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ABSTRACT
Biological function is governed by well-defined chemical signals occurring with a high
degree of spatial and temporal specificity. The field of bioanalytical chemistry is concerned with
measuring these signals quantitatively. While simplifying the biological system to well-defined
protein solutions, or cell cultures, allows for precise manipulation and detection, removing the
signals from the tissue matrix also removes the biological context. In vivo measurements maintain
the spatial distribution and other biological functions, such as fluid flow; however, they can be
extremely complicated, often requiring genetic modifications. Ex vivo platforms maintain the
spatial organization of in vivo while providing the increased experimental accessibility of in vitro
studies. Ex vivo sections have been used to characterize functions of different tissues, including
immune tissue.
Immunity is a highly dynamic and systemic process that is constantly working to clear the
body of harmful pathogens. The immune system is generally separated into two components, the
innate and adaptive responses. The innate response is immediate but non-specific, while the
adaptive is slower but much more targeted. The success of the adaptive immune response is
determined in a secondary immune organ, the lymph node. Measuring chemical signals within
the lymph node tissue requires the development of novel analytical tools. Chapter 2 describes
the characterization of live lymph node tissue slices. These slices were viable and able to function
as an acute culture platform to study immunological events. Lymph node slices processed wholeprotein antigen and were able to respond to antigen challenge after vaccination. This work
provided the platform that novel analytical tools were then developed for. Chapters 3 and 4 are
focused on these tools.
The work in chapter 3 focuses on the development of a novel cell labelling reagent. Brightblue polymer nanoparticles were generated in collaboration with the Fraser lab at UVA, and used
to label phagocytic immune cells. The labelling did not affect cellular viability or function. The
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bright-blue fluorescence allowed labelled cells to be easily distinguished from the tissue
background for cell tracking. Chapter 4 characterizes magnetic beads as an embedded platform
for immunoassays. Beads were functionalized with model antibodies and polyethylene glycol
(PEG) and delivered to lymph node slices. The addition of the PEG was critical to an even delivery
of the beads within the tissue slices. The work in this dissertation focuses on setting the foundation
for analytical measurements in lymph node tissue. In the future, we anticipate that these platforms
will provide additional insight into immunological functions.
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1.1

1 INTRODUCTION
1.1

BIOANALYTICAL CHEMISTRY IN TISSUE
Spatial organization drives biological function; from embryonic development, including tissue

organization, to systemic functions, such as immunity or endocrine signaling. Cells and molecules
are meticulously arranged and communicate with strict temporal resolution. Quantifying the
distribution of analytes within tissue remains a large challenge for the bioanalytical community.
Classic methods in analytical chemistry were designed to characterize well-mixed aqueous
solutions. In bioanalytical chemistry samples are often simplified, either by tissue homogenization
or separation into component parts (e.g. cell supernatants and body fluid fractions) to facilitate
the use of traditional analytical methods. However, as the field of bioanalytical chemistry expands
our understanding of biology, it is clear that measurements within the tissue matrix are more
meaningful than those collected with reductive or over-simplified methods.
Researchers studying complex biological systems often begin with simplified versions, such
as proteins in aqueous solutions or well-developed cell cultures. Difficulties arise when moving
towards measuring the intended analyte in its biological context. This transition can be outside
the scope for more traditional chemistry and engineering labs, and its success is often determined
by specific need-driven collaborations. Many chemical and physical scientists mimic in vivo
conditions by fabricating ex vivo platforms, such as 3D hydrogels or other biofabrication
scaffolds.1–3 Many biomedical researchers are not prepared to fabricate these constructs, instead
their experimental models often begin with more biologically complex platforms, such as in vivo
systems or tissue sections.4–6 This can make the translation from one collaborator to another
difficult; highlighting the need for easily translatable methods to quantitatively analyze complex
biological systems, to provide the clearest view of relevant functions.
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Measuring analytes within intact tissue samples provides several advantages. The high cell
density maintained in tissue maximizes the local concentration of analytes and can preserve
density-dependent cell behavior.7 Preserving the spatial organization that occurs in vivo also
preserves natural cell-to-cell contacts and interactions with the extracellular matrix that are
disrupted when homogenizing the tissue.8,9 Additionally, rare cell types are persevered in intact
tissue samples, as these cells are often lost during tissue dissociation. Studying dendritic cells
from spleen tissue in vitro requires isolating a population that is less than 2% of all splenocytes,
requiring sample enrichment or pooling across multiple animals.10 These advantages allow intact
tissue platforms to provide a more complete insight into the biological function of the tissue.
Intact tissue samples add to the complexity of analytical measurements. The extracellular
matrix can hinder diffusion and increase the potential for off-target interactions. Researchers have
attempted to limit the effects of a complex culture environment and extracellular matrix effects,
while maintaining spatial organization, by analyzing thin slices of fixed tissue. The tissue is
submerged in a fixative solution, resulting in cross-linked proteins which preserves the spatial
organization for many years.11–13 Fixed tissues are then embedded in wax and sliced to
thicknesses of only a few microns. The fixed tissue does not require supplemented media, and
the thin slices decrease treatment diffusion times through the sample, and minimize off-target
binding effects. These slices however, cannot report on dynamic processes, as the tissue is nonfunctional.
The analysis of living tissue adds to the depth of the information available to researchers but
adds to the complexity of the experimental system as well. Both in vivo and ex vivo methods must
keep tissue samples alive, and as such they require optimized conditions to maximize viability
and function. Parameters to consider when moving to live tissue platforms include: nutrient
supplementation, temperature and gas composition. Nutrient supplementation can introduce
unwanted interactions. Many medias are supplemented with serum proteins which can contain
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proteases which would degrade other proteins in solution.14 Controlling temperature and gas
composition can complicate the experimental set-up compared to samples on a slide. However,
live tissue systems allow for the observation of transient events such as protein-protein
interactions with immunosensors, or cell-cell interactions guiding axon development in the
brain.15–17 Real-time monitoring of a single sample adds temporal context to the spatial. Assays
using repeated-measures have been applied to live tissue samples including heart, and lymph
node.18,19
Here I focus on developing analytical tools to study the immune system. Immunity is a highly
dynamic and intricate process that occurs throughout the body. Many immunologists study
immunity at peripheral sites, often focusing on the tumor microenvironment, the gut, the lungs,
etc. However events within the lymph node, the main secondary organ of the immune system,
dictate the effectiveness of the adaptive immune response.20 Only a small subset of
immunologists look in-depth into the functionality of the lymph node specifically. Many others
measure incoming signals from peripheral sites or signals as they exit the lymph node, trafficking
to the periphery. Therefore, the toolbox available to those interested in studying lymph node
dynamics is currently limited. I am interested in measuring these interactions within the lymph
node to gain a deeper understanding of how effective adaptive immune responses are generated,
especially at the early stages.

1.2

ADAPTIVE IMMUNITY
The immune response can be broken down into two main components, the innate and the

adaptive. The innate response is crucial within the first hours of exposure to an immunogenic
stimulant. This response is not pathogen-specific and relies on the recognition of conserved motifs
to initiate activation.21,22 Activation of the innate response is required to start the adaptive
response.23 In contrast, the adaptive response is much slower to respond, often taking several
days to reach its peak.24 An adaptive immune response is highly specific to the pathogen that
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initiated it.25 The memory associated with an adaptive immune response means that a response
to the same pathogen can be mounted much more quickly, resulting in more efficient elimination
of the pathogen. Both the innate and adaptive immune responses are required for pathogen
clearance and work together to prevent harmful infections.
1.2.1

The lymph node

The lymph node is a secondary organ of the immune system where much of the adaptive
immune response is generated (Figure 1.1).20,26,27 There are many lymph nodes found throughout
an organism that work in combination, both with each other and circulating immune cells to fight
infections.

Figure 1.1: Schematic representation of the lymph node. Supporting stromal
networks are found throughout the node. Macrophages and dendritic cells are found
associated with the sinuses (subcapsular and medullary). Macrophages are also densely
populated within the medulla and dendritic cells are distributed throughout. B cells are
confined to the follicles and T cells are found mainly in the paracortex region. Fluid flows
in through the afferent vessels and out by the efferent vessel in one direction.

The outside of the lymph node is surrounded by a collagenous capsule that provides structure,
as well as a barrier to the outside of the body.20 Both blood and lymphatic vessels are present to
allow cells to enter and exit the lymph node to initiate and fulfill an immune response. Once within
the lymph node fluid can flow through associated sinuses, such as the subcapsular sinus and the
medullary sinus.
There are macrophages and dendritic cells (DCs) associated with these sinuses that
scavenge any large particulate matter.28–30 DCs are also interspersed within the body of the
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node.28 In the cortex the DCs provide support for the B cell follicles, which are located generally
around the outside edge of the node.31,32 The space in between the follicles allows for interactions
between DCs, B cells and T cells.
The interior paracortex of the node is mainly populated by T cells and DCs and is where T cell
activation can occur within the lymph node.20,33 The final component of the lymph node is the
medulla, which is a dense area of macrophages.34 Throughout all of this structure there is a
supporting network of stromal cells that can also play a key role in modulating an immune
response.35–37 All of these cell types work in connection with one another to generate an immune
response such as the one detailed below.
1.2.2

The immune response

Figure 1.2: Schematic representation of an immune response. The response is begun in the periphery
with recognition of pathogen-associated molecular patterns (PAMPs) by innate immune cells and dendritic
cells. The dendritic cells then become activated and migrate to the lymph node through the afferent
lymphatic vessels. There they interact with T cells to activate them. T cells can then become polarized and
some will interact with B cells. The B cells will then become active and begin to generate a germinal center
(GC). In the dark zone (DZ) of the germinal center B cells will proliferate and undergo somatic
hypermutation. In the light zone (LZ) they interact with follicular helper T cells and follicular dendritic cells
to move through affinity maturation. Activated DCs, T cells, and B cells and soluble antibodies can leave
the lymph node to circulate throughout the body. Later in the immune response memory T and B cells can
exit to populate other tissues such as the bone marrow.

In order to fully capture the dynamic and intricate nature of an immune response I will walk
through a reaction to an inflammatory pathogen such as E. coli (Figure 1.2). Inflammatory
pathogens are often recognized by certain molecular patterns on their surfaces (pathogenassociated molecular patterns, PAMPs).26 Some canonical PAMPs include the peptidoglycan
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layer of many bacterial species and lipopolysaccharide (LPS).38,39 After recognition of the PAMPs
by innate immune cells there is a massive recruitment of cells to the infected tissue. 22 This
includes DCs which phagocytose (uptake) parts of the pathogen and process it for presentation
to T cells.40,41 Upon processing an immunogenic agent DCs become active and migrate
throughout the body to nearby lymph nodes.42 These activated DCs then present antigen to the
T cells that populate the lymph node.43–45
DCs can interact with both CD8+
and CD4+ T cells, but here I will focus on
CD4+-mediated

immune

responses.41

Each T cell recognizes a specific peptide
sequence through each cells’ specific T
cell receptor (TCR) and upon recognition
Figure 1.3: Representation of T cell expansion after

of that sequence the T cell becomes recognition of specific antigen. The contraction phase
does not return to baseline due to memory formation.

activated, and will proliferate explosively
(Figure 1.3).46 During this proliferation the lymph node can expand and appear swollen. During T
cell activation, depending on secondary and tertiary signals from surrounding cells, the T cell will
polarize to various types of helper T cells.47,48 These T cell types are characterized by the
cytokines that they secrete and can be, generally, associated with different disease types.49
Some T cells exit the lymph node and traffic to the site of infection to facilitate immediate
clearance of the pathogen, however others remain in the lymph node and interact with B cells. In
the case of antibody-mediated immune responses (humoral immunity), B cells become activated
through interactions with specialized T cells called follicular helper T cells.50,51 These T cells, as
the name suggests, help the cells in the B cell follicle to promote germinal center production. All
naïve lymph nodes have B cell follicles but upon activation these follicles can mature into germinal
centers.20
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Each B cell generates a single clone of an antibody, so in order to mount an effective
antibody-mediated response that B cell must proliferate very quickly.26,27 This expansion causes
the germinal center to distinguish itself into two zones, a light zone and a dark zone; so called
based on their ability to scatter light through traditional contrast microscopy methods. 52,53 The
dark zone lies in the middle of the germinal center and is where most of the proliferation and gene
rearrangement occurs.53 The light zone is around the outside and is where antibody affinity for
the antigen is tested, to ensure that the most effective antibody is made in response to the
antigen.53 Through random gene rearrangements, antibody sequences can change and based on
their relative affinity for the antigen the cells displaying that sequence will either proliferate or
apoptose.54 Antibodies produced by these B cells, as well as mature B cells themselves, can then
leave the lymph node and traffic to the site of infection to aid in the immune response.24
After the initial response to a new
antigen the immune system generates
memory cells that can reside in the infected
tissue, the lymph node, or the bone
marrow.55–58 These memory cells are then
able to mount a secondary response to the
same antigen much quicker and clear the

Figure 1.4: Representation of antibody titer during
infection faster (Figure 1.4). That is why an immune response. The first exposure to antigen
generates a modest response but the second exposure
generates a much larger response much quicker.

vaccines are so important to generating

immunity, as the initial response is introduced in a way that does not cause the host lasting harm.
As illustrated in the above example immunity is a systemic phenomenon. This can make it
difficult to experimentally access the entire response outside of systemic read-outs, such as
survival studies. This illustrates the need for tools that help expand our understanding of immunity
as it occurs throughout the body. The developed techniques often focus on one small aspect of
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an immune response to gain a very deep understanding, which is helpful in the determination of
each step of an immune response. A completely ex vivo immune response has not yet been
described but with the advent of many new technologies, including microfluidics, this could be on
the horizon.

1.3

TRADITIONAL ANALYTICAL METHODS FOR IMMUNOLOGY
An immune response such as the one described above has been elucidated by a

combination of in vivo and in vitro assays. Ex vivo experimental platforms are less common but
can include measurements in thin, fixed tissue sections as well as whole-lymph node explants.
Each set of assays provides distinct and important information that is required to provide a
complete picture of the immune response.
1.3.1

In vitro assays
An immunoassay requires the use of

both an antigen and an antibody to measure
concentration.59

The

high

specificity

of

antibodies makes them perfect candidates for
sandwich

assays,

like

Enzyme-Linked

Immunosorbent Assays (ELISA), as different
clones can target different epitopes on the
same antigen.60,61 Briefly, ELISAs work by
coating a surface with one antibody clone and
introducing the analyte of interest. A second
antibody that is specific to a different area of

Figure 1.5: Schematic representation of an ELISA.
This step-wise sandwich assay will report substrate
the antigen is used and an enzyme is added
concentration as a function of absorbance.

and used to induce a color change that is
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relative to the concentration of analyte. This can then be related back to a standard curve to get
an absolute concentration (Figure 1.5).
Immunoassay sensitivity and limit of detection is often dictated by the antibody pairs,
meaning that consistency is key when reproducing these assays. The time that the enzyme is
allowed to interact with its substrate can also vary the signal greatly, so each plate requires its
own standard curve. This makes comparisons across multiple plates difficult if the signal is close
to the limit of detection for that specific plate. However, these assays are very powerful and
provide excellent quantitative measurements of secreted molecules.
Flow cytometry is a technique that allows for the collection of a large amount of data,
compared to microscopy. Many flow cytometers utilize sheath flow to focus the sample into a
single line of cells, allowing for many cells to be analyzed quickly.62 Flow cytometry utilizes laserbased excitation and separated detectors to extend the range of fluorophores available to
interrogate the state of each cell as it passes by the laser (Figure 1.6). Many standard fluorescent
microscopes are comprised of matched excitation and emission filters, limiting their ability to
measure many fluorophores at the same time.
Figure 1.6: Schematic representation
of flow cytometry. Samples flow
through a focusing nozzle past a laser.
Fluorescent signal is then directed to a
variety of photo-multiplier tubes
(PMTs). Each PMT is separated by a
dichroic mirror and then a filter ensures
each PMT is spectrally distinct. From
this set-up four emission signals can be
measured from a single excitation
source. The additional PMT parallel to
the laser collects light scatter data to
inform on cell size and complexity.
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Flow cytometers can have multiple lasers and detectors set-up in distinct patterns to allow
up to 32 different parameters to be measured. However, this technique does not generally provide
spatially relevant information, and those instruments that do require extensive sample
preparation.63
Flow cytometry can also be used with fixed and permeabilized samples to determine the
exact cell types producing a certain cytokine.64 Cells are blocked from secreting the cytokine and
then fixed, permeabilized and stained. Through the addition of cell-surface markers the exact
surface phenotype of cells producing large amounts of cytokine during the response can be
determined. This same process can be applied to other internal protein markers including
transcription factors. Often T cells can have similar surface markers but are expressing different
transcription factors that help differentiate their polarizations during the course of an immune
response.65
Analysis of bulk cell cultures can also include analysis of gene expression. Often this is
done through quantitative reverse transcriptase polymerase chain reaction (RT-qPCR).66 RTqPCR can give relative quantitative data regarding which genes are being expressed within the
cell culture. After comparison to a standardized housekeeping gene the relative expression of a
gene can be compared across samples. These techniques do require extensive preparation as
well as expensive reagents. In order to get enough data to be statistically powerful these
experiments can quickly become specialized interests.
1.3.2

In vivo assays
A second approach to immunology is to use in vivo models to study disease progression

and cellular dynamics. To image cell dynamics and cell-cell interactions two-photon microscopy
is often utilized.67,68 Two-photon experiments have investigated antigen draining,69 cell
trafficking,70,71 and cellular interactions72,73 to and within the lymph node. Often these studies occur
on skin-draining lymph nodes such as the popliteal node, located near the knee of the mouse.
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This node offers great experimental accessibility due to its ease of exposure and small size. 74 In
addition, all antigens injected into the footpad of the mouse drain directly to this lymph node
reducing off-target transport events.75 Footpad injections have become highly regulated due to
the high risk of the mouse experiencing extreme discomfort.
Many vaccine-efficacy experiments investigate the levels of antibodies circulating within
the organism after vaccine treatment.76 This is done through whole-blood antibody titers. Briefly,
blood is collected and serum proteins are separated by centrifugation. The protein fraction can
then be tested through a modified ELISA to measure the concentration of a specific antibody.
Depending on the pathogen used the whole pathogenic load can also be investigated.77
Organs or blood can be analyzed for viral,78 bacterial,79,80 or parasite81,82 load to analyze the ability
of the immune system to clear the pathogen from the body. Alternatively, whole-animal survival
studies can test the ability of the immune system to clear infections and cancers. 83,84 In this setup animals are either treated with the potential therapeutic or a vehicle control and infected with
the target disease.85 The survival of the animals is tracked over time and if the immune system
can effectively clear the disease the animal survives.
1.3.3

Thin fixed slices
Basic lymph node biology was first understood with the use of thin slices of fixed tissue. 33

During the fixation process proteins are cross-linked to prevent movement of species within the
tissue.12,86 However this process can change protein structure and cause certain targets to be
unrecognizable to certain antibody clones.86,87 Fixation allows the tissue to be embedded in
paraffin wax and sliced into very thin sections (10 μm) without structural damage. 13 Tissue can
also be frozen to achieve a similar effect. Tissue slices can then be labeled with antibodies or
other specific stains to determine distinct areas. Utilizing thin slices has allowed researchers to
discover the elegant organization of the lymph node.
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Even beyond the larger structures such as B cell follicles and the medulla, the dendritic cells
also exhibit extensive organization.28 By collecting slices at different times, researchers have been
able to visualize distinct structural changes throughout the tissue.88,89 Fixed and permeabilized
samples have been used to look at the internal environment of the cells by staining for internal
cytokines.90 However, as the tissue is non-functioning, these slices cannot inform on dynamic
biological processes. Many of the analytical assays and imaging tools we use regularly are
inspired by early studies in thin tissue slices; including our own published method for
immunostaining live tissue.19
1.3.4

Ex vivo assays
Immunological dynamics are of increasing interest to many research groups. Whole lymph

node explants have been used in addition to live intra-vital imaging, providing a complex ex vivo
system.91,92 Slices of murine thymus tissue have also been used to monitor the dynamics of T cell
development.93 Lymphocyte viability and cytokine expression has been characterized in blocks of
human tonsil tissue as a platform to study human immunity.94 We have been able to capture
similarly dynamic processes within lymph node slices, such as the transient expression of CD69
an activation marker on T cells.19,95
Working with ex vivo samples also provides an alternative route to the interior of the organ,
compared to drainage. Stimulants or additional cell types can be added directly to the sample
providing limited transport effects. This also allows for accurate dosing to be measured during
experimental procedures. As with in vitro experiments ex vivo samples are exposed to the whole
dose of experimental analyte. Dose-response relationships can be more accurately examined as
the exact concentration of the stimulant is known and analyte concentration can be determined.
Tissue sections allow for the added benefit of dosing directly to deep tissue areas that are
excluded from intravital imaging due to their physical location.
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It has been shown previously that cells overlaid on lymph node slices will home to areas
of similar cell types.93,96 Further investigation of the dynamics of an immune response, requires
high-resolution microscopy to visualize individual cells within the tissue.97 With fluorescent
microscopy there is a risk of harming biological samples through phototoxicity in both high- and
low-resolution imaging set-ups.68,98,99 By removing the tissue from the animal, sample size can be
increased without increasing the number of animals required for a given experiment.

1.4

CONCLUDING REMARKS
New immunological studies are constantly bringing to light the dynamic and regulated

nature of immunity. With this understanding it is crucial to determine integral signals that lead to
an effective adaptive immune response with a high degree of precision. Many of the established
analytical methods used to study immunity are either highly reductive or highly complex. A
biologically complex, experimentally accessible middle ground is becoming increasingly
necessary. Existing analytical tools have not been characterized within this middle ground and
will require extensive optimization to produce meaningful results; in some cases, new tools will
need to be developed. This thesis will focus on the foundational work associated with developing
novel analytical tools to study immunity within the lymph node.
Chapter 2 will describe the set-up of the lymph node slice platform. This acts as the
foundation for many of the studies done in the Pompano lab. Chapter 3 will detail a novel cell
imaging technique which was achieved in collaboration with the Fraser lab. Chapter 4 introduces
a magnetic bead-based platform that can be used in future assay development. I will then
conclude with a discussion of the impact and potential future work for these projects in Chapter
5.
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2 ACUTE LYMPH NODE SLICES ARE A FUNCTIONAL MODEL SYSTEM
TO STUDY IMMUNITY EX VIVO
2.1

INTRODUCTION
Events in the lymph node (LN) determine whether a host successfully fights infection and

responds to vaccines, whether a nascent tumor is recognized and destroyed, and whether host
tissues remain safe from autoimmunity. These immune responses arise in large part from precise
spatial organization of cells and proteins in the lymph node.1–3 The structure of a lymph node can
be roughly divided into an outer cortex containing B cell follicles, a T cell zone, or paracortex, and
an inner medulla.1,4 During an immune response, cells in these regions communicate through
both physical contact and secreted signals. Diffusion and the formation of gradients of secreted
cytokines through the extracellular matrix generate orchestrated cell migration,5–7 and the local
concentration of cytokines and other signals can drive strong positive feedback and divergent
outcomes effecting the overall health of the host.8 All of these features suggest that the
organization of the node may be essential to its function,2,9,10 and indeed, many similarly complex
non-linear biological systems are exquisitely sensitive to spatial organization.11
Investigating the function of the lymph node with high spatial, temporal, and chemical
resolution within a realistic microenvironment is challenging with existing experimental systems.
Recent technological advances in immunological analysis have focused significantly on highcontent single cell data using flow cytometry or mass cytometry,12,13 analysis of single-cell
secretion and gene expression using microfluidics,14–20 and on bulk measurements such as
metabolomics21 and live cell metabolic analysis.22 However, these cannot provide information on
LN organization. Complementing this work, live in vivo imaging was developed over 15 years ago
and continues to provide impressive insight into the dynamics of cell and tissue-level behavior in
the native environment.23–27 Yet, it is challenging to experimentally manipulate tissues in vivo
without prior genetic modification (e.g. optogenetics) or invasive injection. Approaches that retain
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the tissue’s spatial organization via fixation have revealed distinct regional subpopulations of
cells,28–30 but fixed tissue is not amenable to experimental manipulation. While existing
technologies can reveal important aspects of LN biology, a single approach that maintains the
biological complexity of the organ while providing dynamic experimental access close to that of
traditional cell cultures is still largely missing from the immunologist’s toolbox.31
Live ex vivo slices of lymph node tissue may provide a necessary middle-out approach, in
a manner complementary to in vitro and in vivo work. Decades of work with brain slices32–35 set a
precedent for both acute34,36 and long-term experimentation37, which informed protocols for other
tissues such as the pancreas,38 liver,39 lung,40 and heart41. Unlike in vitro cell culture, slices
cultured ex vivo preserve the extracellular microenvironment and any stromal and matrix-bound
signals, which are essential to proper cellular positioning and motility.2,6,42–44 Furthermore, all cell
types are retained in their correct ratios, whereas standard tissue dissociation (crushing and
filtering) selectively depletes matrix-bound populations such as dendritic cells.45 In contrast to in
vivo work, using tissue slices simplifies timecourse analysis via repeated measurements of the
same tissue sample, especially after ex vivo stimulation.46–51 Slices also allow for precise
stimulation of the organ interior, because precise quantities of drugs or other agents can be added
at known concentrations and at known times.52,53 Furthermore, slices can be coupled together or
co-cultured to generate a simplified model of inter-organ communication, akin to multi-organ
organ-on-chip systems used to model pharmacokinetics and disease mechanisms.54,55 In the field
of immunology, slices of the thymus have been used extensively to study T cell development.56,57
Live spleen58,59 and tonsillar60,46,61 slices were demonstrated 20 years ago, and continue to be a
valuable tool to study immune function and viral infection. Most of the reported uses of live murine
lymph node tissue slices have been to study T cell motility,62–66 but otherwise this system has
seen limited use.
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At this time, unanswered questions regarding the viability, level of immune activation, and
retention of function appear as potential obstacles to the broad adoption of live lymph node slices.
To address this issue, here we describe a systematic evaluation of the procedures surrounding
the slicing, handling, and analyzing of live murine lymph nodes in short-term cultures, towards
establishing lymph node slices as a robust experimental platform. We comprehensively assess
24-hr viability, the extent of inflammation due to slicing, and retention of acute function. Finally,
we validate the use of acute murine lymph node slices to quantify antigen-specific T cell
responses ex vivo.

2.2
2.2.1

MATERIALS AND METHODS
Generating lymph node tissue slices
All animal work was approved by the Institutional Animal Care and Use Committee at the

University of Virginia under protocol #4042, and was conducted in compliance with guidelines the
Office of Laboratory Animal Welfare at the National Institutes of Health (United States). Male and
female C57BL/6 mice ages 6-12 weeks (Jackson Laboratory, USA) were housed in a vivarium
and given water and food ad libitum. On the day of the experiment, animals were anesthetized
with isoflurane followed by cervical dislocation. The axial, inguinal, and brachial lymph nodes were
removed quickly and cleaned of any fat. It was critical to harvest the organ without deforming or
puncturing it. Lymph nodes were placed in ice-cold DPBS without calcium or magnesium (Lonza,
Walkersville MD, USA, #17-512F) supplemented with 2 % heat-inactivated fetal bovine serum
(FBS, Gibco, Fisher Scientific, 100 % US Origin, 1500-500 Lot 106B14). Lymph nodes were
embedded in 6 % w/v low melting point agarose (Lonza, Walkersville MD, USA) in 1X PBS.
Agarose was melted in a microwave and allowed to cool until the temperature was comfortable in
the hand. Further optimization showed that maintaining the melted agarose at 50 °C in a water
bath after microwaving provided a more reproducible approach. Liquid agarose was poured into
a 35 mm Petri dish, and lymph nodes were embedded in the liquid agarose close to the bottom
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of the dish. All lymph nodes were oriented to allow for the largest cross-section when slicing, i.e.
a cut along the transverse plane. The dish was then rested at room temperature for approximately
2 minutes and allowed to harden on ice for the next 3 minutes. Once hardened, a 10 mm tissue
punch (World Precision Instruments) was used to extract a section of agarose containing the
lymph node. The block was inverted so the node was at the top of the section and glued onto a
small mounting stage with Duro® Super Glue (cyanoacrylate) and immediately submerged in a
buffer tray containing ice-cold 1X PBS unless otherwise noted. Up to 6 lymph nodes were
mounted on a single stage and sliced simultaneously.
A Leica VT1000S vibratome (Bannockburn, IL, USA) set to a speed of 90 (0.17 mm/s) and
frequency of 3 (30 Hz) was used to slice 300-µm thick sections. A fan-shaped paint brush was
used to remove the slices. Slices were immediately placed in a 6-well plate containing 3 mL per
well of “complete RPMI”: RPMI (Lonza, 16-167F) supplemented with 10 % FBS (VWR, Seradigm
USDA approved, 89510-186) 1x L-glutamine (Gibco Life Technologies, 25030-081), 50 U/mL
Pen/Strep (Gibco), 50 µM beta-mercaptoethanol (Gibco, 21985-023), 1 mM sodium pyruvate
(Hyclone, GE USA), 1x non-essential amino acids (Hyclone, SH30598.01), and 20 mM HEPES
(VWR, 97064-362). Slices were rested in a sterile incubator at 37 °C with 5 % CO 2 for at least
one hour prior to use.
2.2.2

Activation of cell suspensions and tissue samples
Primary lymphocyte cell cultures were prepared by passing 6 peripheral nodes (axial,

brachial, and inguinal) through a single 70-µm nylon mesh filter (Thermo Fisher, USA) with the
rubber tip of the plunger from either a 1- or 3-mL syringe. Cells were plated in a 96-well cellculture treated plate (Costar, VWR, USA) at a density of 1x106 cells/mL in a 300 µL final volume.
To obtain inflamed lymphocytes as positive controls, aluminum hydroxide gel adjuvant
(Alhydrogel®, 10 mg/mL alum, Invivogen) was added to the wells for a final concentration of 1
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mg/mL alum. Cells were cultured for 3.5 hours in a cell culture incubator (37 °C, 5% CO 2) and
prepared for flow as described below.
To compare activation of slices versus cell suspensions, peripheral lymph nodes (axial,
brachial, inguinal) were randomly assigned to be sliced or crushed for lymphocyte culture. For the
sliced condition, nodes were sliced 300 µm thick and each slice was placed into 500 µL complete
media. For lymphocyte culture condition, nodes were crushed through a filter as described above.
Lymphocyte suspensions were cultured in 500 µL aliquots at cell densities matched to tissue slice
samples, where 1X culture was 1.7 x106 cells/mL, and 2X culture was 3.4 x106 cells/mL. Slices
and lymphocyte cell culture were incubated for 20 hours at 37 °C, 5% CO 2, with antimouse/human CD3Ɛ (Biolegend, clone: 145-2C11, Purified grade) at 1, 0.5, or 0 µg/mL, with
R848 (Resiquimod, InvivoGen, San Diego, CA) at 10 1, 0.1, or 0 µg/mL, or F(ab’)2 goat antimouse IgM (μ chain specific, Jackson ImmunoResearch) at 10 μg/mL.
2.2.3

Flow cytometry
To prepare samples for flow cytometry, tissue slices were separated from the surrounding

agarose through careful mechanical manipulation with a paint brush; individual tissue slices or
groups of slices were then crushed through a 70-µm nylon mesh filter (Thermo Fisher, USA) using
the rubber tip of a 1 or 3 mL syringe plunger to generate cell suspensions. Unsliced lymph nodes
were similarly crushed through 70-µm filters, according to standard methods, for comparison. Cell
suspensions were stained with Pacific Blue-B220, Brilliant Violet 421-CD3, Alexa Fluor 488CD80, PE-CD11c, PE-Cy7-CD69, APC-Cy7-CD4 (all from Biolegend, USA, details provided in
Table 2.1) and DilC1 (Thermo Fisher, USA). After staining, 2 µM propidium iodide (PI, Sigma
Aldrich, USA) was added. Stained samples were washed and resuspended in 500 µL of 1x PBS
with 2% FBS (flow buffer). Antibody compensation controls were run with OneComp eBeadsTM
(eBiosciences, USA) according to manufacturer protocol. Viability compensation controls,
including PI and DilC1, were run on primary lymphocyte populations. PI controls were run with
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mixed live and killed cells; cells were killed with 35% ethanol for 10 minutes at room temperature.
Live cells were stained with DilC1 for 30 minutes at 4 °C, washed and mixed with unstained live
cells in a 1:1 ratio to act as a single stain compensation control. Stained suspensions were
analyzed on a CyAn APD LX cytometer (Beckman Coulter, USA) unless otherwise noted.
Analysis was completed using FlowJo 7 or FCS Express as noted.
Table 2.1: Product information for antibodies used in flow cytometry
Target
B220

Clone
RA3-6B2

Fluorophore
Pacific Blue

Product Number
103230

Vendor
Biolegend

CD3

17A2

Brilliant Violet 421

100227

Biolegend

CD3

17A2

Brilliant Violet 510

100233

Biolegend

CD80
CD11c
CD69
CD69
CD4
CD8
CD25

16-10A1
N418
H1.2F3
H1.2F3
GK1.5
53-6.7
PC61

Alexa Fluor 488
PE
PE-Cy7
PE
APC-Cy7
Alexa Fluor 488
Brilliant Violet 421

104715
117307
104511
104507
100525
100726
102033

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

2.2.4

ELISA
Culture supernatant was collected and analyzed by sandwich ELISA for the cytokines

IFNγ, IL-2, IL-4, and TNFα. A high-binding plate (Corning Costar 96 well ½ area, #3690; Fisher
Scientific) was coated with 1 µg/mL anti-IFNγ XMG1.2, 1 µg/mL anti-IL-2 JES6-1A12, ELISA MAX
capture anti-IL-4 (previous antibodies from Biolegend) or capture TNFα (R&D systems, cat:
DY410-05) in PBS overnight at 4°C, then washed. All washing steps were performed in triplicate
with 0.05% Tween-20 in PBS. Wells were blocked for 2 hours with 1% BSA and 0.05% Tween20 (Fisher Scientific) in PBS (block solution). Serial dilutions of recombinant murine IFNγ, IL-2
(Peprotech, Rocky Hill, NJ), IL-4 (ELISA MAX standard, Biolegend) and TNFα (R&D Systems)
were prepared in a 1:1 v/v mixture of block solution and complete media, and supernatant
samples were diluted 1:1 v/v with block solution. Samples were added to the plate in duplicate
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and incubated for 2 hours, then washed. Biotinylated anti-IFNγ R46A2 (0.5 μg/mL), anti-IL-2
JES6-5H4 (1 μg/mL), ELISA MAX detection anti-IL-4 (Biolegend), or detection TNFα (R&D
Systems) were prepared in blocking solution and added to the plate. Avidin-HRP (1X) (Fisher
Scientific) in blocking solution was added to the plate and incubated for 30 minutes, then washed.
Plates were developed using TMB substrate (Fisher Scientific), stopped with 1M sulfuric acid
(Fisher Scientific), and absorbance values were read at 450 nm on a plate reader (CLARIOstar;
BMG LabTech, Cary, NC). To determine concentration of sample solutions, calibration curves
w
e
r
e

(𝑚𝑎𝑥−𝑚𝑖𝑛)

𝑌 = 𝑚𝑖𝑛 + (𝑋𝐻𝑖𝑙𝑙𝑆𝑙𝑜𝑝𝑒 ) × (𝑋 𝐻𝑖𝑙𝑙𝑆𝑙𝑜𝑝𝑒 +𝐸𝐶50𝐻𝑖𝑙𝑙𝑆𝑙𝑜𝑝𝑒 )

Equation 2.1

Limit of Detection (LOD) was calculated from the average of the blank + 3x standard

deviation of the blank.
f
2.2.5
i

Inflammatory gene expression array

Axial, brachial, and inguinal lymph nodes from four mice were mixed and randomly
t
distributed into two groups: 12 nodes for slicing and 12 nodes for cell suspensions. Approximately
24 slices were collected as described above and cultured individually at 37 °C with 5% CO2
i
overnight. Meanwhile, lymphocyte suspensions from whole nodes were generated by passing the
n
lymph nodes through a 70-µm filter. The lymphocytes were pooled and resuspended at 0.86 x106
cells/mL (mean cellular density matched to the lymph node slices) then cultured overnight. After
G
the overnight culture period all samples were flash frozen and stored at -80 °C until RNA could
r
be isolated.
a
p

RNA was isolated using a RNeasy Mini Kit according to manufacturer instructions

(Qiagen,
USA). Briefly, pooled tissue samples (intact slices or cell culture suspensions) were
h
homogenized
in lysate buffer; cells were vortexed in lysate buffer and passed through a 20-gauge
P
needle
to generate a homogenized sample. Lysates were mixed with 70% ethanol and filtered
a
d

P
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according to manufacturer recommendations to obtain genetic material. To remove genomic DNA
from the sample, 1 μg RNA was added to 1 U/µL DNase (Invitrogen, USA) in DNase reaction
buffer. The digestion was run for 15 min at room temperature and stopped with 25 mM EDTA and
heated to 65 °C for 10 min. An Accuris qMax cDNA synthesis kit was used to generate the cDNA.
Reaction buffer, qMax reverse transcriptase, RNA and water were incubated at 42 °C for 30
minutes. The reaction was stopped by heating to 85 °C for 10 minutes.
A RT2 profiler array for mouse inflammatory cytokines and receptors (Qiagen, USA) was
used according to manufacturer recommendations to measure the expression of 84 inflammatory
genes (Table S1). SYBR Green was used as the reporter and the reaction was run for 40 cycles
on a QuantStudio 6 PCR instrument (Thermo Fisher, USA). Genes that were detected on or after
cycle 35 were considered not expressed. Of the expressed genes, the average relative
expression was determined based on the average expression of 5 housekeeping genes (Table
2.2) Because all samples in each group were pooled for analysis, two cut-offs were defined for
significant differential expression, two and three standard deviations from the mean differential
expression.

.
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Table 2.2: Gene targets from Qiagen inflammatory gene array.

Gene
Aimp1
Bmp2
Ccl1
Ccl11
Ccl12
Ccl17
Ccl19
Ccl2
Ccl20
Ccl22
Ccl24
Ccl3
Ccl4
Ccl5
Ccl6
Ccl7
Ccl8
Ccl9
Ccr1
Ccr10
Ccr2
Ccr3
Ccr4
Ccr5
Ccr6
Ccr8
Cd40lg
Csf1
Csf2
Csf3
Cx3cl1
Cxcl1
Cxcl10
Cxcl11
Cxcl12
Cxcl13
Cxcl15
Cxcl5
Cxcl9
Cxcr2
Cxcr3
Cxcr5
Fasl
Ifng

Relative
Expression
(Sliced/Crushed)
8.94
0.01
0.32
10.33
22.80
23.80
3.07
385.30
5.21
13.63
1.19
1.88
108.01
1.70
0.60
4.42
490.67
12.06
1.80
0.02
0.02
0.77
0.02
5.96
0.02
0.02
8.90
0.27
8.28
22.69
0.02
0.27
803.88
0.023
0.61
56.92
0.80
3.03
27.69
0.02
0.02
11.05
1.58
1.10

Differential
Designation
Not Different
2SD Different
Not Expressed
Not Different
1SD Different
1SD Different
Not Different
2SD Different
Not Different
Not Different
Not Different
Not Different
2SD Different
Not Different
Not Expressed
Not Different
2SD Different
Not Different
Not Different
Not Expressed
Not Expressed
Not Expressed
Not Expressed
Not Different
Not Expressed
Not Expressed
Not Different
Not Different
Not Different
1SD Different
Not Expressed
Not Expressed
2SD Different
Not Different
Not Different
2SD Different
Not Different
Not Different
1SD Different
Not Expressed
Not Expressed
Not Different
Not Different
Not Different

Gene
Il10ra
Il10rb
Il11
Il13
Il15
Il16
Il17a
Il17b
Il17f
Il1a
Il1b
Il1r1
Il1rn
Il21
Il27
Il2rb
Il2rg
Il3
Il33
Il4
Il5
Il5ra
Il6ra
Il6st
Il7
Lta
Ltb
Mif
Nampt
Osm
Pf4
Spp1
Tnf
Tnfrsf11b
Tnfsf10
Tnfsf11
Tnfsf13
Tnfsf13b
Tnfsf4
Vegfa
Actb
B2m
Gapdh
Gusb
Hsp90ab1

Relative
Expression
(Sliced/Crushed)
4.95
26.37
33.37
17.25
0.21
0.02
0.02
0.00022
0.02
0.26
17.40
0.61
150.13
0.02
0.02
0.02
0.29
0.02
3.04
3.29
4.66
0.02
8.73
33.41
1.38
0.04
18.25
8.66
0.56
1.55
1.76
33.49
0.02
0.02
0.13
0.02
0.02
0.01
1.37
0.06

Differential
Designation
Not Different
1SD Different
2SD Different
Not Different
Not Different
Not Expressed
Not Expressed
2SD Different
Not Expressed
Not Different
Not Different
Not Different
2SD Different
Not Expressed
Not Expressed
Not Expressed
Not Expressed
Not Expressed
Not Different
Not Different
Not Different
Not Expressed
Not Different
2SD Different
Not Different
Not Expressed
1SD Different
Not Different
Not Expressed
Not Different
Not Different
2SD Different
Not Expressed
Not Expressed
Not Different
Not Expressed
Not Expressed
2SD Different
Not Different
Not Different
Housekeeper
Housekeeper
Housekeeper
Housekeeper
Housekeeper
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2.2.6

DQ-OVA culture of lymph node slices
Slices were collected as above and randomly assigned to live culture or fixation. Live slices

were cultured with ovalbumin (OVA) protein solution, consisting of 1 μg/mL DQ-OVA (Thermo
Fisher, USA) plus 9 μg/mL purified OVA (InvivoGen, USA) in 500 μL supplemented RPMI, or
vehicle control in in 500 μL supplemented RPMI. Killed control slices were fixed in formalin (4%
formaldehyde, Protocol, USA) for 1 hour at 37 °C with 5% CO2, then incubated with OVA protein
solution. Slices were incubated for 24 hours at 37 °C, 5% CO2, and images were collected at
1,2,4,8 and 24 hours.
2.2.7

Antigen-specific interactions in lymph node slices
Spleens were collected from Rag2/OT-II female mice (Taconic Biosciences) aged 6-10

weeks following isoflurane anesthesia and cervical dislocation. Splenocytes were isolated using
a 70-µm pore size nylon filter (Fisher Scientific, USA), and the filter was washed with sterile 1x
phosphate buffer saline (PBS) supplemented with 2% v/v fetal bovine serum (FBS, VWR, USA).
Cell density was determined through trypan blue exclusion. Using a CD4+ T cell enrichment kit
(StemCell Technologies, USA), CD4+ T cells were isolated from bulk splenocytes by negative
selection. OTII CD4+ T cells (0.5x106 cells: 200 μL at 2.5x106 cells/mL) were intravenously
injected into 8 female C57Bl/6 mice. The following day, the C57Bl/6 mice were vaccinated with
50 µg of OVA protein in either 200 µL of Alum 50:50 v/v PBS or PBS alone. Vaccinated mice were
humanely euthanized on days 1,4 and 7 after vaccination, and lymph nodes were harvested and
sliced. Slices were cultured overnight in complete media supplemented with 10 µg/mL OVA
protein (Invivogen) or PBS. After overnight culture, the supernatant was collected for cytokine
analysis using ELISA and the slices immunostained and imaged.
2.2.8

Immunofluorescent staining and imaging of lymph node slices
Slices were stained according to previously published procedures.50 Briefly, slices were

placed on a Parafilm® covered surface and a washer was placed on top. Samples were treated
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with blocking solution (anti-CD16/32) for 20 minutes in a cell culture incubator. Antibody cocktail
was added to the blocking solution and samples were incubated for an additional 1 hour. Slices
were then washed in sterile 1x PBS for at least 30 minutes in a cell culture incubator. Antibody
information can be found in Table 2.3
Unless otherwise noted, imaging was performed on a Zeiss AxioZoom upright
macroscope with a PlanNeoFluor Z 1x/0.25 FWD 56mm objective, Axiocam 506 mono camera
and HXP 200 C metal halide lamp (Zeiss Microscopy, Germany). Images were collected with
Zeiss Filter Sets 38 HE (Ex: 470/40, Em: 525/50), 43 HE (Ex: 550/25, Em: 605/70); 64 HE (Ex:
587/25, Em: 647/70); and 50 (Ex: 640/30, Em: 690/50). Confocal microscopy was performed on
a Nikon A1Rsi confocal upright microscope, using a 487 and 638 nm lasers with 525/50 and
685/70 nm GaAsP detectors respectively. Images were collected with a 40x/0.45NA Plan Apo
NIR WD objective. Two-photon microscopy and second harmonic imaging were performed in the
W.M. Keck Center for Cellular Imaging (University of Virginia) on an Axiovert200 MOT inverted
microscope with an LSM510 scan head (Zeiss, Germany). Image was collected with 60x/1.20 WD
objective. Image analysis was completed using ImageJ software 1.48v.67
Table 2.3: Product information for imaging antibodies.
Target
B220

Clone
RA3-6B2

Fluorophore
FITC

Product Number
103205

Vendor
Biolegend

B220

RA3-6B2

eFluor 570

41-0452-80

eBioscience

CD69
CD4
CD45
Lyve-1
Lyve-1

H1.2F3
GK1.5
30-F11
ALY7
ALY7

Alexa Fluor 647
FITC
Alexa Fluor 488
eFluor 660
eFluor 570

104517
100405
103121
50-0443-82
41-0443-82

Biolegend
Biolegend
Biolegend
eBioscience
eBioscience
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2.3
2.3.1

RESULTS
Lymph node slices preserve spatial organization
We developed a protocol for slicing lymph node tissue that was informed by well-

established procedures for slicing brain, another delicate tissue, and by prior work with lymphoid
tissues.48,56,68 In brief, LNs were gently isolated from the animal, embedded in agarose for physical
support, and sliced on a vibratome. LN slices were immediately immersed in culture media to rest
until further processing or experimentation. A detailed experimental protocol is provided in the
Methods. In this first section, we highlight some of the key aspects of working with lymph node
slices prior to describing the optimization and validation of the method.
One of the primary reasons to work with intact tissue rather than cell culture is the
preservation of spatial organization. Indeed, the structure of the lymph node was retained in these
live, thick slices in the absence of fixation. Live tissue slices from naïve mice contained distinct B
cell regions and lymphatic vasculature/vessels with a distribution that was consistent with in vivo
and immuno-histochemical studies (Figure 2.1a).56,30,69–71 These geographical landmarks were
readily visualized using widefield microscopy after live immunofluorescence staining.50 Ex vivo
slices could also be used to visualize the distribution of draining antigen after in vivo vaccination,
e.g. with rhodamine-conjugated ovalbumin (OVA) protein (Figure 2.1b-d). Both localization in
individual cells (Figure 2.1b) and draining of soluble antigen via the lymphatic and sinus structure
(Figure 2.1c-d) were visible without fixing the tissue. While the images described above were
collected at low magnification, live tissue slices are also compatible with high resolution
microscopy techniques. By using confocal microscopy, we were able to visualize individual cells
within the branching lymphatic network (Figure 2.1e). Second harmonic imaging of the collagen
network within the LN slice (Figure 2.1f) highlighted the dense collagen network that persists
throughout the lymph node, consistent with other examples of live two-photon imaging of the
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lymph node.72–74 These images highlight the potential for lymph node slices to reveal tissue
organization.
Figure 2.1: Key structural features remain
intact in thick lymph node slices. (a) Slice
labeled with anti-B220 (FITC, green) and antiLyve-1 (eFluor660, purple) revealed key structural
features of the lymph node. Slice shown from a
female C57Bl-6J mouse. (b-d) Slices from an
OVA (rhodamine labelled, red)-immunized
C57Bl/6-J mice, labeled as in (a). (b) RhodamineOVA was visible inside of cells within the T cell
rich (B220-dim) region of the lymph node 3 days
post-immunization. (c) Rhodamine-OVA entering
the lymph node through the lymphatics 1-day
post-immunization. (d) Inset of (c) showing
colocalization of draining lymphatics and OVA
protein. (e) High-definition image collected by
confocal microscopy. Slice labelled with antiCD45 (AlexaFluor488, green) and anti-lyve-1
(eFluor660, purple). (f) Image of lymph node slice
collected by two-photon microscopy, showing
CD4 positive T cells (FITC-CD4 Fab’, generated
in house according to published procedure74)
within the collagen matrix (second harmonic
imaging). Panels c-d collected by B. Groff. Panel f
collected by A. Kinman.

2.3.2

Lymph node slices reflect heterogeneity in organ composition
To enable quantitative cellular phenotyping and analysis of viability, we first determined

that flow cytometry can be run on a single murine lymph node slice, similar to reports on single
thymus slices.52 Manual counting indicated that each slice yielded, on average, (0.56 ± 0.16) x106
cells (n = 10 slices, mean ± std dev). The variability in cell number reflects the fact that the surface

area varies between slices. We found that a single murine lymph node slice provided sufficient
cell counts to collect flow cytometric data (Figure 2.2a), and all subsequent analyses were
performed on single slices unless otherwise noted. Live cells were identified using PI exclusion,
and the remaining cells were separated into dead (PIhigh, DilC1low) and apoptotic (PIhigh, DilC1high)
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populations according to signal from the mitochondrial membrane potential dye DilC1 Figure
2.2b). Live cells were phenotyped by surface markers for cell type (Figure 2.2c-e).75

Figure 2.2: Flow cytometry data can be collected from a single slice. (a-e) Representative flow plots
from a single naïve slice showing scatter (a), viability (b), T cell, B cell, and CD11c+ cell phenotyping
(c,d,e, respectively).

On average, the cell suspension obtained from single C57Bl/6 lymph node slices matched
that obtained from whole lymph nodes: 50% CD3+ T cells (51% CD4+, 49% CD4-), 44% B cells,
and 1% CD11c+ cells (Figure 2.3a). As expected, there was large heterogeneity in cellular
composition between individual slices, as the slices reflect the complex 3-dimensional structure
of this organ and non-uniform distribution of cell types within it. In fact, immunofluorescence
staining of thin (100-μm) serial slices of fixed lymph node tissue revealed significant heterogeneity
from slice to slice in terms of both gross structural changes and cellular composition (Figure
2.3b,c). Thus, tissue slices of spatially organized organs may provide a means to quantify and
assess variation in population function across the tissue, whereas methods that begin with tissue
homogenization lose this information. Over dozens of experiments, we observed that variations
in large scale tissue architecture between slices from the same organ exceeded the variations
between the inguinal, axial and brachial lymph nodes. As the large-scale cellular architecture was
similar for these three types of skin-draining lymph nodes, they were mixed for subsequent
studies.
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Figure 2.3:Lymph node slices are highly heterogeneous. (a) Average phenotypic distribution within
individual lymph node slices compared to whole crushed lymph nodes. The average slice was equally
distributed between B cells (44±21%) and CD3+ T cells (50±17%), with very few CD11c+ cells collected
(1±0.4%); exact composition varied between slices. These data were not significantly different from whole
crushed lymph nodes. Bars show mean ± standard deviation from N=7 sliced and N=3 crushed nodes. (b)
Schematic representation of the biological source of heterogeneity from slicing. B cell follicles shown in
green; sinuses in blue. (c) Serial 100-μm thick slices of a fixed lymph node labelled with FITC anti-B220
(green) and Hoechst 33342 (blue) detailing the heterogeneous cell distribution in the lymph node and even
within a single 300-μm span. Images collected by B. Groff.

2.3.3

Single 300-µm LN slices had similar viability overnight as lymphocyte
suspensions
Next, we sought to optimize the conditions for lymph node slicing.
First, we varied slice thickness to maximize the number of slices that
can be collected from a single node while maintaining high viability.
For reference, we compared cells collected from tissue slices to cells

Figure 2.4: Schematic
showing experimental
work flow, Intact LNs were
either passed through a 70µm filter or embedded in
agarose, sliced, cultured,
and then passed through a
filter.

collected directly from intact lymph nodes by the conventional
method of crushing through a filter (Figure 2.4). First, we determined
the appropriate thickness for murine lymph node slices (Figure 2.5);
the minimal slice thickness for a given tissue depends on its

mechanical strength, while an upper bound is set by its rate of oxygen consumption. 76 Lymph
node slices collected at 100 μm were usually torn, so this thickness was not considered further.
200-μm-thick slices were intact but sometimes mechanically distended (stretched); consistent
with this, these slices were diminished in initial viability compared to 400-μm slices. There was no
significant difference in initial or 24-hr viability between 300-μm and 400-μm slices, so 300 μm
was selected to provide more slices per node. The percentage of live cells in slices was similar to
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that of cell culture suspensions over this time period (Figure 2.5), indicating that the act of slicing
did not significantly decrease the viability of the samples compared to crushing.
Figure 2.5: Tissue thickness had a slight
effect on initial viability, as 200-μm thick
slices were less viable than 400-μm thick
slices. No significant differences were seen
between thicknesses after 24 hours of culture.
The viability of tissue slices was comparable to
that of cell culture.

2.3.4

Selection of slicing conditions to minimize activation markers
We aimed to select slicing conditions that minimized
unintentional activation or alteration of the state of the lymph node,
particularly the induction of rapid, non-specific inflammation due to
mechanical damage from slicing. To do so, we varied the slicing
conditions and analyzed viability and apoptotic markers, as well as the
intensity of CD69 on CD4+ T cells and CD80 on B cells and CD11c-

Figure 2.6: Serum in
slicing media did not
increase viability. Slices
were collected in both ice
cold 1x PBS and PBS
supplemented with 2% FBS.
There was no significant
differences between these
conditions at either time
point. Two-way ANOVA with
multiple comparisons; ns
denotes p>0.05.

expressing cells, which include dendritic cells (DCs).77–79 We first
considered the protein content and oxygenation of the media used
during slicing. Inclusion of proteins in the chilled slicing media (i.e.,
addition of 2% v/v fetal bovine serum (FBS) to PBS) did not improve
viability (Figure 2.6), so PBS was used for simplicity. Oxygenation of
slicing media is essential for brain slices, and this convention has

been propagated through many other tissue slicing protocols.56,68,48,80,81 However, lymph nodes,
and many other tissues, are thought to be mildly hypoxic in vivo.82 We hypothesized that hyperoxia
may not be needed during slicing of LN tissue. To test this hypothesis, we sliced tissue in PBS
that was either equilibrated with the atmosphere or bubbled with oxygen. Slices collected in
oxygen-saturated media showed a small but significant decrease in the live population compared
to those sliced under atmospheric conditions and trended towards a greater apoptotic population
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(Figure 2.7a; tissues analyzed 1 hr post slicing). CD80 expression was also increased on CD11c
positive cells from these slices (Figure 2.7b). From these data we concluded that an O2-saturated
environment during slicing did not improve lymph node slice viability, and so for simplicity all slices
were collected in 1x PBS without oxygen bubbling. We note that these results were collected on
skin-draining lymph nodes, and we cannot exclude the possibility that lymph nodes from other
areas of the body may require different handling.

Figure 2.7: Slicing LNs in O2-saturated
media caused damage to the cells. (a)
Slices collected in an oxygen-saturated
environment had a statistically lower
percentage of live cells and an increased
spread in the apoptotic population. (b) Slices
collected under atmospheric conditions had
statistically significant lower expression of
CD80 on CD11c+ cells compared to slices
collected
in
an
oxygen-saturated
environment but not significantly lower than
lymphocyte culture. Each dot represents a
single slice from skin-draining lymph nodes
or cell culture well. Two-way ANOVA with
multiple comparisons *p>0.05 ***p=0.0003.

Slices of many organs are “rested” for one or more hours after collection to allow any
effects of cutting to dissipate,41,83,84 and we tested slices in this window for viability and
upregulation of inflammatory markers. We found no significant difference in viability over a period
of 1 – 3 hr after slicing (Figure 2.8a), nor any increase in the fluorescence intensities of the
activation markers CD69 on CD4+ T cells and CD80 on B cells and CD11c+ cells (Figure 2.8b).
The

CD69

and

CD80

intensities from slices were
comparable
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Figure 2.8: Slice viability and activation markers remained stable over nodes and cultured in 1x
a short rest time. (a) Viability was unchanged over short recovery times.
(b) The intensity of inflammation markers remained low over short recovery PBS, and were much lower
times and was much lower than cf) alum-treated in vitro lymphocyte
cultures used as a positive control. 2-way ANOVA with multiple than those from in vitrocomparisons n.s. p>0.05.
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activated lymphocytes that served as a positive control (Figure 2.8c). Based on these data, we
determined that a 1-hour rest is sufficient post-slicing; shorter times may also be acceptable but
were not tested. We speculate that the lack of measurable inflammation in response to the
mechanical damage of slicing may be due to the rapid dilution of “danger signals” from the cut
faces of the slice into the large volume of slicing media. In summary, lymph node slices collected
in normoxic saline and rested for one hour displayed high viability and minimal markers of
nonspecific activation.
2.3.5

Inflammatory gene expression was low and similar between sliced and crushed
lymph nodes.

To further investigate the possibility of inflammation due to slicing, the expression of 84 key
inflammatory genes (Table 2.2) was analyzed by RT-PCR array for lymph node tissue slices
versus conventional lymphocyte cultures. The slices and cell suspensions were cultured overnight
prior to analysis, to allow time for any delayed response or slow-acting inflammatory signals from
the process of slicing, then mechanically dissociated directly into lysing buffer. Differential
expression was determined by calculating the mean relative expression (sliced/crushed cultures)
and setting a conservative threshold at one or two standard deviations from the mean. Consistent
with the fact that these were samples from naïve animals, the majority of genes in the
inflammatory gene array either were not expressed in either sample (27 genes) or were not
differentially expressed between slice culture and cell culture (39 genes; Figure 2.9a), even with
the least stringent threshold (1 std dev). Of the differentially expressed genes, 9 out of 18 were
related to chemokines and their receptors (Figure 2.9b). We speculate that the increase in gene
expression along the chemokine axis may be related to the preservation of the stromal cells in
the tissue slices; stromal cells adhere to the matrix and would have been removed by the filter
when collecting lymphocyte suspensions.44,85 Based on the overall low levels of inflammatory
gene expression in both tissue slices and cell suspensions, together with the low levels of
activation markers observed by flow cytometry (Figure 2.8), we conclude that the process of
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slicing does not cause appreciable inflammation of the tissue. These data are consistent with
results from tumor slices that found few changes in gene expression caused by the act of slicing.86

Figure 2.9: Comparable expression of inflammatory genes in slices and cell suspensions from
naïve murine lymph nodes. (a) Of the 84 genes investigated, 33.3% were not expressed in either
condition, 45.2% were expressed but not differentially expressed, and 14.3-21.4% were differentially
expressed. Differential expression was determined by setting a threshold at 1 or 2 standard deviations
from the mean relative expression of expressed genes (light and dark orange, respectively). (b)
Expressed genes were categorized by the two cut-offs: 2 stdev (black lines) or 1 stdev (grey lines).
Seven genes were different between the thresholds. A full gene list is provided in Table 2.2. Pooled
samples from N=3 mice, comprising 9 crushed nodes and 30 slices in total.

2.3.6

Lymph node slices processed whole-protein antigen and responded to cellular
stimulation
An exciting application of lymph node slice culture is to measure the response of the intact

tissue to ex vivo stimulation, with all cell types and structures present and correctly localized. We
were particularly interested in the function of antigen-presenting cells, because appropriate
antigen recognition is required to initiate adaptive immune responses. We tested the ability of
antigen-presenting cells to process whole-protein antigen by incubating live slices with DQ-OVA,
a modified form of ovalbumin that becomes fluorescent upon proteolytic cleavage. Repeated
fluorescent imaging revealed time-dependent uptake and processing of the whole-protein antigen
by cells in lymph node slices. Mean DQ-OVA intensity was significantly greater in live slices than
in fixed slices after just two hours (Figure 2.10a). DQ-OVA signal followed a spatial distribution
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that was consistent with the sinuses and lymphatics (Figure 2.10b,c), similar to the pattern
observed for in vivo antigen drainage (Figure 2.1d). Closer observation by 5-color confocal
microscopy showed that the processed protein was visible inside F4/80+ macrophages, CD169+
subcapsular sinus macrophages, and Lyve-1+ lymphatic endothelial cells, but was mostly
excluded from B220+ B cells (Figure 2.10d).87,88 Quantitative image analysis in these densely
packed regions was challenging. Qualitatively, the largest fraction of processed protein at this
time point appeared to be from CD169+ subcapsular sinus macrophages (Figure 2.10d,
arrowheads).

Figure 2.10: Slices processed protein antigen. (a) Mean grey value (MGV) of DQ-OVA in lymph node
slices, showing processing of this protein antigen only in live slices. Live slices incubated with 1x PBS and
fixed slices incubated with DQ-OVA served as negative controls. 2-way ANOVA with multiple comparisons.
N = 9 slices, *p<0.05. (b) Representative images of slices from (a) after 4 hours of culture. Slices outlined
with dashed white line. (c) Low-magnification, widefield image of DQ-OVA processed within a live slice after
four hours. (d) Confocal images of a representative area of the slice, shown boxed in panel (c). Each panel
includes DQ-OVA (green) overlaid with the indicated co-stain (purple). Dashed line indicates edge of B cell
follicle. Arrowheads indicate cells that appear to have processed DQ-OVA.
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Figure 2.11: Slices responded to stimulation by upregulating surface expression of inflammation
markers. (a) Mean pixel intensity of CD69, averaged within each slice, was increased after 24-hour
stimulation with indicated reagents. One-way ANOVA with multiple comparisons. Each dot represents one
slice. ***p=0.0005, *p=0.0110. (b) B220 (green) and CD69 (purple) immunofluorescence in representative
lymph node after ex vivo stimulation with anti-CD3 (row 1), R848 (row 2), anti-IgM (row 3), and PBS (row
4). Mean grey value for the CD69 channel is reported in the upper right corner of each image. The PBS
control samples had visible CD69 staining around the edges of the tissue, due to either natural high
expression in naïve lymph nodes or off target/Fc-mediated binding fo the antibody in these regions. Slices
stimulated with anti-CD3 or R848 both had elevated, somewhat punctate expression within cortical regions
of the lymph node, which are rich in both B cells and T cells, and CD3-stimulated slices also had diffuse
CD69 signal in the T cell-rich center.3,4 Anti-IgM stimulation resulted in a uniform staining pattern but with
much lower average intensity over the entire slice.

We next tested the extent to which lymph node slices were able to respond to the
activation of T cells (anti-CD3, TCR engagement), B cells (anti-IgM, BCR engagement) and APCs
(R848, a TLR7 agonist) in overnight cultures.89–91 While anti-CD3 directly activates T cells by
cross-linking the TCR, R848 acts on T cells indirectly by activating APCs to produce IL-12, which
has a paracrine effect on nearby T cells.92,93 Rather than analyze cellular-level responses, which
is best done by traditional cell culture and flow cytometry, we focused on readouts that reflect
tissue-level responses and multi-cell interactions, such as upregulation of the lymphocyte
activation marker CD69. Statistically significant increases in mean CD69 surface staining were
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induced by anti-CD3 and R848 but not anti-IgM (Figure 2.11a). These stimuli generated qualitative
differences in CD69 staining patterns within the tissue; anti-CD3 elicited diffuse CD69 signal in
the T cell-rich paracortex, while other stimuli did not (Figure 2.11b). Notably, anti-CD3 elicited these
responses without inclusion of anti-CD28, suggesting that the co-stimulatory signal was
adequately provided by the CD80/86 on APCs present within the tissue slice.
We further tested the response of lymph node slices to ex vivo stimulation with anti-CD3
and R848 in terms of cytokine secretion, and directly compared the response of slices to
lymphocyte suspensions at matched cell densities. As expected, both tissue slices and cell
cultures responded to anti-CD3 with secretion of IFN-γ and IL-2, and unstimulated samples did
not secrete measurable IFN-γ or IL-2 (Figure 2.12a,b). Interestingly, we observed up to an 18fold increase in IFN-γ but not IL-2 secretion in tissue slices compared to cell culture. Stimulation
with R848 also resulted in significantly higher levels of IFN-γ production compared to lymphocyte
culture (Figure 2.12c). In fact, the lymphocyte response to these concentrations of R848 was very
weak, possibly due to the relative scarcity of matrix-bound APCs in lymphocyte cell cultures.94,95
Splenocyte culture has a higher population of APCs compared to lymphocytes, and splenocytes
did have a detectable response to R848, though still lower than lymph node slices (Figure
2.12d).96,97 We speculate that the integrity of lymphocyte contacts with stromal cells and antigenpresenting cells (e.g. providing CD28 ligation), as well as the integrity of matrix-bound secreted
factors, may play a role in differences between slices and cells. These data are consistent with
prior reports that the cytokine profile from ex vivo-stimulated human tonsil and spleen slices
differed from that of matched tonsil cell and splenocyte cultures.61,98 We conclude that lymph
node slices can respond to ex vivo stimulation with both surface marker upregulation and cytokine
secretion. Furthermore, differences between ex vivo and in vitro responses suggest that
preserving the cell-cell and cell-ECM interactions that are seen in vivo may have a substantial
impact on experimental results.
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Figure 2.12: Slices produced measurable cytokine levels after stimulation. Cytokine secretion from
slices and mixed cell culture after 20-hour direct (CD3ε) or indirect (R848) T cell stimulation. Cell
concentration was matched to LN slice, 1X: 1.7 x106 cells/mL, 2X: 3.4 x106 cells/mL. (a) IFNγ secretion
after 20-hr stimulation with CD3Ɛ vs lymphocytes. (b) IL-2 secretion after 20-hr stimulation with CD3ε
vs lymphocytes. (c) IFNγ secretion after 20-hr stimulation with R848 vs lymphocytes. (d) IFNγ secretion
after 20-hr stimulation with R848 vs splenocytes. Grey dots represent points set to the LOD; each dot
represents one slice/cell culture. N = 6-12 slices and 3-4 cell cultures. Mean ± Standard Deviation. 2way ANOVA with multiple comparisons. *p=0.0102, **p=0.0029, ***p=.00001, ****p<0.0001, n.s.
denotes p>0.05. Data collected by A. Kinman.

2.3.7

Live lymph node slices responded to antigen-specific challenge
Finally, we tested the ability of lymph node slices to recall an antigen-specific response ex

vivo. In vivo vaccination elicits a complex series of responses, including antigen trafficking and
processing, cellular activation, and cytokine secretion, at specific times that reflect the ongoing
development of the adaptive immune response. Here we tested a subset of these readouts to
assess the ability of ex vivo lymph node slices to report on this in vivo activity. Taking advantage
of the OVA/OTII model antigen system, mice received OVA-transgenic CD4+ T cells (OTII)
intravenously, then were primed subcutaneously (s.c.) with either a model vaccine (alum and OVA
protein) or a vehicle control (PBS) (Figure 2.13a). In this system we expected to measure
adjuvant-mediated and initial T cell responses between days 1 and 4, with a full T cell response
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by day 7.99 Alum vaccines are known to produce a Th2-skewed response, and we expected to
see this polarization in our slice culture system in the form of IL-4 secretion.100,101

Figure 2.13: Lymph node slices showed antigen-specific stimulation after vaccination. (a)
Schematic of experimental procedure. Black/6 mice were given CD4+ OTII cells IV and rested one day
before vaccination with either alum and OVA protein or PBS. Tissues were collected on 1, 4, and 7 days
after vaccination and sliced. Slices were then cultured with or without OVA protein challenge for 24
hours. Cytokine analysis was completed by ELISA from surrounding media and slices were
immunostained for activation markers. (b) Slices from mice vaccinated with alum+OVA four days prior
processed OVA antigen at the same rate as those from unvaccinated mice. N=12 slices. (c-d)
Quantification of cytokine secretion into the culture media after 24-hr culture with or without OVA.
Antigen-specific IFN-γ response was detected on day 4; antigen-specific IL-2 response was detected on
day 7. Dark grey points represent data that was set at the limit of detection for the plate. (f) Antigenspecific CD69 upregulation was seen on day 4. (g) Representative images from (f). Slices were stained
with FITC-B220 and AF647-CD69. Scalebars all 500 μm. Each dot represents a single slice with bars
indicating mean ± standard deviation. Two-way ANOVA with multiple comparisons. *p<0.05, **p<0.01.
Panels c-g data collected by A. Ball and M. Catterton
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Because activated APCs may decrease their phagocytic properties,102 we first tested
whether cells in lymph node slices from vaccinated mice were able to process DQ-OVA on this
time scale. Unexpectedly, DQ-OVA processing in these slices was unchanged compared to slices
from control animals (Figure 2.13b). We speculate that the unaltered processing of DQ-OVA in
the lymph node may be due to the presence of lymph-node resident DCs that were not activated
by the s.c. alum injection. This result indicated that ex vivo incubation with antigen would still be
effective in lymph node slices from vaccinated animals.
To quantify early and late responses to vaccination, lymph nodes were collected on days
1, 4, and 7 after vaccination, sliced, and cultured for 24-hr in the presence or absence of OVA
protein in the media. TNFα secretion was not detectable at any time point (Figure 2.13c),
consistent with other reports for alum adjuvants.103,100 By day 4, a strong antigen-specific IFNγ
response was detected in slices from vaccinated animals (Figure 2.13d). Slices from control
animals did not secrete IFNγ upon ex vivo culture with OVA, confirming that the response arose
from vaccination. Consistent with the timing of the IFNγ response, on day 4 we also observed a
significant increase in CD69 surface marker immunofluorescence in vaccinated/restimulated
slices compared to vaccinated/unstimulated and vehicle controls (Figure 2.13f). CD69
upregulation was located throughout the slice (Figure 2.13g, Figure 2.14). No CD69 upregulation
was detected on days 1 or 7 (not shown). As expected for an alum-adjuvanted vaccine,99,101 we
observed a statistically significant increase in antigen-specific IL-4 production in lymph node slices
from vaccinated animals (Figure 2.13e). Interestingly, the peak days for IFN-γ and IL-4 differed
(days 4 and 7, respectively), providing information about the kinetics of cytokine secretion during
the in vivo immune response. In summary, these data provide compelling evidence that murine
lymph node slices can mount antigen-specific responses ex vivo, including to intact protein
antigens. Slice cultures simultaneously yielded data on the timing of cytokine secretion and the
distribution of immunofluorescence staining, and could match trends across the results. Overall,
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these data show the versatility of live lymph node tissue slices to provide multiple readouts and
potentially serve as an ex vivo model of immunity.

Figure 2.14: Lymph node slices from vaccinated mice responded to protein-antigen challenge by
upregulating surface expression of inflammatory markers. Mice received i.v. OTII CD4+ T cells, then
were immunized with either OVA+Alum (noted as Alum in the figure) or PBS. Slices from draining lymph
nodes were collected on Day 4 and cultured ex vivo for 24 hours with either whole-protein OVA
(Restimulated) or PBS (Unstimulated). Slices were then stained with AF647-CD69. Mean grey values for
the CD69 channel is reported in each image. Data collected by A. Ball and M. Catterton.
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2.4

DISCUSSION
The data in this chapter lay out a set of best practices for slicing murine lymph nodes and

maintaining them in 24-hr culture, and demonstrate that slices have the potential to be used to
study T cell activation and antigen-specific responses ex vivo. Slices retained viability for 24 hours
in culture and did not show signs of inflammation. Slices retained the spatial organization seen in
vivo while making the tissue readily accessible for imaging and immunostaining, offering the
potential to easily image cellular interactions and changes in surface marker expression during
culture. Lymph node slices offered a cytokine response that differed in some cases from
lymphocyte culture, consistent with prior reports for other lymphoid tissues.58,61 This difference
may reflect the intact extracellular environment and cell-cell interactions that would be found in
vivo. Most interestingly, this work provided evidence that lymph node slices could be used to
report antigen-specific responses to vaccination, while offering the ability for multi-modal readout
that combines imaging and traditional analysis such as ELISA and flow cytometry. Overall, this
work lays the foundation for lymph node slices to serve as a controlled, ex vivo experimental
platform in which to study the spatial organization and dynamics of the lymph node.
Traditionally, antigen presentation studies have been conducted by in vitro cell culture or
by in vivo imaging, frequently using DCs pulsed with protein or peptide antigen.70,73 By using intact
tissue ex vivo instead of co-culturing T cells with DCs in vitro, the contributions other cell types
are retained, e.g. fibroblastic reticular cells (FRCs), with which T cells interact with at a higher
frequency than with DCs.104 We note that pulsed DC cultures could, in principle, be overlaid onto
ex vivo lymph node slices for facile imaging of T cell-DC interactions similar to the in vivo studies,
although overlays likely would not produce the fine segregation of DC phenotypes seen in
vivo.70,73,95 Here, the lymph node was primed in vivo, then challenged ex vivo with a protein
antigen in a manner similar to traditional ELIspot assays. The finding that cells in LN slices were
able to process protein antigen for antigen-specific T cell activation opens the possibility for ex
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vivo analysis of intercellular interactions as well as antigenicity analysis. In contrast, peptides may
load onto any available MHC, potentially introducing cellular interactions that would not
traditionally occur. Furthermore, antigen-presenting cells were presumably present in same
numbers and locations as they were in vivo.
Like any model system, ex vivo platforms have inherent features and limitations that
impact experimental design. Ex vivo lymph node slices are characterized by heterogeneity,
isolation from the organ, and exposure to the culture media that differs from the in vivo system.
(1) Heterogeneity. The complex internal architecture of the lymph node results in each slice being
distinct in both cellular distribution and available treatment surface area, despite all nodes being
sliced along the transverse plane. This heterogeneity can lead to highly variable data sets, which
can be addressed by either increasing sample size or by pre-selecting slices based on objective
criteria, such as B220 intensity or slice area. On the other hand, it may be possible to take
advantage of this feature to tease out differences in responses in varying parts of the organ. For
many of our studies we preferred to keep the heterogeneous distribution as a representation of
biological complexity. (2) Isolation. Once the tissue has been removed from the body, no
additional cells can be recruited from other areas, such as memory B cells from the bone marrow
or circulating T cells from the blood stream.105,106 However, cells can be overlaid onto the slice ex
vivo at defined concentrations and times, offering a powerful method to test the impact of specific
cell types at known time points.56,63 Removal from the body also eliminates blood, lymphatic, and
interstitial fluid flow, so shear stress is altered compared to what the organ is exposed to in vivo.
This limitation is also present in standard lymphocyte cultures, and may have an impact on stromal
cells in particular.107 Flow can be introduced into the system either through the tissue by gravity,
or across the tissue with pumps,54 with control over flow rates to mimic different disease states in
vivo and offer greater control of the experimental system. Microfluidics in particular can offer a
controlled approach for both the perfusion of tissue and potentially long-term culture.108–110 (3)
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Route of access. Drugs, cells, and other stimuli added to the culture media over a lymph node
slice can enter the entire cut surface of the tissue, rather than being restricted to enter through
the lymphatic or blood vasculature. This means that ex vivo slice treatment should not be used to
report in vivo biodistribution, although uptake may still be somewhat selective based on regional
cell activity (e.g. DQ-OVA uptake in Figure 2.10b, and regional T cell homing reported
previously63). On the other hand, this feature makes it possible to deliver stimuli to controlled
locations rather than being limited by natural biodistribution mechanisms.49,51,111

2.5

CONCLUSIONS AND FUTURE WORK
As discussed above this data is fundamental to working with live lymph node slices as a

way to study novel immunology. We are optimistic that live lymph node slices will provide a novel
platform that will add to the immunologist’s tool box as a supplement to traditional experimental
models. Slices provide a new angle of investigation based on spatially organized and dynamic
cell-cell and cell-matrix interactions, coupled with the responses to well defined ex vivo
stimulation. The enduring success of brain, lung, and tumor slices to study cellular and tissuelevel events, pharmacological responses, and even response to damage and infection, indicates
the wide array of potential utility for lymph node slices. Indeed, human tonsil slices are already in
use in this manner,46,112 and it seems likely that use with transgenic animals and animal models
of disease will prove equally fruitful. Lymph node slices may also prove useful for monitoring the
effect of the immune system on other organs, e.g. by co-culturing lymph node tissue with cells
and tissues from elsewhere in the body, in a far simpler manner than is possible in vivo.54 In
summary, the methods for collecting and working with acute murine lymph node slices presented
here provide a basis for the use of this model system to study dynamics and cellular interactions;
applications may span the range of vaccine development, infectious disease, cancer immunity,
and autoimmunity.
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Looking ahead, it will be useful to increase the longevity of the cultures to several days or
weeks, to monitor an immune response from onset to completion ex vivo. Long term culture poses
several challenges, including nutrient supplementation and oxygenation of the tissue, as well as
retention of motile lymphocytes within the slices. As they currently stand, lymph node slices are
able to provide valuable insight into short-term immune functions. Increasing the longevity will
hinge on the ability to recapitulate in vivo conditions. I hypothesize that the main contributor will
be the addition of fluid flow as this should stimulate the stromal cells to produce chemokines to
increase cell retention.107 After cell retention has been addressed media supplementation should
only be necessary to support immunological activity.
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3 LABELLING PRIMARY IMMUNE CELLS USING BRIGHT BLUE
FLUORESCENT NANOPARTICLES
3.1

INTRODUCTION
Tracking fluorescently labelled cells is a common strategy to assess cell behavior in vitro

and in vivo, particularly for highly motile cells such as lymphocytes.1–3 Many fluorescent dyes
provide intracellular labelling by binding in the cytoplasm or to DNA, but labelling reagents
continue to be an area of active research, particularly to take advantage of the further ends of the
UV-visible spectrum.4 Cytoplasmic labelling reagents are preferred for live cell imaging over time,
as DNA-binding dyes can interrupt transcription and cell replication.4,5 Common cytoplasmic dyes
align well with standard green (Ex 470/40, Em 525/50) and red (Ex 550/25, Em 605/70) filter sets
for widefield microscopy, including carboxyfluorescein succinimidyl ester (CSFE), calcein-AM,
tetramethylrhodamine isothiocyanate (TRITC), and similar newer commercial fluorophores.
However, the UV-excitable blue filter (Ex 365/50, Em 445/50) set is often underutilized for cell
tracking.
Many traditional blue fluorophores, such as DAPI and Hoechst, bind directly to DNA, while
others suffer from low intensities, such as derivatives of pyrene or coumarin.6 Dim fluorescence
signal under the classic UV-excited blue filter makes it difficult to distinguish labelled cells from
tissue autofluorescence. Newer, brighter blue and violet fluorophores are available, but are
primarily designed for multiplexed flow cytometry and laser-based microscopy, with a maximum
excitation at either 405 or 395 nm and narrow excitation peaks. This makes translating the same
dyes from one excitation source to another difficult; concentration, time of labelling, and detector
sensitivity must be optimized for each read-out. A bright blue reagent that can be used across
multiple platforms such as flow cytometry, confocal microscopy, and widefield fluorescent
microscopy would enable a single optimized labelling procedure to be used with flexible choice of
read-out.
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Boron-based organic dyes serve as effective fluorescence reporters.7–10 Previously, we
reported

luminescent difluoroboron β-diketonate (BF2bdk) complexes as well suited for

biomolecular imaging11–14 and oxygen sensing.15–18

Here we explore them as reagents for

tracking cells in the blue channel. In particular, fluorescent BF2bdk complexes offer outstanding
optical properties such as large extinction coefficients and quantum yields,19 two-photon
absorption,20 solvatochromism,21 and photostability.22 One of the brightest of these dyes, methoxy
substituted difluoroboron dibenzoymethane (BF2dbmOMe), emits intense blue fluorescence with
a quantum yield approaching unity (ΦF = 0.99).23 This is significantly larger than most
commercially available blue fluorophores (e.g., DAPI: ΦF = 0.58;24 pyrene: ΦF = 0.75;25 7-hydroxy4-methylcoumarin: ΦF = 0.63

26

). Therefore, we sought to harness this bright blue dye emission

for in vitro and ex vivo imaging agents.
Boron-based fluorophores are often incorporated into a polymer matrix to improve their
physical and chemical properties.27 Many BF2bdk complexes have large dipole moments (e.g.,
μ= 6.7 Debye for BF2dbm), making their emission sensitive to the polarity of media and the local
concentration. Therefore, emission spectra are tunable by varying the chemistry and/or length of
the polymer chains, fabricated either in film or nanoparticle format.28,29 Suitably chosen polymers
also can increase solubility in aqueous solution and offer protection to the dye (e.g. against
hydrolysis), improving their shelf life.30 Poly(D,L-lactic acid) (PLA), a biocompatible and
biodegradable material, has been utilized extensively for nanoparticle formation.31 The firstgeneration boron-based polymer BF2dbmPLA (Figure 3.1a-(1)), has found application in
fluorescence imaging of cells and tissues, including intracellular uptake and oxygen sensing.11,32
Poly (L-lactic acid) (PLLA), a stereoisomer of PLA, offers a higher degree of crystallinity, which
may slow the rate of hydrolysis in aqueous solution.33,34 Poly (ε-caprolactone) (PCL) is a more
hydrophobic polyester35 that is even slower to degrade than PLLA, making it useful for extended
retention of loaded cargo.36,37 Blends of other polymers with PCL provide tunable properties useful
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for drug delivery and tissue engineering applications.38 Finally, although pure hydrophobic
polymers can assemble as nanoparticles in water, hydrophilic segments, such as poly (ethylene
glycol) (PEG), are often incorporated to enhance the water solubility for biological imaging and
drug delivery.12

Figure 3.1: Nanoparticle design and compositions. (a) Chemical structures of boron-based dye-polymer
conjugates. (b) Chemical structures of each polymer tested. (c) Schematic of polymeric nanoparticles,
which adopt a micellar structure with the boron-based dye in the core and the polymer in the outer shell.

Well-controlled labelling of immune cells is of particular interest, as these highly motile cells
are frequently tracked in vitro and in vivo, or labelled for flow cytometric analysis. Fabricating dyepolymer conjugates into nanoparticles offers the opportunity to tune its uptake by immune cells.39
Lymphocytes (T cells and B cells), dendritic cells, and macrophages each have been targeted for
delivery of drugs or probes by using nanoparticles.39–42 Particles similar in size to viruses (20 –
200 nm) are readily internalized via endocytosis, particularly by phagocytic cells such as B cells
or professional antigen presentation cells such as dendritic cells after adsorption of serum
proteins.43

Altering

the

hydrophobicity

of

the

nanoparticle

can

significantly

affect

internalization,40,44 and we hypothesized that PLA, PCL, and block co-polymers of PLA-PCL would
exhibit differential uptake by endocytic cells.45 Furthermore, PEGylation hinders particle uptake in
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other systems, and we hypothesized that it would similarly prevent uptake of these boron-based
nanoparticles.46–49
In this chapter, we tested the utility of labelling and tracking primary immune cells (murine
splenocytes) with polymeric nanoparticles containing a blue boron-based fluorophore. After
confirming the stability of the dyes and nanoparticles in solution, we assessed internalization and
suitability for cellular staining as a function of polymer chemistry. We tested whether cells labelled
with these reagents were detectable by fluorescent microscopy under standard blue fluorescence
filter sets and compared to a commercial reagent, and utilized these particles to enable four-color
fluorescent labelling and cell tracking in live tissue. This is the first demonstration of a materialsbased blue fluorescent labelling reagent for cell tracking in the context of tissue autofluorescence.

3.2
3.2.1

MATERIALS AND METHODS
Polymer synthesis and characterization
The boron-based dye was prepared as either a primary alcohol (BF2dbmOCH2CH2OH)31 or

a phenol (BF2dbmOH),50 to act as an initiator or a coupler respectively.51 These were used to
synthesize polymer conjugates using methods similar to those previously described.31,51 1H NMR
spectra were recorded on a Varian VMRS/600 (600 MHz) instrument in CDCl3 unless otherwise
indicated. 1H NMR resonance was referenced to the residual protiochloroform signal at 7.260
ppm. Coupling constants are given in hertz. Polymer molecular weights (MW) and polydispersity
indices (Đ) were determined by gel permeation chromatography (GPC) (THF, 25 °C, 1.0 mL /
min) using multi-angle laser light scattering (MALLS) (λ = 658 nm, 25 °C) and refractive index (RI)
(λ = 658 nm, 25 °C) detection. Polymer Laboratories 5 µm mixed-C columns (guard column plus
two columns) along with Wyatt Technology (Optilab T-rEX interferometric refractometer,
miniDAWN TREOS multi-angle static light scattering (MALS) detector, ASTRA 6.0 software) and
Agilent Technologies instrumentation (series 1260 HPLC with diode array (DAD) detector,
ChemStation) were used in GPC analysis. The incremental refractive index (dn/dc) was
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calculated by a single-injection method assuming 100% mass recovery from the columns. UV-vis
spectra were recorded on a Hewlett-Packard 8452A diode-array spectrophotometer.
3.2.2

Luminescence measurements
Steady-state fluorescence spectra for the boron dye initiator, polymer and nanoparticle

suspensions were recorded on a Horiba Fluorolog-3 Model FL3-22 spectrofluorometer (doublegrating excitation and double-grating emission monochromator) after excitation. Optically dilute
aqueous solutions of the nanoparticles, with absorbance <0.1 au, were prepared in 1 cm path
length quartz cuvettes. Fluorescence spectra were obtained under ambient conditions (i.e., air,
∼21% oxygen in volume).

3.2.3

Nanoparticle fabrication and characterization
Nanoparticles were fabricated as previously reported.52 The polymer (~3.0 mg) was

dissolved in DMF (3 mL), then the dye solution was added dropwise to rapidly stirred DI water (27
mL). The homogeneous mixture was stirred for 30 min, then the nanoparticle suspension was
transferred into dialysis tubing (Specra/Pro, 12-14 kDa MWCO, Fisher Scientific) followed by
dialysis against water for 24 hours. Nanoparticle size and polydispersity were analyzed by
dynamic light scattering (DLS, Wyatt, DynaPro). Zeta potentials were determined by Zetasizer
Nano Z (Malvern instruments, UK) and data were analyzed using DTS Nano software. UV-Vis
absorbance was recorded by diluting ~1 mg/mL stock nanoparticle suspensions to 50 μg/mL in
DI water. The extinction coefficient was estimated based on the Beer-Lambert law.
3.2.4

Nanoparticle stability
The stock suspensions of nanoparticles (1 mg/mL) were serially diluted (200, 100, 50, 20,

10 μg/mL) with DI water, PBS, water/glucose/serum, and supplemented RPMI. Each sample (100
μL) was injected into a 96-well microtiter plate. Mineral oil was added on the top of each well via
syringe to form a thin layer to prevent evaporation. The plate was put into the DLS instrument,

3.64
protected from light, set to 37 °C and the sizes and polydispersities of the nanoparticles were
recorded every 12 h for one week. Nanoparticle aggregates larger than 2000 nm exceed the DLS
detection limit. Separately, samples were incubated at 37 °C for five days to obtain daily
photographs, as well as the emission spectra, to capture evidence of aggregation and
fluorescence changes. GPC was used to monitor the polymer molecular weights (i.e. polymer
stability) before and after incubation for specified times. To prepare samples for GPC analysis,
nanoparticle aliquots in water were freeze-dried then dissolved in THF for injection into the GPC
instrument. The degradation of boron dyes and hydrolysis of polyester were also analyzed by 1H
NMR spectroscopy in CDCl3.
3.2.5

Cell culture
All animal work was approved by the Animal Care and Use Committee of the University

of Virginia under protocol #4042, and was conducted in compliance with guidelines from the
University of Virginia Animal Care and Use Committee and the Office of Laboratory Animal
Welfare at the National Institutes of Health (United States). Mice were housed in a vivarium and
given food and water ab libitium. Spleens, and lymph nodes where appropriate, were collected
from male and female C57Bl/6 mice aged 6-10 weeks (Jackson Laboratories, USA) after
isoflurane anesthesia and cervical dislocation. To isolate splenocytes, the spleen was processed
through a 70-µm pore size nylon filter (Fisher Scientific, USA) and rinsed with sterile 1x phosphate
buffer saline (PBS) supplemented with 2% v/v fetal bovine serum (FBS, VWR, USA). Red blood
cells were lysed and the cell suspension was filtered through a fresh 70-µm filter. Cell density was
determined through trypan blue exclusion.

Where noted, B cells were isolated from bulk

splenocytes by using a B cell enrichment kit (StemCell Technologies, USA) based on negative
magnetic selection, according to manufacturer instructions. For all overnight cultures, cells were
cultured at a concentration of 1x106 cells/mL in “complete RPMI;” RPMI (Lonza, 16-167F)
supplemented with 10 % FBS (VWR, Seradigm USDA approved, 89510-186) 1x L-glutamine
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(Gibco Life Technologies, 25030-081), 50 U/mL Pen/Strep (Gibco), 50 µM beta-mercaptoethanol
(Gibco, 21985-023), 1 mM sodium pyruvate (Hyclone, GE USA), 1x non-essential amino acids
(Hyclone, SH30598.01), and 20 mM HEPES (VWR, 97064-362) with 120 ng/mL IL-2 (Peprotech,
USA).
3.2.6

Cell labelling
To minimize nanoparticle aggregation, cellular labelling with nanoparticles was performed

in an isotonic glucose solution without saline. Splenocytes were resuspended at 10x106 cells/mL
in a solution of 5% w/v D-glucose and 2% v/v FBS in ultra-pure water (water-glucose-serum
solution, or 1x WGS; components from Thermo Fisher). A staining solution was prepared by
mixing 3 parts nanoparticle stock solution (1 mg/mL in water), 2 parts 10x WGS, and 5 parts
water. The staining solution was mixed in equal volumes with the cell suspension. This resulted
in a 1x WGS solution that contained cells at 5x106 cells/mL with nanoparticles at 0.15 mg/mL.
Cells were incubated, protected from light, at room temperature for 30 min, then washed and
resuspended at 1x106 cells/mL in supplemented RPMI.
To

label

with

Cell

TrackerTM

Blue

CMF2HC

(4-chloromethyl-6,8-difluoro-7-

hydroxycoumarin, Invitrogen), cells were resuspended at 1x106 cells/mL in 1x PBS in the
presence of 10 µM Cell TrackerTM Blue (CTB). Cells were incubated, protected from light, at 37
°C for 30 min, then washed and resuspended at 1x106 cells/mL in supplemented RPMI.
3.2.7

Flow cytometry
Cells were resuspended at 0.5 x106 cells/mL in 10 µg/mL anti-CD16/32 blocking antibody

and incubated at 4 °C for 20 minutes. Antibody cocktail was added, and the cells were incubated
for a further 30 minutes at 4 °C. Cells were then washed and resuspended at 0.5 x106 cells/mL
and mixed with 5 µg/mL 7-AAD (AAT Bioquest). To stain bulk splenocytes, the antibody cocktail
was comprised of antibodies for CD3, CD4, CD11c, and B220 in 1x PBS with 2% v/v FBS. Details
on antibody reagents are provided in Table 3.1. All flow cytometry data was collected on a Guava
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12HT EasyCyte Cytometer (EMD Millipore, USA) using a 405 nm laser and 450/45 nm emission
filter and analyzed using FCS Express 6.
Table 3.1: Flow cytometry antibody product information.
Target
CD3
CD4
CD11c
B220
B220
CD80
CD40
3.2.8

Fluorophore
AlexaFluor488
APC/Cy7
PE
AlexaFluor647
FITC
PE
AlexaFluor647

Target Species
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Clone
17A2
GK1.5
N418
RA3-6B2
RA3-B2
16-10A1
HM40-3

Vendor
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

B cell activation in vitro
Isolated B cells were labeled with 5 µM CFSE (carboxyfluorescein diacetate succinimidyl

ester, BD Biosciences) for 30 minutes at 37 °C, rinsed, and resuspended in supplemented RPMI
media. B cells were phenotyped by flow cytometry as above, using anti-B220 (FITC). The cells
were cultured at 1x106 cells/mL for 48 hours with 0.2 µg/mL of IL-4 (Pepro Tech) and 10 µg/mL
R848 (Invivogen) or with PBS control. Afterwards, the cells were removed from the plate and
stained for flow cytometry as described above, using CD40 and CD80.
3.2.9

Ex vivo overlays
Murine lymph nodes were collected and sliced as previously reported.53–55 Briefly, inguinal,

axial and brachial lymph nodes were collected from male and female C57Bl/6 mice, embedded in
6% low melting point agarose (Lonza) and sliced 300-µm thick on a vibratome (Leica VT1000s,
USA). Lymph node slices were immunostained with FITC anti-mouse B220 and Lyve-1 as
previously reported.56
CD3+ T cells were isolated by using a CD3 negative selection kit according to
manufacturer instructions (StemCell Technologies, USA) from splenocytes sex-matched to the
lymph node slices. T cells (1x106 cells/mL) in 1x PBS were labelled by incubating with NHSRhodamine (1 μg/mL, Thermo Fisher) for 30 minutes at 37 °C. B cells were isolated and labeled
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with CFSE as above, mixed with labelled T cells and concentrated to 10x106 cells/mL. The cell
mixture was then overlaid onto immunostained lymph node slices for 1 hour at 37 °C. To remove
excess cells, slices were incubated for at least 30 minutes in 1x PBS with gentle agitation at regular
intervals.
3.2.10 Imaging
Confocal microscopy was performed on a Nikon A1Rsi confocal upright microscope, using
a 400 nm laser and 450/50 nm GaAsP detector. Images were captured with a 40x/0.45NA Plan
Apo NIR WD objective. Widefield microscopy was performed on a Zeiss AxioZoom upright
macroscope, using a Zeiss PlanNeoFluar Z 1x / 0.25 NA FWD 56mm objective, Zeiss Axiocam
506 mono camera, and HXP 200 C illuminator with metal halide lamp (Zeiss Microscopy,
Germany). Images were collected with Zeiss filter sets 49 (Ex: 365, Em: 445/50), 38 HE (Ex:
470/40, Em: 525/50), 43 HE (Ex: 550/25, Em: 605/70), and 50 (Ex: 640/30, Em: 690/50). Image
analysis was completed using ImageJ software 1.48v.57

3.3
3.3.1

RESULTS AND DISCUSSION
Synthesis of polymeric boron-based dyes
In order to generate polymeric nanoparticles with different surface chemistries, we

synthesized an array of polymers based on the blue-emitting boron-based dye BF2dbm (1-5 in
Table 3.2, Figure 3.1a).51 We have previously shown that for BF2dbmPLA, a molecular weight of
~10 kDa for the PLA corresponded to blue fluorescence,29 so polymers in this size regime were
targeted. The dye was prepared as either a primary alcohol (BF2dbmOCH2CH2OH)31 or a phenol
(BF2dbmOH),50 to act as an initiator or a coupler respectively (Figure S1). The initiator
BF2dbmOCH2CH2OH was used to grow BF2dbmPLA (1), BF2dbmPLLA (2), and BF2dbmPCL (3)
by a solvent-free, tin-catalyzed ring-opening polymerization.31 The BF2dbmPCL product was
further used as a macroinitiator for the ring-opening polymerization of lactide to prepare a block
copolymer, BF2dbmPCL-PLLA (4).58 Finally, to generate the PEGylated material (5), BF2dbmOH
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was coupled to PEG-PLLA via a Mitsunobu reaction.59 The polymer molecular weights and
polydispersities were determined by GPC and

1

H NMR spectroscopy (Table 3.2). The

polydispersities were relatively low (Đ < 1.3) for all five samples, indicating the polymer chains
were relatively uniform in chain length.
Table 3.2: Polymer synthesis data. Data collected by M.Zhuang
Polymer

#

Loadinga

Mnb
(GPC)

Mwb
(GPC)

Mnc
(NMR)

Đb

BF2dbmPLA

1

1/100

12 300

13 000

15 200

1.06

BF2dbmPLLA

2

1/100

12 200

14 800

13 200

1.24

BF2dbmPCL

3

1/130

6 900

7 300

10 400

1.06

BF2dbmPCL-PLLA

4

1/100

7 700

9 000

14 100

1.17

BF2dbmPLLA-PEG

5

1/130

10 500

11 000

14 400

1.05

a

Initiator to lactide loading in the ring opening polymerization. For 1-3, BF2dbmOCH2CH2OH
was used as the initiator. For BF2dbmPCL-PLLA (4), BF2dbmPCL (3) was used as the initiator.
For 5, PEG-OH (2 kDa) was used as the initiator and the dye (BF2dbmOH) was added post
polymerization. See Schemes S1 and S2 for reference. bAverage molecular weight (Mn, Da)
and weighted molecular weight (Mw, Da) of dye-polymer conjugates determined by gel
permeation chromatography (GPC) in THF. Đ = polydispersity index (Mw/Mn). cMolecular weight
determined by 1H NMR (PLA-H or PCL-CH2 vs 4-Ar-H of the dye).
3.3.2

Generation of blue fluorescent nanoparticles
Next, boron nanoparticles were fabricated by nanoprecipitation.11 The polymer was

dissolved in a water miscible solvent (DMF), which was added dropwise to DI water. Dialysis
against water removed the organic solvent to yield the nanoparticles. Nanoparticle sizes
(hydrodynamic radius; RH) ranged from 37-61 nm (
Table 3.3), in the range suitable for cellular uptake.60,61 All of the nanoparticles have
narrow size distributions with low polydispersity values (0.1 ~ 0.3) and negative zeta
potentials.11 As expected, all five fluorescence spectra were similar with only subtle differences
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in spectral features, with excitation in the UV
range (366-397 nm) and blue emission (438447 nm) (Figure 3.2,
Table 3.3). For convenience, here and
throughout this paper we refer to the
nanoparticles formed from the dye-polymer
conjugates simply by the name of the polymer.
The second, low energy feature observed in
the total emission spectra for PCL and PCLPLLA is commonly observed for PCLcontaining samples. This may be due to nonFigure 3.2 Optical properties of boron dye
nanoparticles. a) Image of nanoparticles under UV
illumination (λex = 369 nm). All fluoresced blue.
Numbering corresponds to the compounds in Table
3.1. (b) Total excitation (solid lines) and emission
spectra (dashed lines) of nanoparticle suspensions
(λex = 369 nm). Popular excitation sources including
a DAPI filter set, 395 nm LED, and 405 nm laser all
demonstrate good overlap with the spectra of the
nanoparticles. Data collected by M. Zhuang

linear, long-range, dye-dye interactions,
related to molar mass and matrix effects on
the BF2dbm-fluorophore, as previously
described.62 These spectra make the dyes well
suited for use on traditional DAPI filter sets, as

well as for excitation via a UV or 405 nm laser by flow cytometry or confocal microscopy.
Table 3.3: Nanoparticle characterization data. Collected by M. Zhuang
Nanoparticles

λmaxa
(nm)

ελa
(M-1cm-1)

Diameterb
(nm)

PDb

λExc
(nm)

λFc
(nm)

PLA

398

32 100

61

0.13

381

439

PLLA

382

25 600

31

0.13

396

437

PCL

400

25 200

56

0.26

397

440

PCL-PLLA

399

21 100

51

0.12

381

438

PLLA-PEG

396

29 800

37

0.23

366

439
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Absorption maximum, λmax, and corresponding extinction coefficient at λmax, ελ, for aqueous
nanoparticle suspension (~ 50 μg/mL). b Determined by dynamic light scattering, for
nanoparticles at 200 μg/mL in water. Polydispersity (PD) is the standard deviation of the
distribution. PD = (peak width/peak height)^2. cFluorescence excitation and emission
maximum for aqueous nanoparticle suspension.
a

3.3.3

Physical and optical stability of nanoparticles
We assessed the physical and optical stability of the nanoparticles in aqueous

environments suitable for bioimaging, at physiological temperature of 37 °C (Figure 3.3).51 PLA
nanoparticles show good shelf life with respect to molecular weight, size, absorption, and
emission for months when stored at 4 °C in water.11 At elevated temperature, all nanoparticles
showed constant size in DI water over one week (Figure 3.3a). In PBS, however, nanoparticles
containing PLA or PLLA polymers aggregated immediately, and the block copolymer PCL-PLLA
aggregated after two days of incubation (Figure 3.3b). As an alternative to saline, we tested a
solution of 5 % glucose in water, intended to match the osmotic pressure of the cells; 2 % serum
was added to improve cell handling (water/glucose/serum solution). Compared with PBS, this
solution greatly increased the stability of nanoparticles: PLA and PCL were stable for two days,
and the other three particles maintained their sizes for over one week (Figure 3.3c). Surprisingly,
complete cell culture media, RPMI supplemented with 10 % serum and nutrients (see Methods),
better maintained nanoparticle sizes despite its high ionic strength, perhaps because of
spontaneous protein coating that protected the nanoparticles against aggregation (Figure 3.3d).
The minor fluctuation in radii observed in complete media, known as swelling and deswelling,
could be caused by a concentration gradient of ions (e.g., Na+, Cl-, amino acids) between the
nanoparticle matrix and the surroundings, leading to ion diffusion and osmosis.63,64 Regardless,
nanoparticle radii were maintained consistently.

3.71

Figure 3.3: Nanoparticle stability at 37 °C in various media. 200 μg/mL of nanoparticles were monitored
for size by DLS (left) and emission by fluorimeter (right) in a variety of media. Data not shown for aggregated
particles. Data collected by M. Zhuang.

Despite their relative stability in terms of size, the fluorescence intensity of all particle types
decreased significantly over time in all solvents at 37 °C, and the rate of decay was sensitive to
the choice of solvent (Figure 3.3). Compared to other particles, PLA and PLLA particles retained
the most fluorescence intensity over time, and compared to other buffers, they were the most
stable in glucose/serum solution and in complete RMPI culture media (Figure 3.3). In terms of
“color,” the peak emission wavelength was stable for PLA and PLLA particles,51 and was blueshifted by no more than 15 nm for PCL and PCL-PLLA nanoparticles.51

We hypothesized that the observed decay in fluorescence intensity was due to either
hydrolysis of the polyester or degradation of the boron dye. Therefore, we tested polymer and
fluorophore stability of the PLA and PCL nanoparticles after storage in water for 5 days at 37 °C.

3.72
GPC elution peaks for PLA and PCL nanoparticles were nearly identical before and after
incubation,51 and polydispersity index remained low (1.10), indicating little fluctuation in polymer
molecular weight and therefore no evidence of polymer hydrolysis. Based on 1H NMR spectra,
the fluorophore in the PLA particle remained unchanged. In the PCL sample, resonances
appeared at 6.76 ppm and 16.94 ppm after incubation, which are characteristic of the
ArC(O)CH=C(OH)Ar proton and associated enol proton ArC(O)CH=C(OH) in boron-free dbmPCL,
respectively. These results indicate chemical and optical stability for BF2dbmPLA, but hydrolysis
of BF2 from the dbm binding site of PCL.11 In the latter case, dye hydrolysis and the resulting
reduction in dye concentration is expected to result in a blue-shifted emission,29,32 consistent with
our experimental results for the PCL nanoparticle. In summary, the physical and optical data
suggested that nanoparticle stability in solution varies with the polymer chain and surrounding
media. While it is not clear to what extent these results will predict the stability once internalized
by a cell, we note that for short-term (hours) cellular imaging, boron nanoparticles have been
widely and successfully used in many contexts. Longer-term stability in solution may be possible
with additional polymer engineering.

3.3.4

Nanoparticle labelling of primary immune cells
With a good understanding of the particle chemistry and stability in solution, we next

quantified the uptake of the nanoparticles by live cells. We excluded the racemic PLA particles
from these studies, as they offered surface chemistry similar to PLLA but were less physically
stable in solution. Primary murine splenocytes were incubated with each remaining type of
nanoparticle, washed, and analyzed by flow cytometry (405 nm laser) immediately (day 0) or after
24 hr culture (day 1). For comparison, cells were labelled with Cell Tracker Blue (CTB), a
commercially available, coumarin-derived, small molecule reagent that diffuses passively into the
cell and binds covalently with thiol groups in the cytoplasm. Mixed splenocytes incubated with
CTB were labelled with high efficiency, while a lower percentage of cells incubated with
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nanoparticles were labelled, indicating a more selective labelling mechanism (Figure 3.4a). PCL
and PCL-PLLA nanoparticles each labelled ~ 50% of the mixed splenocyte culture, while PLLA
nanoparticles labelled only 25% on average. Cellular phenotyping showed that the nanoparticles
labelled CD11c-positive and B220-positive cells more efficiently than CD3-positive T cells (Figure
3.4b). This result suggests that the nanoparticles may label the cells through an active uptake
mechanism, as both B cells and CD11c+ cells can act as antigen presenting cells and are more
endocytic than T cells.65 Indeed, the increased uptake of the hydrophobic PCL-containing
particles compared to PLLA particles is consistent with improved internalization of more
hydrophobic polymers45 PEGylated nanoparticles (PLLA-PEG) labelled very few cells, consistent
with PEG preventing binding and cellular internalization of nanoparticles.49 Future work will
explore the active uptake mechanism as a possible point of control; enabling the targeting of
nanoparticles to different cellular subsets.
Figure 3.4: Fabricated nanoparticles
labelled primary immune cells. (a)
Mixed primary splenocytes were
labelled with Cell Tracker Blue (CTB),
boron-based polymer nanoparticles, or
no label. Uptake was measured
immediately by flow cytometry. Oneway ANOVA with comparisons of each
group to CTB control. (b) Uptake of
selected NPs by cell type as
determined by flow cytometry. More
phagocytic cell types were more readily
labelled by nanoparticles. Each dot
represents one biological replicate.
Two-way ANOVA
with
multiple
comparisons. ****p<0.0001.
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Next, we tested the stability of cellular labelling. The
fluorescence excitation and emission spectra immediately after
cellular uptake (i.e. after 30 min incubation) were comparable to
nanoparticles in solution (Figure 3.5). Labelled cells were also
monitored after 24 hours. Cell Tracker Blue, like other
cytoplasmic dyes, often suffers from a significant decrease in
Figure 3.5: BNP spectra were
unchanged after labelling cells.
Excitation (solid) and emission
(dashed) scans of PCL-PLLA
nanoparticles immediately after
labelling
mixed
splenocytes
(black) and suspended in water
(blue). Traces are averaged over
three replicates and background
subtracted.

fluorescence intensity after the first 24 hours as unbound dye
diffuses out of the cell. Indeed, we observed that the average
CTB intensity per cell dropped by two-fold overnight, while there
was no decrease in the percentage of CTB-labelled cells (Figure
3.6). Interestingly the nanoparticle labelled cells showed an
opposite effect. The percentage of cells that were labelled with

nanoparticles decreased to 75%, on average, of its initial value after overnight culture, while the
mean intensity per labelled cell did not (Figure 3.6). These data suggest that the nanoparticles
may be exported by a fraction of the cells. The relative stability of nanoparticle intensity per cell
during this time frame compared to CTB labelled populations may be a point of control when
transitioning this technology for long-term tracking.
Figure 3.6: NP labelling persisted over 24
hours. Stability of cellular labelling in mixed
splenocytes after overnight culture as
measured by flow cytometry both in terms of
fraction of cells labelled (a) and intensity (b).
Each dot represents one biological
replicate. Two-way ANOVA with multiple
comparisons. ****p<0.0001, n.s. denotes
p>0.05
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Finally,

we

addressed

whether

labelling with nanoparticles affected cellular
viability.

Average

viability

in

mixed

splenocytes was unchanged by labelling with
nanoparticles or CTB, except for a 20%
reduction

in

viability

of

PLLA-labelled

Figure 3.7: NP labelling
did not affect 24-hr
viability.
Viability
of
labelled and unlabeled
cells in mixed splenocytes
as determined by flow
cytometry after overnight
culture. Viability is defined
as 7-AAD negative. Each
dot
represents
one
biological replicate. Twoway ANOVA with multiple
comparisons. *p=0.0148.

splenocytes after 24 hours of culture (Figure
3.7). Thus, the nanoparticle-labelling process is compatible with maintaining high viability in
primary splenocyte cultures. Based on these data, we selected the PCL-PLLA co-block polymer
nanoparticles for further testing, based on its stability in solution, high initial labelling efficiency of
the cell types of interest, and cytocompatibility.
3.3.5

Nanoparticle labelling does not affect immune cell function
Having demonstrated that splenocyte

viability was not affected by nanoparticle
labelling, it was essential to determine
whether labelling affected relevant cellular
functions. Given their prominent role in
adaptive immunity, high frequency in the

Figure 3.8: NP labelling
did not affect B cell
viability over 24 hours.
Viability of labelled and
unlabeled B cells from a
mixed
splenocyte
population as determined
by flow cytometry after
overnight culture. Viability
is defined as 7-AAD
negative.
Each
dot
represents one biological
replicate.

splenocyte culture, and high rate of staining,
we focused on the effect of labelling on B cells in particular. B cells act as “antibody factories,”
and upon stimulation proliferate to begin the process of producing the most effective antibody
against the pathogen, generating a strong adaptive response. We have shown that labelling with
nanoparticles did not affect the viability of B cells in a mixed splenocyte culture (Figure 3.8) and
so to test the response to stimulation, we used the small molecule R848, which acts through Tolllike receptor 7 (TLR7) and results in proliferation, antibody production, and up-regulation of
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surface activation markers such as CD40 and CD80.66 In preliminary tests, R848 elicited a
stronger response in unlabeled B cells than other common stimuli at matched doses (Figure 3.9).
Upon further optimization we determined that 10 μg/mL was the optimum concentration of R848
to stimulate B cells (Figure 3.10). As with many immune stimulants we observed a bell-curve
effect on this scale. At high doses of R848 the B cells had lower viability (not shown) and those
that were still present were more similar to the unstimulated control in all metrics (Figure 3.10).
This illustrated the importance of titrating every biologically derived reagent.

Figure 3.9: R848 elicited the strongest
B cell response. (a) Representative
CFSE histograms of PBS (black) and
R848 (blue) treated B cells. (b)
Quantification of proliferating cells. (c)
Representative CD40 histograms of PBS
and R848 treated B cells. (d)
Quantification of CD40+ cells. Each dot
represents one biological replicate. Oneway ANOVA with comparisons to PBS
control. **p=0.0014 ****p<0.0001 n.s.
denotes p>0.05.
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Figure 3.10: Titration of R848 for B cell
stimulation. (a) Representative CFSE
histograms
of
indicated
R848
concentrations. (b) Quantification of
proliferating
live
B
cells.
(c)
Representative CD40 histograms. (d)
Quantification of CD40+ live B cells. (e)
Representative CD80 histograms. (f)
Quantification of CD80+ live B cells. Each
dot represents one biological replicate.
One-way ANOVA with comparisons to 0
μg/mL condition. *p<0.03, **p=0.0029,
n.s. denotes p>0.05.

Purified B cell populations were labelled with either CTB or the PCL-PLLA nanoparticle
and stimulated with R848. Proliferation was tracked by CFSE staining, the brightness of which is
reduced with each cycle of cellular proliferation. In the absence of R848 stimulation, nanoparticle
labelling did not induce B cell proliferation (Figure 3.11) or activation marker expression (Figure
3.12), indicating that the particles did not activate the cells on their own. After 48-hr R848
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treatment, neither the Cell Tracker Blue nor the nanoparticles suppressed the proliferation and
upregulation of activation markers on purified B cells (Figure 3.11, Figure 3.12).
Figure 3.11: NP labelling did not affect B cell
proliferation
after
stimulation.
(a)
Representative histograms of CFSE intensity as
measured by flow cytometry. Proliferation was
measured as the percentage of cells with reduced
CFSE intensity compared to unstimulated cells.
(b) Quantification of proliferated cells. Stimulation
with R848 resulted in increased proliferation in all
labelling schemes. Two-way ANOVA with multiple
comparisons. **** p<0.0001, *** p=0.0003, ns
denotes p>0.05.

Figure 3.12: Labelling of primary splenocyte B cells did not affect up regulation of activation
markers in response to stimulation. (a) Representative histograms of CD40 as measured by flow
cytometry (b) Quantification of CD40 high (marker) labeled cells. (c) Representative histograms of CD80
as measured by flow cytometry. (d) Quantification of CD80 high (marker) labelled cells. Stimulation with
R848 resulted in higher activation marker percentages in both labelling schemes; though CD80 is a much
subtler shift. Two-way ANOVA with multiple comparisons. **** p<0.0001, *** p=0.0003, ns denotes p>0.05.

B cells labelled with PCL-PLLA nanoparticles did proliferate at a higher frequency than the
unlabeled cells, but did not exhibit an increase in activation marker expression, indicating that any
synergy of the nanoparticle loading with R848 stimulation was modest. In separate experiments,
the ability of CD3+ T cells to respond to a non-antigen-specific stimulation was also

3.79
uncompromised by nanoparticle labelling (Figure 3.13). Overall, these data show that the labelling
of primary splenocytes with PCL-PLLA nanoparticles does not compromise immune function.
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Figure 3.13: T cell activation in bulk splenocytes labelled
with nanoparticles. Splenocytes were incubated with antiCD3/CD28 to induce non-antigen-specific T cell activation.
After 24 hours, IFN-γ secretion in the supernatant was
analyzed by ELISA. There were significant differences
between the stimulated and PBS conditions in all labelling
schemes. CTB-labelled cells were significantly lower than the
no nanoparticle control whereas the PCL-PLLA-labelled cells
were not significant. Dashed line near zero depicts the ELISA
limit of detection. Two-way ANOVA with multiple
comparisons. * p <0.05.

Nanoparticle labelling is intracellular and bright
For cell tracking applications, labelling
with the nanoparticles must be intracellular, as
any extracellular particles or aggregates could
easily be washed away during handling.
Therefore, we determined the distribution of
PCL-PLLA nanoparticles in or on labelled
splenocytes via confocal microscopy (400 nm

Figure 3.14: Nanoparticle labelling was mainly
intracellular. (a) Quantification of staining location
as determined by confocal microscopy (400 nm
excitation). (b) Representative images of labelling
location. Cells were co-labelled with AF488 antiCD45 antibody (green) to determine membrane
location. Brightness and contrast differs between
images to account for different excitation
efficiencies. Scale bar is 10 μm.

laser excitation). Cell membranes were marked
with

anti-CD45,

a

surface-bound

pan-

lymphocyte marker, to visually determine
whether each cell was unlabeled, labelled in the
cytoplasm,

labelled

extracellularly

(outer

surface of membrane), or labelled on the membrane itself (Figure 3.14). This method of data
collection leaves some ambiguity as to whether the “membrane”-associated nanoparticles are in

3.80
contact with the inner or outer leaflet of the cell
membrane or penetrate entirely.

As expected for a

cytoplasmic dye, all CTB signal was detected within the
bounds of the cell membrane. Nanoparticle labelling
was

either

cytoplasmic

or

associated

with

the

membrane, and none of the latter cells had signal from
the nanoparticles protruding out into the surrounding
media. Thus, the majority of the signal from the PCLFigure 3.15: CTB did not line up well
with 405 nm excitation sources.
Excitation (solid) and emission (dashed)
data for 7-hydroxy-4-methylcoumarin,
overlaid with typical excitation sources and
DAPI emission filter. This data is
representative of the spectra for Cell
Tracker Blue. The dye has very low overlap
with 395 nm and 405 nm excitation
sources. Spectral data from Thermo Fisher
spectra viewer page for 7-hydroxy-4methylcoumarin.

PLLA nanoparticles is cytoplasmic and is useful for
potentially tracking cells. We noted in this experiment
that the CTB-labelled cells appeared dimmer than the
nanoparticle labelled cells. This difference in brightness
is consistent with the poor overlap between CTB and the
400 nm excitation source (Figure 3.15), though it does

contrast with results seen earlier by flow cytometry, likely due to the difference in sensitivity
between detectors on the two instruments.
The original goal was to develop a very bright blue labelling system for fluorescence
microscopy, as many blue dyes suffer from low quantum yields.6 Thus, we measured the
fluorescence intensity of labelled cells when imaged by widefield microscopy under standard UV
excitation (360/60 nm filter). The intensity of cells labelled with PCL-PLLA nanoparticles was 1.43fold brighter than cells labelled with CTB. In fact, CTB-labelled cells were not significantly brighter
than unlabeled cells under these imaging conditions (Figure 3.16a). In this experiment, we did
note large aggregates of nanoparticles (arrow head in Figure 3.16b) outside of the cells, which
were difficult to remove. We speculate that this aggregation arose from the experimental
procedure, in which cells were resuspended in 1x PBS for dual-labelling with Cell Trace Far Red
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after labelling with the blue reagent; 1x PBS causes free nanoparticles to aggregate quickly.
Further experimentation is needed to determine the best approach to minimize extracellular
aggregate formation during cellular manipulation, for example by keeping cells in protein-rich
media.
Figure 3.16: NP labelling was brighter than CTB
when imaged within cells with 405 nm excitation.
(a) Quantification of intensity using widefield
microscopy (360 nm excitation) of labelled and
unlabeled cells. PCL-PLLA labelled cells were on
average 1.43 times brighter than CTB labelled cells.
Each dot represents one sample averaged over 200+
cells. Ordinary one-way ANOVA with multiple
comparisons. ** p=0.0029, *** p=0.0001, n.s. denotes
p>0.05 (d) Representative images of cells labelled with
CTB and PCL-PLLA nanoparticles with identical
brightness and contrast settings. Cells were colabelled with Cell Trace Far Red to locate cells
efficiently (purple outlines). Large aggregates of PCLPLLA particles were detected in this labelling scheme
(arrowhead). Scale bar is 10 μm.

3.3.7

Nanoparticle labelled cells are brightly visible against tissue autofluorescence
When working with typical blue fluorophores, their low fluorescence intensity is especially

challenging to detect against tissue, a complex matrix that exhibits high background.6 We
hypothesized that the bright-blue fluorescent nanoparticles would not suffer from this limitation.
We tested the ability to detect nanoparticle-labelled cells embedded in living tissue with widefield
microscopy, by labelling purified B cells and overlaying them onto live slices of murine lymph node
as a model system.56 As in the in vitro imaging above, the PCL-PLLA nanoparticle labelled cells
were significantly brighter than both unlabeled and CTB labelled cells (Figure 3.17a) and easily
detectable against the autofluorescence of the tissue.
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The nanoparticles allowed us to capture bright signal within the blue channel of the widefield
fluorescence microscope (360/60 nm excitation), freeing the remaining three channels for
additional fluorophores to monitor multiple cell populations and tissue structures. As a proof-ofprinciple, we labelled purified B cells with the PCL-PLLA nanoparticles, labelled purified T cells
with a rhodamine-based cytoplasmic dye (NHS-rhodamine), and overlaid these cells on a slice of
lymph node tissue that was live immunostained for B220 (B cell zones) and Lyve-1 (lymphatic
vessels) (Figure 3.17b-d).

Figure 3.17: Imaging PCL-PLLA labelled cells in tissue. (a) Quantification of labelled cells against
tissue background. Nanoparticle labelled cells were significantly brighter after background subtraction
compared to both CTB and unlabeled cells. Dotted line represents the average intensity of tissue
autofluorescence in the DAPI filter. Two-way ANOVA with multiple comparisons. **** p<0.0001, ns p>0.05.
(b) Image of representative stained tissue slice (3x mag). The live tissue was immunostained with FITC
anti-B220 (white), and eFluor660 anti-Lyve-1 (false-colored pink) to show B cell follicles and lymphatics.
(c) View of a single B cell follicle within the tissue slice (10x mag). Here we can visualize overlaid B cells
labelled with PCL-PLLA nanoparticles (false-colored green) and T cells labelled with NHS-Rhodamine
(false-colored blue). (d) Individual channel data from (c). Some nanoparticle aggregates align well with the
Lyve-1 signal (dashed ovals).
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With this multi-color staining approach, we could visualize individual B cell follicles and the mixture
of B cells (green) and T cells (blue) on the tissue. The fluorescent puncta from nanoparticlelabelled cells were smaller than the diameter of the cytoplasmic-labelled cells, since the particles
do not fill the entire cytoplasm. Interestingly we also observed a collection of small signals in the
nanoparticle channel that aligned with the lymphatic staining (Figure 3.17d, dashed oval).
We speculate that this signal comes from free nanoparticles or aggregates coming into contact
with the endocytic cells that line the lymphatic vessels in the lymph node.67 This limitation should
be taken into consideration when translating this technology in the future; it could also be taken
advantage of to label endocytic cells in live tissue slices. Overall, we are able to easily visualize
all four fluorophores simultaneously by widefield microscopy, using a set of four standard
fluorescence filter sets.

3.4

CONCLUSIONS AND FUTURE WORK
This chapter described the fabrication and the characterization of a family of five bright-blue

fluorescent boron-based polymeric nanoparticles. The nanoparticles exhibited high excitation and
emission efficiency at wavelengths that match well with a variety of traditional sources for
microscopy and flow cytometry, including a 405 nm laser, 395 nm LED and 360/60 nm excitation
filter. Nanoparticle stability at 37 °C was best maintained in supplemented RPMI media and an
isotonic glucose solution without saline. Primary splenocytes, particularly the phagocytic cell
types, were well labelled by these particles and remained brightly fluorescent overnight with no
detectable impact on viability or ability to respond to stimulation. PCL-PLLA co-block polymerbased nanoparticles had the highest labelling efficiency and cellular retention over time.
Nanoparticle labelling was cytoplasmic and is significantly brighter than cells labelled with Cell
Tracker Blue, a commercially available cytoplasmic blue dye, when imaged by both confocal and
widefield microscopy. Cells labelled with PCL-PLLA were easily distinguished against tissue
autofluorescence, which enabled straightforward four-color imaging. In the future, we will use this
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approach to image B and T cell interactions within ex vivo lymph node samples and map where
these interactions occur.
Broadly, these bright blue fluorescent nanoparticles expand the toolbox for cellular labelling
and tracking in multi-color imaging experiments and may find many applications in a variety of
tissues. Potential future improvements include varying the surface chemistry of the nanoparticles
to enhance uptake by non-phagocytic cells, and adding functional groups such as succinimidyl
esters or maleimides to increase dye retention within the cells.
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4 CHARACTERIZING THE USE OF MAGNETIC BEADS FOR EMBEDDED
IMMUNOASSAYS IN LYMPH NODE TISSUE
4.1

INTRODUCTION
Many organs have exquisite organization of sub-structures including the brain,1 intestine,2,3

and lymph node.4 Understanding how the cells within tissue are arranged, and how they
communicate is essential to learning more about the biological function. The tissue
microenvironment can directly impact cell behavior including stem cell differentiation in the gut,2,3
and activation of T cells within the lymph node.5,6 Keeping the tissue organization intact is
absolutely necessary to understanding the way in which the location of signals is impacting the
biological function. While thin, fixed tissue sections are used regularly for histological studies, they
cannot inform on dynamic biological functions.7,8 Conversely, complex biological reporter systems
allow for visualization of specific biological functions but, they are costly to generate.9–11 Analytical
techniques to visualize the molecular organization of tissues without prior manipulation are only
recently emerging.

The introduction of ex vivo tissue culture has allowed for the manipulation and interrogation
of sub-structures within the tissue.1,12,13 Live tissue slices maintain the spatial organization of the
organ, as with in vivo, but offer more experimental control. Analyzing specific cells of interest is
possible through the use of transient dyes. Cell membrane labelling reveals the state of the cell
as it moves through biological processes.14 The cells of interest are then easily monitored with
well-defined fluorescent microscopy techniques. However, secreted signals quickly diffuse away
from their source to interact with other cells and require stationary platforms for analysis.
Analytical probes, such as electrodes15,16 or mcirodialysis pumps,17–19 can be introduced to areas
of deep tissue with a high degree of accuracy. These kinds of probes are very informative in the
area they are placed, but cannot inform on the state of the tissue as a whole. Arrays of electrodes
have been employed to monitor electroactive compounds across a wide area.20,21 These arrays
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can only report on electroactive molecules such as neurotransmitters, protein detection is more
difficult. There is a need for a stationary analytical platform that can easily detect secreted protein
analytes, within tissue.

Beads have been used as a platform for immunoassays for many years.22,23 Immunoassays
are analytical assays that use antibodies to capture analytes of interest. The most popular
platform for bead-based immunoassays is the Luminex system.24,25 Using beads provides a
greater reactive surface area, compared to a traditional well plate, and therefore, a more sensitive
assay.26 Beads are incubated with samples containing the proteins of interest then biotinylated
detection antibodies are added to complete the “sandwich” and streptavidin-conjugated
phycoerythrin (PE) is used to detect the signal.27 Two fluorophores in defined ratios act as bar
codes to differentiate beads for distinct analytes from one another.27 In this way, bead platforms
are very easily multiplexed. Beads can also be very small; therefore, a large number of beads can
be introduced without causing damage to the tissue. This is a risk for the larger probes.28 We
hypothesized that beads could be introduced to ex vivo tissue samples with a high degree of
precision. The beads, once embedded into the tissue, would then act as a highly sensitive,
stationary platform to investigate secreted protein signals.

We chose to investigate the use of beads in lymph node tissue slices as a model system,
though they could be employed in any soft tissue setting. The lymph node is a secondary organ
of the immune system where the majority of the adaptive immune response is generated and
matured.4 The lymph node is highly organized into distinct areas with specific cell types populating
them.4 As the immune response develops over time cells move throughout the lymph node in
response to chemokine gradients within the tissue. The secreted signals from the lymphocytes
can change as they move through the tissue and the immune response.4 Bulk analysis of secreted
proteins from the lymphocytes has revealed how secreted signals can change over time29,30 but
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spatial context has not yet been determined in live tissue. By anchoring immunoassays on beads
embedded in the tissue we would be able to map gradients of secreted protein signals in response
to stimuli. The ex vivo slice platform allows for precise dosing of stimulants to the tissue12,13,29,
and in combination with the bead-based immunoassay platform we could generate a complete
picture of dose-and-response within the lymph node tissue.
Introducing beads to the immune system poses challenges as lymphocytes are highly
phagocytic.31–33 Particles ranging from 20-200 nm are readily internalized by phagocytic cell types
such as macrophages and dendritic cells (DCs).34 Microparticles that have been introduced as
therapeutic agents need to avoid detection from the immune system.35–37 Therefore, there are a
number of established techniques to avoid uptake, including the use of polyethylene glycol
(PEG).38,39 We hypothesized that adding PEG to the beads would prevent uptake of the beads by
phagocytic cells.
In this chapter, we functionalized magnetic beads with antibodies. Once the coating was
confirmed the distributions of antibody only and antibody and PEG coated beads were
characterized within the lymph node tissue.

4.2
4.2.1

MATERIALS AND METHODS
Functionalizing magnetic beads
To conjugate antibodies and PEG to beads, 100 μg of carboxylic acid functionalized

magnetic beads (BangsLab, USA) of indicated sizes was mixed with equal molar proportions of
antibody and polyethylene glycol (PEG). Total moles of conjugates were varied based on
available binding surface area for size-based characterization.
For all other distribution experiments, beads with a diameter of 1.00 μm were mixed with
0.2 nmols of anti-HRP (BioXCell, USA clone: HRPN, cat: BE0088, 1 mg/mL) and 20 kDa PEG
(Thermo Fisher, USA, at 120 mg/mL). The mixture was shaken at room temperature, protected
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from light, for 15 minutes. Fresh 10 mg/mL solutions of EDC (Thermo Fisher) were prepared in
1x phosphate buffered saline (PBS) for each reaction. The EDC was added in 1000x molar excess
(2 μmol total). The reaction was shaken at 4 °C, protected from light, overnight. To cap any
unreacted functional groups 3.5 nmol of 1,8-diaminooctane (Sigma Aldrich, USA) was added to
the reaction. This mixture was then shaken at room temperature, protected from light, for an
additional 30 minutes. Bead mixtures were washed three times with 1x PBS. The beads were
exposed to a strong magnet (StemCell) for 5 minutes each time. The resulting solution was then
resuspended in 100 μL, for a final bead concentration of 1 mg/mL.
4.2.2

Making functionalized beads fluorescent
To visualize the beads fluorophores must be added to the functionalized beads.

Chromeo494 with NHS functionalization (ActiveMotif, USA) was added to the beads to make them
fluorescent. The dye was added in 250 molar excess (50 nmol of dye) to the beads. The reaction
was shaken, protected from light, at room temperature for 2 hours. The reactions were washed
as above with 1x PBS until the elute was clear and resuspended at 1 mg/mL in 1x PBS for storage.
Beads used to characterize delivery to agarose were conjugated with NHS-Rhodamine in the
same way instead of Chromeo494.
4.2.3

Secondary antibody assay
In order to confirm that the beads were successfully functionalized secondary antibodies

were used. Beads were diluted to 0.1 mg/mL and blocked with 1x PBS supplemented with 10%
BSA and 0.05% Tween-20 (components from Thermo Fisher). Beads were blocked for
approximately 1 hour at room temperature with agitation and protected from light. The beads were
then washed with 1x PBS with 0.05% Tween-20 as before.
Alexa Fluor 647 anti-rat IgG1 (conjugated in-house, described below) was added to the
blocked beads in a 1:500 μL dilution. The mixture was reacted at room temperature, with agitation
and protected from light for 2 hours. Samples were washed as above and resuspended in 100 μL
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of 1x PBS. Samples were then transferred to a black-walled 96 well plate (Corning costar, Thermo
Fisher) and both Alexa Fluor 647 and Chromeo494 intensities were measured by plate reader
(CLARIOstar; BMG LabTech). Alexa Fluor 647 intensity was normalized to the bead fluorescent
intensity to account for differences in bead number between wells.
Alexa Fluor 647 conjugated anti-rat IgG1 (Biolegend, clone: MRG1-58, cat: 407402) was
prepared in-house according to manufacturer’s procedure with minimal modifications. Briefly, 100
μg of antibody was mixed with 20 molar excess NHS-ester Alexa Fluor 647 (Life Technologies)
for 1 hour at room temperature, with agitation and protected from light. The reaction was then
filtered through a 50 kDa molecular weight centrifuge filter. The modified antibody was then diluted
to 0.2 mg/mL.
4.2.4

Delivery to agarose
Beads of various sizes were delivered to agarose slices to determine appropriate size for

further studies. Fluorescent beads were embedded within the agarose slices to facilitate imaging
in the correct plane. Liquid 4% low-melting point agarose (Lonza) was mixed with polystyrene
beads with FITC embedded within the bead matrix (Polyscience, 2 μm diameter, 0.002% beads).
The agarose-bead mixture was then sliced 300 μm thick on a vibratome (Leica VT1000s). Slices
were equilibrated in “complete media” for 1 hour at 37 °C and 5% CO 2. Complete media was
comprised of: RPMI (Lonza, 16-167F) supplemented with 10 % FBS (VWR, Seradigm USDA
approved, 89510-186) 1x L-glutamine (Gibco Life Technologies, 25030-081), 50 U/mL Pen/Strep
(Gibco), 50 µM beta-mercaptoethanol (Gibco, 21985-023), 1 mM sodium pyruvate (Hyclone, GE
USA), 1x non-essential amino acids (Hyclone, SH30598.01), and 20 mM HEPES (VWR, 97064362).
The lids of 24-well plates (Falcon, VWR) were covered in Parafilm® to provide a hydrophobic
surface and prevent aqueous solutions from wicking away from the slice. Agarose slices with the
green beads embedded were placed on the Parafilm® surface with a paint brush. To contain the
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solutions of magnetic beads an A2 stainless steel flat washer (10 mm outer diameter, 5.3 mm
inner; Grainger, USA) was placed on top of the slice. Functionalized magnetic beads of indicated
sizes were then added to the interior of the washer at a concentration of 100 μg/mL. A custom 3D
printed holder containing 24 Neodynium magnets (grade N52, 3/8” diameter, 1/8” thickness, J&K
Magnetics) arranged with the same x,y coordinates as the 24-well plate was placed underneath
the slice set-up. These beads were exposed to the magnet for 20 minutes to allow the majority of
the beads to embed within the slice.
Agarose slices were rinsed for 15 minutes in 1x PBS, replacing the 1x PBS every 5 minutes.
Images of beads delivered to the slices were collected by an upright stereomicroscope (Zeiss,
Germany). Microscope details are described under the “imaging” section.
4.2.5

Delivery to lymph node tissue
Slices of murine lymph node tissue were collected as previously described.29 Briefly,

inguinal, axial and brachial lymph nodes were collected from male and female C57Bl/6 mice,
embedded in 6% low melting point agarose (Lonza) and sliced 300-µm thick on a vibratome (Leica
VT1000s, USA). Tissue slices were allowed to rest for one hour at 37 °C with 5% CO2 in complete
media.
Tissue slices were then transferred to the same magnetic bead delivery set-up previously
described and exposed to the magnet for 5 minutes at room temperature. Slices with beads were
then immunostained with Alexa Fluor 488 anti-mouse CD45 (Biolegend, clone: 30-F11, cat:
13122) and eFluor 660 anti-mouse lyve-1 (eBioscience, clone: ALY7 cat: 50-0443-82) as
previously described.14 Stained slices were then washed and fixed in formalin (4% formaldehyde,
Protocol, USA) at 4 °C overnight and stored in 1x PBS until imaging by confocal microscopy.

4.96
4.2.6

Imaging
Widefield microscopy images were collected with a Zeiss AxioZoom upright macroscope

with a PlanNeoFluor Z 1x/0.25 FWD 56mm objective, Axiocam 506 mono camera and HXP 200
C metal halide lamp (Zeiss Microscopy, Germany). Images were collected with Zeiss Filter Sets
38 HE (Ex: 470/40, Em: 525/50), 43 HE (Ex: 550/25, Em: 605/70); 64 HE (Ex: 587/25, Em:
647/70); and 50 (Ex: 640/30, Em: 690/50).
Confocal microscopy was performed on a Nikon A1Rsi confocal upright microscope, using
a 487 and 638 nm lasers with 525/50, 600/50 and 685/70 nm GaAsP detectors. Images were
collected with a 40x/0.45NA Plan Apo NIR WD objective.
4.2.7

Image and statistical analysis
Image analysis was completed using ImageJ software 1.48v.40 Bead area was determined

using the ”analyze particles” function. Delaunay lengths were calculated using the “Delaunay
Voronoi” plug-in.41 The random distribution of particles was generated using a custom macro
written by R. Pompano. The concentration of the random distribution of particles was chosen
based on the average number of objects per frame.
All statistical analysis was completed using GraphPad Prism 7 version 7.00.

4.3
4.3.1

RESULTS AND DISCUSSION
Functionalizing magnetic beads
In order for these beads to function as an analytical assay platform they must first be

functionalized with a capture antibody. Beads of different sizes, materials, and reactivities are
readily commercially available. We chose magnetic polystyrene beads with carboxylic acid
reactivity to use as the base for our analytical assay. Delivery of beads by magnets can ensure
uniform delivery across the tissue in a relatively short time period. Polystyrene was chosen as the
material due to its biocompatibility and the variety of sizes available.42,43 Carboxylic acid chemistry
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is very well defined, which allows for functional features to be added through known chemical
processes. Here, we functionalized beads with a model capture antibody, to minimize changes in
tissue signaling; PEG was also added to many of the beads to determine its role in bead
distribution. We were able to coat carboxylic acid functionalized magnetic beads with a mixture of
antibodies and PEG (Figure 4.1).

Figure 4.1: Schematic representation of bead functionalization.

First, the carboxylic acid must be functionalized to an activated ester by the addition of 1ethyl-3-(-3-dimethylaminopropyl) carbodiimide (EDC), this can then react with primary amines.
This reaction forms a covalent amide bond between the bead and the amine-containing
compound. In this case the amine is primarily found on free lysine residues within the antibody
structure. As these residues are prevalent in all proteins, the antibody can be customized to the
specific analyte of interest making the platform flexible. The PEG was also bifunctionalized with
amines on the end to take advantage of the same chemistry. Coating particles in PEG is a
common technique to avoid detection by the immune system.38,39 The PEG changes the surface
chemistry of particles, making them more hydrophilic and therefore less likely to be picked up by
phagocytic cells like dendritic cells and macrophages.44 We chose the 20 kDa PEG as it was a
similar length to an antibody. This should prevent the PEG from blocking the binding sites while
still allowing for the chemical advantages associated with PEGylation of particles.
To confirm the coating of the beads we used secondary antibodies to detect the presence
of the antibody of interest. The secondary antibody intensity was measured by plate reader and
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normalized to the fluorescence intensity of
the beads. We measured a significant
difference between samples with and
without the secondary detection antibody
only in samples with the primary antibody
added (Figure 4.2). Beads with no primary
antibodies

added

had

no

significant
Figure 4.2: Magnetic beads were successfully

difference after the addition of the detection coated with antibodies. Significant signal was only
measured in samples with both coated antibody and
antibody. This confirmed that the antibodies secondary antibody. Secondary antibody signal was
normalized to the intensity of bead fluorescence. Twoof interest and fluorophores were way ANOVA with multiple comparisons. **p<0.001 ns
denotes p>0.05

successfully bonded to the surface of the
beads and should be completed with each functionalization reaction. Once these beads were
confirmed to be coated successfully the next step was to ensure that the beads could be
visualized in tissue.
4.3.2

Visualizing magnetic beads
The free amines available on the PEG and additional amines on the antibodies allows the

addition of a fluorophore by N-hydroxysuccinimide (NHS) conjugation chemistry. The choice of
fluorophore is very important to avoid high background and tissue damage.45 The short
wavelengths, near the ultraviolet range of the spectrum, required to excite common blue
fluorophores can cause damage to the tissue, resulting in changes in biology. 46 Green
fluorophores are very common, but suffer from high autofluorescence within the tissue. 47–49
Fluorophores in the near-IR range result in less autofluorescence, therefore they are common for
low intensity signals.10,50 We chose a fluorophore that has a large stokes shift to minimize tissue
autofluorescence, while keeping the traditional fluorescent channels (blue, green, red, and nearIR) for additional labels.
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One technique to achieve long stokes-shifts in is the use
of tandem dyes. Tandem dyes use fluorescent energy resonance
transfer (FRET) to shift the overall emission to longer
wavelengths.51 However, some protein-based dyes exhibit natural
long stokes shifts such as PerCP.52 Both tandem and protein dyes
are not appropriate to include in tissue as they are bulky and
would exhibit limited diffusion within the tissue matrix. The dye we Figure 4.3: Excitation and
emission of Chromeo494. The

chose was Chromeo494, a small molecule fluorophore that dye is excited with a 488 nm
excites at 488 nm and emits in the 600 nm range (Figure 4.3).
4.3.3

laser and is measured in the
600/50 nm detector.

Large-Diameter Beads were Excluded from Complex Matrices
We determined that characterizing the distribution of the beads was a crucial step to

determining the viability of an in-tissue-bead-based immunoassay platform. Once the beads were
deemed an acceptable assay platform, the ability of the conjugated beads to successfully detect
the analyte of interest could be confirmed. The antibody can be customized to change the bead’s
specificity, so functionality would need to be confirmed for each analyte but the distribution of the
beads would remain the same. Additionally, the beads could be used as a platform for other
reactive species, beyond antibodies.53,54
The beads we chose were magnetic to facilitate delivery to tissue. Without help particles
would just rest on the tissue surface, due to the dense structure of cells and extracellular matrix.
The magnet ensured a uniform delivery across the sample. Centrifugation was also considered
but due to the relatively light density of the beads the speeds required to embed them in the tissue
would result in damage to the tissue itself. In order to determine the best size for delivery to tissue
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we varied the diameter of the functionalized beads and delivered them to a model matrix, a 4%
agarose slice.

Figure 4.4: Schematic representation of
magnetic bead delivery.

The magnets were placed in a custom holder that aligned with a 24-well plate. The
remaining set-up was the same as the published procedure for live immunostaining (Figure 4.4).14
Agarose slices, containing tissue or not, were placed on top of a parafilm-covered well plate.
Washers were placed on top of the slice and the bead mixture was added to the top. These slices
were then placed on top of the magnet holder and exposed for 20 minutes.
Once delivered to the agarose slice the beads were imaged by fluorescence microscopy
and the number of beads were counted. The counts of the 1.00-, 4.67-, and 6.68-μm diameter
beads were not significantly different than the no-bead control (Figure 4.5a). This shows that the
larger diameter beads are excluded from the matrix because of the close structure. If the larger
beads were forced to penetrate the matrix there would likely be damage to the tissue, and so
were not considered further.
Figure 4.5: Large diameter beads are
excluded from agarose. (a) Different
diameter beads were delivered to 4%
agarose slices. Objects were then counted
within multiple fields of view. The 0.22- and
0.56-μm diameter had significantly higher
counts than the no-bead blank. The 4.67and 6.68-μm beads were excluded from the
matrix and were not significantly different
from the no-bead control. One-way ANOVA
with multiple comparisons to the no-bead
control (0) ***p<0.001 *p<0.05 ns denotes
p>0.05. (b) Visualization of 1.00-μm
diameter beads. Individual smaller beads
are more difficult to discern.

4.101
The smaller beads, 0.56- and 0.22-μm diameter, had significantly higher counts than the
no-bead control, but they do suffer from visual artifacts. The small diameter of these beads meant
that visualization by microscopy was difficult. The 1.00-μm diameter beads were already difficult
to visualize with the widefield microscope (Figure 4.5b). The size of objects that can be discerned
from each other is determined, in part, by the numerical aperture of the objective. 55 As the
numerical aperture increases the size of objects that can be visualized decreases.56 Even with
our highest numerical aperture objective individual beads with this small diameter would not able
to be imaged accurately. The high counts of the smaller beads would seem to indicate that these
beads would be more effective when delivered to tissue. However, these beads would only be
able to be visualized in aggregates. Aggregated beads could artificially increase the detected
signal in a single area and are more easily up-taken by phagocytic cells. Additionally, we would
not want to bind all the secreted protein in the area, as this could affect the biological function.
The 1.00 μm diameter beads were chosen for further characterization. The counts were
not significantly different than the no-bead control, but were still higher than the larger diameters.
These beads were also more accurately and easily visualized than the smaller diameter beads.
4.3.4

PEGylation Increases Bead Distribution Within the Tissue Matrix
In order to achieve an accurate picture of analyte secretion across the tissue it is important

to disperse the beads as evenly across the tissue slice as possible. We determined that the
addition of PEG to the beads is crucial to evenly distribute the beads throughout the tissue, mainly
through avoiding aggregate formation. As mentioned earlier, bead aggregates within the tissue
can alter the signal overall. Bead aggregates would also not be evenly distributed across the
tissue, and result in an artificial increase in signal in certain areas of the tissue.
To ensure that the beads within the tissue were not aggregating 1.00-μm diameter beads
were coated either with the non-reactive antibody alone, or mixed in equal molar ratio with 20 kDa
PEG. The area of each object within the tissue was then determined. Beads coated with antibody
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alone had a much wider distribution of measured area than the antibody and PEG coated beads
(Figure 4.6a). This wider distribution indicated different sized aggregates collecting within the
tissue. The antibody and PEG coated beads had a much narrower, and smaller, distribution of
areas. This indicated that the beads were more separated and could be more dispersed
throughout the tissue. The geometric mean of the area of the antibody and PEG coated beads
was 2.98 μm2, this is much higher than the expected area (0.79 μm2) but much smaller than 5.69
μm2, the geometric mean of the antibody only coated beads. This discrepancy between the
measured and expected area could be due to the camera resolution. If a bead is within two
different pixel bins, once averaged the entire measured area would be increased. The apparent
size of the beads was decreased and fewer aggregates were easily identifiable, so we determined
that the distribution of PEGylated beads compared to antibody only coated beads was worth
exploring further.

Figure 4.6: PEGylation inhibits
aggregate formation in tissue. (a)
Measured area of 1.00-μm beads that
were delivered to stained tissue slices. A
single bead would have an area of 0.79
μm2. The addition of the PEG shifted the
majority of the averages to below 5 μm2.
Student’s
T
test
N=6-7
slices,
****p<0.0001. (b-d) Tissue sections
stained with AF488 CD45 (green) and
eFluor660 Lyve-1 (pink) for the (b) nobead control (c) antibody only coated
beads and (d) antibody and PEG coated
beads. The antibody and PEG coated
beads appeared much smaller and more
separated than the antibody coated
beads. Many of the beads were closely
aligned with the lymphatic vessels.
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The long stokes-shift dye conjugated to
the beads allowed for very clear, distinct, objects
to be visualized against the tissue background
(Figure 4.6 b-d). Large aggregates of beads
were easily visualized within the tissue and left
Figure 4.7: Beads delivered to tissue were not
phagocytosed. (a) Antibody coated beads
aggregated into large artifacts. (b) Antibody and
PEG coated beads were smaller and spread
throughout the tissue. Red arrowheads indicate
cells that have phagocytosed beads.

large portions of the tissue empty (Figure 4.6b,
Figure 4.7a). The antibody and PEG coated
beads were more evenly distributed throughout
the tissue interior (Figure 4.6 c, Figure 4.7b). All

the delivered beads were closely aligned with the lymphatic vessels (Figure 4.6c,d). These
lymphatic vessels are lined with highly phagocytic cell types such as macrophages and dendritic
cells.33,57 Closer examination of these beads within the tissue revealed that very few beads were
being phagocytosed by the lymphocytes (Figure 4.7, red arrowheads).
The beads could have avoided uptake by two different mechanisms. The antibody-only
coated beads were aggregated to large enough objects that the cells could not phagocytose them
completely. The antibody and PEG coated beads were smaller in diameter, and therefore more
able to be phagocytosed, but the PEG prevented uptake by changing the surface chemistry of
the particles.44
The beads associating with the lymphatic vessels may be due to an increase in the free
space within the reticular network along these vessels. Areas with densely packed cells did not
have as many beads in that area (Figure 4.7). Anchoring an assay platform around the lymphatic
vessels could be beneficial as secretions from migrating cells would be held in place. This could
allow us to interrogate the state of secreted proteins from incoming cells, or highly motile cell
types. However, denser areas such as the T-cell rich paracortex and the B cell follicles would not
be easily investigated with this assay platform in its current form.
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The distribution of the beads throughout the depth of
the tissue section is as important as the x,y distribution.
If the beads are merely sitting on top of the tissue there
is the risk of them being washed away during handling,
and therefore not effectively acting as an anchor within
the tissue. Antibodies alone penetrate at least 50 μm
into the tissue.14 Ideally, the beads would be at a similar
Figure 4.8: Magnetic beads were
embedded within the tissue matrix.
Serial images of lymph node slices were
collected and beads were counted at each
slice. Both antibody only and antibody-PEG
coated beads penetrated beyond the first
layer of the tissue. One-way ANOVA with
multiple comparisons. N=5-7 slices
*p=0.0127

depth so that their location and corresponding signal
intensity can be accurately matched to structural
mapping antibodies. Images were collected at defined
steps within the tissue slice and the beads at each level
were counted (Figure 4.8). The shape of the

distributions was similar between the antibody only and antibody and PEG coated beads. This
data means that both beads were able to penetrate into the tissue. Beads within the first 10s of
microns were easily washed away during handling, resulting in very low counts near the surface
of the tissue slices. There was a large amount of variability between the counts at the same levels
of different tissue slices. This was most likely due to differences in the tissue structure in different
organ sections.29
The curve for the antibody and PEG coated beads had a more gradual increase to its
peak, the antibody only beads had a sharp increase from 60 to 70 μm from the surface of the
tissue. The flatness of the antibody and PEG coated bead curve adds to the data that the
PEGylated beads are more evenly distributed throughout the tissue.
The antibody only coated beads had a maximum count that was 20 μm deeper than the
antibody and PEG coated beads. As characterized previously, antibody only coated beads easily
form aggregates. We hypothesized that these aggregates could form within the delivery solute
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increasing the apparent mass of the beads. If the heavier aggregates sank closer to the surface
of the tissue before the magnetic field was applied this may have allowed them to penetrate
deeper than the smaller antibody and PEG coated beads in the same time. Overall, these data
show that the beads would not be easily washed away with handling as they are embedded within
the tissue, not just resting on its surface.
The last metric we used to describe
the distribution of beads within the
tissue was the Delaunay length.58 This
allowed us to describe the distribution
within

the

triangulation

tissue

slice.

calculate

Delaunay

the

smallest

possible triangle that can connect three
points (Figure 4.9a,b).41,58 We set the
location of the beads as our coordinate
points. The lengths of each arm of the
triangles

was

then

plotted

as

a

histogram. We compared the bead
distribution to a randomly generated set
Figure 4.9: Beads were distributed non-randomly within
the tissue matrix. (a-b) Representative images of
Delaunay measurements for antibody only (a) and antibody
and PEG (b) coated beads. (c) Histogram of Delaunay
lengths between adjacent particles. Random distribution
matched in concentration to average beads per image. Oneway ANOVA with multiple comparisons. N=5-7 slices
****p<0.0001, n.s. denotes p>0.05.

of

coordinates.

The

average

concentration of beads per image was
matched between the experimental and
simulated conditions.

This measurement allowed us to discern if the beads were being delivered to the tissue in
a random manner, or in a more organized way. The randomly generated coordinates had a
significantly different distribution than either of the experimental samples (Figure 4.9c). Meaning
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that both bead schemes were delivered in a non-random manner. There was no significant
difference between the distributions of the antibody only and the antibody and PEG coated beads.
This is most likely due to the uniform magnetic field felt by the entire area of the slice and the
structure of the tissue itself. Rather than an artifact of the bead such as size or hydrophobicity.
Tissue organization is a highly regulated event and for it to result in a truly random
distribution of space would be very surprising.59 A truly random distribution of beads within the
tissue would not be beneficial to the end goal of measuring analytes with spatial precision. This
is because a random distribution would introduce sample-to-sample variability beyond biological
variability. A non-random distribution ensures that data collected across multiple samples can be
more easily compared.
These data show that PEGylation was an important component to the successful delivery
of beads to lymph node tissue. PEGylation decreased the apparent size of the beads delivered
to tissue, compared to antibody only coated beads. The addition of the PEG also prevented
phagocytosis by immune cells. Visually, both types of beads clustered around lymphatic vessels
but the antibody and PEG coated beads were more distributed throughout the tissue. PEGylated
beads were also more evenly distributed in the z direction than the antibody only beads.

4.4

CONCLUSIONS AND FUTURE WORK
This chapter detailed the early characterization of a bead-based in-tissue assay platform.

Carboxylic acid functionalized beads were coated with non-reactive antibodies and 20 kDa
polyethylene glycol (PEG). Beads were then reacted with a small-molecule fluorescent dye that
had a long stokes shift. Magnetic beads were chosen for delivery to tissue samples because the
delivery was could be well-controlled and evenly distributed. The addition of PEG was crucial to
evenly distribute singular beads throughout the tissue. PEGylation reduced aggregation and
increased the visual distribution of the beads in all directions within the lymph node tissue.
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Delivery of beads was not randomly dispersed in the tissue, but was localized to areas near
lymphatic vessels.
In order to utilize this platform in tissue the next step would be to validate that the beads
can function as an immunoassay platform. Meaning the beads should be able to detect the analyte
of interest. Preliminary work with IL-2 resulted in inconsistent signal with smaller beads. This could
indicate that either the antibody:PEG ratio or mechanism of adding the fluorophore needs to be
optimized. If there was too much PEG, or if the number of fluorophores was too high, this could
interfere with the binding of analytes and the detection antibody to the bead surface. An antibody
pair with very high selectivity and sensitivity would be ideal as the relevant analytical range within
a given area of the tissue for many cytokines is unknown.23
The bead platform would function as the base for the sandwich immunoassay, similar to
the plate in an ELISA. This would require delivery of a second fluorescent detection antibody to
visualize the relative quantity of analyte in the tissue. A true qualitative calibration curve would be
difficult to calculate as subtle changes throughout the tissue could affect the overall signal. A
semi-quantitative assay, where relative expression is measured, would be more feasible and
easily reproducible. The detection antibody should be modified to remove the Fc tail. This will
reduce non-specific binding and immune activation by removing the interactions with Fc receptors
on immune cells.60,61
This platform can be customized by choosing specific clones of antibodies to measure
distinct analytes. Based on their location near the lymphatic vessels these beads could act as an
anchored platform for secretions from highly motile cell types. As cells enter the lymph node near
the lymphatic vessel they then migrate throughout the tissue. The beads would be stationary and
could inform on the state of cells as they enter the lymph node. Investigating the state of the tissue
deeper in the cell-dense regions such as the paracortex and B cell follicles would be more difficult
as the beads did not easily penetrate these areas. Still, mapping these areas through the use of
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fluorescent antibodies would be an important step to understanding the detected signals.
Lymphatic vessels can run close to B cell follicles or even through the mid-line of the node.62 Each
of these conditions could have distinct secretion patterns, or respond differently to stimuli.63,64
Monitoring the signal location relative to known structures is an important portion of putting the
signal within the biological context.
Looking forward this platform could also carry other types of detectors, other than
antibodies. Aptamers, short strands of nucleic acids with very high specificity, are becoming
increasingly popular as a detection method.53,65,66 Synthetic peptides could also be used to detect
analytes.54,67 Some mechanisms also incorporate a FRET-based detection method. These
methods involve conformational changes within the structure to separate the fluorophore from a
quencher to produce a signal.68–70 This type of detection can be much more sensitive as it doesn’t
require the use of a second detection reagent.
A temporal component could be easily added to this platform as old beads could be
removed by exposure to the magnet, and new beads added in the same way. There is no
guarantee that the new beads would be in exactly the same locations, but with structural mapping
the same areas could be investigated over time. This could inform how the tissue changes during
an immune response.
Characterizing the distribution of these beads within the tissue was an important first step
to customizing an in-tissue immunoassay.
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5 FINAL REMARKS
5.1

CONCLUSIONS
In this dissertation I have detailed the foundational work for developing novel analytical

platforms to study immunity. As detailed in Chapter 1 immunity is a systemic combination of many
cell types that work to clear pathogens from the host. In order to fully understand the chemical
signals required to initiate and fulfill a successful immune response we must look closely at the
lymph node, a secondary organ of the immune system where much of the adaptive immune
response is generated. Measuring these signals within the spatial organization of the tissue will
provide a greater biological context and be more accurate to in vivo models.
In Chapter 2 I characterized the use of live slices of murine lymph node tissue as a platform
to study immunological functions. Lymph nodes were embedded in agarose and sliced on a
vibratome. The slices that were collected were viable and able to report on immunological
functions. These tissue slices are the foundation for the rest of the work in this thesis. By
developing this platform as an acute method to study immunity we are able to visualize dynamics
within the tissue with standard microscopy read-outs.
Chapter 3 described the optimization of a novel cell labelling reagent to visualize cell
dynamics. This work was completed in collaboration with the Fraser lab at UVA. Nanoparticles
fabricated from different polymers and containing a boron-based fluorophore were delivered to
lymphocytes for labelling. Phagocytic cells were more effectively labelled with these
nanoparticles, and the labelling process did not affect cell viability or function. The cells labelled
with the nanoparticles exhibited bright blue fluorescence and were easily visualized against the
tissue background with the DAPI filter set. This nanoparticle-based labeling method would allow
for more effective use of the remaining filter sets in a traditional fluorescent microscope.
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In Chapter 4 the beginnings of a bead-based in-tissue immunoassay were discussed.
Magnetic polystyrene beads were functionalized with antibodies, polyethylene glycol (PEG), and
a long stokes shift small molecule dye. The distribution of the functionalized beads within the
lymph node tissue was characterized. PEG was essential to achieving an even distribution of the
beads within the tissue. These beads would be able to act as a stationary surface for an analytical
immunoassay within the tissue matrix.
Overall, this work sets the foundation for future investigations into the dynamics of immune
signaling within the lymph node.

5.2

FUTURE DIRECTIONS
A future goal of using the lymph node slices would be to monitor and characterize a full

immune response from initiation to antibody formation. As the immune response can take up to a
week to fully develop the ability to culture these slices long-term is an important consideration.
One concern with long-term culture of lymph node tissue is the motility of the lymphocytes. Cell
exodus from the slices has been observed, especially after 48 hours of culture. We hypothesize
that the lymphocytes are exiting the tissue due to a lack of retention signals rather than responding
to an “exit” signal. One target for this signal is CCL21, a chemokine expressed by the stromal
cells that is crucial for the development and organization of the paracortex of the lymph node.1
Production of this chemokine can be induced by fluid flow within the tissue.2 Future work with this
project includes the development of a gravity-driven fluid flow culture platform to help induce
CCL21 expression. The addition of fluid flow is more appealing than simply supplementing the
media with CCL21 because the fluid flow is closer to the in vivo environment. However, media
supplementation should also be considered to maintain cell viability.
Labelling the lymphocytes with nanoparticles to study their dynamics within the lymph node
would allow for facile cell-tracking in the blue fluorescence channel. Future applications of this
labelling reagent, in its current form, would focus on the dynamics of B cells within the germinal
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center. B cells were effectively labelled with these nanoparticles, so tracking B cell motility as they
move through the different areas of a germinal center would be a natural transition. A long-lived
labelling mechanism could also be investigated to prevent the dye from being broken down or
exported by the cells. This would require modifying the surface of the nanoparticles, potentially
with a reactive ester group. This group would interact with active esterases within the cells to add
a charge to the particle and prevent exit through the cell membrane. Adjusting the surface of the
nanoparticle could also help to target different cell types, such as T cells, in the future.
The embedded beads in tissue would act as a spatially-defined immunoassay platform in
the future. With this platform the signals from the lymphatic vessels can be measured in response
to different stimulants. Stimulants such as lipopolysaccharide (LPS) would result in activation of
the more innate-like cells that line the lymphatic vessels.3,4 Cell-specific stimulants, such as T cell
receptor binding, would result in a different response in the same areas. With a live slice platform,
not only can secreted signals be placed in their spatial context, but also in time with the inclusion
of repeated measures. Different surface chemistries or delivery mechanics can also be applied in
an attempt to change the distribution of the beads. In order to get the beads in areas of the tissue
that are denser a longer exposure with the magnet could be beneficial. Changing the surface
chemistry to be slightly hydrophobic could help the beads penetrate to areas with a high lipid
content, such as dense areas of cell membranes. This would have to be tested with high precision
to avoid bead-uptake by the cells.
In the future, these platforms can be used to investigate signaling dynamics within the lymph
node during the immune response. Current focus of the Pompano lab has been on the effect of
different vaccine adjuvants on the immune response. Adjuvants are components of vaccines that
initiate the response against the antigen.5 However, as immunology, as a field, progresses I
anticipate more questions about lymph node dynamics to be asked. Our slices would be a crucial
platform to analyze these dynamics in a meaningful way.
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Monitoring genetic profiles over development and implementation of immune responses
has informed a new wave of immunological understanding. Fate mapping has allowed
immunologists to track the origin of cells during development.6–8 Epigenetics has elucidated the
elasticity of the immune system showing how the immune system can change over time.9–11 These
approaches have allowed immunologists to determine the source of many circulating cells. This
kind of data would not be collected in our slice platform. The fate mapping requires genetic
modification, which we could monitor in our slices but the data collected in an in vivo setting is
much more informative. Epigenetics requires access to the interior of the cells that would not be
accessible in a live tissue setting. However, the information generated by these data will give us
a greater understanding of how cells populate and further change within the lymph node. Which
will allow us to generate more complete hypotheses about cellular profiles. Moving into tissue
would allow for a further understanding of how the spatial distribution of these cells can change
and will influence the response.
Immunologists have also increased the data load by moving to single-cell resolution
including single cell cytokine expression12–14 and gene expression analysis.15–17 These data have
allowed new connections between cell types to be determined and explored. Further
understanding of how cells change during an immune response may allow the Pompano lab to
generate more complete hypotheses. However, as we move up in complexity from single cells to
tissue, we do expect to measure distinct differences. These large data sets will more likely inform
our understanding of immunology on a large scale but not the specific cellular interactions. These
interactions are what the Pompano lab is more interested in observing.
I expect the Pompano lab to take advantage of new advances in technology, especially in
the field of microscopy. As more sensitive detectors and precise light sources become readily
available interactions within the tissue will be easier to measure with high precision. The high cell
density and complex cell matrix can make isolating cellular interactions from one another difficult.
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Immune cells can also be in complex shapes, making the identification of cells such as dendritic
cells problematic. These two artifacts of imaging may be solved with increased resolution and the
addition of more stains; both of which could be introduced with more complex microscopes.
Deconvolution of widefield images can improve the signal to noise ratio and clarify
structures within the tissue.18 Images of the spatial distribution of signals collected with low
magnification could be analyzed with confocal-like resolution. These experiments also generate
large quantities of data. As computers are able to handle large data sets with increasing ease
analyzing this data will become easier as well.
In conclusion, this work provides the foundation for many new investigations within the
Pompano Lab. I have high hopes for the future of this research.
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