DC-like cell line previously used in immunocompetent organotypic models, such as reconstructed
human skin and oral mucosa?-2627,

This model uncovers the critical role of FRCs for DC functioning within a 3D environment that mimics
the HULN. Moreover, it establishes the foundations for building an in vitro HULN with potential for future
advancements, including the integration of additional immune cell populations and incorporated
into dynamic microfluidic platforms, such as (multi)-organ-on-chips, to study a systemic immune

response and crosstalk between other organotypic tissue models.

Materials and methods

Cellisolation and culture
Enzymatic digestion of human lymph nodes

HuLNs were obtained from donors during liver transplant procedures at Erasmus MC, Rotterdam,
The Netherlands. Tissue was transported in University of Wisconsin (UW, Bridge to Life Ltd. Belzer
Cold Storage Solution, London, UK) preservation solution and processed within 72 h of surgery. For
a complete overview, characteristics of human donors are shown in Table 1. Isolation of HULN im-
mune and stromal cells was achieved through enzymatic tissue digestion, as previously described?®,
where modifications were made to the time of each digestion cycle (4 x 10 min intervals). The enzyme
mixture contained RPMI-1640 with 2.4 mg/ml Dispase I, 0.6 mg/ml Collagenase P and 0.3 mg/ml
DNase | (all from Sigma-Aldrich, St. Louis, MO, USA). To prevent over-digestion and stop the enzyme
reaction after each digestion cycle, ice cold PBS supplemented with 2% foetal calf serum (FCS) and
5 mM EDTA was used to wash the isolated cells, after which they were spun down at 300 G for 4 min
at 4 °C. Cell pellet was re-suspended in 1 mlof DMEM with 10% FCS, strained through a 100 uM filter,

and counted. The HULN cell suspension was either cryopreserved or cultured as described below.

Culture of primary fibroblastic reticular cells

LN cell suspensions were plated at a minimum concentration of 20 x 10° cells in a T-25 flask at 37 °C
and 5% CO,,. To selectively grow out FRCs, flask surface was coated with 2 ug/cm? collagen from
calf skin (Sigma-Aldrich) and FRCs were cultured in FRC medium, defined as DMEM with 10% FSC,
2% Penicillin/Streptomycin/Glutamine and 1% Insulin Transferrin Selenium (Gibco, Grand Island,
NY, USA). After three days, lymphocytes were washed away with PBS to allow optimal stromal cell
growth. Upon confluence, cells were passaged and harvested with 0.5% Trypsin+5 mM EDTA. FRCs

were used up to passage 8 for all individual experiments.
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Table 1 Human lymph node donor details
Donor HLA-type Sex Age
#1 A2 A9 A24 B8 B35 Bw4 Bw6 Cw4 Cw7 DR3 F 71

DR17 DR5 DR11 DR52 DQ2 DQ3 DQ7

#2 A2 A19 A29 B12 B44 B21 B49 Bw4 Cw7 M 84
Cw16 DR4 DR7 DR53 DQ2 DQ3 DQ8

#3 A1 A1 B7 B8 Bw6 Cw7 Cw15 DR3 DR17 F 50
DR5 DR12 DR52 DQ2 DQ3 DQ7

#4 A2 A11 B12 B44 B22 B55 Bw4 Bw6 Cw3 Cw9 Cw5 M 59
DR4 DR6 DR14 DR52 DR53 DQ1 DQ5 DQ3 DQ8

#5 A3 A9 A24 B15 B62 B35 Bw6 Cw3 Cw10 Cw4 DR1 F 46
DR4 DR53 DQ1 DQ5 DQ3 DQ8

#6 A1 A2 B5 B51 B8 Bw4 Bw6 Cwb Cw7 DR3 M 21
DR17 DR5 DR11 DR52 DQ2 DQ3 DQ7

#7 A1 A11 B8 B12 B44 Bw4 Bw6 Cwb Cw7 F 60
DR3 DR17 DR6é DR14 DR52 DQ1 DQ5 DQ2

#8 A2 A19 A29 B12 B44 B35 Bw4 Bw6 Cw4 M 57
Cw16 DR6 DR14 DR7 DR52 DR53 DQ1 DQ5 DQ2

Culture of MUTZ-3 dendritic cell line

The MUTZ-3 progenitor cell line (Deutsche Sammlung von Mikroorganismen und Zellkulturen [DSMZ],
Braunschweig, Germany) was cultured as previously described?®. MUTZ-3 progenitor cells were
differentiated into MUTZ-3 DCs by supplementing minimal essential media-alpha (MEM-a; Gibco)
containing 20% v/v FCS, 1% Penicillin/Streptomycin, 2 mM L-glutamine (Gibco), 50 uM 2-f mer-
captoethanol (Merck, Whitehouse Station, NY, USA), 100 ng/ml recombinant human granulocyte
macrophage-colony stimulating factor (rhGM-CSF; Biosource, International Inc, Camarillo, CA, USA),
10 ng/mlinterleukin-4 (IL-4; BioVision, Waltham, MA, USA) and 2.5 ng/mltumour necrosis factor-alpha
(TNF-q; Strathmann Biotec, Hamburg, Germany) for seven days. Cells were cultured at 37 °C and 5%
CO,, and used before passage 30 for all experiments. In experiments where MUTZ-3 DCs cells were
fluorescently labelled, CellTracker Orange CMTMR (Invitrogen, Paisley, Scotland, UK) was used at
avolume of 2.5 ul per 1 x10° cells in serum-free medium for 15 min at 37 °C, after which the cells

were washed with the relevant cell media.
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Generation of monocyte-derived dendritic cells

Human CD14* monocytes were selected using magnetic activated cell sorting (MACS) with CD14* magnetic
beads from peripheral blood mononuclear cells (PBMCs) as previously described®’. Monocytes were
cultured in RPMI-1640 with HEPES and L-glutamine (BioWhittaker, Lonza, Verviers, Belgium) supple-
mented with 10% heat inactivated fetal calf serum (FCS, HyClone; GE Healthcare, Chicago, IL, USA),
50 uM B-mercaptoethanol (Merck), 100 IU/ml sodium-penicillin (Gibco), 100 pg/ml streptomycin
(Gibco), and 2 mM L-glutamine (Gibco). For monocyte-derived dendritic cell (moDC) generation,
monocyte culture medium stated above was supplemented with 100 ng/ml rhGM-CSF and 10 ng/

mlIL-4 for seven days.

Construction of 3D FRC-DC organotypic model

The 3D FRC-DC organotypic model was constructed in 12-well transwells (0.4 pm pore size; Corn-
ing, NY, USA) by mixing rat-tail collagen type | (3 mg/ml end concentration) in Hank’s Balanced Salt
Solution (HBSS without Ca and Mg; Gibco) 1:1 with fibrinogen from human plasma (Enzyme research
laboratories, cat no: FIB 1, South Bend, IN, USA) (1 mg/ml end concentration). After optimising cell
density to maintain maximum cell viability with limited hydrogel shrinkage, FRCs were added at a
final cell density of 2.0 x 10° cells per gel. The FRC co-cultures with either MUTZ-3 progenitor cells,
MUTZ-3 DCs or primary monocytes were mixed at a 1:1 cell ratio with a final total cell concentration
of 4.0 x 10° cells per gel. Thrombin (0.5 U/ml; Merck KGaA, Darmstadt, Germany) was added to each
gelto allow for fibrin formation and hydrogels were polymerised for 1.5 h at 37 °C and 5% CO,. FRC
medium was added both above and below the hydrogel, and was refreshed every 2-3 days while
culture supernatant was stored at -20 °C. At the end of the culture period, hydrogels were either fixed
for histological analysis or enzymatically digested to a single cell suspension for flow cytometry using
0.8 mg/ml Dispase I, 0.2 mg/ml Collagenase P and 0.1 mg/ml DNase | for 1 h at 37 °C, after which
the reaction was stopped with ice cold PBS containing 2% FCS and 5 mM EDTA.

Flow cytometry

Cell suspensions were stained in a 96-well U bottom plate at 4 °C for flow cytometric analysis. Cells
were firstly washed with FACS buffer containing PBS, 0.1% bovine serum albumin (BSA) and 0.05%
NaN,, and stained with a fixable viability dye (Live/Dead Fixable Blue; L34961, Invitrogen) for 10 min
at 4 °C. Fc-receptor blocking was performed using 10% normal human serum and cells were then
incubated with directly-labelled antibodies. An overview of all antibodies used can be found in Table 2.
After staining, cells were fixed with 2% PFA (diluted in PBS) for 10 min, washed and acquired on the
Aurora 4-Laser multispectral flow cytometer (CYTEK, Amsterdam, The Netherlands). Autofluores-
cence (AF) correction of cells was performed as previously described®'. Data analysis was carried
out using FlowJo (v10.7, TreeStar, Ashland, OR, USA) or OMIQ (Boston, MA, USA).
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Table2  Antibodies used for flow cytometry (FACS), Immunohistochemistry (IHC) and Immuno-

fluorescence (IF)

Target Fluorochrome Species Clone Cat. no Manufacturer Assay
CD1a eFluord50 Mouse  HI149 48-0019-42  Invitrogen FACS
CD1c PerCP-eFluor710 Mouse  L161 46-0015-41  Invitrogen FACS
CD11c BV650 Mouse 3.9 301,638 Biolegend FACS
CD31 BV605 Mouse  WM59 303,122 Biolegend FACS
CD45 eFluord50 Mouse  HI30 48-0459-42  Invitrogen FACS
CD45 BUV395 Mouse  HI30 563,791 BDBiosciences FACS
CD83 APC-Vio770 n/a REA714 130-110-506  Miltenyi FACS
CD86 PE-Vio770 n/a REA968 130-116-162  Miltenyi FACS
CD90 BV785 Mouse  5E10 328,142 Biolegend FACS
CD141 PE-Cy7 Mouse  M90 344,109 Biolegend FACS
CD146 BV711 Mouse  P1H12 361,032 Biolegend FACS
CLEC2 PE Mouse  AYP1 372,003 Biolegend FACS
DC-SIGN  FITC Mouse  DCN46 551,264 BDBiosciences FACS
HLA-DR  PerCP-Cy5.5 Mouse  L243 307,629 Biolegend FACS
PDPN Alexa Fluor 647 Rat NC-08 337,008 Biolegend FACS
CD45 - Mouse  2B11+PD7/26 MO701 Dako IHC
Vimentin - Mouse V9 Sc-6260 Santa Cruz IHC
CcD3 Alexa Fluor 488 Mouse  UCHT1 300,415 BioLegend IF
CD11c - Mouse  S-HCL-3 371,502 Biolegend IF
HLA-DR - Mouse  TAL1b5 M0746 Dako IF
Kie7 - Mouse  MIB-1 M7240 Dako IF
PDPN - Mouse n/a 11-003 AngioBio IF
Vimentin  Alexa Fluor 488 Mouse  091D3 677,809 Biolegend IF
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Immunohistochemical and immunofluorescence staining
Human lymph node tissue

LNs were cryopreserved by fixing with 4% PFA for 15 min at room temperature (RT), followed by se-
quential incubation with 15% and 30% sucrose. Tissue was embedded in OCT compound (Sakura
Finetek, Alphen aan den Rijn, The Netherlands), frozen on liquid nitrogen and stored at =70 °C. Cry-
osections of 5 pm were fixed in acetone for 10 min, air-dried and then blocked for 20 min with PBS
containing 1% BSA and 10% normal goat serum. Sections were stained with primary antibody for
60 min, washed and, if needed, stained with a secondary antibody for 30 min. Sections were mounted
with mounting medium containing DAPI (Abcam, Cambridge, UK) and stored at 4 °C until acquisition.

Images were acquired using a fluorescent microscope (Axiolmager, Zeiss, Jena, Germany).

3D FRC-DC organotypic model

Hydrogel pieces were fixed in 4% PFA for histology. For paraffin embedding, samples were dehydrated,
embedded in paraffin and cut at 5 pm sections for morphological (hematoxylin and eosin, H&E),
immunohistochemical (IHC) and immunofluorescent (IF) analysis. Sections were deparaffinised
and immersed in 0.01 M sodium citrate buffer (pH 6.0) for 15 min at 100 °C for antigen retrieval,
followed by slowly cooling to RT. Sections were then washed with PBS, blocked for 20 min with 10%
normal human serum and stained for 1 h with primary antibodies, followed by a secondary antibody

conjugate for 30 min, if necessary.

3D light sheet microscopy imaging

For 3D light sheet imaging, hydrogels were fixed in 4% EM-grade formaldehyde (VWR, Radnor, PA,
USA) for 15 min at RT, washed in PBS containing 0.05% NaN_, stained with Vimentin-Alexa Fluor 488
(clone O91D3; BioLegend, San Diego, CA, USA) and cleared according to the iDISCO protocol, mod-
ified to a 24 h antibody incubation period 2. Cleared samples were acquired using the light sheet
Ultramicroscope (La Vision BioTec, Bielefeld, Germany) and 3D analysis was conducted using Imaris

(version 9 or higher; Oxford Instruments, Abingdon, UK).

Cytokine/chemokine detection in culture supernatants

Hydrogel supernatants were pooled from the top and bottom of the transwell, and analysed for the
presence of cytokines and chemokines using cytokine bead arrays (Human Essential Immune Re-
sponse and Custom LEGENDplex panel; BioLegend), according to the manufacturer’s instructions.
Acquisition was performed on AttuneNxT (ThermoFisher, Waltham, MA, USA) and protein concen-

trations were determined using the LEGENDplex Data Analysis Software Suite (BioLegend).

Mixed lymphocyte reaction: T cell proliferation assay

Total CD4* T cells were isolated from a buffy coat (Sanquin, Amsterdam, The Netherlands) using
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CD4* negative selection beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated T cells were
labelled with 3 pM of CFSE for 7 min at 37 °C in PBS containing 5% FCS. Cells were washed and left
for a further 15 min in the dark at RT. CFSE-labelled T cells were then washed and co-cultured with
a single cell suspension of differentiated MUTZ-3 DCs and FRCs harvested from the digested 3D
FRC-DC organotypic model after seven days, or MUTZ-3 DCs alone without FRCs after a seven day
differentiation in 2D 12-well plates. Cells and culture supernatants were collected and refreshed at
daythree and day six to assess T cell proliferation via flow cytometry (Aurora 4L) and protein secretion
(BioLegend, LEGENDplex), as detailed above.

Quantitative polymerase chain reaction

mRNA of cultured HuLN FRCs and MUTZ-3 DCs were isolated using Trizol (Invitrogen) followed by
cDNA synthesis using RevertAid First Strand cDNA Synthesis Kit (ThermoFisher) according to the
manufacturers’ instruction. RNA and cDNA concentrations and quality were measured with a Na-
noPhotometer (Implen, Munich, Germany). The reaction mix consisted of Fast SYBR Green Master
Mix (Applied Biosystems, Waltham, MA, USA), 300 nM of primer, cDNA and DEPC-Treated Water
(Invitrogen) with a total volume of 10 pl. Relative changes in mRNA levels were calculated with the
274t method, using S18 as the housekeeping gene for normalisation. The GREM1 primer had the
following sequence; fw: TCATCAACCGCTTCTGTTACGGC, rev: CAGAAGGAGCAGGACTGAAAGG.

Statistical analysis

All data are presented as mean = standard error of the mean (SEM). AllHULN tissue material, FRCs
and immune cells were derived from different donors resulting in the use of eight HULN donors spread
across all experiments (to reduce donor variation). Statistical analysis was performed by means of
either unpaired t test, 2way ANOVA, Kruskal-Wallis test or Wilcoxon test using GraphPad Prism 9
software (GraphPad Software Inc., San Diego, CA, USA). Differences were considered to be significant
when p<0.05. For heatmap analysis, the pheatmap and ggbetweenstats functions of the R pack-

ages prettyheatmap and ggstatsplot (version 0.11.0) were used under R (version 4.2.1) respectively.

Results
FRCs enhance MUTZ-3 DC localisation and survival in the 3D FRC-DC organotypic model

DCs can be found within the T cell area of a HULN and are often seen in close contact with FRCs for
their survival'. In order to generate a biologically relevant 3D model containing LN FRCs and DCs, we
firstvisualised the spatial relationship of DCs relative to FRCs in a HULN. Hereto, we performed immu-
nofluorescence analysis on primary HuLNs to identify the localisation of FRCs and DCs. CD11¢c* DCs
were broadly distributed across the paracortex area, indicated by the presence of CD3* cells, and in
close proximity to PDPN" cells, a marker used to identify FRCs (Fig. 1A).

We next aimed to model the FRC-DC localisation in an in vitro 3D HuLN model. FRCs and MUTZ-3
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Fig. 1 - The 3D FRC-DC organotypic model benefits cell-cell interactions as seen in native HuLNs.
(A) Cryosections of HULN stained for DCs (CD11c, magenta), FRCs (PDPN, yellow) and T cells (CD3, cyan). Scale
bar =50 pum. (B) Viability of MUTZ-3 DCs harvested from hydrogel after two days -/+ FRCs. Each shape represents an
independent experimentand a different FRC donor if applicable. Results are shown as mean + SEM; n = 3independent
experiments performed in duplicate. (C) Paraffin section of hydrogel show MUTZ-3 DCs (HLA-DR, red) localisation with
FRCs (Vimentin, green) after a one week co-culture. Scale bar =50 pm. (D) Ultra microscope light sheet analysis iden-
tifies labelled MUTZ-3 DCs (red) with elongated FRCs (Vimentin, green) after a one week co-culture. Scale bar =50 pm.
(E) Cytokine / chemokine analytes detected in the hydrogel medium after a one week culture. Each shape represents
an independent experiment and a different FRC donor if applicable. Results are shown as mean + SEM; n = 2 inde-
pendent experiments performed in duplicate.
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DCs were cultured in a collagen-fibrin hydrogel, either mixed at a 1:1 cell ratio or added individually.
In the absence of FRCs, we observed a reduced viability of MUTZ-3 DCs harvested as early as two
days in the hydrogel in comparison to MUTZ-3 DCs with FRCs (Fig. 1B). After one week in culture,
most FRCs were elongated with a reticular morphology and surrounded by HLA-DR* MUTZ-3 DCs
(Fig. 1C). Further analysis using light sheet fluorescence microscopy displayed physical interaction
and anchorage of MUTZ-3 DCs to elongated FRCs (Fig. 1D).

In the supernatants of hydrogels containing FRCs and MUTZ-3 DCs, we found increased levels of
DC-related analytes fms-related tyrosine kinase 3 ligand (FLT3L), c-x-c motif chemokine ligand-12
(CXCL12), monocyte chemoattractant protein-1 (MCP-1/CCL2) and interleukin-6 (IL-6), in contrast
to the hydrogels containing only MUTZ-3 DCs (Fig. 1E).

These findings suggest that FRCs provide MUTZ-3 DC survival signals and the 3D FRC-DC organotypic
model mimics the spatial distribution of FRCs and DCs observed in the paracortex of primary HULNs.

FRCs influence the proliferation of MUTZ-3 progenitors in the 3D FRC-DC organotypic model

We next aimed to determine the impact of FRCs in the 3D FRC-DC organotypic model on MUTZ-3
progenitor cells, which represent an earlier stage preceding their differentiation to DCs. These MUTZ-3
progenitor cells can act as equivalents to human monocytes or precursor DCs, which are found to
interact with FRCs in the native HULN™. After a one week hydrogel co-culture with MUTZ-3 progenitor
cells, we found the presence of FRCs to be beneficial for MUTZ-3 progenitor cell survival and pro-
liferation, as a 23-fold higher number of CD45" cells were recovered when MUTZ-3 progenitor cells
were with FRCs in the hydrogel (Fig. 2A).

We analysed the protein levels in the supernatant of the models and found no FLT3L, but increased
levels of CXCL12 and significantly higher levels of MCP-1 and IL-6 in the co-culture, compared to
MUTZ-3 progenitors alone (Fig. 2B). Upon histological analysis of hydrogel cross sections, H&E staining
revealed areas of dense cellular niches which were populated by proliferating MUTZ-3 progenitor cells,
as confirmed by CD45* and Ki67* staining that appear co-localised with Vimentin* FRCs (Fig. 2C).

These data suggest that FRCs are needed for MUTZ-3 progenitor cells to survive in this 3D matrix.

FRCs skew the differentiation of DCs in the 3D FRC-DC organotypic model

Given the ability of FRCs to promote the survival of both MUTZ-3 progenitor cells and MUTZ-3 DCs
in the 3D hydrogel, we next decided to characterise in vitro the influence of FRCs on DC phenotype
to replicate the native effects of FRCs on local differentiation of DC precursors/progenitors once in
the HULN. We added a standard in vitro DC-differentiation cytokine cocktail (i.e., GM-CSF, IL-4 and
TNFa) to the hydrogel co-cultures of FRCs and MUTZ-3 progenitor cells for one week at the start of
the culturing period. Since MUTZ-3 progenitor cells were less viable when cultured alone in the 3D
hydrogel without FRCs or any cytokine stimuli (Fig. 2A), separate stand-alone 2D cultures of MUTZ-3
progenitor cells were used as controls. Normally, MUTZ-3 DCs differentiate from MUTZ-3 progenitor
cells in response to the cytokine stimuli by up-regulating CD1a and DC-SIGN, hallmarks of MUTZ-
3-derived DC phenotype?® 3,
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Fig. 2 - FRCs influence the survival and proliferation of MUTZ-3 progenitors inside the 3D FRC-DC organo-
typic model. (A) Viability of MUTZ-3 Progenitor cells harvested from hydrogel after one week -/+ FRCs. Each shape
represents an independent experiment and a different FRC donor if applicable. Results are shown as mean = SEM;
n =4 independent experiments performed in duplicate. (B) Cytokine / chemokine analytes detected in the hydrogel
medium after a one week culture -/+ FRCs. Each shape represents an independent experiment and a different FRC
donor if applicable. Results are shown as mean + SEM; n = 3 independent experiments performed in duplicate. (C)
Representative histological paraffin sections of a one week FRC - MUTZ-3 progenitor hydrogel co-culture. Haema-
toxylin and eosin (H&E) staining identifies MUTZ-3 progenitor cell nests, highlighted in black dashed box, and stained
individually for proliferation marker Ki67, Vimentin and CD45 (red). Scale bar =50 pm. *p < 0.05, **p < 0.01
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Fig. 3 - FRCs influence the differentiation of DCs inside the 3D FRC-DC organotypic model. Phenotype of
differentiated MUTZ-3 DCs -/+ FRCs after a one week cytokine stimuli with GM-CSF (100 ng/ml), IL-4 (10 ng/ml) and
TNFa (2.5 ng/ml). (A) Results for DC-SIGN and CD1a are shown as mean = SEM; n = 4 independent experiments
performed in duplicate. Each shape represents an independent experiment and a different FRC donor relative to one
batch of MUTZ-3 DCs. (B) Results for CD141 and CD1c are shown as mean = SEM; n = 2 independent experiments
performed in duplicate. Each shape represents an independent experiment and a different FRC donor relative to one
batch of MUTZ-3 DCs. (C) Cytokine / chemokine analytes detected in the FRC - MUTZ-3 DC hydrogel medium after a
one week culture -/+ cytokines. Each shape represents an independent experiment and a different FRC donor. Results
are shown as mean = SEM; n = 3 independent experiments performed in duplicate. (D) Phenotype of differentiated
moDCs -/+ FRCs after a one week cytokine stimuli with GM-CSF (100 ng/ml) and IL-4 (10 ng/ml). Each shape represents
an independent experiment and a different FRC donor relative to one batch of moDCs. Results are shown as mean
SEM; n = 2 independent experiments performed in duplicate. **p < 0.01
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However, the MUTZ-3 DCs that developed in the presence of FRCs and cytokines surprisingly only
expressed DC-SIGN, while lacking CD1a expression (Fig. 3B and Fig. S1A). We next assessed the
expression levels of CD141 and CD1c, markers associated with cDC1 and cDC2 subsets, respectively.
In the 2D control setting without FRCs, MUTZ-3 progenitor cells exhibited a baseline expression of
CD141 before cytokine stimuli, which increased along with CD1c expression during cell differentiation
into MUTZ-3 DCs. Both markers were seen to be reduced on MUTZ-3 DCs when FRCs were present
in 3D during the cytokine induced differentiation; CDc to a greater extent than CD141 (Fig. 3B).
Further analysis into other MUTZ-3 DC markers revealed heterogeneous expression profiles after
cytokine exposure (Fig. S1B). In the condition where FRCs were present compared to without, the
CD1a” MUTZ-3 DC population was completely absent as expected and the DC-SIGN* population
of MUTZ-3 DCs showed a slightly more prominent expression of the co-stimulatory molecule
CD86 and CLECZ2, the ligand of PDPN on FRCs. The DC-SIGN™ MUTZ-3 DCs with FRCs had higher
HLA-DR* expression compared to DC-SIGN* populations, and these HLA-DR*DC-SIGN™ cells had a
more pronounced CLEC2 abundance. Analysis of the hydrogel co-culture supernatants with FRCs
revealed no effect of the cytokine differentiation cocktail on the secretion of the DC-associated
proteins CXCL12, MCP-1 and IL-6 (Fig. 3C).

To determine whether the effects of FRCs on MUTZ-3 DC differentiation were specific to HULN FRCs,
the same experimental set up was performed in 3D using dermal fibroblasts or gut fibroblasts with
MUTZ-3 progenitor cells. Subjecting the hydrogels to cytokine stimuli, we found MUTZ-3 DC differ-
entiation to be consistently affected by all fibroblasts obtained from different anatomical locations.
Most notably and in line with our current results, CD1a expression was absent on MUTZ-3 DCs with
allfibroblasts compared to the MUTZ-3 DCs alone, and levels of DC-SIGN were unchanged between
samples (Fig. S1C). Fibroblasts did not affect the expression levels of CD141 during cytokine-induced
MUTZ-3 DC differentiation in any conditions. Additionally, there was no upregulation of CD1c on
MUTZ-3 DCs whenin the presence of all fibroblasts (Fig. S1C). Uniquely, without any cytokine stimuli,
dermal fibroblasts did imprint an almost two-fold higher CD141 expression on MUTZ-3 progenitor
cells compared to all other fibroblasts (Fig. S1D). All tissue stromal cells expressed PDPN to a certain
extent, confirming a consistent fibroblast status (Fig. ST1E).

Prompted by the observation that FRCs affected MUTZ-3 DC phenotypic differentiation, we further
explored the possibility of a similar FRC-effect on primary moDCs. In place of MUTZ-3 progenitor cells,
primary monocytes were used in the same experimental set up as detailed above. When examining the
characteristics of DC phenotypes, we observed the absence of CD1a expression on the moDCs that
had differentiated upon cytokine stimuli from monocytes in the presence of FRCs (Fig. 3D). Almost
all resulting moDCs expressed high levels of DC-SIGN and CD141, irrespective of FRCs inclusion,
while CD1c expression in moDCs was reduced by around 50% upon cytokine differentiation with
FRCs compared to without FRCs (Fig. S1F).

These findings, consistent with our observations with MUTZ-3 DCs, demonstrate that primary FRCs
caninfluence the differentiation of DCs into a CD1a™ phenotype under cytokine stimulation within the

3D FRC-DC organotypic model, emphasising the role of primary FRCs in guiding DC differentiation.

96



Organotypic HULN Model Reveals the Importance of FRCs for DC Function

HuLNs harbour similar DC and FRC subsets

We next investigated whether the cell characteristics of the 3D FRC-DC organotypic model were
representative of cell profiles existing in HULNSs. Firstly, we analysed DC subsets in huLN cell sus-
pensions using spectral flow cytometry. We observed a range of CD11c expression intensities among
CD11c" cells and further examination of these CD11c” cells revealed a distinct cluster of DC-SIGN* cells,
while CD1a" cells were completely absent (Fig. 4A and Fig. S2). Apparent clusters of the two major
conventional DC subsets, cDC1 (CD141*)and cDC2 (CD1c?), were identified. However, these subsets
did not exhibit a significant overlap with the DC-SIGN* cells, where only a small minor population
showed potential CD141 positivity. The cluster of DC-SIGN* cells exhibited diverse expression patterns
of HLA-DR with limited expression of CD86 and lacked expression of the maturation marker CD83,
indicating immature cell types.

GREM1* FRCs are responsible in vivo for DC maintenance within HULNs'’. Therefore, we next ana-
lysed the cultured FRC donors used for the 3D FRC-DC organotypic model for expression of GREM1.
Indeed, GREM7 mRNA could be detected across all cultured FRC donors at variable expression
levels, while this was absent in MUTZ-3 DCs (Fig. 4B). In addition, a large portion of FRCs expressed
PDPN and CD90 with a subset expressing CD146 (Fig. 4C), which are all markers of FRCs residing
in the paracortex area?® 34,

In summary, these results highlight that DCs and FRCs used for co-culture in the 3D FRC-DC organo-

typic model correlate to true cell profiles that are found in the native HuLN.

CD1a” MUTZ-3 DCs function as antigen presenting cells

Since FRCs exhibit the ability to direct MUTZ-3 DC differentiation towards a CD1a” cell upon cytokine

stimuliin the 3D FRC-DC organotypic model, we next investigated the functionality of these skewed

CD1a cells. Specifically, we assessed their capability to induce T cell proliferation in a MLR. Hereto,
we generated the CD1a” MUTZ-3 DCs in the 3D FRC-DC organotypic model, digested the hydrogel

to a single cell suspension and co-cultured this cell suspension in a 2D plate with CD4* T cells. As

a control, normal CD1a* MUTZ-3 DCs were generated in 2D without FRCs and then co-cultured

with T cells. In order to account for the effect of FRCs on T cells in the MLR, FRCs were added in two

separate conditions; co-cultured with T cells alone or together with normal MUTZ-3 DCs (CD1a").
After three and six days, the levels of T cell proliferation were assessed through flow cytometry, re-
vealing T cell division across all biological conditions by day six (Fig. 5A). Our findings revealed that

the CD1a” MUTZ-3 DCs retained the ability to induce T cell proliferation. However, this capability was

not statistically significant but always lower for each donor compared to that of the normal MUTZ-3

DCs (CD1a"). Across all experimental conditions, the impact of FRCs on the MLR was minimal. Spe-
cifically, co-culture of FRCs with T cells resulted in only 5% of T cell proliferation, indicating a limited

effect on promoting T cell proliferation.

To further characterise the MLR experiment, secretion of immune response-related analytes was as-
sessed in supernatants derived from the four conditions mentioned above. The relative expression

levels for each analyte across all supernatant samples collected at day three and six were presented
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Fig. 4 - HULNs harbour the DC and FRC subsets that have been generated with the 3D FRC-DC organotypic
model. (A) High dimensional analysis show extensive distribution of markers on CD11c cells from HuLNs. The t-SNE
plots are an overlay of 3 independent donors. Red dashed gates highlight the CD1c, CD141 and DC-SIGN subsets.
(B) mRNA expression of GREM1, relative to housekeeping gene, confirmed on all FRC donors, represented by shapes,
and not detected in the MUTZ-3 DC cell line. (C) Flow cytometry analysis of cultured FRC donors used for the 3D
FRC-DC organotypic model, gated for PDPN, CD90 and CD146 expression. Results are shown as one representative

dot plot; n = 3 independent experiments.
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in a heatmap to visualise the expression patterns (Fig. 5B and Fig. S3A). In the control condition where
no FRCs were present (MUTZ-3 DCs +T cells), the highest secretion of IFNy, CXCL10/IP-10 and IL-10
was detected at both day three and six, indicating an optimal climate for T cell activation (Fig. 5B). In
the same condition, IL-2 and IL-4 levels were elevated at day three, but diminished by day six, implying
arapid kinetic of DC-induced T cell activation. When T cells were co-cultured with FRCs only (FRCs + T
cells), levels of IL-8, IL-6, TNFa, TGF-B and IL-12p70 were found at day three, suggesting their secretion
by FRCs, which were also detected by day six, along with higher levels of IL-2 and IL-4. This group of
cytokines were more synergistically acute at day three in the condition containing all three cell types
(FRCs+MUTZ-3 DCs+T cells) compared to the other biological conditions, which was then reduced
at day six to a more balanced homeostatic spectrum of analytes within this sample.

We did not find any cytokines or chemokines in the culture supernatant of the CD1a” MUTZ-3 DCs at
day three. By day six, the FRC-affiliated analytes were recorded in this sample, along with minimal IL-4,
IFNy and IL-10 proteins that suggest a subdued T cell activation compared to the other conditions with
MUTZ-3 DCs. Of note, IL-13 was detected in abundance consistently at day three and six for MUTZ-3
DCs+FRCs, compared to CD1a~ MUTZ-3 DCs where IL-18 was only up-regulated to a lesser extent at
day six, insinuating more of a pro-inflammatory capacity of the MUTZ-3 DCs.

In conclusion, these findings suggest that CD1a” MUTZ-3 DCs that are developed in the presence of
FRCs in the 3D FRC-DC organotypic model retain their ability to activate T cells, albeit with differences

in their cytokine/chemokine secretion profiles compared to normal CD1a* MUTZ-3 DCs.

Discussion

In HULNs, FRCs are necessary to support the localisation and functional abilities of DCs and their
respective subsets'® . Here, we report the development and characterisation of a novel 3D FRC-DC
organotypic model of the HULN paracortex, where we demonstrate the influence of primary FRCs
on DC function and set the foundations for a HuLN in vitro.

Our model’s functional ability was validated by investigating DC phenotype development and we
showed that FRCs had the ability to skew the differentiation of DCs based primarily on the expres-
sion of the CD1a marker and their secreted factors in the MLR. Human fibroblasts have previously
demonstrated diverse modulation of DC behaviour, either exhibiting suppressive properties when
originating from lung/gingiva tissue® *¢ or of more complementary nature for DC maturation when
from skin tissue®’. Here, the use of HULN FRCs regulated final DC differentiation to a resulting phe-
notype similar to that of LN-resident DCs®® %4,

Migratory DCs arrive into the LN as a fully mature cell after differentiating in peripheral tissue, yet
resident DCs in HuLNs can be differentiated in situ based on the cytokine environment. The specific
factors responsible for the FRC regulation of DC differentiation were not fully explored in this study,
yetthe high levels of IL-6 detected in the 3D FRC-DC organotypic model have a potential determinant
since it has been shown in mouse studies that IL-6 can inhibit DC maturation*'. The Notch signalling

pathway also represents a potential mechanism underlying this phenomenon, warranting further
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investigation. Notch ligands have been shown in mice to control lymphocyte and myeloid cell devel-
opment*, e.g. Jagged-1 on bone marrow stroma restricts DC differentiation*®, and Notch ligand-ex-
pressing fibroblasts can form special immune niche in lymphoid organs*. In human datasets, an

array of Notch ligands have been found on FRCs'’ but this has not been characterised in further detail.
The lack of CD1a expression suggests differentiation of DC precursors in the presence of FRCs to-
wards non-migratory DCs because CD1a* DCs are characterised as migratory peripheral DCs and

non LN-resident*>“547 We found no CD1a* DCs when we traced back the cell profile to the primary

cell suspensions from the native HULNs, indicating a potentially non-inflamed HuLN. However, we

did identify CD11c*HLA-DR'DC-SIGN" cells, which exhibited a similar phenotype to the MUTZ-3

DCs generated in our 3D FRC-DC organotypic model. Nevertheless, these native cells appeared

phenotypically distinct from the populations of cDC1 (CD141*) and cDC2 (CD1c") cells present in

primary HuLNs. Consistent expression of CD141" on MUTZ-3 DCs in our 3D FRC-DC organotypic

model does correlates to the native tissue, as CD141* DCs have been found localised in the T cell-
rich paracortex area“®.

We investigated whether this unique FRC-skewing effect on DCs was specific for LN FRCs in com-
parison to other tissue fibroblasts. It was revealed that dermal- and gut-derived fibroblasts also

restricted CD1a upregulation on MUTZ-3 DCs during differentiation. However, it was seen specifically

for dermal fibroblasts that they could further induce MUTZ-3 progenitor cells expression of CD141,
a marker associated with skin resident DCs®4°. These observations suggest that variations in the

properties of tissue fibroblasts can exert both common and distinct effects on the development of
DCs. These stromal elements should be keptin mind when designing such organotypic models that

include immune cells. The functionality of these FRC-skewed CD1a” MUTZ-3 DCs was confirmedin a

TcellMLR. These CD1a~ MUTZ-3 DCs furthermore lacked the high affinity scavenger receptor CD163,
associated with development towards macrophage lineage®, indicating their differentiation towards

resident DCs.

We found FRCs to be critical for culturing DCs long-term in this 3D environment, evident through the

increased viability of MUTZ-3 DCs and proliferation of MUTZ-3 progenitors. Analytes FLT3L, CXCL12 and

MCP-1 were detected in the FRC-DC hydrogel supernatant, which are homeostatic signals promoting
DC attraction and survival'’”- ®'-5253 However, we believe DC survival requires the physical presence

of FRCs in the hydrogel since we tested FRC-cultured conditioned medium on MUTZ-3 DCs alone in

the hydrogel (data not shown), which did not improve their viability upon culture harvesting. Therefore,
we conclude that it is beneficial to study DCs in 3D with a stromal cell component, such as an FRC.
We selected a type | collagen-fibrin hydrogel as the foundation for our 3D FRC-DC organotypic model.
This choice was based on the abundance of type | collagen in the native HuLNs®* and the specific

practical properties that fibrin has for in vitro organ models®. The ECM of HuLNs includes a distributed

plethora of proteoglycans, glycoproteins and collagens that undergo extensive remodelling during
the initiation of an immune response® and can actively dictate immune cell functioning®. Recapit-
ulating the intricate complexity of the native ECM protein network presents a technical challenge in

enhancing this 3D FRC-DC organotypic model, where future improvements may involve manipulating

decellularized tissue as a suitable ECM-substitute®® *¢. Nonetheless, we have demonstrated here
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with the ECM composition in our 3D FRC-DC organotypic model a platform where both FRCs and
DCs exhibit characteristics of their cellular subsets that are present within the HuLN.

The limitations of our research include the comprehensive use of the MUTZ-3 cell line to act as a
DC cell, while only correlating some of our major findings with moDCs (Fig. 3D). The MUTZ-3 cells
are a robust DC-alternative for experimental studies that can reduce the donor variation exhibited
with primary DCs. From extensive characterisation and comparison to multiple DC subtypes, they
display clear transcriptional?® * and functional similarities of moDCs to a certain extent®, such
as their differentiation, maturation®® " and ability to induce T cell proliferation®263%4, Furthermore,
MUTZ-3 cells have already demonstrated their functional DC properties in organotypic models, such
as reconstructed human skin and oral mucosa models?:26:27:656¢ These models feature mainly
the Langerhans cell version of the MUTZ-3, where these cells have responded to the exposure of
chemical allergens by indication of migration, maturation and in some cases differentiation towards
macrophages in the model, demonstrating their fit for purpose in tissue-engineering studies. The use
of isolated primary DCs/myeloid cells subsets and future inclusion of T cells within the 3D matrix
could improve the model furtherwheni.e., niche-associated interactions between FRCs and different
DC subsets are subject of study; as cDC1 and cDC2 could be studied for specifically following CD8
and CD4 responses, respectively. From the stromal cell perspective, the expression of GREM7 mRNA
on all our donor FRCs used in the 3D model further validates the physiological relevance for DC
maintenance. Likewise, the surface expression of molecules CD90, CD146 and PDPN on the FRCs
correspond to FRCs found specifically in the native T cell area, which are in contact with DCs** ¢,
Although it should be noted that not all FRCs express these markers since different FRC subsets exist
in various locations throughout the native HULN °. Nevertheless, the cell types we used represent
an appropriate comparison of the model to the human tissue and reinforces its biological potential
as a prospective HULN in vitro.

In conclusion, this study showcases the early construction of an in vitro HULN, termed a 3D FRC-DC
organotypic model, that reveals the influence of FRCs on the characterisation and study of DCs.
This model forms a more physiologically relevant microenvironment to study immune cells within
lymphoid organs, further validating its potential use in systemic immunological research and as a

future application for microfluidic (multi)-organ-on-chip models.
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Fig. S1 - Characterization of FRC-DC interactions in 3D. (A) Representative flow cytometry dot plots of DC-SIGN
and CD1a expression on MUTZ-3 DCs -/+ FRCs during their cytokine differentiation. (B) High dimensional analy-
sis show extensive heterogeneous distribution of CD45+ MUTZ-3 DCs markers differentiated with or without FRCs,
highlighted using red dashed boxes. The t-SNE graphs are representative plots from MUTZ-3 DCs -/+ one FRC donor.
(C) Phenotype of MUTZ-3 DCs differentiated in 3D hydrogel under cytokine stimuli with different tissue fibroblasts.
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Results for DC-SIGN, CD1a, CD141 and CD1c are shown as mean = SEM; n = 2 independent experiments performed
in duplicate. Each shape represents an independent experiment and a different FRC donor relative to one batch of
MUTZ-3 DCs. Fibs; Fibroblasts (D) Expression of CD141 on MUTZ-3 progenitors under no cytokine stimuli with different
tissue fibroblasts in 3D hydrogel. Results are shown as mean + SEM; n = 2 independent experiments performed in du-
plicate. Each shape represents an independent experiment and a different FRC donor relative to one batch of MUTZ-3
progenitors. (E) Expression of PDPN on the different tissue fibroblasts gated as CD45-. Results are shown as mean +
SEM; n =2 independent experiments performed in duplicate. Each shape represents an independent experiment and
a different fibroblast donor. (F) Expression of CD141 and CD1c on differentiated moDCs -/+ FRCs after a one week
cytokine stimuli. Results are shown as mean = SEM; n = 2 independent experiments performed in duplicate. Each
shape represents an independent experiment and a different FRC donor relative to one batch of moDCs.

Cell gating Singlets Live Cells CD45*

Comp-UVE DEAD B A - Lot

B Gated on CD11c*, CD3", CD20- cells
Donor #1 Donor #2 Donor #3

DC-SIGN —»>

Fig. S2 - Gating strategy for HULN DC subsets. (A) Representative gating strategy of flow cytometry dot plots to iden-
tify CD11c cells from HULN cell suspensions. (B) Individual dot plots of three HULN donors gated on CD45+CD11c+,
excluding CD3+ and CD20+ cells, revealed HLA-DR+ DC-SIGN+ cells.
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concentration values displayed in a ggstatsplot for all data; n = 2 independent experiments performed in duplicate. (A)
Day three. (B) Day six. Analyte name with a * depicts a significant difference occurring between one or more biological
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Chapter 5

Abstract

Lymphoid organ function depends on fibroblastic reticular cells (FRCs), the non-hematopoietic
mesenchymal stromal cells that crucially support immune activity in human lymph nodes (LNs).
The invitro study of human immunology requires physiological LN models, yet the inclusion of FRCs
in current models is lacking. Here, we created an organotypic LN hydrogel model, containing native
immune cells from LN tissue and ex vivo cultured autologous FRCs. During a one-week culture
period, enrichment of FRCs into the LN model benefited the viability of allimmune cell populations,
particularly B cells, and promoted the presence of certain subsets including CD4+ naive T cells and
unswitched (US) memory B cells. FRCs enhanced the production of immune-related cytokines and
chemokines, such as B cell activating factor from the TNF family (BAFF), CXC motif chemokine li-
gand 12 (CXCL12), CC motif chemokine ligand 19 (CCL19) and interleukin-6 (IL-6). Functionality of
the LN model was assessed through T cell activation by CD3 stimulation or initiation of an allogenic
reaction with different maturation statuses of monocyte-derived dendritic cells (moDCs). Interest-
ingly, T cell expansion was restricted in FRC-enriched LN models, reflecting an intrinsic character-
istic of LN FRCs. As such, this organotypic LN model highlights the influence of FRCs on immune
cells and allows an opportunity to further study antigen-induced immune responses, e.g. vaccine
orimmunotherapy testing.
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Introduction

Lymph nodes (LNs) are a critical component of human immunology. Situated throughout the body,
they act mechanistically to drain and filter interstitial fluid from all tissue and organs, while screening
harmful pathogens, non-self-antigens, and allowing the removal of toxic metabolites. LNs facilitate
the interaction between innate and adaptive immune cells, where incoming and resident immune
cells are supported by the non-hematopoietic LN stromal cells (LNSCs)'. Not only do LNSCs provide
structural support to the LN interior, they also regulate the crosstalk between the arrival of naive im-
mune cells from the blood circulation and migratory immune cells from the lymphatic vasculature?.
In search of their cognate antigen, the guidance of immune cell migration and survival is enabled
through LNSC-derived chemokines and cytokines, respectively, and LNSCs provide an anchorage
point forimmune cells via specific cell-cell adhesion molecular interactions®“.

Typically, LNSCs make up less than 5% of all cells within human LNs® and are categorised into dif-
ferent subtypes. The endothelial cells are CD31* and classified based on their podoplanin (PDPN)
expression as lymphatic endothelial cells (LECs, PDPN") or blood endothelial cells (BECs, PDPN)®. The
CD31" LNSCs are mesenchymal stromal cells, or fibroblastic reticular cells (FRCs), initially defined as
PDPN" but new insights in humans have revealed a heterogenous profile of mesenchymal stromal cells
with overlapping phenotypes between PDPN-and PDPN* FRCs®”€. FRCs create a three-dimensional
(3D) reticular network® and are composed of distinctive subsets with unique functions depending
on their location within LNs' ™. FRCs have a distinguished role in regulating immune activity in the
LN, such as exhibiting control of T cell proliferation via multiple mechanisms’. In disease condi-
tions, FRC function can become dysregulated, as observed in autoimmune disorders’® or within the
tumour microenvironment'. This highlights the importance of FRCs in dictating immune responses.
Given the central position that LNs play in health and disease, the appeal of generating in vitro models
of human LNs has now been recognised. Not only is there a global need for better human disease
models due to the limitations of animal models like species differences and poor translational ca-
pabilities™ 8, but there is also a demand to further understand the human immune system'” and LN
pathology'®. One of first reported human LN models made use of an in vitro bioreactor with periph-
eral blood mononuclear cells (PBMCs) to study cellular immunity'®. Since then, this approach has
evolved into a variety of static and dynamic human LN models, each featuring distinct elements and
focusing on several aspects of immune functionality. This includes the use of PBMC-derived immune
cells cultured in 3D models demonstrating naive B cell class switching?, B cell follicle formation,
and antibody secretion under flow?"?2, Encouraging progress has also been made with the use of
lymphoid tissue-derived cell suspensions in transwells to robustly recapitulate vaccine responses?*?
and study immuno-oncology therapies®. However, focus on the cell-mediated branch of adaptive
immunity, the use of native LN-derived cells in 3D, and the influence of LNSCs in LN models have
yet to be addressed. Such insights are crucial given the multitude of central LNSC functions, ranging
from organogenesis®, guiding homeostatic and allostatic immune cell activity'>?”?%, and even aiding
with the formation of tertiary lymphoid organ structures?®.

Hereto, in this study, the physiological relevance of a 3D LN model, pre-established by our group and

originally composed of FRCs and DCs*, was improved to recapitulate a more LN-like environment
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through the inclusion of immune cells and FRCs. This advanced LN model made use of a 3D colla-
gen-based hydrogel and LN-derived cell suspensions, with an enrichment of donor matched FRCs
from ex vivo cultures®. In order to simulate the native immunocompetent properties required for an
in vitro human LN model, characterisation of immune cell populations and the cytokine/chemokine
landscape was performed to address the influence of additional FRCs in the LN model. Then, to
demonstrate cell-mediated LN functionality, we investigated the capacity to induce T cell activation
in FRC-enriched and non-enriched LN models, either through direct T cell receptor (TCR) triggering

or via the addition of allogeneic dendritic cells (DCs).

Methods
Human tissue collection

Human LNs were obtained from donors and patients during liver transplant procedures performed
at the Erasmus MC, Rotterdam, The Netherlands. The use of biopsies for research purposes is in
accordance with the ethical standard of the Helsinki Declaration of 1975. The use of the tissue for
research purposes was approved by the Medical Ethical Committee (Medisch Ethische Toetsings
Commissie; METC) of Erasmus MC (MEC-2014-060). All confirmed methods of research were ac-
cepted and performed in accordance with the relevant guidelines and regulations. All patients (liver
transplant recipients) gave written informed consent to use their donor tissue. Donor livers and patient
explant livers had their LNs resected along the hepatic artery and portal vein in the porta hepatis. LNs
were transported in Belzer UW Cold Storage Solution (Bridge to Life Ltd., London, England, UK) and
processed within 72 hours of surgery. LN origin characteristics are shown in Table S1.

Enzymatic digestion of human lymph nodes

Isolation of immune and stromal cells from human LNs was achieved through enzymatic tissue di-
gestion, as previously described®®'. Briefly, LNs were digested in 4 x 10-minute cycles in an enzyme
mixture containing RPMI-1640 with 2.4 mg/ml Dispase Il, 0.6 mg/ml Collagenase P and 0.3 mg/ml
DNase | (all from Sigma-Aldrich, St. Louis, MO, USA). Ice cold phosphate-buffered saline (PBS),
supplemented with 2% foetal calf serum (FCS) (HyClone; GE Healthcare, Chicago, IL, USA) and 5
mM ethylenediaminetetraacetic acid (EDTA), was used to stop the digestion cycle and to wash the
isolated cells by centrifugation at 300 G for 4 minutes at 4°C. Cell pellet was re-suspended in 1 ml of
DMEM (Gibco, Grand Island, NY, USA) with 10% FCS, strained through a 100 uM filter, and counted.

The LN cell suspensions were either cryopreserved or cultured as described below.

Culture of primary fibroblastic reticular cells

FRCs were cultured as previously described®. Briefly, LN cell suspensions were seeded at a density
of 1.25 x 10° cell suspension per cm? on culture flasks, pre-coated with 2 pg/cm? collagen from
calf skin (Sigma-Aldrich). Culture media comprised of DMEM (Gibco) with 10% FCS (HyClone; GE
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Healthcare), 2% Penicillin/Streptomycin/Glutamine (PSG) and 1% Insulin/Transferrin/Selenium (ITS)
(Gibco). Upon confluence, cells were passaged and harvested with 0.5% Trypsin containing 5 mM

EDTA. FRCs were used up to passage six for all individual experiments.

Generation of monocyte-derived dendritic cells

Human CD14" monocytes were isolated from PBMCs using CD14" magnetic activated cell sorting
beads (#130-050-201, Miltenyi Biotec, Bergisch Gladbach, Germany) as previously described®°. For
use inthe T cell functional experiments, monocyte-derived dendritic cells (moDCs) were generated to
either a conventional or mature phenotype®. Cell culture medium was composed of RPMI-1640 with
HEPES and L-glutamine (Gibco), supplemented with 10% FCS, 100 IU/ml sodium-penicillin and 100
pg/ml streptomycin (all Gibco). For conventional moDCs, moDCs were harvested after three days in
culture media supplemented with 100 ng/mlrhGM-CSF (Biosource, International Inc) and 10 ng/ml
IL-4 (BioVision). For maturation of moDCs, 100 ng/ml IL-6, 50 ng/ml TNF-a, 25 ng/mlIL-1B, 1 pg/ml

PGE2 was added to the above culture conditions at day two and harvested at day three.

Construction of organotypic 3D LN model

A schematic illustration for the generation of the organotypic 3D LN model can be found in Fig. 1A.
The LN model was constructed in 24-well transwells (0.4 pm pore size; Corning, NY, USA) by mixing
rat-tail collagen type | (3 mg/ml end concentration) in Hank’s Balanced Salt Solution (HBSS without
Ca and Mg, Gibco) with fibrinogen from human plasma (Enzyme research laboratories, cat no: FIB
1, South Bend, IN, USA) (1 mg/mlend concentration). Cell suspensions were adjusted to a total final
concentration of 10 x 10° cells per ml of hydrogel, with final hydrogel volumes ranging between 200 pl
and 250 pl. In FRC-enriched models, FRCs accounted for 1% of the final cell concentration. Thrombin
(0.5 U/ml; Merck KGaA, Darmstadt, Germany) was added to each hydrogel to allow for fibrin formation
and hydrogel polymerisation at 37°C and 5% CO, for 1.5 hours. Complete LN model medium, com-
posed of RPMI-1640 with HEPES and L-glutamine, 10% FCS, 2% PSG, 1% ITS, 1X non-essential amino
acids (NEAA) (Gibco), 1X sodium pyruvate (Gibco) and 1X normocin (Invivogen, Toulouse, France),
was added both above and below the hydrogel. A 50% medium refreshment took place every three/
four days, while collected culture supernatant was stored at -20°C for future analysis. At the end of
the culture period, hydrogels were either fixed for 3D imaging or enzymatically digested to a single cell
suspension for analysis by flow cytometry using 0.2 mg/ml Collagenase P and 0.1 mg/ml DNase | for
1 hour at 37°C, after which the reaction was stopped with PBS containing 2% FCS and 5 mM EDTA.

Flow Cytometry

Cell suspensions were stained in a 96-well U bottom plate at 4°C for flow cytometry analysis. Cells were
firstly washed with FACS buffer containing PBS, 0.1% bovine serum albumin (BSA) and 0.05% NaN_,
and stained with a fixable viability dye (eFluor™ 780, #65-0865-14, Invitrogen) for 10 minutes at 4°C.
Fc-receptor blocking was performed using 10% normal human serum, and cells were subsequently

incubated with directly-labeled antibodies against cell surface markers, diluted in blocking buffer.
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After staining, cells were washed two times with FACS buffer and fixed with 2% paraformaldehyde
(PFA) (VWR, Radnor, PA, USA) for 10 minutes at room temperature (RT). Cells were then washed with
0.5% saponin buffer, and intracellular antibody staining was performed. An overview of all antibod-
ies used can be found in Table 1. Samples and single stains on beads were acquired on an Aurora
5-laser Flow Cytometer (Cytek; Fremont, CA, USA). Autofluorescence (AF) correction of cells was

performed as previously described®. Data analysis was conducted using OMIQ (Boston, MA, USA).

Table 1 Overview of antibodies. FACS: Flow cytometry
Antigen Label Clone Catalog Assay
cD3 T3b N/A Teell
functionality

CDS3 PE-Cy5 UCHT1 Biolegend; 300410 FACS

CDS PE-Dazzle594 SK7 Biolegend; 344844 FACS

CDh4 BUV563 SK3 BD biosciences; 612912 FACS

CcD8 Alexa Fluor 532 RPA-T8 Invitrogen; 58-0088-42 FACS
cbiic cFluor BYG710 BuTS g(y:t%%:’g’fc'ences’ FACS
cD14 cFluor V450 MSE2 %f;;gg’;c'e”ces’ FACS
CD19 BUV496 HIB19 BD biosciences; 741141 FACS
CD20 Pacific Blue 2H7 Biolegend; 302320 FACS
CD21 BUV395 B-ly4 BD biosciences; 740288 FACS
CDh24 PE-CF594 ML5 BD biosciences; 562405 FACS
CD25 PE-Cy7 M-A251 Biolegend; 356108 FACS
CDh27 PE M-T271 Biolegend; 356406 FACS
CD38 BV605 HB-7 Biolegend; 356642 FACS
CD45 cFluor V547 HI30 %’f‘;ggﬁsc'e”ces’ FACS
CD45 BV570 HI30 Biolegend; 304034 FACS
CD45RO BUV805 UCHL1 BD biosciences; 748367 FACS
cDe2L Alexa Fluor 488 DREG-56 Biolegend; 304816 FACS
CD69 BUV737 FN50 ggitrgggszzr' FACS
HLA-DR BUV395 L243 BD biosciences; 564040 FACS

1gD AF700 1A6-2 Biolegend; 348230 FACS

Ki-67 BV650 B56 BD biosciences; 563757 FACS

CD3 Alexa Fluor 488 UCHT1 Biolegend; 300454 3D imaging
CD45 2B11+PD7/26 Dako; GA751 3D imaging
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Vimentin Alexa Fluor 488 /647 091D3 Biolegend; 677807 3D imaging

Goat anti-Mouse

1gG1 Alexa Fluor 647 Polyclonal ThermoFisher; # A-21240 3D imaging

Staining and 3D imaging of LN model

Hydrogels pieces were fixed by directly adding 4% PFA (Electron Microscopy Sciences, Hatfield, PA,
USA) and incubated for 30 mins at RT on a rocker. Hydrogels were then preserved in PBS with 0.05%
NaN, until antibody staining. Prior to immunostaining, hydrogels were washed with 0.2% Triton in
PBS. Next, hydrogels were incubated with an unconjugated antibody, diluted in 0.2% Triton in PBS,
for overnight static staining at 4°C. The following day, hydrogels were washed twice with 0.2% Triton
in PBS and then incubated with a secondary antibody at RT on a rocker for 2 hours. Next, hydrogels
were washed twice with 0.2% Triton in PBS and directly-labeled antibodies were added for an over-
night incubation at 4°C. An overview of all antibodies used can be found in Table 1. The following
day after hydrogel washing, DAPI (Invitrogen) was added for 1 hour at RT, followed by two washing
steps and then stored at 4°C until analysis. LN models were imaged by confocal microscopy using a
Nikon AXR (Nikon, Tokyo, Japan). Images were analysed using Imaris software version 10.1.0 (Oxford

Instruments, Oxfordshire, UK).

Cytokine/Chemokine detection in LN model supernatant

Supernatants from 3D LN models were harvested at either day three and six for T cell functionality
experiments, or after one-week for all other experiments. Media was collected from above and below
the hydrogels, pooled, and analysed for the presence of cytokines and chemokines using cytokine
bead arrays (CBAs) (Human Essential Immune Response and Custom LEGENDplex panel; BioLegend,
San Diego, CA, USA), according to the manufacturer’s instructions. Acquisition was performed on an
AttuneNxT (Thermofisher, Waltham, MA, USA) and analysis was conducted using the LEGENDplex
Data Analysis Software Suite (BioLegend).

Functional T cell activation

The proliferation and activation of T cells inside the organotypic LN model was performed by using
an anti-CD3 antibody or inducing an allogenic reaction. For CD3 stimulation, 10 ng/ml of anti-CD3
antibody (clone T3b; in-house made) was administered per 0.5 million T cells, directly before LN
hydrogel casting. For an allogenic response, conventional or mature moDCs were included during
hydrogel casting of the LN model. The number of moDCs added per model was set at 1 moDC for
every 3 T cells, based on an estimation of lymphocyte numbers per donor. The LN models were

cultured for six days for T cell activation.
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Statistical analysis

All data are presented as mean = standard error of the mean (SEM). The number of human LN donors
is described in each figure legend and a donor shape is used consistently throughout the manu-
script (Table S1). Statistical analysis was conducted using GraphPad Prism 9 software version 9.5.1
(GraphPad Software Inc., La Jolla, CA, USA). Statistical test indicated in figure legends. Differences
were significant when p < 0.05. For correlation analyses, the base R cor() function and the corrplot()

function of the corrplot package were used under R version 4.3.2.

Results
Enrichment with FRCs benefit immune cell viability in LN model

The organotypic 3D human LN model was generated by combining cryopreserved LN cell suspensions
with or without ex vivo cultured FRCs, which were donor matched, in a collagen-based hydrogel for
one week of culture (Fig. 1A). The number of FRCs used to enrich the LN model was equivalent to
1% of the total cell concentration per model. Typically, the population ofimmune cells in LN tissue is
mostly comprised of lymphocytes, and flow cytometry analysis confirmed this composition in the LN
cell suspensions used for creating the LN model, albeit with a biological variation in the percentage
of T and B cells between donors (Fig. 1B). This cellular ratio remained present after culture of the
LN model either with or without enriched FRCs, as well as a continuous low percentage of myeloid
cells (Fig. 1B and Fig. S1A). Interestingly though, the absolute number of immune cells, particularly
B cells, were found to be increased within FRC enriched-LN models, relative to the non-enriched LN
models (Fig. 1C), suggesting a FRC-value to immune cell viability. Furthermore, the FRCs used for
these LN models were previously characterised ex vivo where most cells were PDPN* in culture®. As
such, the presence of CD45 PDPN* cells were found in the LN models, with more than 1% detected
in the FRC-enriched LN models from all viable cells (Fig. 1C), which is above the percentage of FRCs
administered at the start of the enriched LN model cultures.

Confocalimaging of the FRC-enriched LN models at a 3D level revealed elongated FRC morphology
(Fig. 1Ei), a hallmark topology of native FRCs in human LNs for supporting immune cell activity>**.
As the bulk of immune cells (DAPI"CD45" cells) were comprised of mainly lymphocytes, these were
found randomly distributed throughout the hydrogel (Fig. 1Ei). Likewise, T cells (DAPI'CD3" cells)
and FRCs could be detected in the same area (Fig. 1Eii). In non-enriched LN models, lymphocytes
were also evenly dispersed within the hydrogel, with pre-existing FRCs from the LN cell suspensions
visible too, albeit with a fainter staining intensity (Fig. S1B).

As such, these results suggest that addition of FRCs promotes native lymphocyte survival in a 3D

human LN model, based on the relative increase in immune cell numbers, specifically B cells.
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Fig. 1 - Set-up and general characterisation of the LN model. (A) Schematic illustrative workflow for generating
the 3D LN model. Created with Biorender.com. (B-D) Flow cytometry analysis of (B) immune cell composition from
starting native LN cell suspension and in the LN model (+ enriched ex vivo FRCs) after a one week culture. (C) Fold
change in number of immune cells (CD45"), T cells (CD3"), B cells (CD19°CD20*) and myeloid cell (sum of CD11c*
and CD14" cells) with FRCs, relative to non-enriched LN models set at 1. (D) Composition of CD45PDPN"* stromal
cells within LN model = FRCs. Shapes represent different donors and columns mean = SEM; n = 25 independent
experiments. Ordinary two-way ANOVA ('p < 0.05). (E) Representative 3D image of FRC-enriched LN model. (i) Z-slice
from a 200 pm thick Z-stack, with DAPI nuclei (blue), CD45 (red) and vimentin (white) staining. Scale bar is 200 pm.
(ii) Upper panels - magnified Z-slice of DAPI (blue), CD3 (red) and vimentin (white) immunofluorescent staining to
identify T cells (DAPI'CD3"), other lymphocytes (DAPI'CD3’), and FRCs (DAPI*vimentin®). Scale bar is 50 pm. Lower
panels - rendered spots of DAPI* lymphocytes with a < 7 um diameter, and T cells (CD3") in close-proximity to a surface
rendered FRC. Scale bar is 30 pm.
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FRCs maintain native immune subsets in LN model

Within human LNs, a plethora of immune cell subsets exist at a homeostatic level, anticipating antigen
challenge and cues to mount a rapid immune response. For optimal immune activity, such immune
cell subsets require the support of FRCs*+. To address whether specific lymphocyte subsets were
able to survive in the LN model, we looked further into the present T and B subtypes to assess whether
there was a selective FRC-effect.

T cells are composed of multiple subsets that allow an efficientimmune reaction to pathogenic threat
after antigen encounter in the human LN. Therefore, flow cytometry characterisation was performed
of CD4* and CD8* T cells within the FRC-enriched and non-enriched LN models for the following
populations, central memory (T,; CD62L"CD45R0O"), effector memory (T_,,; CD62L-CD45R0O"), naive
(T .. CDB2L'CD45R0O") and effector (T, CD62L"CD45RO") T cells (Fig. S1C). Intriguingly, FRCs
significantly increased the number of CD4" naive T cells to more than two fold on average compared
to the LN models without FRCs (Fig. 2A). The addition of FRCs to the LN models did not appear to

EFF’

substantially alter the composition ratio of T cell subtypes, with the naive populations forming the
majority of the T cells (Fig. 2B).

When B cells are exposed to antigens in human LNs, the secretion of neutralising antibodies and the
formation of memory cells begins for long-term immunity. To decipher the B cell subsets presentin
our LN model with or without enriched FRCs, we used the universal CD27 versus IgD gating strategy
consensus® to classify memory (CD27*IgD") or naive (CD271gD*) CD19°CD20" B cells (Fig. S1D).
Such subtyping also revealed the populations of unswitched (US) memory B cells (CD27*IgD") and
double negative (DN) B cells (CD27°1gD"), the latter a heterogenous mix of atypical/exhausted memory
cells and activated plasmablast precursors®=°, Surprisingly, FRC-enriched LN models had on average
six times more US memory B cells compared to non-enriched LN models (Fig. 2C). While the other
B cell subsets were present in the LN models, this FRC-selective effect on US memory B cells was
remarkable, given the majority of B cells were comprised of memory B cells (Fig. 2D). Additionally,
germinal centre (GC) B cells were identified in FRC-enriched LN models, based on a CD27*CD38*
phenotype, and thus maintaining their representation in the CD27* memory B cell fraction (Fig. 2E).
No plasmablasts or pre-GC B cells were detected in the LN model, irrespective of FRC enrichment
(data not shown).

The small minority of myeloid cells, capable of antigen presentation and pathogen elimination in
human LNs, found within the LN model were not investigated further for macrophage or DC subset
phenotyping due to low cell frequencies (Fig.1C). Together, this data indicates that in our LN model,
FRCs improve the final lymphocyte numbers and have a selective preference for certain subtypes
that are relevant for LN functioning. This implies that with FRCs, a more immune-competent human

LN in vitro model has been generated.
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Fig. 2 - Native immune subsets benefit from addition of FRCs. LN model after a one week culture = enriched ex
vivo FRCs (A-B) CD3" T cells in LN model + FRCs. (A) Relative fold change in number of effector (T, CD62L- CD45R0O),
naive (T naive, CD62L'CD45R0O"), central memory (T, CD62L'CD45R0O") and effector memory (T,,, CD62L CD45R0")
cells within the CD4" and CD8"* T cell population in LN model with FRCs relative to the non-enriched LN models,
which is set to 1. (B) Average proportion of CD4" and CD8" subsets within the LN model = FRCs. Shapes represent
different donors and columns mean = SEM; n = 5 independent experiments. Ordinary two-way ANOVA (‘p < 0.05).
(C-E) CD19°CD20" B cells in LN model + FRCs. (C) Relative fold change in number of double negative (DN) (CD27-
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+ FRCs. (E) Germinal centre (GC) B cells gated as CD19'CD20*CD27'IgD CD38" cells. Average donor fold change in
GC B cell numbers in LN model with FRCs (+FRCs), with non-enriched LN models (-FRCs) set to 1, and percentage
of GC B cells within memory B cell population (CD27*IgD"). Shapes represent different donors and columns mean *

SEM; n = 4 independent experiments. Ordinary two-way ANOVA ("p < 0.01).
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FRCs provide immune relevant factors

Considering the well-characterised ability of FRCs to secrete immune-related molecules in human
LNs for lymphocyte functioning®, it was of interest to determine the cytokines and chemokines
present in the LN model supernatant after one week (Fig. 3). Since FRCs increased B cell numbers
significantly in the LN models, B cell-acting factors were examined. This included the survival pro-
teins; a proliferation inducing ligand (APRIL) and B cell activating factor from the TNF family (BAFF),
as well as the chemoattractant molecules CXC motif chemokine ligand 12 (CXCL12) and CXCL13.
From this, only BAFF and CXCL12 were elevated with FRC enrichment. Likewise, inflammatory me-
diators of lymphocyte activity, interleukin-4 (IL-4), IL-6 and IL-10, were all significantly prominent
in FRC-enriched LN models. Furthermore, other LN relevant analytes CXCL10 and IL-8, as well as
protein cues for immune cell migration, like CC motif chemokine ligand 19 (CCL19) and monocyte
chemoattractant protein 1 (MCP-1), were detected in LN models, with only CCL19 augmented in
FRC-enriched LN models. A complete overview on the relationship between these immune factors
and immune cell subsets was visualised in a correlation heat plot made for both LN models (Fig. S2).
Collectively, these data suggests that the FRC-enriched LN models have an enhanced presence of

pleiotropic molecular signals that are LN-specific for lymphocyte survival, homing and functioning.

Local T cell response is restrained by FRCs in LN model

The first trigger for initiation of the cell-mediated adaptive immune response in human LNs is T cell
activation. This fundamental process is governed by FRCs, who not only guide immune cells into the
LN paracortex, but physically facilitate the antigen presentation and subsequent immune activation*'.
Therefore, as a proof-of-concept forimmunological LN functionality, we next assessed the capacity
of the LN model to support in situ the stimulation of T cells.

Hereto, native LN T cells within the LN cell suspension were provided with an anti-CD3 antibody
upon casting of the hydrogel. This meant that the co-stimulatory signals derived from CD80/CD86
expressing antigen-presenting cells (APCs) could only be provided when within the proximity of the T
cells. Such APC phenotypes were confirmed present within the fresh LN cell suspensions used in the
LN models (Fig. S3A). Performing flow cytometry analysis of the LN model after six days of culture,
guantification of the total absolute number of T cells revealed an average 1.5-fold increase after the
addition of anti-CD3 to the LN model without FRC enrichment (Fig. 4A). This was not observed in
the FRC-enriched LN models with anti-CD3 stimulation. There were no apparent differences in the
relative numbers of individual T cell subsets after CD3 stimulation in the LN models, with or without
FRC enrichment (Fig. 4B).

Upon phenotyping functional markers on all T cells in general, no significant changes were observed
across activation markers CD25", CD69" and HLA-DR?, and the proliferation marker Ki67* on T cells
after CD3 stimulation, independent of FRCs (Fig. 4C). To further examine T cell status, the supernatant
of the LN model was sampled at day three and six to investigate cytokines related to T cell activity (Fig.
4D). Most strikingly, IFNy peaked on day three when anti-CD3 was administered to the non-enriched LN

models. Contrarily, no IFNy was detected in FRC-enriched LN models after CD3 stimulation. Similarly,
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this pattern was also seen for IL-2 on day six, and TNFa levels were close to zero throughout all con-
ditions. In order to address whether different T cell subsets specifically correlated with the presence
or absence of FRCs after CD3 stimulation, we performed correlation analysis of both conditions. This
showed that a negative correlation of T _ _cells and the expression of CD25 and Ki67 in the condition
without FRCs, suggesting T cell activation and expansion, was absent in the presence of FRCs (Fig.
4E). Furthermore, in LN models enriched with FRCs, a positive correlation was observed between T
cells and memory T cells, which was not observed in the absence of FRCs. This indicates that there
may be an FRC-influence on naive and memory T cell dynamics after CD3 stimulation.

Furthermore, the data indicates that T cells are within enough proximity to APCs in the LN model
since they are responsive to CD3 stimulation. In addition, FRCs appear to restrict and regulate T cell
activity through reducing T cell proliferation and cytokines associated with T-cell activation, aligning
with the specific features of human FRCs’. While in addition, providing the special microenvironment

that promotes the presence of naive and memory T cells.
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two-way ANOVA (‘p < 0.05, “p <0.01, “p < 0.001). (E) Pearson correlation plots of T cell subsets, activation markers
and cytokines * FRCs after CD3 stimulation (‘/p < 0.05, “p <0.01, “p <0.001).
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Allogeneic immune activation demonstrates T cell functionality in LN model

Since the results above suggest that T cells can become activated and proliferate in the non-enriched
LN models after direct CD3 stimulation, it was next of interest to recapitulate a more potent phys-
iological response to boost T cell activity. As such, the influx of DCs into the human LN during an
immune response was simulated by inducing an allogenic reaction, where DCs were mixed into the
LN models at the start of the culture period. Prior to this, the DCs were differentiated from blood-iso-
lated monocytes into either conventional moDCs (Fig. S3B) or mature DCs (Fig. S3C), characterised
by expression levels of CD86, CD80 and HLA-DR.

After a six day co-culture of moDCs in the LN model, quantification of total absolute T cell numbers
showed that cell numbers were not influenced by FRCs (Fig. 5A). However, when focusing on T cell
subsets, T, cells were significantly increased at the costof T _ _cells in FRC-enriched cultures after
moDC stimulation (Fig. 5B). Signs of T cell proliferation and activation was evident through Ki67 and
HLA-DR upregulation on T cells in the non-enriched LN models, respectively (Fig. 5C). Interestingly
in FRC-enriched cultures, IL-2 was detected on both days after moDC inclusion, with TNFa and IFNy
measurably present only on day six, and the latter more pronounced than in non-enriched FRC LN
cultures (Fig. 5D). Again, correlation analysis revealed that T__
Toand T, with T

. cells were positively correlated with

v

o INthe FRC-enriched LN models (Fig. 5E), which was not seen in the absence of
FRCs. This suggests FRCs may promote the memory T cell pool after moDC stimulation.

The addition of mature DCs resulted in a significant increase in the number of T cells in the non-en-
riched LN models (Fig. 6A). T cellnumbers in FRC-enriched LN models were unchanged, indicating
a clear restrictive effect of FRCs on T cell proliferation with no variation throughout T cell subsets
(Fig. 6B). Addition of mature DCs showed a further upregulation of Ki67 and HLA-DR independent of
FRC enrichment (Fig. 6C). Upregulation of CD69, responsible for lymphocyte retention within lymph
nodes*, was selectively observed only in FRC-enriched LN models (Fig. 6C). IL-2 significantly peaked
on day six in non-enriched LN models after mature DC inclusion, with slight donor variation across
the other analytes (Fig. 6D). Correlation plots unveiled that without the addition of FRCs, T_, cells
positively associated with all activation markers (Fig. 6E), indicating a more active response to mature
DC stimulation, not seen in the presence of FRCs. Yet again, only in the FRC-enriched LN models,
T ... cells were positively correlated with both central and effector memory T cells.

Given these results, native LN T cells retain the capacity to respond to specific T cell activation signals
in the LN modelin vitro, with the most intense response observed with stimuli derived from the mature
HLA-mismatched APCs. Therefore, this demonstration of cell-mediated immune functionality within a
physiological relevant in vitro human LN, and the enriched-FRC dampening effects on T cell numbers

and selective promotion of T

naive

and memory T cells, provides potential for future development into

assays that could study antigen-specific adaptive immune activities.
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Fig. 5 - Addition of allogenic moDCs results in further T cell activation. (A) Relative donor fold change in T cell
numbers after a six day co-culture with moDCs + FRCs in LN model, with no moDCs set to 1. (B) Relative fold change
per donor in number of CD4* and CD8" T cell subsets between LN models + FRCs with moDCs. (C) Expression of
proliferation (Ki67) and activation markers (CD25, CD69, HLA-DR) on T cells with + moDCs and + FRCs in LN model. (D)
Cytokine analysis of media from LN model at day three and six with + moDCs and = FRCs. Shapes represent different
donors and columns mean + SEM; n = 4 independent experiments. Ordinary two-way ANOVA (‘p < 0.05, “p < 0.01).
(E) Pearson correlation plots of T cell subsets, activation markers and cytokines = FRCs after moDC stimulation (‘p
<0.05, "p<0.01, "p<0.001).

128



Functional Human LN Model With Immune Cells Benefits From FRC Enrichment

>

T cell numbers B CD4* T cells CD8* T cells
mature DCs

o
-
°

a
@

w
@

»~
&

relative fold change to
unstimulated LN models
..

~

relative fold change to
unstimulated LN models

relative fold change to
unstimuiated LN models

[ 1

-FRCs +FRCs Tem  Tem Thave Terr
c Ki67 cD25 CD69
5 = o o1 I S
o =i i ‘. 3 il
",E, 24 T g 1 T T g »7 .
HH gitly “Jaa |
1 | = 104 b
o Jemm [ ) _ =
Y * mature OCs. { + mature OCs. . « mature DCs
Day 3 IFNy TNFa L2
10000 50 200 =3 -FRCs
be00 - 500 = +FRCs
62004 T 34 .
i - « [ S I
2000, | 194 ] T
mﬁ] s ml] = [l ﬂ
+ mature DCs. - + mature DCs . + mature OCs.
Day 6
5200 254 0 %
4200+ b 15 -
£ 3200 = = 154 - - 4
2 ol . \ | B -
1000 [[] I | s

- FRCs

g
@
@
°
025

s
£
&
i

Day 3 IFNy
Day 3 ThFa ...
Day3i-2 ...

Day 61FNy .. ¢ ‘.

Day 6 Thea .. ..
20

Day 61L-2

00020200 0°000.
0000200000200
00020000 020 ..

(] .. Day 61FNy
i) . Day 6 TNFa

200 -
. Day 6 12

o8 08 B4 A2 0 02 04 o6 o0n 1 L8 DE L4 42 0 02 o4 05 02 1

Fig. 6 - Addition of allogenic mature DCs further enhances T cell activation. (A) Relative donor fold change in T
cell numbers after a six day co-culture with mature DCs = FRCs in LN model, with no mature DCs set to 1. (B) Relative
fold change per donor in number of CD4" and CD8* T cell subsets between LN models = FRCs with mature DCs. (C)
Expression of proliferation (Ki67) and activation markers (CD25, CD69, HLA-DR) on T cells with + mature DCs and =
FRCs in LN model. (D) Cytokine analysis of media from LN model at day three and six with + mature DCs and = FRCs.
Shapes represent different donors and columns mean = SEM; n = 3 independent experiments. Ordinary two-way
ANOVA ('p <0.05, “p < 0.01). (E) Pearson correlation plots of T cell subsets, activation markers and cytokines + FRCs
after mature DC stimulation (p < 0.05, "p <0.01, “p <0.001).

129



Chapter 5

Discussion

Although FRCs have been shown to have a vital role in directing immune activity in human LNs'?,
current LN models that study immune events have yet to address or emphasise theirimportance. In
this study, we thus aimed to develop and characterise a functional 3D immunocompetent human LN
in vitro and explored the effects of enriching the models with ex vivo cultured FRCs. Our work expanded
upon the first generation of a LN model, using only FRCs and DCs that was developed by us®, which
laid the foundations of the in vitro organotypic human LN presented in this manuscript. Here, we show
that all relevant native LN immune cells are found back in the LN model after seven days of culture.
Furthermore, enrichment with FRCs promoted a homeostatic LN environment with the presence of
both T- and B-lymphocytes, especially B cells, while creating an environment during activation in
which memory T cells positively correlate with the presence of naive T cells. The LN model allowed
for T cell activation by APCs, where enrichment of FRCs had a suppressive effect in this process.

In order to decide on the extent of FRC-enrichmentinto LN models, we settled on 1% of the total cell
number per LN model, which is just over twice the number of FRCs found within native LN tissue®.
This was to ensure that a sufficient cell number was included to study FRC influence on immune
cells, while also maintaining a cellular composition close to the physiological ratio. Increasing per-
centages of FRCs in the LN model was investigated, but this resulted in hydrogel contraction (data
not shown), a phenomenon previously described for human FRCs?®', which hinders downstream
analysis due to the limited material availability. Furthermore, an increase of FRCs was observed in
the collagen-based hydrogel, and therefore we avoided culturing for longer than one week to limit
FRC overgrowth and the risk of hydrogel contraction.

Since our aim was to determine the effects of FRC incorporation into human LN models, it was useful
to understand the type of cellular material available in order to generate a model that closely represents
the physiological situation. It is well documented that FRCs are a heterogenous pool of fibroblasts
that have a unique profile and function corresponding to their anatomical region in LNs'™. The ex vivo
cultured FRCs used for enriching the LN models in this current study were previously characterised
by our group. This revealed homogeneity amongst donors of multiple FRC subsets exhibiting PDPN*,
CD90", CD146" and BST1* phenotypes®, as well as GREMT mRNA®*, the DC-supporting FRC subset
in human LNs*. This phenotypic profile mostly resembles FRCs found throughout the LN paracortex
where T cells and DCs reside. This previous characterisation of ex vivo cultured FRCs also did not
identify follicular DCs (FDCs), the B cell follicle-stroma, based on absent CD21" stromal cells.
Existence of FDCs have been reported to require interaction with B lymphocytes*, and therefore
FDCs or B cell area-like stromal cells may hypothetically exist in our LN model given the abundance
of viable B cells. Although if so, it is not clear whether this may arise from a differentiation of en-
riched FRCs towards B cell area stromal cells, outgrowth of FDCs from the LN cell suspensions or
the presence of marginal reticular cells (MRCs). MRCs are the FRCs found under the subcapsular
sinus reported to express BAFF“® and exist as a potential origin for FDC differentiation*®. Therefore,
while out of scope of this present study, the further characterisation of FRC subsets inside the LN

model would be of interest to next examine, providing circumvention of the challenges with panel
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design against FRC autofluorescence®. This will allow elucidation of whether specific FRC subsets
become enriched as a result of native LN immune cell crosstalk within a 3D environment, which
would otherwise be absent in ex vivo cultures. With the flexibility of this LN model, addition of FRC
subsets from LN tissue, or genetically altered FRCs, can result in a versatile approach to study in
depth their contribution to immune cell activity.

In line with this, B cell-related factors, namely APRIL, BAFF, CXCL13 and IL-6, were more concen-
trated in FRC-enriched LN models. These factors are known to be stromal-derived’, but can also be
secreted by myeloid cells which were present in low abundance within the LN models, regardless
of FRC enrichment. Likewise, migratory chemokines MCP-1, CXCL12 and CCL19 are secreted by
stromal cells, with the latter two elevated in FRC-enriched LN models. Inflammatory mediators IL-4,
IL-8 and IL-10 were also present, which can originate from multiple immune cells of myeloid- and
lymphocyte-descent, with IL-10 also acting as a B cell survival agent and higher in FRC-enriched LN
models. All of these factors are relevant for optimal and efficient LN activity, but still it was not possible
to identify other LN-relevant immune factors like IL-7 and CCL21 in our LN model. Itis unclear whether
the inability to detect soluble factors is due to consumption by cells in the hydrogel, trapping of the
factors within the hydrogel of the LN model, or not produced at all. Recent advancements in tissue
engineering technology can enable us to overcome and elucidate these quantification disputes to
sample in situ the local microenvironment?.

Not only is understanding FRC characteristics relevant for LN models, such organotypic model devel-
opment requires proof-of-concept studies which in our case reflects a degree of LN functionality. As
such, to evaluate the functionality of the LN model, the capacity of T cell stimulation was investigated.
This mimicked the first step of a cell-mediated adaptive immune response in LNs, where DCs arrive
bearing a foreign peripheral antigen to interact and activate T cells, a process facilitated by FRCs*'
and resulting in production of immune cells derived factors IL-2, TNFa and IFNy. The LN models with
enriched FRCs demonstrated a restriction on the total numbers of T cells, which is a hallmark of
both mouse*®**" and human FRCs’. Knoblich et al., identified four different molecular mechanisms
used by FRCs to block T cell proliferation, making use of sliced tonsil tissue or two-dimensional
(2D) HLA-mismatched FRC-T cell co-cultures, stimulated over a 24-96 hour period. Our findings
were similar to Knoblich, as with our LN model we could also demonstrate FRC-dampening of T cell
expansion after stimulation. This held true for the allogenic responses, particularly with mature DCs
expressing the highest co-stimulatory molecules and most representative to the native LN response,
but FRCs still allowed the eliciting of T cell functions after stimulation, like cytokine secretion. While
donor variation is likely explained by the different degrees of biological HLA-mismatch, our correla-
tion analysis further helped highlight the potential FRC-modulation of T cell activity. It’s remarkable

that in all three activation schemes, a positive correlation between T . and T, was seen in the

naive

FRC-enriched cultures, while additionally also seen between T . and T, in two of the three stimuli.

This suggests that FRCs could be promoting memory T cell formation. Other correlation patterns
showing FRC involvement in T cell dynamics, such as the potential relationship between CD25 and
IL-2 signalling®, could warrant further investigation to decipher mechanistic understanding of FRC

behaviour behind cell mediated immunity in LNs.
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The potential of this functional FRC-enriched LN model has early promise for true recapitulation of
human LN biology given the immune cells and molecular signals present, as well as a capacity for
T cell functionality. The enriched FRC-regulation of T cell activity may not be ideal when prompting
immune activity, but could be practical to use as a system when trying to overcome this FRC sup-
pression for e.g., targeting FRCs therapeutically to improve immunotherapies. Similarly, this model
can be incorporated into humoral immune studies, especially given that FRCs supported B cells in
our model. Lymphoid organ models of humoral immunity have been widely characterised already in
response to vaccination dynamics and donor characteristics?*?>%%, but this has yet to be achieved
with native LN material, LNSCs and a 3D environment which is valuable given they contain the nec-
essary tissue-specific properties. Numerous other applications can make use of FRC-enriched LN
models, such as investigating tolerogenic responses in autoimmunity', FRCs-influence in anti-tumour
immunity®* and organ-specific immune responses from LNSC imprinting®®.

Ultimately, there are still outstanding factors required for closer representation to the dynamic in
vitro LN-like microenvironment. This includes core physiological parameters like flow, shear stress,
mechanical forces, and nutrient gradients. These principles are lacking in our static LN model and
it therefore would be appealing to incorporate the LN model into microfluidic organ-on-chip (OoC)
devices'”®5. This could augment key events related to optimal LN functioning, such as immune cell
clustering and production of soluble factors, like IL-7 and CCL21 that were not present in our LN
model and need fluid flow for detection®”. Complimentary, this LN model was developed using a
hydrogel that allows flexible implementation into multi-OoC devices, presenting the ability to link the
LN model with other organ models, such as the skin or intestine. This can simulate lymphatic organ
drainage, immune cell trafficking and metabolite diffusion, which are all necessary components of
human immunology. In time, such multi-OoCs will provide us with the opportunity to truly create the
systemic bridge from the innate to the adaptive immune response in vitro.

Current limitations of our LN modelinclude a biological donor heterogeneity ofimmune cells, as well
as lower cell density compared to what is found in the native LN. Our LN model cell density is around
50 times less dense than a recently reported lymphoid organ model with PBMCs in a 3D hydrogel, in
which compact lymphocyte clusters could be observed?. The source of our tissue materialis a limiting
factor for scaling up the cell density, and it remains to be determined if efficient nutrients and oxygen
can be supplied to allimmune cells in such a high cell-concentrated LN model. Future improvements
could be made with the use of donor matched PBMCs to increase the pool of naive lymphocytes. This
in turn could allow the assessment of antigen-specific autologous responses in different donors. This
may include e.g. vaccination, immunotherapy testing or detection of antigen-specific lymphocytes.
Future technical modifications can also be attempted to manipulate the extracellular matrix (ECM)
environment, either by integrating other ECM proteins to be more physiological®® or by using a syn-
thetic-based scaffold to reduce contraction?. This could allow longer culture periods, especially to
study adaptive immune response kinetics, and potentially enhance the cellular organisation of the LN
model. Likewise, use of an open or porous ECM/synthetic scaffold may help bypass the challenges with
in situ sampling of the model" s local microenvironment, as alluded to above. With such alterations,

care must still be taken to ensure that physiological properties of the LN environment are preserved.

132



Functional Human LN Model With Immune Cells Benefits From FRC Enrichment

In summary, the LN is an integral part of human immunology, and with such an organotypic 3D LN
model containing FRCs that increased the physiological recapitulation of the LN microenvironment,

there is now a system that can be manipulated further to study immune responses.
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Fig. S1 - Characterisation of LN model + FRCs. (A) Average donor fold change in number of T cells (CD3"), B cells
(CD19+CD20%) and myeloid cells (sum of CD11¢c* and CD14") in native LN tissue and LN models with FRCs (+FRCs).
n =25 independent experiments. (B) Representative 3D image of a non-enriched LN model; Z-slice from a 200 um
thick Z-stack, with DAPI nuclei (blue), CD45 (red) and vimentin (white) staining. Scale bar is 200 pm. (C) Represent-
ative contour plot gating strategy for effector (T_., CD62L"°CD45R0O), naive (T_ ., CD62L"'CD45R0O"), central memory

EFP

(Tey» CDB2L"CD45R0O") and effector memory (T, CD62L-CD45R0O") phenotype within the CD3" gated T cells. (D)

Representative contour plot gating strategy for DN (CD27°1gD"), naive (CD271gD+), US memory (CD27+IgD®) and
memory (CD27*1gD’) B cells.
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Fig. S2 - Correlation plots of LN model secretome * FRCs with immune cell subsets. (A) T cell and (B) B cell
subsets from figure 1 and 2 correlated with figure 3 chemokines and cytokines. Legend maps negative correlation (-1)
to positive correlation (+1). (*p <0.05, **p <0.01, ***p < 0.001).
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Fig. S3 - Phenotype of co-stimulatory molecules on antigen presenting cells used in T cell stimulation of LN
models. (A) Representative FACS plot of CD45" native LN cell suspensions with the percentage of HLA-DR* and CD86*
cells. Contour coloured plots overlay n = 3 donors. (B) FACS plot of CD11¢c* moDC phenotype for CD80, HLA-DR and
CD86 (red) levels. (C) FACS plot of CD11c¢* mature DC phenotype for CD80, HLA-DR and CD86 (red) levels.

Table S1 Human lymph node donor characteristics. F: Female, M: Male, DBD: Donation after

Brain Death, DCD: Donation after Circulatory Death, PSC: Primary sclerosing cholangitis.

# Donor  Sex Age HLA-type Symbol
] DBD F 16 A1A19A32 B15 B62 B16 B39 Bw6 Cw3 Cw9 Cw12 DR5 DR5DR11 ¢
DR12 DR52 DQ3 DQ3 DQ7 DQ7
5 DBD F 59 A3 A28 A68 B12 B44 B70 B72 Bw4 Bw6 Cw2 Cw5 DR3DR17DR4 M
DR52 DR53 DQ2 DQ3 DQ7 DQA-03 DQA-05 DP-0401 DPA-01
3 BeD E 6 A1A11B17 B57 B35 Bw4 Bw6 Cw4 Cw6 DR1 DR7 DQ1DQ5DQ3 O
DQ9 DQA-01 DQA-02 DP-0201 DPA-01
4 BeD M 50 A1A19A33 B14 B65 B40 B61 Bw6 Cw2 Cw8 DR3DR17DR6 DR13 @
DR52 DQ1 DQ6 DQ2 DQA-01 DQA-05 DP-0201 DP-10 DPA-01 DPA-02
A2, AB8 (28), Bw4, Bw6, B7, B53, Cw4, Cw7, DP-0401, DR52, A
5 DBD F 68 DPA-01, DQ6
(1), DQ4, DQA-01, DQA-04, DR13 (6), DR8
A1, A2, Bw4, Bws, B57 (17), B60 (40), Cw10 (3), Cw7, DP-03, v
6 DCD F 53 DP-0401,
DR51, DPA-01, DQ6 (1), DQA-01, DR15 (2)
5 Patient: 51 A1 B8 C7 DRB1 3 DRB3 DQB1 2 A
PSC
A2 A3 B7 B12 B44 Bw4 Bw6 Cw5 Cw7 DR2 DR15 DR4 DR51 d
8 DCD M 16 DR53 DQ1DQ6

DQ3 DQ7
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Chapter 6

Abstract

To study systemic human innate and adaptive immune responses in detail, competent in vitro lymph
node (LN) models with LN stromal cells (LNSCs) are required to recapitulate the physiological mi-
croenvironment. The multicellular organisation of LNs possesses a challenge for designing such
microphysiological systems (MPS), particularly with the structural complexity of LNs and the lym-
phatic vasculature. Here, we established an organotypic LN model with integrated lymphatics in an
organ-on-chip (OoC) platform containing a printed sacrificial structure, and studied the influence
of a perfused lymphatic endothelial cell (LEC)-lined channel on the LN-on-chip microenvironment.
Upon one-week of culture under lymphatic flow, LECs lined the tubular structure forming a lymphatic
vessel through the LN model, and stable metabolic conditions within the LN-on-chip were confirmed.
Interestingly, LECs in the LN-on-chip displayed the phenotype found in human LNs with upregulation
of LEC-specific LN markers, such as atypical chemokine receptor 4 (ACKR4). The presence of the
LEC-lined perfused vessel in the LN-on-chip resulted in the increase of native immune cells, most
notably B cells, and the secretion of survival and migratory signals, namely interleukin-7 (IL-7) and CC
motif chemokine ligand 21 (CCL21). Likewise, LECs promoted the abundance of immune cell clusters
closertothevessel. As such, these features represent an enhanced physiological microenvironment
to allow forimmune cell migration and interactions for efficient LN functioning. This approach paves
the way for LN integration into multi-OoC (MOC) platforms to investigate immunological crosstalk

between tissue-derived factors, immune cell trafficking and organ-specific adaptive immune responses.
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Introduction

Lymph nodes (LNs) play an integral part in systemic immunology. Their localisation throughout the
human body is tailored towards the efficient drainage of interstitial fluid from all tissues and organs,
allowing the screening of pathogens, removal of toxins and the migration of cells to initiate the adap-
tive immune response. Such immune responses occur due to the highly dynamic and architectural
structure of the multicellular LN microenvironment. This organisation is regulated by LN stromal
cells (LNSCs) from non-hematopoietic origin'. Fibroblastic reticular cells (FRCs), a type of LNSC
from the mesenchymallineage, create the three-dimensional (3D) structural network throughout the
LN? and promote crosstalk between dendritic cells (DCs), T cells and B cells for immune activity®.
In addition to FRCs, the non-mesenchymal LNSCs are composed of endothelial cells (ECs), either
blood ECs (BECs) or lymphatic ECs (LECs), with both cell types lining their respective vessels to
regulate immune cell migration to and from the LN".

Upon inflammation in peripheral tissues and organs, antigen-induced activation of antigen presenting
cells (APCs) can occur, resulting in their migration into the lymphatic vasculature. These are typi-
cally DCs, and once activated they upregulate C-C chemokine receptor type 7 (CCR7) to undergo
chemotaxis along the afferent lymphatic vasculature into the LN, following a chemotactic gradient
of LEC-secreted CC motif chemokine ligand 21 (CCL21) . LECs establish this CCL21 gradient by
expressing atypical chemokine receptor 4 (ACKR4) to scavenge CCL21 ®, thereby guiding DCs through
the afferent lymphatics and facilitating their arrivalinto the LN subcapsular sinus (SCS) ©. Here, DCs
enter the LN parenchyma by undergoing transendothelial migration’, facilitated by additional che-
motactic cues?, including CCL19; the second ligand of CCR7°°.

The LECs of the LN are heterogenous and populate intertwined networks of sinus channels across
the LN parenchyma. Six subsets of human LECs have been identified based on anatomical location’®,
displaying unique cellular signatures compared to peripheral LECs'""2. These include ACKR4* SCS
ceiling LECs, TNF receptor superfamily member 9* (TNFSRF9*) SCS floor LECs, and macrophage
receptor with collagenous structure* (MARCO®) medullary LECs. Furthermore, distinct functional
properties of LECs have been uncovered in mice, such as producing survival and proliferation signals'®,
trapping and filtering lymph-borne molecules™, and exhibiting antigen-presenting capabilities’'®.
Therefore, LECs of the LN are essential for promoting the adaptive immune response.

To study the LN in health and disease, and recapitulate such an immunological cascade of events
for an adaptive immune response in vitro, a biological system is required that can reflect the physio-
logical LN environment. Therefore, recentinterest has been made in developing LN models to study
in vitro immunity. Such models are microphysiological systems (MPS), which have been developed
in response to the need for better human models for drug testing, disease modelling and basic
understanding of organ physiology'”'®. LN models have currently demonstrated robust humoral
immunity from vaccine and cancer therapy applications'?%2" put are suboptimal based on lack of
LNSC inclusion. LNSCs have shown their value in 3D LN models?*?*?4, yet these static models lack
key physiological elements like flow, which can induce specific cytokine and chemokine expression?.
In this context, recent advances in the Organ-on-chip (OoC) field become apparent, particularly for

using microfluidic devices to model human immunology?®. LN-on-chips have shown early promise
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with studying responses to vaccination using peripheral blood mononuclear cells (PBMCs)?+?® and
tonsil-derived cells?, stromal-regulated immune cell migration®3' and cell-cell interactions®*®,
However, LN-on-chip models that use native LN-derived cells and integrate lymphatic vasculature
are currently non-existent.

To resemble the human LN function and architecture more closely, we have previously developed
a static LN model with native immune cells and enriched with FRCs?. In this study, we take this LN
model one step further and incorporated a perfused LEC-lined lymphatic vessel through the LN model
using the TissUse’s HUMIMIC Chip2 OoC device, modified with a sacrificial structure®t. The influence
of LECs and flow on the LN microenvironment was characterised over a one-week culture period. In
contrastto a LN-on-chip without lymphatics, the LN-on-chip with integrated LECs showed increased
lymphocytes, survival and migratory factors, as well as an abundance of immune cell clusters, which
are all hallmarks of an optimal LN-like microenvironment. As such, this LN-on-chip demonstrates a

degree of immunocompetency previously unobserved in static LN models.

Material and methods

Human tissue collection

Human LNs were obtained during liver transplant procedures of cadaveric donors at the Erasmus
MC, Rotterdam, The Netherlands, in accordance with the Medisch Ethische Toetsings Commissie
(METC) of Erasmus MC (MEC-2014-060). The use of biopsies for research purposes follows the
ethical Helsinki Declaration of 1975 standards. All patients (liver transplant recipients) gave written
informed consent to use their donor tissue. LNs were resected along the hepatic artery and portal
vein in the porta hepatis. LNs were transported in Belzer UW Cold Storage Solution (Bridge to Life

Ltd., London, England, UK) and processed within 72 hours of surgery. Donor details are in Table S1

Enzymatic digestion of human lymph nodes

Immune cells and LECs were isolated from human LN-tissue by enzymatic digestion, as previously
described®. Briefly, 4 x 10-minute digestion cycles of LNs in an enzyme mixture containing RPMI-1640
with 2.4 mg/ml Dispase Il, 0.6 mg/ml Collagenase P and 0.3 mg/ml DNase | (all from Sigma-Aldrich, St.
Louis, MO, USA) was performed. Ice cold phosphate-buffered saline (PBS), supplemented with 2% foetal
calf serum (FCS) (HyClone; GE Healthcare, Chicago, IL, USA) and 5 mM ethylenediaminetetraacetic
acid (EDTA), was used to stop digestion and wash the isolated cells at 300 G centrifugation for 4 mins
at4°C. Cell pellet was re-suspended in T mlof DMEM (Gibco, Grand Island, NY, USA) with 10% FCS,
strained through a 100 uM filter, and counted. The LN cell suspensions were either cryopreserved
or cultured as described below.

Culture of primary lymphatic endothelial cells

LN cell suspensions were seeded at a density of 1.25x 108 cell suspension per cm? on culture flasks,

coated with 2 pg/cm?gelatin (Sigma-Aldrich). For selective LEC outgrowth, culture media comprised
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of Endothelial Cell Growth Medium MV2 (MV2; PromoCell, Heidelberg, Germany) with 10% FSC and
1% Penicillin/Streptomycin/Glutamine (PSG). After three days, lymphocytes were washed away with
PBS, and upon confluence, cells were passaged and harvested with 0.5% Trypsin + 5 mM EDTA. LECs

were used up to passage 4 for all individual experiments.

Microfluidic device

In this study, we made use of the HUMIMIC Chip2 24-well (TissUse, Berlin, Germany) with a printed
sacrificial structure (single or bifurcated print) within the larger 14 mm diameter culture compartment
(further referred to as the LN compartment) and aligned with the on-chip microcirculation (Figure 1B).
The manufacturing details, characterisation of flow parameters and method of endothelialisation
have been described previously for this chip®. Flow was applied during the experimental culture
period in a counterclockwise circulation using a HUMIMIC Starter (TissUse) control unit, set at a 30

bpm frequency with = 50 mbar to simulate lymphatic flow®*=®,

Construction of LN-on-chip model

The 3D LN model was constructed, as previously described?, directly into the HUMIMIC Chip2’s LN
compartment (Figure 1A). This was performed by mixing human LN cell suspensions with a hydrogel
composed of rat-tail collagen type | (3 mg/ml end concentration) in Hank’s Balanced Salt Solution
(HBSS without Ca and Mg, Gibco) and fibrinogen from human plasma (1 mg/ml end concentration;
Enzyme research laboratories, cat no: FIB 1, South Bend, IN, USA). LN cell suspensions were ad-
justed to a concentration of 10 x 106 cells per ml of hydrogel, with a final hydrogel volume at either
300 or 350 pl. Thrombin (0.5 U/ml; Merck KGaA, Darmstadt, Germany) and aprotinin (50 KIU/ml;
SERVA, Heidelberg, Germany) were added to the hydrogel for fibrinogen polymerisation and to prevent
shrinkage respectively. Hydrogels were polymerised inside chips at 37 °C and 5% CO, for 30 mins,
after which the sacrificial structure dissolved to leave a hollow channel. Complete MV2 medium was
added to the vascular compartment (300 ul) and LN model medium, composed of RPMI-1640 with
HEPES and L-glutamine (Gibco), 10% FCS (HyClone; GE Healthcare), 2% PSG, 1% ITS (Gibco), 1X
non-essential amino acids (NEAA) (Gibco), 1X sodium pyruvate (Gibco) and 1X normocin (Invivogen,
Toulouse, France), was added to the hydrogel compartment (500 pl). Both media contained 50 KIU/
mlaprotinin (to reduce shrinkage). The chip was connected to the HUMIMIC Starter for an overnight
incubation at 37 °C and 5% CO, in flow (+ 500 mbar, 30 bpm) to remove remnants of the dissolved

sacrificial structure in the lumen.

Lymphatic endothelial cell seeding

The next day, remaining residuals of the printed sacrificial structure were removed by a medium
exchange of MV2 in the vascular compartment. LECs were then seeded at a total number of 5 x 10°
cells to the vascular compartment and flushed through the vessel under the LN model via pressure
differences applied with the compartment lids. Chips were incubated at 37 °C, 5% CO2 for 4 hours.
Afterincubation, the vascular compartment was washed with MV2 medium. Next, 300 pl of fresh MV2
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medium was added to the vascular compartment, and 500 pl of fresh LN model medium on top of
the hydrogel, with 50 KIU/mlaprotinin (to reduce shrinkage) supplemented to both media from here
onwards. LN-on-chip models without LEC endothelialisation followed the same procedure. Chips
were then cultured under flow at 30 bpm = 50 mbar for a seven-day period. A full medium exchange
was performed on day 3 and 5 for both compartments, with each compartment supernatant stored
separately at 4 °C and -20 °C for future analysis (Figure 1C). At the end of the culture period, medium
from the two compartments was collected separately and the LN-on-chip was either fixed in situ
for 3D imaging, or the LN hydrogel was removed for enzymatic digestion. Enzymatic digestion to a
single cell suspension for analysis by flow cytometry was achieved using 0.2 mg/ml Collagenase P
and 0.1 mg/mlDNase | for 1 hour at 37°C, after which the reaction was stopped with PBS containing
2% FCS and 5 mM EDTA.

Metabolic analysis

Levels of glucose, lactate, and lactate dehydrogenase (LDH) activity were analysed from chip super-
natants onday 3, 5and 7. This was performed using a Glucose Colorimetric Detection Kit (EIAGLUC,
Thermo Fisher), Lactate Assay Kit (MAK064, Sigma-Aldrich) and Cytotoxicity Detection Kit PLUS (LDH)
(04744934001, Roche, Basel, Switzerland), according to the manufacturer’s instructions. MV2 and

LN model medium were used as background controls in each analysis.

Flow Cytometry

Cell suspensions were stained in a 96-well U bottom plate at 4 °C for flow cytometric analysis. Cells
were first washed with FACS buffer containing PBS, 0.1% bovine serum albumin (BSA) and 0.05%
NaN,, and stained with a fixable viability dye (eFluor™ 780; Invitrogen; #65-0865-14) for 10 mins at 4

°C. Fc-receptor blocking was performed using 10% normal human serum, and cells were then incu-
bated with directly labelled antibodies. Post-staining, cells were washed two times with FACS buffer
and fixed with 2% paraformaldehyde (PFA) (VWR, Radnor, PA, USA) for 10 mins at room temperature
(RT). An overview of all antibodies used can be found in Table 1. Samples and single stains on beads
were acquired on Aurora 5-laser Flow Cytometer (Cytek; Fremont, CA, USA). Autofluorescence (AF)
correction of cells was performed as previously described®. Data analysis was conducted using
OMIQ (Boston, MA, USA).

Table 1 Overview of antibodies. FACS: Flow cytometry, IHC: Immunohistochemistry
Antigen Label Clone Catalog Assay
ACKR4 BV650 13E11 BD biosciences; 747804 FACS
CD3 PE-Dazzle594 SK7 Biolegend; 344844 FACS
CD4 BUV563 SK3 BD biosciences; 612912 FACS
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CD8 cFluor V610 Cytek biosciences;
SK1 FACS
R7-20241
Cytek biosciences;
CD11c cFluor BYG710 Bu15 FACS
RC-00181
Cytek biosciences;
CD14 cFluor V450 M5E2 FACS
R7-20003
CD19 cFluor R685 Cytek biosciences;
HIB19 FACS
R7-20117
CD31 Alexa Fluor 488 WM59 Biolegend; 303109 FACS
Cytek biosciences;
CD45 cFluor V547 HI30 FACS
R7-20011
CD45 BV570 HI30 Biolegend; 304034 FACS
MARCO PE-Cy7 Invitrogen;
PLK-1 FACS
25-5447-42
TNFRSF9 PE D2z4Y Cell signalling; 95663 FACS
PDPN Alexa Fluor 647 NC-08 Biolegend; 337007 FACS
CD31 JC70A Dako; m0823 3D imaging/IHC
CD45 2B11+PD7/26  Dako; GA751 3D imaging
Vimentin Alexa Fluor 488 /647 091D3 Biolegend; 677809/677807 3D imaging
Goat anti-Mouse ThermofFisher; . .
Alexa Fluor 488 /647  Polyclonal 3D imaging
1gG1 A-21121/A-21240

Immuno-fluorescent and -histochemical staining

The LN-on-chip hydrogel and channels were fixed in the chips by directly adding 4% PFA in PBS
(Electron Microscopy Sciences, Hatfield, PA, USA) in PBS for 10 min under flow (+ 500 mbar, 30 bpm)
followed by 20 mins static at 37°C. Chips were then washed twice with PBS for 10 mins pumping at
RT (= 500 mbar, 30 bpm). Hydrogels were then preserved in PBS with 0.02% NaN, before antibody
staining or paraffin embedding. An overview of all antibodies used can be found in Table 1.

Forin situ immunofluorescent chip staining, chips were pre-treated with 0.2% Triton in PBS, followed
by incubation in the chip with an unconjugated antibody to both the vascular (100 pl) and LN (200 pl)
compartment, diluted in 0.2% Triton in PBS. Unconjugated antibodies used were anti-CD31 (clone
JC70A, Dako; m0823) and anti-CD45 (clone 2B11 + PD7/26, Dako; GA751). Staining was performed
under flow (= 500 mbar, 30 bpm) for 30 mins at RT to ensure complete antibody coverage throughout
the microfluidic circuit, then left overnight at 4 °C on a rocker to allow antibody diffusion through
the hydrogel. The next day, chips were washed twice with 0.2% Triton in PBS and incubated with a
secondary antibody conjugate at RT on a rocker for 2 hours. The secondary antibody conjugate used
was goat anti-mouse IgG1 (Alexa Fluor 488/647, polyclonal, ThermoFisher; A-21121/A-21240). Af-
terwards, a directly labelled antibody, anti-Vimentin (Alexa Fluor 488/647, clone 0O91D3, Biolegend;
677809/677807)was added to the chip for an overnight incubation at 4 °C on a rocker. Before image

acquisition, DAPI (Invitrogen) was added for 1 hour at RT, followed by two washing steps and storage at
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4°C untilanalysis. Chips were imaged by confocal microscopy using a Nikon AXR (Nikon, Tokyo, Japan).
For paraffin embedding, hydrogels were removed from the chip and subsequently dehydrated, embed-
ded in paraffin and cut at 5 pm sections forimmuno-histochemical (IHC) analysis. For CD31 staining,
sections were deparaffinised and immersed in 10 mM Tris/1T mM EDTA buffer (pH 9.0) for 15 mins
at 100°C for antigen retrieval, followed by slowly cooling to RT. Sections were then washed with PBS
and stained for 1 hour with anti-CD31 (clone JC70A, Dako; m0823). This was followed by incubation
with BrightVision plus Poly-HRP-Anti-Mouse/Rabbit/Rat IgG (Immunologic, VWR International B.V.,
Breda, the Netherlands) and 3-amino-9-ethylcarbazole (AEC, Sigma-Aldrich) substrate, concluded
with a hematoxylin counterstain. Sections were imaged using a Nikon Eclipse 80i microscope (Nikon,

Tokyo, Japan) with NIS Elements 4.13 software (Nikon).

Image analysis

Immunofluorescent 3D images were analysed using Imaris (v10.1.0; Oxford Instruments, Oxfordshire,
UK). Firstly, the vessel surface was rendered with machine learning segmentation (10 pm smoothness
detail) based on DAPI for models without a LEC vessel, and Vimentin for models with a LEC vessel.
Subsequently, spots were generated on DAPI'CD45" cells to identify immune cells (4.5 um approx-
imate diameter). A cell cluster was defined as one cell with nine cell neighbours within an average
distance of 20 pm between each cell. Then, the average distance of immune cells or clusters to the

vessel surface was calculated.

Cytokine/Chemokine analysis

Chip supernatants were collected separately from the vasculature and hydrogel compartment and
analysed for the presence of cytokines and chemokines. This was performed using either a cytokine
bead array (CBA; Custom LEGENDplex panel, BioLegend) or an enzyme-linked immunosorbent assay
(ELISA) for CCL21 (#ab193759, Abcam, Cambridge, UK), according to the manufacturer’s instruc-
tions. CBA acquisition was performed on AttuneNxT (Thermofisher, Waltham, MA, USA) and protein

concentrations were determined using the LEGENDplex Data Analysis Software Suite (BioLegend).

Statistical analysis

All data are presented as mean + standard error of the mean (SEM). The number of human LN do-
nors is described in each figure legend. Statistical analysis was conducted using GraphPad Prism 9
software version 9.5.1 (GraphPad Software Inc., La Jolla, CA). Statistical tests are indicated in figure

legends. Differences were significant when P < 0.05.
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Results
Development of metabolically stable LN-on-chip with integrated lymphatics

A schematic construction of the LN-on-chip with integrated lymphatics is illustrated in Figure 1.
Briefly, the LN hydrogel model?® was first cast into the LN compartment of the HUMIMIC Chip2,
after which the hollow channel of the sacrificial printed structure was seeded either with or without
donor-matched LECs. These two biological conditions allowed for studying the influence of LECs
onthe LN-on-chip microenvironment over seven days under flow. Conditioned media samples were

collected from both the circulating lymphatic vasculature and above the LN hydrogel.
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Fig. 1 - Generation of a vascularised lymph node model on-chip. (A) Procedure to isolate cells from a human
LN. After enzymatic digestion, the LN cell suspension was cryopreserved and donor-matched LECs amplified until
passage 6. Subsequently, the LN cell suspension was thawed, incorporated in a collagen/fibrin hydrogel, and added
to a chip platform. Mimicking lymphatics, LECs lined a perfused channel underneath the LN model to generate a vas-
cularised LN-on-chip. LN-on-chip models were compared with either an empty vessel or a vessel lined with LECs. (B)
Explosion view of the HUMIMIC Chip2 chip platform used in this study. In the LN compartment, a sacrificial structure
was incorporated to create a lymphatic channel containing LECs underneath the LN hydrogel. (C) Sampling in the
vascular compartment and the LN compartment allows to separate circulating medium in the vasculature and static
medium on top of the LN model. Created with BioRender.com
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Fig. 2 - LN-on-chip is viable and metabolically stable for 7 days with and without a LEC vessel. (A) Lactate
dehydrogenase (LDH), (B) Glucose (with initial levels from culture media indicated as dotted line), (C) Lactate con-
centrations in the culture medium, measured at day 3, 5 and 7 during the LN-on-chip culture period. Medium was
sampled either from the perfused vasculature (upper graphs) or on top of the LN model (lower graphs). Shapes represent
differentdonors as mean = SEM; n = 4 independent experiments, each performed with intra-experimental duplicates.
Significance indicated between = LEC vessel per day with ordinary two-way ANOVA (*p < 0.05, **p <0.01, **p <0.001).

To determine whether the LN-on-chip was viable and metabolically active, LDH, glucose and lactate
concentrations were measured in the supernatant from both compartments at day three, five and
seven of culture. A higher concentration of LDH was measured in both chip compartments at day
three in the LN-on-chips with a LEC vessel, which then decreased over the seven days in the vas-
culature (Figure 2A and S1A). Glucose consumption from the initial cell culture medium remained
similar for both conditions, with no clear changes over time (Figure 2B and S1B). More lactate was
secreted in the models with a LEC vessel compared to without, which was higher in the vasculature
compartment compared to the LN model (Figure 2C and S1C).

As such, these factors collectively showed that, within a one-week culture period under flow, a stable

metabolic profile of a LN-on-chip with an integrated LEC vessel was generated.

LECs in LN-on-chip physiologically represent LN lymphatics

Next, to determine whether the unique properties of LN LECs were recapitulated in the LN model,
morphology and phenotype of the LECs were characterised within the LN-on-chip. Upon confocal
imaging of the endothelialised LN models, a uniform adherence of LECs along the inner layer of the
vesselwalland avisibly distinct lumen structure was observed from CD31 and Vimentin staining (Fig-

ure 3Aand 3B). These LN-derived LECs have also been previously described to express VE-cadherin®
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tight junctions and permeable integrity when in a similar vessel-like setting®. The lumen structure
remained presentin vessels without LECs (Figure 3B and S2A), indicating vessel stability through the
LN modelregardless of LEC endothelialisation. The vessel width was slightly larger with LECs (453 pm
+ 76 um) compared to without LECs (348 um = 26 pm) (Figure 3C), with both mean measurements
deviating above and below the initial 420 um vessel width reported after printing®, respectively.
The phenotype of the LECs from the LN-on-chip model was further investigated after digestion of the
LN hydrogel to a single cell suspension using flow cytometry. Prior to LEC-endothelisation of LN-on-
chip model, an average purity of 95% LECs across donors from ex vivo cultures was confirmed based
on CD31 and podoplanin (PDPN) expression (Figure S2B). Within the LN-on-chip hydrogel model with
an integrated LEC vessel, CD31"PDPN* LECs were identified as constituting to approximately 2% of
the total viable cells (Figure 3D). In the absence of a LEC vessel, 0.5% of total cells in the hydrogel
were LECs, which is the physiological-like proportion within the native LN cell suspension®®.

To further characterise the LECs in the LN-on-chip model, we analysed the expression of specific
markers associated with distinct LEC subsets found in human LNs, i.e. MARCO, ACKR4 and TNFSRF9'.
Interestingly, compared to the LEC phenotype prior to endothelisation from ex vivo cultures, significantly
more LECs expressed ACKR4 and MARCO observed in both LN-on-chip models with and without a LEC
vessel (Figure 3E). Itis worth noting that the small number of LECs in the total cell suspension from
the LN model without a LEC vessel (0.5% in Figure 3D) had the highest expression of both markers.
To investigate whether expression of these LEC markers was due to flow and/or presence of immune
cells within the LN model, an empty hydrogel with a LEC vessel was generated to simulate a flow-only
condition. In the absence of the LN cell suspension, most LECs lost their CD31'PDPN"* phenotype
(Figure S2B), but those remaining as LECs still expressed higher ACKR4 compared to cultured LECs
(Figure 3E). No changes to TNFSRF9 expression were seen on LECs across all conditions.

In summary, these results highlight an intact LEC vesselin a LN model and demonstrate a more phys-
iological LEC phenotype on-chip, with characteristics resembling SCS ceiling and medullary LECs.

LECs preserve B cells within LN-on-chip

To determine the composition of the native immune cells within the LN-on-chip, and whether this was
influenced with the integration of a LEC vessel, general immune cell populations were phenotyped
by flow cytometry analysis (Figure S2C). Most immune cells in the LN-on-chip models were found to
be T- and B-lymphocytes, with a degree of donor heterogeneity (Figure 4A). T cells were comprised
of more CD4"than CD8* T cells (Figure 4B), and the percentage of myeloid cells was 1% and 0.5%
(-/+ vessel, respectively) of the overall immune cells. While the presence of the LEC vessel did not
significantly alter the composition of immune cells, it did significantly increase the total number of
immune cells after the seven-day culture (Figure 4C). This was most striking for the B cells, evidentfrom
the respective fold change increase compared to the same donors without a LEC vessel (Figure 4C).
Henceforth, this shows that immune cell populations, and especially B cells, increase in number
with the existence of a LEC-populated lymphatic vessel, indicating a successful generation of an

immunocompetent LN-on-chip model.
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LECs induce LN-relevant homeostatic factors within LN-on-chip

Since the ability ofimmune cell function in the LN requires LEC-secreted survival and migratory signals’,
cytokine and chemokine analysis of the LN-on-chip with and without a LEC vessel was performed at
day three, five and seven from both the vasculature and the LN model compartment. LN-on-chips
with a LEC vesselrevealed anincreased secretion of the survival cytokine IL-7 in both compartments
on day three and five in the LN model (Figure 5A). The total cumulative secretion of IL-7 throughout
the system across one-week was significantly higher in the LN model with a LEC vessel (Figure 5B).
Higher concentrations of CCL21 were found in the vasculature at day three within LN-on-chip with a
LEC vesselbut decreased over time. Total CCL21 secretion was higher in the vasculature with a LEC
vesselthan no LEC vessel. Interestingly, homeostatic LN-relevant factor CXC motif chemokine ligand
12 (CXCL12) was highest on day five in the LN model with a LEC vessel, and total CXCL12 secretion
was significantly more pronounced in the LN model with a LEC vessel compared to the vasculature

and the LN model compartment without a LEC vessel. The B cell chemoattractant CXCL13 was found
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at a higher concentration in the LN model compartment compared to the vasculature, but there was
no direct LEC-vessel influence.

This indicates that an integrated LEC vessel not only supports the production of survival and migra-
tory signals in a LN-on-chip, but also the establishes compartmentalised microenvironments of

lymphatics and LN, related to specific LN physiology.

LECs promote closer proximities of immune cell and cluster formation in LN-on-chip

LNs are structured to promote immune cell interactions, which is essential for optimal immune
responses®>“°. Therefore, the spatial distribution of immune cells in our LN-on-chip models around
the lymphatic vessel was investigated. Images were acquired around the middle of the LN model,
with a given field of view accounting for a fraction of the whole LN compartment. Here, many CD45*
immune cells were found distributed throughout the model (Figure 6A), irrespective of a present
LEC vessel (Figure S3A), with some immune cells observed in close vicinity to the lymphatic vessel
in certain areas. Quantification revealed that the total number of immune cells in the whole field of
view was indifferent between -/+ LEC vessel, yet the presence of a LEC vessel increased the total
number of immune cells within < 200 um proximity of the lymphatic vessel in all donors but one
(Figure 6B). Immune cells found grouped together were further defined as an immune cell cluster,
with the criteria for one immune cell to have nine neighbours within an average cell distance of 20
pm, that includes overlapping neighbours (Figure 6C, Figure S3B-D). The LN-on-chips with a LEC
vessel provoked a higher abundance of immune cells clusters in all donors, and resulted in shorter
distances of these clusters to the vessel surface in three out of four donors (Figure 6D).

Therefore, the addition of a LEC vessel seemed to benefit the organisation of the immune cells in

proximity to each other and towards the lymphatics, thus in position for optimal immune activity.

Discussion

The in vitro study of systemic immunology requires physiologically relevant human LN models that
contain LNSCs and recapitulate organ characteristics®. Here we used a commercially available
chip system, the HUMIMIC Chip2 24-well with a sacrificial structure from TissUse, to generate a
LN-on-chip model with integrated lymphatics. This was achieved by using donor-matched LECs
to endothelialise a hollow channel through a LN hydrogel containing a native LN cell suspension. A
one-week culture under flow displayed a stable metabolic profile, and LECs added to the LN-on-chip
exhibited morphological and phenotypical features that were representative of LN LECs. In addition,
LN-on-chip models with a LEC vessel provided the necessary components for LN functioning and
immune cellinteractions, such as compartmentalised migratory signals, survival factors and immune
cell clusters in closer proximity to the lymphatic vessel.

The integration of vascularised organ models is currently a major target within the MPS field*'. This
allows for the delivery of nutrients, homeostatic factors, metabolites and removal of waste products,

as well as mimicking processes such as cell trafficking, pharmacodynamics and tissue crosstalk®?43,
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Likewise, it can be used to investigate disease progression, such as tumour metastasis* and EC
biology under flow®*®4>4_Modelling vascularisation has been made possible through various mi-
crofabrication techniques, 3D-bioprinting, sacrificial moulds or by inducing cell self-organisation*’.
Regarding the function of the LN, numerous waterfall-like and blind-ended lymphatic channels are
intricated through the LN parenchyma to filter the incoming lymph”#8, which makes it difficult to
accurately model LN lymphatics in vitro®®. This complexity has hindered the development of immu-
nocompetent human LN models since currently they do not address the inclusion of primary LECs
and vasculature integration. Here, we began with mimicking lymphatic vasculature in a LN-on-chip
modelwith a LEC-populated channel. As such, even without applying any stimuli to induce immune
activity, our data provides evidence thatinclusion of a LEC-lined vesselin the LN-on-chip model has
a substantial effect on the LN microenvironment during homeostasis.

The organotypic LN model used in this study was comprised of a LN-derived cell suspension which
contained both native immune and non-immune cells, such as FRCs and LECs®. In contrast to other
studies which use PBMCs?"2¢, tonsils?**® or cell lines®**1*2% to model a LN-on-chip, we incorporated
the cell suspension of native LNs. The static culture of the organotypic LN model was characterised
previously by our group?, which revealed the benefit of further enrichment with autologous FRCs for
viability of lymphocyte subsets, and presence of survival and homeostatic factors. For this LN-on-chip
study, the LN model was not further enriched with extra FRCs due to their contractile properties in
hydrogel environments®°. This decision aimed to prevent remodelling or disruption of the lymphatic
vessel during the culture period, thus also limiting the culture length to one week. Henceforth, fu-
ture studies should be aimed at including cultured FRCs and preventing shrinkage through use of
other ECM-scaffolds?*°"%2, Nevertheless, even without FRC enrichment, native immune cells were
still observed to be present and maintained in a viable LN environment for the entire culture period,
supported by the presence of LECs.

The presence of the lymphatic vessel proved valuable for lymphocytes, particularly for B cells since
more cells were found in the hydrogel of the LN-on-chip. The high concentrations of B cell-related
factors CXCL12 and CXCL13 most likely account for the maintenance of B cells, which were also
originally found in our static LN models along with IL-6, a key B cell survival cytokine?. In parallel,
the detection of IL-7 in the LEC-populated LN-on-chips was an interesting finding given its previous
absence in our static LN models?. Both IL-7 and CCL21 are produced by LECs, but while CCL21
is highly enriched within the vasculature, the levels of IL-7 are comparable in both compartments.
While IL-7 is most commonly known for naive T cell survival®*®, it can also influence B cells during
LN organogenesis®, as well as their development®*and maturation®’. The addition of LECs resulted
in more CCL21 secreted into the system, with low levels of CCL21 found in the LN model which was
also previously absent in static cultures. Flow has been reported to induce CCL21 expression in
cultured FRCs?, yet it remains to be determined here if LEC secretion of CCL21 is enhanced by flow.
However, this would require testing in a different experimental set-up, asitis not feasible to maintain
the LN-on-chip under static conditions due to rapid stagnation of culture medium, which reduces
cellviability. Both IL-7 and CCL21 are crucial for optimal LN functioning in vivo, as knockout mouse

models of these factors demonstrated severe depletion of lymphocytes and immune malfunctioning
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under antigen challenge®®°°°. Furthermore, other LN-on-chip models lacking LECs failed to capture
presence of IL-7 and CCL21 in the system?®°%32, Therefore, the emergence of these factors associated
with the normal physiology of functional LNs, after the integration of a LEC vesselinto a LN-on-chip,
indicates an improved in vitro LN model to generate a supportive microenvironment for lymphocyte
survival and potential migration ability.

Additionally, LECs promoted the clustering of immune cells in close proximity to the lymphatic
vessel in the LN-on-chip, another physiological attribute for LN functioning®“. In the native LN,
naive lymphocytes routinely survey soluble antigens or incoming APCs from afferent lymphatics.
This requires numerous immune cell interactions for cognate antigen matching, so therefore the
increased abundance of immune clusters facilitates such interactions and thus antigen-specific
recognition by lymphocytes close to the lymphatic vessel. This is particularly relevant for in vitro model
functionality in future experiments, as cell density can enhance the likelihood of antigen-specific
immune responses®’. Similar lymphocyte clustering has been observed with PBMCs in LN-on-chips,
where flow was found to induce lymphocyte follicle formation and germinal centre characteristics
without immune activation?”?%, In our model, these immune cell clusters represent an early setting
necessary for immune communication and activation. Details of lymphocyte characterisation and
uncovering the mechanisms behind cluster formation, such as investigating chemoattractant-rich
zones or lymphatic vessel hotspots of transendothelial migration®*%, could be investigated further
with longer culture periods.

The LECs in the LN-on-chip model displayed similar characteristics to LN lymphatics by retaining
their CD31"PDPN* phenotype and upregulating specific LN subset markers, such as ACKR4 for SCS
ceiling LECs and MARCO for medullary LECs™. Since ACKR4 acts as a decoy receptor for CCL21
in the SCS ceiling LECs, its action is to generate a CCL21 gradient over the floor LECs, allowing DC
entry into the LN parenchyma®®. The function of MARCO* LECs in the LN medullary region are yet
to be elucidated, but since MARCO recognises a plethora of ligands, it is hypothesised to crosstalk
with macrophages for neutrophil recruitment'. It is unclear whether all the identified LEC subsets
are present after enzymatic digestion of the LN tissue, but it was remarkable that the LECs regained
LN-specific subset specifications when introduced in a LN-like microenvironmental setting. After
culturing an endothelialised empty hydrogel-on-chip, in place of the LN model, most LECs lost their
CD31*PDPN* phenotype, indicating a possible mutual crosstalk between both stromal and hema-
topoietic cell types. In the absence of the LN model, flow alone could induce ACKR4 expression on
LECs, which has been previously reported® . However, this may suggest thatimmune cell presence
is additionally required for upregulation of MARCO, as medullary LECs are located in a region that is
naturally rich inimmune cells. Investigation into LEC culturing techniques may allow a future tailored
approach to include specific LEC subsets into the LN-on-chip.

The choice in using the HUMIMIC Chip2 system to develop the LN-on-chip was due to the flexible
ability to integrate a hydrogel-based organotypic modelincorporating a customisable sacrificial printed
structure®. In addition, the platform is versatile for use as a MOC, allowing medium to recirculate in a
closed loop. This resulted in compartmentalised microenvironments, separating the circulating vas-

culature media and the media above the LN hydrogel. The measurements of biomarkers associated
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with cellular health, such as glucose, lactate and LDH, are commonly used within the OoC field®®.
Detection of these markers across the culture period indicated the viability and metabolic activity of
cells within the chip. The LN-on-chip models with a LEC vessel had higher rates of LDH production,
glucose consumption and lactate secretion compared to absent LEC vessels, indicating greater met-
abolic activity or higher concentrations with a greater cell presence. Across the seven days, all values

decreased or plateaued between conditions, implying stable metabolic models.

A compartmentalised difference of soluble factors was also observed for cytokines and chemokines.
The addition of the LEC vessel to the LN-on-chip model resulted in IL-7 increase in both compartments,
CCL21 abundance in only the circulating vasculature compartment and more CXCL12 secretion

specific to the LN model compartment. Also, both with and without the LEC vessel, CXCL13 was

found exclusively in the LN model compartment. It is worth noting that with this method of extrinsic

sampling, itis unknown whether such factors are present in excess or absent due to cell consumption

or confinement within the hydrogel. However, advancements of new tissue engineering technologies

may allow the sampling of the hydrogel microenvironment in situ®’. Nonetheless, it is interesting that
such signalling molecules stay local to their physiological LN-microenvironment, e.g. CCL21 in the

vasculature and CXCL13 in the LN. Moreover, this becomes particularly relevant when connecting

a second organotypic model to the LN modelin a MOC. It would be valuable to explore the dynamic

evolutions of these soluble factors over longer culture periods between the different compartments.
As such, this LN-on-chip with integrated lymphatics offers a versatile platform that can be manipulated

for future experimental set-ups. One such example is the potential use of BECs instead of LECs to

simulate blood vasculature. More so, this could also be used for functional experiments, including

the migration of immune cells via the lymph or blood vasculature circuit to mimic incoming immune

celltrafficking, as well as delivering soluble antigens or vaccines/immunotherapies to generate a local

LN immune response. The current status of the LN-on-chip in terms of displaying a migratory-like LN

microenvironment would indicate suitability for such experiments. This in turn will also allow the op-
portunity to generate a MOC to recapitulate a lymph-draining organ in vitro®. Integration of other organ

models, such as skin and intestine, into a MOC with a LN modelwould allow the study of cross-organ

communication and possible mechanisms behind immune-related disease pathophysiology. For exam-
ple,immunocompetent models of healthy reconstructed human skin (RhS) are well-established within

0OoC systems®5°70_ Given the accurate representation of melanoma in RhS”", these models could be

implemented into a skin-draining LN-on-chip to study tumour metastasis and anti-tumour immunity.
There are certain limitations that exist with this present study. Firstly, this method is low-throughput with

scarce donor material, which would make it challenging to scale up for high-throughput experiments,
which is a benchmark for the OoC and MPS field. Additionally, the one-week OoC culture duration

falls short of the recommended 28-day period for translational research, based on the organisation for

economic co-operation and development (OECD) guidelines for animal tests’>7%. As earlier alluded

to, the nature of hydrogel contraction is a limiting factor for this and could be overcome by using other
ECM-scaffolds for the LN model. Also, some of the biological parameters are less physiological com-
pared to native tissue. For example, restrictions with vessel printing resolutions means the 450 um

average LEC vessel width is more comparable to the diameter of small veins and arteries’, well-above
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native lymphatic measurements’®. However, during an immune response, these diameters rapidly
change with LN swelling due to the influx of immune cells’.

In summary, this human LN-on-chip with integrated lymphatics highlights the benefits of including
LECs to generate a more physiological LN model. As such, this can be used and further advanced to

recapitulate systemic human immunology.
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Fig. S1 - Metabolic readouts of individual donors. (A) LDH secretion (B) Glucose concentration and (C) Lactate

secretion into culture supernatant of LN-on-chip cultures. Depicted are individual values for 4 different LN donors

in duplicates.
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CD31 and PDPN marker expression of different donors used before seeding into the chip., and after chip culture through
an empty hydrogel. (C) Representative gating strategy to identify different cells in LN model, where CD31*PDPN* LECs
are selected for further phenotyping (blue line), and CD31 PDPN" cells are selected forimmune cell gating (black line).
(D) Representative histogram overlap of LEC phenotype for ACKR4, MARCO and TNFSRF9 across pre-seeding cultured
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Fig. S3 - LN-on-chip renderings at day 7. (A) 3D projection of LN-on-chip without lymphatic vessel. (B). 3D recon-
struction of the LN-on-chip with lymphatic vessel stained with DAPI (blue), vimentin (green and CD45 (red)). (C). Vessel
surface rendering (green) based on vimentin. (D) Immune cell rendering (grey) of DAPI*CD45" cells. (E) Immune cells
clusters rendered (red) based on the following criteria: 9 closest neighbours within an average distance of 0-20 pm.
Scale bars: 200 pm.
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Chapter 7

In humans, lymph nodes (LNs) are integrated within the lymphatic system for drainage and filtration
of interstitial fluid from all tissues and organs. As such, this allows the removal of toxic and waste
metabolites, including the detection of pathogenic material and activated immune cells bearing for-
eign antigens. The highly dense lymphocyte environment within LNs, compartmentalised into distinct
regions, allows for efficient adaptive immune reactions to occur, facilitated by the LN stromal cells
(LNSCs). This central hub for immune cell priming and specific memory responses makes the LN
an integral part of systemic immunology in both health and disease. Therefore, LNs are an important
organ to model in vitro for understanding the mechanisms behind immune functionality, including
testing new drug therapies, vaccine responses, tissue-specific immune responses and uncovering
potential novel disease pathophysiology.

Together, scientists in the tissue engineering and microphysiological systems (MPS) field strive for
replacement of animal models with physiologically relevant human models’2. The immune system
remains a core discipline of this progress. However, the current advancements of human LN mod-
els over the last decade are still in their early infancy. Due to the diverse multicellular environment,
intricate design and plethora of immune events emanating from LNs, it can be appropriate to apply
the rhetorical question - “How simplistically complex should an organ model be?”. Interestingly
enough, there is a subjective paradoxical answer —“lt depends!”. The spectrum of human LN models
can range from two cell co-cultures® up to models mimicking isolated LN regions like B cell follicles*
or the subcapsular sinus (SCS)®, and then even branching further into fully immunocompetent or-
ganoid-like LN environments®. Nevertheless, a desired criterium for setting up organ models in vitro
is to have a system with the representative cell types and structures within a dynamic environment.
Henceforth, this can then require the application of microfluidic organ-on-chip (OoC) devices, which
have been summarised in Chapter 2 for modelling the human immune system, aptly opening this
thesis to the ultimate goal of in vitro immunity.

Hereto, this thesis aimed to construct a physiological human LN in vitro, with a focus on incorporating
LNSCs as the foundation for a properly functioning LN. The work has been developed to investigate
the contribution of LNSCs, particularly fibroblastic reticular cells (FRCs), to LN functioning and for
incorporation into OoC microfluidic devices as a platform for multi-OoC (MOC). Accordingly, the

work of this thesis can be split into three main objectives:

Goals

1. Isolate, culture and characterise mesenchymal stromal cells from human LN tissue,
2. Develop a functional three-dimensional (3D) LN model with integrated LNSCs,

3. Bring the LN modelinto an OoC environment.

With the use of LNSCs as a foundation for developing the LN model, there remains a number of
outstanding points of discussion that are a prevalent theme across all research chapters in this
thesis. These topics are examined below and include the material used for the LN models, such
as the relevant cell types and 3D environments, as well as the depth of LN functionality that can

recapitulate physiological immune activity.
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LNSC heterogeneity for LN models

LNSCs have a valuable contribution to LN biology, globally defined as the “cartographers of the im-
mune system”’. Most of the research performed to uncover LNSC functions has made use of mouse
models, for which translation of subsequent findings to human LNSCs has seen a mixed degree of
overlap and distinct differences. For a general comparison, mice have 22 LNs occurring at the same
location in their body®, whereas humans have several hundred®'?, making it difficult to characterise
the nature of every single human LN. Both species have LNSCs categorised into four major sub-
types, i.e. the mesenchymal FRCs and double negative cells (DNCs), and the endothelial-derived
blood endothelial cells (BECs) and lymphatic endothelial cells (LECs), yet discrepancies exist when
comparing heterogenous subdivisions of these cell profiles at a deeper level. For example, in the
mesenchymal subsets, murine FRCs are strictly defined as podoplanin® (PDPN*) and composed of
up to twelve clusters from single-cell RNA sequencing (scRNAseq) analysis''2. In contrast, recent
human studies have revealed that not all human FRCs have a homogeneous PDPN* expression, in-
dicating some are within the originally-defined DNCs and as thus galvanised an existing dissensus
onthe nomenclature centred around human PDPN FRC classification'*"°. Nevertheless, there are
currently at least five recognised subtypes of FRCs identified across the LN, such as T cellzone FRCs
(TRCs), B cell zone FRCs (BRCs), follicular dendritic cells (FDCs), marginal reticular cells (MRCs)
and pericytes' . However, FRCs from both species still exhibit functionally similar features, such
as their influence on immune cells to guide migration and promote survival via chemokines and
cytokines, respectively, mediate leukocyte differentiation and restrict T cell division, albeit through
different molecular mechanisms'®2-24,

Therefore, in order to develop stromal-competent in vitro LN models, not only is it important to elu-
cidate the function of subset-specific LNSCs, but also to understand the contents of the available
tissue material and the extent at which LNSCs can be isolated and cultured before bringing into
these LN models. As such, in Chapter 3, we characterised human mesenchymal stromal cells ex
vivo afterisolation from healthy, resting human LN tissue and subsequent culture on collagen-coated
flasks. This revealed that the original FRC-defining marker PDPN in mice was not exclusive to all
FRCs in humans. We found that other markers like CD90, BST1 and CD146, were expressed more
widely on FRCs compared to PDPN. Throughout culture, four new FRC clusters emerged, with an
increased PDPN expression, in addition to the four preserved from fresh isolation. The homogeneity
amongst donors reassuringly indicated the reliability of our method, providing novel insights into the
possibilities around isolating and culturing human FRCs subsets. In this study, we did not accurately
define the exact types of FRCs present, as this would require further transcriptome, secretome and
functional experiments per individual FRC cluster to match with existing scRNAseq data. Based on
the membrane markers we used, it can be broadly speculated that a mix of TRCs, BRCs and MRCs
were present, as no FDCs were found amongst the FRCs and pericytes were lost along culture too.
Such information is highly relevant going forth when using FRCs as a foundation for the LN models. This
can allow physiologicalrelevance, tailored hypotheses and aid with setting up specific experimental

designs to study the relationship between FRCs and immune cells. This was evident in Chapter 4,
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where FRCs were deemed important for dendritic cell (DC) phenotype and survivalin a 3D hydrogel
environment. These FRCs expressed the mRNA for GREM1, defined as the DC-supporting FRC subset
in LNs'which are also known to be VCAM1*"", and therefore these FRCs could match with cluster
10 of cultured FRCs from Chapter 3. It is however notyet clear whether all or just a subset of FRCs in
the modelwere GREM1*. These FRCs not only enhanced DC survivalin 3D but also influenced their
phenotype in response to differentiation stimuli, shaping it into a profile reminiscent of LN-resident
DCs?%, Such a phenomenon could be due to mechanisms within the Notch signalling pathway, with
Notch ligands having the ability to controlimmune cell development and found in plentiful on human
FRC datasets'??’. Although as of yet, the relevance of this pathway has been unexplored between
human LN FRC and DC interactions. These findings indicated that the practicalities for studying
immune cells in a hydrogel environment required the presence of FRCs. Likewise, in Chapter 5, we
enriched a complete LN-cell suspension with additional FRCs in a 3D hydrogel, and discovered
that this enrichment benefited the resulting number of immune cells and affected the lymphocyte
composition. FRCs were seen to selectively retain more B cells than T cells, secreting B cell-related
factors like CXC motif chemokine ligand 13 (CXCL13) and B cell activating factor from the TNF family
(BAFF), which are common traits of BRCs, MRCs and FDCs?°. CC motif chemokine ligand 19 (CCL19)
was also found elevated in FRC-enriched models, which is a characteristic of TRCs*.

Itis unknown to what extent FRCs have the ability to reprogram intrinsically and differentiate between
subsets based on their surrounding microenvironment. This also includes the rate of FRC matura-
tion and terminal senescence, as many of the isolated FRCs in Chapter 3 were identified as CD34",
suggesting animmature phenotype'?. FRCs were found to proliferate when placed in the 3D collagen
environment, either from ex vivo cultures or from starting LN cell suspensions, leading to unwanted
hydrogel contraction around 10-14 days, a previously documented phenomenon?®. Compared to
the profile of FRCs grown in standard two-dimensional (2D) cultures from Chapter 3, it was not
investigated if the collagen hydrogel or presence of native LN immune cells provoked selective out-
growth of different FRC subsets in 3D. It is worth experimenting in the future if different extracellular
matrix (ECM) proteins could lead to the development of different FRC subsets, given the plethora of
ECM proteins found throughout the LN?2°, As such, advances in purification of FRC subsets from
LN tissue are appealing to allow a versatile approach for selecting specific FRC subsets that can be
strategically incorporated into LN models. This can be highly relevant for a multitude of reasons, e.g.
a more general approach to ensure all FRC subtypes are present for a LN model or if one wished
to study immune events related to only the B cell follicles, FDCs and BRCs could be used for 3D

co-cultures with B cells.

In order to strengthen the stromal-competency of LN models, it was of interest to include and address
the role of LECs. Hereto, LECs were introduced into the LN model as a lymphatic vessel-on-chip in
Chapter 6. As a result, LECs were found to enhance the LN microenvironment by secreting interleu-
kin-7 (IL-7) and CCL21. These factors are attributes of TRCs, although we did not detect this in the
other LN models discussed in Chapters 4 and 5. Human LECs have been categorised into six major
subsets throughout the LN lymphatics®'. In the developed LN-on-chip, it was discovered that LECs
could recapitulate expression of these subset defining markers, like ACKR4 and MARCO reported
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on SCS-ceiling and medullary LECs, respectively. Profiling of fresh LEC subsets and phenotypic
changes across ex vivo culture were not performed, so future studies would be welcomed to better
characterise LEC populations. Likewise, once in in vitro models, it could be investigated whether LEC
subsets follow spatial cues for marker expression, e.g. ACKR4* LECs found on the vessel ceiling and
TNFSRF9* LECs located on the vessel floor.

In summeary, the intricate composition of LNSC heterogeneity is an important aspect to consider and
address for developing human LN models. Itis presumed that future research into LNSCs will uncover
more subsets and their functions, thereby providing new challenging opportunities to accurately

model the LNSCs in different areas of human LNs.

Physiological relevance of LN models

Recapitulating the degree of organ physiology has certain underlying principles that must be acknowl-
edged forin vitro LN models. Such parameters have been reviewed in the secondary lymphoid organ
section of Chapter 2 for LN-on-chip models. We believe our approach to develop LN models with
LNSCs cements us in a strong position over other recently published LN models (Table 1, Chapter 1)
to truly recreate the LN microenvironment. There are only a handful of static and dynamic LN models
that have incorporated LNSCs, but each model has its limitations, including our own.

Firstly, enriching the full LN models with FRCs or LECs in Chapter 5 (Fig. 1D) and Chapter 6 (Fig. 3D),
respectively, slightly unbalanced the physiological ratio of LNSCs present in the native human LN'&.
This could have been due to proliferation of immune or stromal cells, but this enrichment was done
to allow for enough stromal involvement and to ensure plenty of ‘natural’ stromal-derived factors
were available forimmune cells. This was deemed more beneficial for creating an organic-like system
without supplementing extra growth factors to the LN model media, like the addition of BAFF seen
in other studies that lacked stromal cells®.

The LN model presented in this thesis was developed in a collagen-based hydrogel. Given this collagen
environment and the fact that the native LN paracortex is rich in FRC-deposited collagenous fibres,
our LN model could be deemed more physiological compared to other lymphoid organ models, which
are cultured on transwells and do not address ECM-components®*>34. The collagen was isolated
from rat tails, with additives such as fibrin (and aprotinin) included into the hydrogel to limit contrac-
tion. Collagen is just one out of a plethora of ECM proteins in human LNs that also contain laminins,
proteoglycans and fibronectins®. ECM proteins in LNs are a dynamic and multifunctional scaffold
that provides structural support to the LN interior, while also serving as a source of immune factors
and anchorage point for cell migration®*%. Primarily produced by FRCs*, ECM proteins also undergo
remodelling during LN activation®®. Therefore, the ECM-microenvironment is another component to
acknowledge when designing LN models. Experimenting with a single protein or a combination of
ECM proteins may further support the physiological relevance of the LN environment, dependent
on the research goal. For example, decellularised LN tissue could be used as a potential scaffold
for a LN model containing all native ECM components®*#°, Otherwise, integration of certain laminin
isoforms, such as laminin a-5 found in the B cell follicles*' or laminin a-4 in the T cell area*?, would

be of interest when modelling these LN regions in isolation.
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These biological ECM-derivates mentioned above are used widely amongst lab groups for designing
LN model microenvironments®, but others have also taken the approach to use synthetic-based
scaffold, such as PEG-4MAL, which showcased already to support B cell functioning in certain LN
models***. The use of a scaffold may help circumvent the challenges with hydrogels, such as cell-in-
duced contraction and access to LN interior for microenvironment sampling. Recently, the latter has
been made possible by the company IMcoMET (Rotterdam, The Netherlands), who have developed
aM-Duo Technology® that features a needle-pair system that can extract in situ the soluble microen-
vironment*. This would prove useful to help answer in real-time the much debated question about
the LN model secretome — whether undetected factors are simply absent, trapped in the hydrogel
or already consumed by the residing cells. Nonetheless, it remains to be determined whether cell
seeding and LN stability are possible when using synthetic scaffolds, with care taken not to deviate
from the native properties of LNs with the introduction of artificial features.

Another crucial factorin developing LN models is the source of cellular material. Medical agreements
and ethical laws can sometimes be a hurdle for universal access to human LN materials, so lab groups
are often limited by the available resources. In the LN models presented in this thesis, allcomponents
are from primary origin, specifically native liver-draining LNs from deceased humans, but otherwise
healthy as they are donors for liver transplantation. This makes our LN model more physiological,
especially as existing LN models use either cell lines, PBMCs or tonsil-derived cell suspensions*447,
Cell lines miss the diversity of native LN cells, while PBMCs lack tissue-specific immune cells and
stromal populations. Itis commonly known that lymphoid organs can generate site-specificimmune
responses, like mucosal- or tolerogenic-associated events*®“°. Inversely, tissue-derived factors are
also thought to imprint LNSCs®. For example, in mouse gut-draining LNs, diet-derived vimentin A
induced mesenteric FRCs to synergistically increase levels of retinoic acid (RA)®', which is required
for Treg induction®?, FDC development®® and supports IgA production®*. Furthermore, LN transplant
experiments performed in mice® have revealed that the LN microenvironment can partially retain
its capacity to elicit location-specific immune responses. For example, LNSCs from mesenteric LNs
grafted into the knee joint, still had the ability to upregulate the gut-homing molecule integrin a4p7%.
Therefore, given these unique imprinting abilities of tissue-derived factors on LNSC properties, itwould
be fascinating to see how this unfolds in humans and the possibilities to model in vitro.

Similarly, it is desirable to use donor-matched immune cells to create an autologous system, oth-
erwise the presence of T cells can lead to unwanted allogenicity through mismatching between
the human leukocyte antigen (HLA) types®’. Due to the mechanisms that have evolved with human
immunity, T cells via their TCR will recognise non-self-antigens and trigger an allogenic reaction. This
is a challenge with organ transplantation and finding HLA-matched donors, potentially leading to
graft-versus-host disease. Consequently, the route of using induced pluripotent stem cells (iPSC)
as an endless cell source would be appealing to overcome this hurdle for autologous LN models.
Research has shown steady progress in creating general iPSC-derived immune cells types, like T and
B lymphocytes, myeloid cells and natural killer (NK) cells®®. However, the replication of mature and
tissue-specificimmune cell subsets, a diverse antigen receptor repertoire, and generating iPSC-derived

LNSCs, remain significant challenges that would be difficult to reproduce. Although, the potential for
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advancement in this area is highly promising and it is rather exciting to see how far the field can go.
In conclusion, factors such as the ECM-microenvironment and source of cellular material are crucial
parameters to take into account when mimicking physiologically-relevant human LN models. The LN
model in this thesis made use of a collagen-based hydrogel, a core ECM-protein in LNs, and native
LN-derived immune and stromal cells, thereby encouragingly showcasing a physiological-like in vitro

LN model with potential for future application.

Antigen-specific LN functionality

The main attraction for modelling the human LN in vitro is the ability to generate and study human
immune responses. LN models replicating immune activities could be used for proof-of-principle
experiments forimmunotherapies/vaccination studies before entering the clinic or to investigate the
off-target organ toxicity of drug candidates. The degree of immune functionality is subjective and can
be evaluated at various levels, such as simplistic changes in cell surface marker expression or as
detailed as antigen-specific readouts. We explored this to a certain extent during development of
the LN model. In Chapter 4, we found thatin the 3D hydrogel with FRCs, precursor DCs/monocytes
had the ability to differentiate under cytokine stimuli to what resembled a LN-resident DC phenotype,
based on the absence of CD1a and CD1c marker expression?26:5°,

On a more functional level, we unearthed in Chapter 5 that the LN model allowed the capacity for T
cells to proliferate and become activated during an allogenic response. In turn, this was suppressed
by the enriched FRCs in the LN model, a native phenomenon reported previously in literature'®, and
therefore highlighting a physiologically-relevant readout. With the LN-on-chip in Chapter 6, we did
not actively test LN functionality but passively found LECs to promote an increased clustering of
immune cells in closer proximity to the lymphatic vessel. As a result, this LN modelin both static and
dynamic settings had the ability to generate a certain degree of functional LN properties. However,
there remains one outstanding parameter to be addressed — whether antigen-specific LN immune
responses can be generated.

One side of immune activity is humoral immunity (antibody production), studied by vaccinating or
exposing viral antigens directly to LN models. The majority of LN models have already reported this.
Most notably, the Lisa Wagar group in the USA, generated static transwell-based tonsil suspension
models, termed “organoids”, that could demonstrate antigen-specific lymphocyte and antibody
responses to the influenza virus®®2. The Wagar group could also model follicular lymphoma treat-
ments® and uncover sex-specific lymphocyte responses, such as uncovering that paediatric female
tonsils contained more responsive memory B cells compared to males®. Other LN models that
demonstrated antigen-specific immune responses included the use of PBMCs-on-chip from the
0OoC company Emulate. Here, flow was applied to an empty channel above a hydrogel containing
a high cell density of PBMCs, which interestingly induced follicle formation in the hydrogel. Moreo-
ver, antibody secretion and memory B cell responses to the influenza virus, influenza vaccine and
COVID-19 mRNA vaccines were also recapitulated®®'. In our model, we opted for a cell-mediated
LN response by stimulating an allogenic reaction in Chapter 5 using different maturation statuses

of monocyte derived DCs (moDCs). FRC-enriched LN models restricted T cell division after moDC
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inclusion, which may not be ideal when prompting immune activity, but could be practical to use as

a system when trying to overcome this FRC suppression.

Of note, efforts were made to set-up an assay for the detection of antigen-specific T cells using an

adapted published protocol (Fig. 1A)®2. This would be highly relevant for the human LN model to

advance our understanding of immune mechanisms, improve therapeutic interventions and support
precision medicine approaches. This was performed by priming LN cell suspensions with specific

peptides in a conventional static 2D culture. These included the major histocompatibility complex

(MHC) class | influenza A and the melanoma-related MART-1 peptides, as wellas MHC class | and |l

SARS-CoV-2 peptides. Donors were selected based on HLA-type and available COVID-19 vaccination

status, if applicable. Unfortunately, almost all of these attempts were unsuccessful at identifying ex-
pansion of antigen-specific T cells from tetramer staining and/or intracellular cytokine production in

2D cultures, irrespective of FRC addition. This only appeared possible for one donor upon detection

of COVID-19-specific CD8" T cells in culture with FRCs after tetramer staining (Fig. 1B), yetit was hard

to perceive accurately given the low number of events. As a result, it was decided against pursuing

such anassayin a 3D environment given the low frequency of cells found in a conventional 2D culture

setting. This finding led to the hypothesis that the source of our liver-draining LN material might not

contain enough antigen-specific T cells and therefore we may possibly need the naive pool of lym-
phocytes from PBMCs, or stimulation with liver-related immune peptides, to increase the chances of

antigen-specific T cell detection in our LN model. This relates back to the importance of working within

the boundaries of the available LN tissue material. Likewise, vaccination experiments for antibody

secretion and antigen-specific B cells would be of interest to try and investigate further in the future,
but this would require a longer culture period of up to three weeks for plasmablast formation, which

is currently challenging given our experiences with hydrogel contraction after 10-14 days of culture.
In summary, our LN model has demonstrated various aspects of LN functionality, such as DC differ-
entiation, active T cell proliferation and immune cell clustering. This functionality has been influenced

by the presence of LNSCs, whether through enhancement or regulation of immune activity, which

are all physiological hallmarks of native LNSC characteristics.
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Fig. 1 - Detection of antigen-specific T cells in human LN material. (A) Schematic illustration of assay workflow
adapted and modified from Cimen Bozkus et al.®?. Human LN cell suspensions were seeded in 96-well plates and
stimulated with adjuvants; lipopolysaccharide (LPS), TLR-7/8 agonist (R848) and IL-1B, either = peptides and + 1%
FRCs. The following day, and every 2-3 days after, cultures were treated with cytokines IL-2, IL-7 and IL-15 to support
T cell expansion. Upon day 6, cultures were re-stimulated overnight with the peptide along with the co-stimulatory
agents anti-CD28 and anti-CD49d. Next day, cultures were harvested for tetramer and intracellular cytokine staining
for antigen-specific T cell detection via flow cytometry. Created with BioRender.com. (B) Representative flow cytom-
etry plots for detection of COVID-19 specific CD8" T cells via tetramer staining in human LN cell suspensions. Three
culture conditions were examined in a conventional 2D setting; no peptide and peptide administered = 1% FRCs.
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Organ-draining LN-on-chip

The ultimate goal of this thesis was to construct a human LN model that could be incorporated into
an OoC device. Henceforth, Chapter 6 fittingly concludes the experimental research by bringing
the LN model into the HUMIMIC Chip2 from TissUse (Berlin, Germany) and generate a lymphatic
vessel using autologous LECs. To our knowledge, this is the first LN-on-chip model that contains
both a native LN cell suspension and vascularisation with donor-matched LECs. Published LN-on-
chip models, reviewed in Chapter 2, mainly feature PBMCs or cell lines used in commercial or
in house-produced chips, with to date only two setups containing LNSCs to induce immune cell
chemotaxis®®4. Integrating LECs in a vessel was of interest for enhancing the physiological relevance,
since LECs line the lumen of the lymphatics. As a result, we witnessed the upregulation of markers
and soluble factors associated with native LN lymphatics. Immune cell clusters were found in a
higher abundance near the lymphatic vessel, a topographic result that was previously not observed
in static LN models. This was particularly appealing as flow had been already indicated to induce
cell clustering in the Emulate chips® and now in our LN model we observed more clusters when
LECs were additionally present. It is unknown whether this was due to dense areas of LEC-derived
survival and/or migratory signals attracting immune cells. Either way, these clusters may indicate a
more optimal cellular organisation for immune activity, as it increases the chances of immune cell
interactions and for APCs to find their cognate antigen. As the LN drains all tissues and organs to
trigger tissue-specific immune responses, this approach offers the potential integration with other
organ models into a MOC, thereby simulating an organ-draining LN.

Appropriately, a skin-draining LN-on-chip experiment was piloted using one skin donor and two LN
donors as proof-of-concept that a tissue-draining LN can be incorporated and modelled ina MOC setup
(Fig. 2A). Areconstructed human skin model (RhS) was cultured in the HUMIMIC Chip3 compartment
with a LN modelin the adjacent compartment, connected by a LN-derived LEC populated lymphatic
vessel through the LN model (Fig. 2B), similar to the experimental setup in Chapter 6. Compared
to the controls of each LN or RhS model cultured in isolation, five days of RhS-LN co-culture under
flow revealed stable lactate dehydrogenase (LDH) release, indicating promising co-culture viability
(Fig. 2C). The secretome of the RhS-LN-on-chip, averaged out from all compartments in the chip,
notably had a synergistic increase of B cell-related factors CXCL13 and BAFF, as well as IL-6, IL-10
and interferon gamma (IFNy) (Fig. 2D). Interestingly, BAFF was also found in the chip containing only
the RhS model, with comparable levels to the RhS-LN model, and this is most likely derived from
the keratinocytes present in the RhS model®. In turn, there was an improved percentage of B cells
within the LN model when the RhS was cultured in the neighbouring compartment (Fig. 2E). Since
this skin-draining LN-on-chip led to a viable five day co-culture, with benefits for an increased B:T cell
ratio observed in the LN environment, it therefore shows early compatible potential for developing the
logistics behind combining two organotypic models from unmatched donors into the one MOC device.
Henceforth, it would be possible to proceed with combining other organs to study tissue-specific
immune events, such as a melanoma-RhS model for tumour metastasis®®¢” or stromal-competent

intestine models®® for tolerogenic immune responses.
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Fig. 2 - Generation of a skin-LN-on-chip with integrated lymphatics. A. Procedure and timeline of combining
the RhS with our LN model on chip. Downward arrows signify supernatant collection and media refreshment. (B)
Overview of the HUMIMIC Chip3 chip platform and culture compartments, with arrow indicating direction of flow.
(C) Secretion of LDH in RhS-LN models. Setups include chip models with either RhS only (blue), LN only (green) and
RhS + LN (red). Concentrations are an average across all chip compartments. (D). Secretome of RhS-LN model over
chip culture period. Concentrations are an average across all chip compartments. (E) Flow cytometry percentage of
immune cells in LN model at the end of chip culture period. All data are mean = SEM; n = 2 independent LN donors
and n =1 RhS donor. LN; Lymph node, RhS; Reconstructed human skin.
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Concluding remarks

In summary, the work presented in this PhD thesis aimed to develop a physiologically relevant model
of a stromal-competent human LN in vitro. These results have sought to bridge the gaps in OoC LN
models such as the lack of LNSCs and native tissue material (Chapter 2), and further expanded upon
prior knowledge of human FRC subsets (Chapter 3). Henceforth, building the foundation of a 3D
LN in vitro began with a two-cell model comprised of FRCs and DCs (Chapter 4), with subsequent
immunocompetent evolutions through incorporation of FRCs and LN-derived immune cells in both
static (Chapter 5) and dynamic environments, including the integration of LN lymphatics (Chapter
6). Asummarised overview of the LN models presented in this thesis are found in Table 1 below. The
current status of this LN model has shown a multitude of potential, with FRCs and LECs demonstrating
their influence for immune cell activity, as well as exhibiting general immune-related functionality.

These findings lay the groundwork and are highly applicable for future research into human LN mod-
els, but some notable improvements still need to be addressed. These include prolongation of the
culture period up to the desired 28 days for translational MPS research®7°, as well as recapitulation
of antigen-specific immune readouts. Moreover, no model to date has demonstrated a full visual
reflection of the organisational human LN architecture, which one day could be as groundbreaking
as when the structure of DNA was first discovered. Moving forward, exploring combinations of LN-
on-chip with other organotypic models will enhance our understanding of tissue-specific immune
events in both health and disease’’. Thereby, creating such a physiological relevant application for
studying systemic human immunology will become a major milestone on the human quest for re-

ducing animal experiments and recreating in vitro immunity.

Table 1 Overview of our human LN models. ECM; extracellular matrix, FRCs; fibroblastic
reticular cells, LECs; lymphatic endothelial cells, LN; Lymph node, OoC; Organ-on-

chip, 3D; three-dimensional.

Complexity Model Features Source Limitations
FRCs promote DC survival, and influence No adaptive immune
FRCs +DCs their proliferation and differentiation Liver LNs cells
(Chapter 4)
Static
3D cultures
FRCs enriched in LN model promote B cell Only cell-mediated
LN model valand i fact )
survival and immune factors Liver LNs immune responses
(Chapter 5)
FRCs restrict T cell proliferation Static

LN-on-chipwith  LEC-populated vessel enhances a migratory

FullLN OoC lymphatics LN-like microenvironment Liver LNs No functional adaptive
(Chapter 6) LECs promote immune cellnumbers and immune responses
clustering
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