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Preface

Cells in the tissue of every organism have undergone a robust process of fate acquisition,
positioning, and maturation. These processes, controlled by a variety of natural morphoge-
netic cues, including genetic, mechanical, and electrical signals, are responsible for the
formation of various aspects of the body plan, from cell-to-cell interactions to higher-level
structures. The application of these cues in natural cellular systems results in highly ordered,
highly specialized functional structures such as the eye, the lung, and the liver. There is an
immense interest in decoding programs that naturally control and drive formation of tissues
and organs. Understanding and engineering such programs open powerful opportunities to
produce physiologically relevant tissue of interest, generate models to study human disease,
and set the path for manufacturing of advanced tissue and organs.

The first chapters presented in this volume are focused on understanding signaling
events and patterns in morphogenetic systems. Walczak et al. describe the TASBE image
analytics pipeline, which integrates several different algorithms in order to process multi-
channel time lapse microscopy data. Carter et al. present a quantitative method to study the
impact of a cell’s local environment in the acquisition of lineage characteristics, and Ulyan-
chenko and Guiu cover an approach to understand gut morphogenesis in a mouse model
through engineered lineage tracing.

Following these methods to understand morphogenesis, the next chapters focus on
programming signaling events and patterns to drive morphogenesis. Kim et al. demonstrate
how to engineer cell-intrinsic signaling gradients for the secreted morphogenetic factor
sonic hedgehog, and investigate those gradients using a complementary sonic hedgehog
receiver cell line. Rexius-Hall et al. present a method for fabricating patterned polyacryl-
amide hydrogels, with the goal of creating microgels that are capable of supporting geomet-
rically controlled microtissues. Richardson et al. demonstrate how to change and assay the
properties of alginate substrates to create environments of specific stiffnesses to aid in the
engineering of different cell types. Nanos and Levin detail a method for rewiring bioelectric
circuits in Xenopus, leveraging a Cas9 system to change the bioelectric environment and
investigate its impact on cell state and fate. And Libby et al. engineer mosaicism in an
engineered PSC cell population, using CRISPR-based gene knockdown to generate changes
within subpopulations of human iPSCs, allowing for control over organization and analysis
of emergent behaviors.

Cellular systems engineered to model early development are presented by Britton et al.
and Anlas et al. Britton et al. generate patterned hESC colonies for the purpose of investi-
gating tissue development at the point of gastrulation and neural differentiation. Anlas et al.
present a protocol for gastruloid differentiation; however, this protocol focuses on creating
3D gastruloids out of aggregates of a PSC of interest.

A variety of techniques for engineering organoids, tissue barriers, and disease models are
also covered. von Maydell and Jorfi present a method to build uniform brain spheroids to
investigate morphology, pathophysiology, or for drug screening. Selfa et al. present a human
kidney organoid differentiation protocol, where PSCs are driven to develop into complex
kidney tissue containing renal vesicles and nephron-like structure. Aghayee and Ashton
describe how to direct hPSC-derived neural tissue to model the architecture of a transverse
slice of the neural tube, generating forebrain, hindbrain, and spinal cord rosettes on
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micropatterned culture. Campisi et al. present a protocol for creation of a blood-brain
barrier on a chip, combining in vitro and ex vivo using iPSCs, astrocytes, and pericytes to
model the creation of blood-brain barrier-like microvasculature. Clark focuses on the use of
an organ-on-a-chip system to model the metastatic niche of the liver in cancer development,
and Siani and Nikkhah also investigate cancer, but do so in the context of how cancer-
associated fibroblasts aid in tumor invasion and migration in a hydrogel model.

Finally, two methods that have applicability in vivo are presented. Emerson et al. present
a methodology for preparation of loading vasculogenic hydrogels with cells of interest,
followed by transplantation of these hydrogels in vivo into mice to allow investigation of
vascularization of these tissues, and Persson et al. demonstrate how to create platelet-like
cells from a megakaryoblast cell line.

The methods contained within this book showcase some of the most cutting-edge
techniques in the field of programmed morphogenesis. The goal of the presentation of
these methods is not only to communicate knowledge but also to inspire approaches to new
challenges, and to empower readers with the capability to approach those challenges.

Pittsburgh, PA, USA Mo R. Ebvabimkhani
Joshua Hislop
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TASBE Image Analytics: A Processing Pipeline
for Quantifying Cell Organization from Fluorescent
Microscopy

Nicholas Walczak, Jacob Beal, Jesse Tordoff, and Ron Weiss

Abstract

Laboratory automation now commonly allows high-throughput sample preparation, culturing, and acqui-
sition of microscopy images, but quantitative image analysis is often still a painstaking and subjective
process. This is a problem especially significant for work on programmed morphogenesis, where the spatial
organization of cells and cell types is of paramount importance. To address the challenges of quantitative
analysis for such experiments, we have developed TASBE Image Analytics, a software pipeline for automati-
cally segmenting collections of cells using the fluorescence channels of microscopy images. With TASBE
Image Analytics, collections of cells can be grouped into spatially disjoint segments, the movement or
development of these segments tracked over time, and rich statistical data output in a standardized format
for analysis. Processing is readily configurable, rapid, and produces results that closely match hand annota-
tion by humans for all but the smallest and dimmest segments. TASBE Image Analytics can thus provide the
analysis necessary to complete the design-build-test-learn cycle for high-throughput experiments in pro-
grammed morphogenesis, as validated by our application of this pipeline to process experiments on shape
formation with engineered CHO and HEK293 cells.

Key words Image processing, Cell quantification, Fluorescence microscopy, Programmed morpho-
genesis, Software tools

1 Introduction

Fluorescence microscopy is one of the most commonly used assay
tools of synthetic biology, making use of fluorescent proteins or
dyes to deliver rich information about both the state and structure
of individual cells and also about the spatial organization of cells,
colonies, and tissues. As both protocols and laboratory automation
have improved, an increasing number of synthetic biology projects
involve high-throughput sample preparation, culturing, and acqui-
sition of microscopy images. With potentially large numbers of
wells observed at many different time points, the volume of

Mo R. Ebrahimkhani and Joshua Hislop (eds.), Programmed Morphogenesis: Methods and Protocols, Methods in Molecular
Biology, vol. 2258, https://doi.org/10.1007/978-1-0716-1174-6_1,
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fluorescent image data can rapidly become quite large, easily going
into the tens or hundreds of gigabytes. This is especially true in the
case of work on programmed morphogenesis, where fluorescence
images are often used to image the shape of cell cultures and
distribution of cell types over time, repeated across a number of
different experimental parameters. Yet much of the analysis of
image datasets—even quite large ones—is still done qualitatively
or by hand. Such analysis is thus typically a time-consuming and
painstaking process, as well as subject to a high degree of variability
based on observer interpretation. Automation of quantitative anal-
ysis using image processing and computer vision techniques can
provide great benefits in the use of such data, as well as greatly
enhancing the repeatability of these types of experiments.

A number of different image analysis software packages that are
specialized to cell biology already exist to aid in this process, such as
CellProfiler [1], Image] [2, 3], and WIPP [4]. These tools are
designed to be broadly applicable to a wide variety of work flows,
but require expert crafting by the user to apply them to any partic-
ular class of experiments. This makes it difficult for these highly
general tools to be applied by researchers who do not simulta-
neously also have expertise in both software engineering and in
developing computer image processing pipelines. Complementa-
rily, a number of specialized packages exist, which are effective but
highly tailored for specific purposes, such as SuperSegger [5] (opti-
mized for rod-shaped bacterial cells), NICE [6] (colony counting),
or FogBank [7] (overlapping cell segmentation). No such tool,
however, had previously been developed for quantifying the shapes
of cell populations, as is typically needed for experiments on pro-
grammed morphogenesis.

We thusdeveloped this image analysis pipeline to support
research in programmed morphogenesis, in the form of a highly
configurable pipeline for segmentation and quantification of a
broad class of experiments regarding the organization of fluores-
cent cells in space. We now present the resulting software package,
TASBE Image Analytics, distributed under a free and open license
at  https: //github.com/TASBE /TASBEImageAnalytics. ~ Our
implementation is a processing pipeline developed using the gen-
eral Image] framework, which segments cells and regions of cells in
fluorescence microscopy images using a thresholding process, then
tracks the evolution of those segments over time. We first describe
the architecture and operation of this processing pipeline, then
describe its validation by comparison with human annotation, and
finally provide an example of its operation in the context of shape
formation experiments with engineered CHO and HEK293 cells.
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2 Materials

The experiments performed for this work were done in Ubuntu
Linux 18.04 using Java 8 and Jython 2.7. The version of Image]
was 1.52p used from Fiji. The version of TrackMate used was 4.0.1.
The data used for experiments presented in this work was captured
with a Leica TCS SP5 II Confocal Laser Scanning Microscope.
Data generated by a BioTek Cytation5 was also analyzed with this
software pipeline. It is our intent that the software could be used
with any version of Java and Jython that are compatible with
Image] although other configurations have not been tested.

3 Methodology

Pipeline Input
Settings .
~ Marshaling

Single Frame
Channel Images

Data
Directory
Metadata
Directory

Image 1

Image n

Figure 1 shows the architecture of the TASBE Image Analytics
image processing pipeline (named for its relationship with prior
automation projects [8, 9]), which is implemented as a set of
Jython scripts utilizing Image] plugins, proceeding in five stages.
First, data and metadata are marshaled to configure the processing.
Second, cells and regions of cells are segmented in each microscopy
image based on intensity. Third, the binary segment images are
filtered to remove artifacts and clustered to identify connected
components. Fourth, per-frame statistics are computed for each
identified component. Finally, these components can also be
tracked through time from one microscopy frame to another.

212 2.1.3 2.14 2.1.5
. Filtering & Cellaulkiz
Segmentation Clusterin Frame
& Statistics

Binary Segmentation Per-Frame Multi-Frame Tracked
Masks Masks Statistics Component Statistics

Fig. 1 The TASBE Image Analytics pipeline executes in five stages: (7) marshaling microscopy data, metadata,
and other configuration settings, (2) processing each frame into binary masks, (3) filtering and clustering to
segment the image, (4) calculation of cell cluster statistics, and (5) tracking of clusters across timesteps



6 Nicholas Walczak et al.

3.1 Step-by-Step
Procedure

3.1.1 Input Marshaling

3.1.2 Segmentation

The steps outlined here represent a common approach to solv-
ing this problem. However, this work aims to create a pipeline that
is readily available and can work on a wide variety of fluorescence
microscopy datasets with a minimum amount of reconfiguration.
The nature of the design-build-test-learn cycle, combined with
high-throughput sample preparation, means that a large amount
of data can be generated in a short period of time, so facilitating
quick analysis of the microscopy experiments can allow the cycle
times to be shortened. Jython scripts (one of the standard options
for scripting Image]) were chosen to facilitate this, as they can be
run on a directory of microscopy images by just specifying a few
parameters in a configuration file.

The first step in the processing pipeline is defining and reading in
the data, including metadata that describes information about the
input microscopy images. The TASBE Image Analytics pipeline is
also highly configurable, with a number of different parameters
(intensity threshold parameters, threshold computation algorithm,
filtering thresholds, etc.) that can be adjusted by a pipeline settings
configuration file. The scripts are also designed to handle direc-
tories of microscopy images, as high-throughput microscopes can
generally be configured to output files into a structured pattern of
directories and filenames for each well in a plate examined by the
microscope. Further information about relevant configuration
parameters can be found in Subheading 4.2. At present, two
instrument-specific classes of metadata are supported: for Leica
microscopes, the properties of XML files can be parsed to deter-
mine things like number of channels, number of time steps, and
number of Z slices, as well as the dimensions of the images in pixels
and physical units. Similarly, for BioTek Cytation microscopes, the
TIFF tags in the input images can be read to pull out available
metadata. For other microscopes, these parameters can be defined
manually in the configuration file.

Once the settings and images have been marshaled for processing,
the next step is to segment out the foreground of the image from
the background. This is done by computing a threshold on the
image and only keeping the pixels that meet the threshold. Fore-
ground will be above the threshold for fluorescent images, but for
brightfield images an upper threshold is computed as well and only
pixels between the two thresholds are kept. Morphological closing
[10] is applied to the resulting binary masks, which helps to fill in
holes. Image] supports numerous different methods for computing
the threshold values (default, Otsu, max entropy, and many others,
as well as adaptive methods), and these different methods can be
specified in the configuration, if desired. Further information about
relevant configuration parameters can be found in Subheading 4.3.
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and Clustering

3.1.4 Calculation
of Frame Statistics

3.1.5 Tracking

3.2 Validation
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Once the foreground mask is created, the resulting pixels must be
grouped together into objects. A common approach to this is
connected component analysis, which combines pixels that are
touching based on four-connectedness or eight-connectedness
[11]. An advanced version of this approach is performed with
Image]’s ParticleAnalyzer tool, which also allows the resulting
objects to be filtered based on several parameters, such as circular-
ity. Further information about relevant configuration parameters
can be found in Subheading 4.4.

A set of statistics is then output for each object detected in each
frame, including centroid, height, width, perimeter, area
(in pixels®), area (in microns®), and many other standard image
component statistics. Images of the segmentation masks at each
stage are also produced in order to help debug processing.

Once cell clusters have been identified at each timestep, their
identities need to be associated across time such that the progres-
sion of each cell is tracked. There are several tracking plugins
available for Image], of which we have selected TrackMate [12], a
recent addition that offers a powerful and flexible interface. We
combine TrackMate with the previously described threshold-based
detection mechanism to implement multi-frame tracking. The
result is another set of statistics, summarizing all tracking informa-
tion for all of the components in each frame.

Once configured, the execution of the complete processing
pipeline is quite fast, even on substantial high-throughput datasets.
Because TASBE Image Analytics is built as an application of mature
image processing tools, it is able to operate quickly and efficiently.
We benchmarked performance by processing 1024 x 1024 images
with three channels on an Intel i7 equipped laptop, finding that
each image took an average of only 2.2 s to process.

We validated the performance of TASBE Image Analytics against
hand-labeled ground truth by comparison of detections for a col-
lection of 60 microscopy images. Hand-labeling was done with an
interactive labeling script created in Python using the GrabCut [13]
implementation in OpenCV [14], allowing a human to draw a
rectangle around a region of interest and then mark some back-
ground and foreground pixels to generate a segmentation mask.

Human and machine labeling are compared with a standard
widely used metric [15]: bounding boxes B, and B,,, determined
by human and machine, respectively, are compared using intersec-
tion over union (IOU):

Area(By N By,)

IOU(By, Bn) = Arca(By U By)’ (1)
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3.3 Example Results

judging two components sufficiently equivalent when IOU is
greater than or equal to 50%. This allows performance to be judged
in terms of true positives (TP, equivalent components), false nega-
tives (FN, human segment with no machine equivalent), and false
positives (FP, machine segment with no human equivalent), from
which we compute standard [16] performance metrics precision,
recall, and Fy score:

Precision = TP/(TP + FP), (2)
Recall = TP/(TP + FN), (3)
F, = 2TP/(2TP + FN + FD), (4)

Our evaluation used 60 images (1110 labeled components)
from a CHO and HEK293 coculture experiment, ignoring any
component with an area less than 350 microns®. Overall perfor-
mance was satisfactory, with a total recall of 82.3%, total precision
of 97.1%, and a total F; of 89.1%. More importantly, nearly all
errors involved small components (statistics by area range are pre-
sented in Fig. 2a), which tend to have weaker fluorescent returns
and hence can sometimes dip below the automatically computed
thresholds, as well as being more sensitive to small differences in
edge location. In many cases, these issues can also be mitigated by
choosing a different threshold computation algorithm or specifying
a default threshold to fall back on if the automated threshold is
problematic. TASBE Image Analytics may thus be expected to
provide human-level performance in segmenting microscopy
images.

To illustrate the use of this method, we show an example of how the
TASBE Image Analytics pipeline has been applied experimentally to
quantification of microscopy data from shape-formation experi-
ments. These experiments considered mixtures of CHO and
HEK293 cells, genetically modified to express different fluorescent
proteins and using differential levels of cadherin expression to sort
into various spatial patterns (full details of this work may be found
in [17]). Figure 2b—d shows samples of results produced using
TASBE Image Analytics from an experiment in which mixtures of
HEK293 and CHO were imaged every 20 min over the course of
66 hours, with one 68-min gap around hour 13.

The rich collection of statistics generated from the TASBE
Image Analytics image processing pipeline can be plotted and
used in various ways to draw conclusions about the experiment.
For example, in the case of these CHO /HEK293 adhesion experi-
ments, it was predicted that low concentrations of HEK293 cells
would result in the formation of a multiple cluster pattern. By
plotting the areas of components over time at different concentra-
tions, we were able to visually validate this hypothesis (Fig. 2b), as
well as quantitatively validate the hypotheses through analysis of the
statistics produced from those images.
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Fig. 2 Validation and experimental results: (a) Processing images with TASBE Image Analytics provides results
closely equivalent to hand processing by humans, particularly for larger components. (b) Segmentation
showing formation of a “polka dot” pattern in a mixture of HEK and CHO cells over time (time progresses
left to right then top to bottom). (c) Heat maps of component size vs. time showing a transition from small fast-
moving components at 30% HEK to a single large slow-moving component at 80% HEK (warmer colors are
faster, dark blue means no components have that area at that time). (d) Tracking “phylogeny tree” showing
how smaller components combine to form larger components over time
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Figure 2¢ shows another example of a result computed from
statistics over time. Here, the color of each cell in the heat map
corresponds to the mean velocity of all components within an area
range and time period. From this plot, we can see that at 30%
HEK293, there are only small components, however around 50%
a phase transition begins, where some larger components form, and
by 80% there is a large component that forms (condensing to a
smaller area) and then grows over time. In addition, we can see that
smaller components move faster than large components in this
data. Figure 2d shows one more example of the use of tracking,
in this case a “phylogeny” tree graph that shows how smaller
components combine to form larger components over time, as
well as the area (dot size) and velocity (color) of these components.

These examples are by no means exhaustive: they merely illus-
trate a few of the many ways in which TASBE Image Analytics can
be applied to data from real programmed morphogenesis experi-
ments in order to provide insight and quantification.

4 Notes

4.1 Software Setup

4.2 Parameter
Configuration

The code necessary to run our pipeline can be found in the TASBE
organization on GitHub: https: //github.com/tasbe. There are three
related repositories: TASBEImageAnalytics, TASBEImageAnalytics-
Tutorial, and TASBEImageAnalytics-Data. The first repository houses
the source code including Jython scripts for running the processing
pipeline, Java code to create a thresholding-based detector for Track-
Mate, and C++ programs for creating point clouds from z-stacks
generated by a confocal microscope (an aspect not covered in the
main methods description above). The tutorial repository contains
some shell scripts that illustrate how to execute the image analysis
pipeline, and which can be used as a template for configuration of
the pipeline for new experiments. The data repository, in turn, contains
example image data used by the tutorial repository scripts.

In order to use the pipeline, one must download the source
code and install Image]J. For all of our processing, we used the
Image] distribution FIJI (https://fiji.sc/). The scripts in the tutor-
ials repository give a way to use the processing pipeline, and the
data in the data repository show a common layout for the micros-
copy experiments we have worked with.

Tables 1, 2, and 3 define all of the parameters recognized in the
configuration file. These parameters are split into three groups:
control of filename parsing, configuration of dataset properties,
and configuration for processing. The filename parsing is important
so that all of the files are properly marshaled. Data is grouped
together by well on the plate, and across the possible channels,
timesteps, and Z slices. Frequently, this information is encoded in
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Table of configuration parameters recognized in the configuration .ini file

Filename parsing options

Parameter Name in File Description

Directory of inputDir Directory that contains all of the microscopy images to process.
microscopy
images

Location of outputDir Directory where all outputs will be stored.
results /output

Well Index wellldx Index of the well name in the filename when split on “_”.

Channel Index
Z Index

Time Index
Specity wells to

process

Specity wells to
ignore

Can be a comma separated list of values. Required.

cldx Index of the channel specifier in the filename when split on “_".
Can be detected if the token has “ch” in it.

zIdx Index of the Z slice specifier in the filename when split on “_".
Can be detected if the token has “z” in it.

tldx Index of the timestep specifier in the filename when split on
“_”_ Can be detected if the token has “t” in it.

wellNames If specified, only wells in the comma separated list will be

processed.

excludeWellNames If specified, any wells in the comma separated list will be

skipped.

This section contains options that determine how the filenames are parsed

4.3 Threshold
Parameters

the filename, and the script is able to extract this information when
the tokens are separated by underscores (“_"). Well names generally
need to be specified, but channel, timestep, and Z slice can be
found automatically if their tokens contain “ch,” “t,” and “z”
selectively, as are often used in microscopy filenames. Most of the
dataset parameters can be found in microscope property files. For
Leica confocal microscopes, these are contained in a metadata
directory as an xml file. All of the data parsed from the properties
files can be specified manually, but utilizing the xml files cuts down
on the amount of configuration that is necessary.

The last set of parameters, the processing parameters, are the ones
that have the most effect on the outputs. If the computed threshold
is too low, it can lead to a lot of background noise being considered
and generally yields a poor result. To counter this, the maximum
and minimum thresholds computed by Image] are compared: if the
difference is too high, then the computed threshold is replaced by
the default threshold. This is controlled by the maxThreshRange
and defaultThreshold parameters. The FIJI distribution of Image]
contains over a dozen difterent methods for computing an intensity
threshold, and different algorithms can yield different results. The
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Table 2

Table of configuration parameters recognized in the configuration .ini file

Dataset property options

Parameter Name in File Description

Number of  numChannels Specifies number of channels in input. Read from microscope
Channels properties or set manually.

Number of Z numZ Specifies number of z slices in input. Read from microscope
slices properties or set manually.

Number of  numT Specifies number of timesteps in input. Read from microscope
timesteps properties or set manually.

The first minT Specifies the first timestep to start on. Defaults to 0.
timestep

No Z in noZlnFile Flag that indicates filenames do not contain Z slice specifiers.
Filename

No T in noTInFile Flag that indicates filenames do not contain timestep specifiers.
Filename

Labels for chanLabel Comma separated list to label channels. Default is [Skip, Yellow,
channels Blue, Gray].

Channels to  chansToSkip List of channel labels for channels that should be ignored /skip.
skip A channel labeled Skip will also be skipped.

Physical size  pixelHeight Defines physical height of each pixel. Read from microscope
of pixels properties. If not specified then areas will be in the value of

pixels.

Physical pixelDepth Defines physical depth of each pixel. Read from microscope
depth of properties. If not specified then areas will be in the value of
pixel pixels.

Physical width pixelWidth Defines physical width of each pixel. Read from microscope
of pixel properties. If not specified then areas will be in the value of

pixels.

Debug mode  debugOutput If specified additional output will be created to help with
flag debugging. Optional.

Lower right
exclusion X

Lower right
exclusion Y

Upper left
exclusion X

Upper left
exclusion Y

lowerRightExclusionX X coord for box to exclude in the lower right, where scale bars

commonly appear. Optional.

lowerRightExclusionY Y coord for box to exclude in the lower right, where scale bars

commonly appear. Optional.

upperLeftExclusionX X coord for box to exclude in the upper left, where timestamps

commonly appear. Optional.

upperLeftExclusionY Y coord for box to exclude in the upper left, where timestamps

commonly appear. Optional.

This section contains options that specify properties of the dataset, most of which can be read from microscope property

files
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Table of configuration parameters recognized in the configuration .ini file

Processing options

Parameter Name in File Description
Max threshold  maxThreshRange Used to define a maximum range between the
range computed upper and lower thresholds. If exceeded
the image is ignored or a default threshold is used.
Default defaultThreshold Controls what happens if maximum threshold range is
threshold exceeded. If not set, image is ignored otherwise the
set value is used as the threshold.
Thresholding thresholdMethod Defines which method will be used to compute the
method image threshold.
Threshold from thresholdFromWholeRange Only works for tracking, if true image threshold will be

whole range

Area
threshold—%
of max

Area
threshold—
absolute

Create
segmentation
masks

LUT Path

areaMaxPercentThreshold

computed from all images instead of each frame.

A threshold on area to remove unwanted cell clusters,
defined as a percentage of the maximum area found in
the current frame.

arcaAbsoluteThreshold A threshold on area to remove unwanted cell clusters,
defined as an absolute area value.

createSegMask If specified, the outputs will include segmentation mask
images where pixel values denote blob membership.
This option does increase runtime.

lutPath Specity a file to use as the LUT for segmentation masks.

Controls the colors used for each detected cell cluster.

This section contains options that affect the output of processing

4.4 Cluster
Parameters

method that is used can be specified by the thresholdMethod
parameter, although the default value works for many cases. FIJI
has a good way to see the results of all available thresholding
algorithms on a single image by using Image>Adjust>Auto
Threshold. .. If the Try All method is used, FIJI will display the
results for each image in a single collage. Finally, the default is to
compute a threshold for each image independently of the other
images. In some cases, it can be better to compute a single thresh-
old to use on all images from the image data contained in all of the
images. This can be enabled using the thresholdFromWholeRange
option, though this option currently only works for the cellStat-
sTracking script.

In some cases, some of the detected cell clusters are too small to
include in data analysis. There are two parameters provided that can
help to remove some of the smaller and more transient detections.
The first one, areaAbsoluteThreshold, can be used to remove any
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4.5 Debugging
Parameters

cell cluster with an area smaller than a defined threshold. The
second parameter, areaMaxPercentThreshold, attempts to scale
the threshold parameter by thresholding on a percentage of the
largest cluster in the current frame.

The createSegMask parameter can be useful for debugging results,
and can also be used to apply the cell cluster segmentation in other
contexts. When true, segmentation mask images will be created
where each pixel in the output image will identify which cluster
the pixel belongs to. Each cluster will be uniquely colored, and the
color used is defined by a look-up table (LUT), which is defined by
the lutPath parameter (FIJI comes with several different LUT
options).

By adjusting these parameters, a large number of different
situations can be covered. We have demonstrated that TASBE
Image Analytics provides a high-throughput processing pipeline
to segment cells and regions of cells in microscopy images and to
track them over time. This processing pipeline has been validated
against hand-labeled data and its utility has been demonstrated in
quantifying experiments on shape formation with engineered CHO
and HEK293 cells. We have made this system available under a
permissive open-source license in the hopes that it will prove useful
for a broad range of experiments involving fluorescent cells. Future
development is anticipated to be incremental maintenance, refine-
ment, and generalization as driven by the evolving needs of addi-
tional users and applications.
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Neighborhood Impact Factor to Study Cell-Fate
Decision-Making in Gellular Communities
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Abstract

Cell-fate determination is a function of cell-intrinsic and -extrinsic signaling cues. Understanding the design
principles governing fate control in multicellular systems remains difficult to understand and analyze. To
address the current challenges of spatial analysis of potential signaling events, we have developed a pipeline
for assessment of the neighboring cells at defined areas in the vicinity of target cells using a newly defined
concept of Neighborhood Impact Factor. We have used our pipeline to interrogate cellular decision-making
in a genetically derived multi-lineage liver organoid from induced pluripotent stem cells. We examined
endothelial versus hepatocyte fate determination for cells with similar expression level of an engineered
driver gene circuit. Our analysis suggests that the relative level of gene expression to the neighbor
population can control the final fate choice in our engineered liver multicellular system.

Key words Cell fate, Cell state, Neighborhood impact factor, Organoids, Multicellular, Gene regu-
latory network

1 Introduction

Gene regulatory networks (GRNs) drive cellular fates, whereby the
internal network is continuously affected by external environmental
cues. Through the interaction of cell-intrinsic regulatory elements
and cell-extrinsic signaling, individual cells constantly iterate their
genetic state toward a final fate. Understanding the fate that indi-
vidual cells have achieved is traditionally based on the absolute
levels of gene expression as compared across the entire population
of cells within a tissue.

To establish the right composition of cell types in a given tissue,
integration of contextual signals from the multicellular environ-
ment in cellular decision-making is instrumental. As cell state pro-
gresses through the differentiation landscape, the GRNs will
frequently become poised to specify along multiple lineages
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depending on environmental cues. Building tools for evaluation of
these contextual signals can aid with decoding the design principles
underlying tissue morphogenesis.

The concept of Impact Factor in the context of cell signaling
attempts to integrate overlapping layers of local signals that influ-
ence a cell’s GRN into a simplified quantitative form. The radius at
which a local signaling element influences the cell fate in the micro-
environment is referred to here as a cell’s “neighborhood.” Neigh-
borhood Impact Factor (NIF) is the quantitative assessment of a
given signaling element within a certain neighborhood radius
around a target cell.

Other software tools have been developed to spatially assess
gene expression in the form of mRNA or protein in a population of
imaged cells. Open-source softwares such as Icy [1], BiolmageXD
[2], FluoRender [3], and many other tools [4] have been devel-
oped to aid analysis of multichannel fluorescence images. The
procedure described here makes use of several of these open-source
tools. To this end, we integrated CellProfiler [5], CellProfiler Ana-
lyst [6], and Image] [7] with customized Java code to develop the
NIF analysis pipeline. Our developed program analyzes local gene
expression in cellular microenvironments for many cells of a multi-
lineage tissue. This code has been deposited at the following
link:  https: //github.com /FeatherQuill /Neighborhood-Impact-
Factor.

2 Materials

CellProfiler version 2.2.0.
CellProfiler Analyst version 2.2.1.
Image] version 1.50i.

Java version 1.8.
R version 3.32.

AN A

3 Methods

3.1 Image
Preparation

1. Images should be captured at a sufficient resolution that both
the cell population and the intracellular stain of interest can be
resolved. These individual images should be stitched together
to provide one image for an entire § mm immunostained
coverslip (see Note 1).

2. From the stitched coverslip image, 1.6 mm x 1.6 mm regions
of interest should be cropped for individual analysis. Grayscale
images from each channel are needed for quantitative assess-
ment, and a color composite is also recommended for
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DAPI
HA-GATAG6
CEBPa

Fig. 1 A representative coverslip image demonstrating nine cropped areas for NIF analysis. The zoomed image
shows the expression patterns of exogenous GATA6 (detected via an HA tag), CEBPa, and CD34

qualitative confirmation (see Note 2). An example of this type
of cropping can be seen in a fetal liver organoid culture in
Fig. 1.

3. If processing a large number of cropped images in series, con-
sistent file names and storage locations should be established
(see Note 3).

3.2 CellProfiler This step of the NIF is implemented in CellProfiler, a cell image

Processing Pipeline analysis software [5]. The CellProfiler pipeline is implemented as a
sequential series of operations that are applied to individual images
of an image set of interest. The following steps define the exact
meanings and optimization for each step within the pipeline.

1. The IdentifyPrimaryObjects component of the CellProfiler pro-
gram is first run on a nuclear stain in order to identify all cells.
By identifying these objects first, areas of marker expression
identified by the subsequent analysis steps can be associated
properly to their parent cell. An example of the expected out-
put for nuclei can be found in Fig. 2a (sec Note 4).

2. For identifying other stains after the cell nucleus has been
identified, the IdentifyPrimaryObjects function is used again;
however, instead of initializing using an adaptive thresholding
method, the “per object” method should be used to limit the
search of expression to the previously identified locations from
the nuclear stain. This can be useful for identification of sec-
ondary cytoplasmic markers, such as AAT (Fig. 2b).
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B E

Sub-objects Children labeled
by parent

Enclosing
objects

Fig. 2 Intermediate results from the CellProfiler pipeline for automated cell marker segmentation. (a) Day
14 fetal liver organoid nuclei segmented via the Otsu three-class method using the IldentifyPrimaryObjects
function that meet input parameters have been identified in green. (b) Day 14 fetal liver organoid stained for
AAT and segmented via the IdentifyPrimaryObjects function. The search for objects was limited to areas
identified in the nuclear segmentation in (a). (c) The result from the RelateObjects module is shown here.
Previously identified AAT objects have outlines drawn in gray, and the outlines of nuclei are drawn in green and
red; the green outlines represent the objects that have been identified as “parents” to the “child” AAT objects,
while the red outlines represent objects have not been related to an AAT object. (d) The use of the
RelateObjects module is to relate all stains (whether nuclear or surface) back to a parent nucleus, so that
all stains can be measured within context of the same nuclear object

3. The MeasureObjectIntensity function is used to measure and
record the intensities of marker expression for each image
channel of interest.

4. The RelateObjects function is used to associate the “child”
marker expression object identified from each of the “parent”
nuclei to its respective nucleus for downstream analysis. Cyto-
plasmic markers such as AAT are associated with the nucleus
that most overlaps their expression area (Fig. 2¢), and nuclear
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markers with speckled expression patterns can be associated
with the nucleus that encloses them (Fig. 2d).

5. The CalcunlateMath function is used to normalize the expres-
sion levels of each of the marker expression stains of interest
against the nuclear stain intensity.

6. The ExportToDatabase function is used to export an SQLite
database of the recorded information for downstream
processing.

7. The ExportToSpreadsheet function can be used to export the
recorded cell location and expression level information for
downstream applications.

The SQLite database file now contains information for each indi-
vidual cell object identified in all the images run through CellPro-
filer, and can be queried for population statistics. Two Java
programs were written to access this file and create output pro-
ducts, and CellProfiler Analyst takes this database file as an input to
run also (see Note 5).

The first Java program uses the database file to gather statistics
about the stained populations and compare those populations with
one another. These statistics are produced as a text file that can be
easily compared between various experiments. This Java program
also connects with the R statistical language to run a non-paired #-
test on the mean expression levels of two populations of interest to
check for a statistically significant difference (see Note 6).

The second Java program to work with the database file was
designed to analyze the NIF of a biological signal (i.e., fluorescent
stain associated with a gene of interest). It does so by creating a
“cell” object consisting of a cell’s x and y location within the image,
values for the intensity of input biological signal, and the image
number associated with the cell. The program then produces a
detailed output for the NIF values of a given radius (set before
running), or can compute the average NIF values for a range of
radii to determine the optimal neighborhood radius based on the
highest p value (significance of observations). It will output files as
CSVs containing information about the radius, average Impact
Factor values for the input biological signal, the percent differences
between these Impact Factors, and the p value associated with that
difference.

A subsequent script written in R produces a “spatial plot” of the
cells based on their gene expression. The R program uses the CSV
output from the CellProfiler pipeline which contains information
about each parent nucleus. The R program takes all the nucleus
objects for a given image, uses their x and y values to draw their
location on a plot, and uses their marker expression signal intensity
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Fig. 3 A spatial plot derived from information from a sub-cropped section of the day 14 fetal liver organoid that
has been stained for CEBP« (a hepatocyte marker), CD34 (an endothelial cell marker), and HA (GATAB, a cell-
fate driver). The x and y axis represent pixel values within the cropped image. Each circle represents a
detected cell, and the circles are colored based on CD34 and CEBPa expression. The radius of the circle for
each image is determined by the measured HA intensity. The higher the HA intensity, the larger the circle

representing the cell

3.5 Analysis of NIF
Results

3.5.1 Total Expression
Impact Factor

3.5.2 Local Density
Impact Factor

to colorize and size circles that correspond to each cell location
(Fig. 3, additional context and example in Subheading 3.6).

We have proposed three ways to define the NIF, which we have
termed “Total Expression,” “Local Density,” and “Distance
Adjusted.” However, the models of neighborhood expression
should be tailored for the analysis of the system of interest, depend-
ing on a proposed or expected expression pattern.

Here a biological marker is shown as a gene of interest (GOI). The
impact factor of the Total Expression method is defined as follows:

> (GOI expression within optimal radius)
GOl in cell of interest

NIFrotal expression —

This method simply calculates the sum of the expression levels
of all cells expressing a GOI within the neighborhood by finding all
the cells within the neighborhood radius and adding up their GOI
expression levels as quantified by intensity. This expression level is
then normalized to the gene expression of the cell for which the
neighborhood is being analyzed (Fig. 4a).

The Local Density method defines impact factor as follows:

z (GOI expression within optimal radius)

Number of cells within optimal radius

NIFLocal density = GOl in cell of interest

This method takes the sum of the expression of a given GOI
within the neighborhood divided by all the cells in the neighbor-
hood to produce an average expression per cell. This method can be
useful to check if'a density of nearby cells expressing a GOI, not just
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Fig. 4 Schematics demonstrating example cell distributions corresponding to strong or weak impact factors.
The red and blue background circles represent the radius from the cell of interest. Every cell is depicted as a
smaller circle. Red dots are the cells of interest; surrounding green dots represent neighborhood cells that are
strongly (dark green) or weakly (light green) positive for a marker of interest. Black dots represent cells that
are negative for the marker. (a) Total Expression Impact Factor measures the total expression of a biological
marker (here defined as a GOI) in the population in the neighborhood radius of a cell of interest without
consideration of distance or cell density. (b) Local Density Impact Factor measures the total expression of a
GOI normalized to the total number of cells within the neighborhood radius. A high density of cells, of which
only a few are positive, will result in a weaker Local Density Impact Factor than a population with fewer but
more proportionally positive cells. (c) Distance Adjusted Impact Factor measures the intensity of expression of
cells positive for a GOI normalized to the distance away from a cell of interest. A density of cells positive for a
GOI close to a cell of interest will result in a higher Distance Adjusted impact factor

a threshold oflocal expression, is a key determining factor in driving
the biological events associated with the cell neighborhood
(Fig. 4b).
3.5.3 Distance Adjusted The Distance Adjusted method defines impact factor as follows:
Impact Factor . .
GOI expression
Z (GOI cell distancc)

GOl in cell of interest

NIFpistance adjusted —

This method quantifies the neighborhood with the assumption
that the neighborhood cells expressing a GOI farther away from the
cell of interest have reduced influence on that cell. Therefore, the
distance away from the central cell of interest is inversely propor-
tional to the impact of that cell on the NIF (Fig. 4c).

The best NIF for representation of signaling effects within a
given system should be iteratively optimized through modeling and
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3.6 Example of NIF
Processing and Output
in Human Fetal Liver
Organoid

experimentation to fit the experimental parameters of that system
(see Notes 7 and 8).

NIF, in this case, is used to assess how cells that express similar
levels of a fate-driving gene circuit, and at one point were geneti-
cally similar or identical, may have been driven toward divergent
fates because of differences in local environmental contexts and
signaling. The premise behind the NIF in this application is that
perhaps the absolute expression of the fate-driving circuit is not
necessarily the sole defining factor for producing the final cell fate.
One alternative is that the cell fate is determined by “relative”
circuit gene expression as compared to the cellular neighbors. To
illustrate the NIF analysis process, below is the NIF pipeline as
applied to a population of genetically engineered iPSCs coaxed to
form a multicellular liver organoid described previously by Guye
etal. [8]. These cells are engineered with an inducible GATA6 gene
circuit. Upon induction by addition of doxycycline, iPSCs ditferen-
tiate to endoderm and mesoderm progenitors [8]. In brief, iPSCs
are treated with doxycycline first for 5 days in mTeSR media
[8]. After day 5, doxycycline is removed, and cells are left to
differentiate in basal media for additional 9 days. Here, by virtue
of the circuit design, GATA6 contains an HA tag that allows inter-
rogation of the GATAG protein level produced by the engineered
circuit via staining. It is assumed that doxycycline-induced GATA6
level is correlated to the initial GATA6 copy number per cell. We
assumed, based on our past experience, there is minimal transgene
silencing in the engineered cells. Therefore, a short pulse of doxy-
cycline at any given time during the life of the organoid can provide
indirect information about the initial copy number of the gene
circuit.

Following a short pulse of doxycycline on day 14, we stained
for the HA tag, as well as for markers of cell fates
(hepatocyte vs. endothelial) and assessed current cell state as well
as GATAG levels in the cell and its neighborhood to determine what
role local differences in initial GATAG6 expression level may have had
on final cell fate. The hepatocyte marker CEBPa, endothelial
marker CD34, and the HA tag for initial GATAG levels are used
for NIF analysis. Full 8 mm coverslips stained for these markers
were imaged at 10x magnification, and then nine 1.6 x 1.6 mm
regions of interest were cropped for analysis (Fig. 1).

The IdentifyPrimaryObjects module was used to identify cell
nuclei from the nuclear stain channel, as well as expression areas of
each of the factors of interest from the individual stain channels.
The best method for distinguishing nuclei was to use an adaptive
strategy (as opposed to global), and to use Otsu’s method with
three classes, with the two classes of greater intensity assigned as
“foreground.” The identified nuclei objects were then used as the
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Table 1
Statistics for the day 14 liver organoid experiment

Metric Value
Mean HA expression 0.31338
Mean CD34+ HA expression 0.14102
Mean CEBPa+ HA expression 0.22924

P value for mean difference 440 E-161

Statistics are, from top to bottom, average HA expression across all cells, average HA
expression for the entire CD34 positive population, average HA expression for the entire
CEBPa-positive population, P value for the difference between those two means

starting points for identifying the child stains for each cell. Based on
this, an output file was created that defined relative cell locations as
well as expression levels for each of the markers of interest. This
information was exported to an SQLite database file using the
ExportloDatabase function of CellProfiler. This SQLite database
was then used with the Java program to run NIF analysis.

A summary of marker expression was output by CellProfiler.
Mean expression levels for each investigated marker can be found in
Table 1. We identified that for cells expressing with high initial
GATAG expression levels, there was a bias toward hepatic fates,
while among cells with low initial expression levels there was a
bias toward endothelial fates. To assess the impact of GATA6
expression level in neighbor cells on the target cell fate, we selected
cells expressing a medium level of GATAG6 (within the mean level
+2.5% of the maximum intensity measurement for GATAG) for
NIF assessment. We measured NIF in this subpopulation using
the Total Expression, Local Density, and Distance Adjusted meth-
ods detailed above. Next we compared NIF values between CEBPa
(hepatocyte-like) vs. CD34 (endothelial-like) fates. This analysis
resulted in statistically significant findings for the Total Expression
and Distance Adjusted IF methods (Fig. 5). The optimal neighbor-
hood size was determined to be 20 pm for the Total Expression
method, and 30 pm for the Distance Adjusted method. This
resulted in approximately 6-8 cells in the cellular neighborhoods.
CD34-expressing cells were found to have a 21-29% difference in
impact factor value as compared to CEBPa-expressing cells. Col-
lectively, cells with the same absolute GATAG expression level were
found to take on two different fates, depending on their local
neighborhood; cells with a mean level of exogenous GATA6 in
high GATA6 neighborhoods became CD34+, while cells with
that same mean GATAG expression in lower GATAG6 neighbor-
hoods became CEBPa+. This supports the idea that relative gene
expression is an important player in determining whether a
GATAG-expressing cell will acquire endothelial- or hepatic-like
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Total Expression Results
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Fig. 5 Plots detailing the results of the Total Expression NIF method and the Distance Adjusted Expression NIF
method applied to the day 14 liver organoid cultures. The left plot of each section shows the average IF values
for the two populations (CEBPa+ and CD34+, represented in blue and orange respectively on the left graph
and orange and blue respectively on the right graph) against the neighborhood radius. The upper right plot for
each section has the corresponding percent impact factor difference for the two populations vs. the neigh-
borhood radius, and the lower right shows the p values for those differences. The bottom line of each section
shows the optimal radius (in pixels), its percent difference, and its p value. 30 pixels is equal to approximately

30 pm, or 2-3 cells
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fates. This new form of quantification and analysis of gene expres-
sion in a spatial context can provide useful information to describe
and explain cell fate when developing multicellular systems such as
organoids.

4 Notes

1. We have found the optimal magnification parameters to be
10 x magnification on a widefield microscope. This has allowed
capture of abundant immunostained markers across a wide field
of view, as seen in Fig. 1.

2. A full color composite is helpful as a final screening step to
ensure that debris or artifacts are not within the cropped area of
the image, to prevent their consideration for analysis.

3. CellProfiler can load batches of images and process them
sequentially as long as a consistent naming scheme is applied
to individual grayscale channel images of similar stains. Many
microscope software packages will do this automatically when
exporting images into different formats, but it should be
ensured that file name conventions remain consistent across
all datasets of interest.

4. It may be helpful, depending on the image and nuclear stains
used, to apply an additional despeckle step before analysis of
the nuclei. This may be accomplished in external programs, or
through CellProfiler directly by the use of the EnbanceOrSup-
pressFeatures module added at the beginning of the pipeline.
Parameters should be optimized to your image when using this
function.

5. CellProfiler Analyst is useful for creating scatter and density
plots based on the measurements from the image set. CellPro-
filer Analyst also has the capability to gate certain populations
from a plot and view them individually in subareas of the color
composite image to check for abnormalities or other factors
that might be easier to spot visually.

6. In addition to the Java programs that were written, further
analysis can be performed in CellProfiler Analyst using the
query interface, which allows database queries to be run against
the SQLite database. This allows the flexibility of investigating
other relationships or phenomena without the need to
re-perform any of the initial analysis.

7. If you define a limited expression intensity range for a
biological marker in a given population for which you are
comparing NIF, depending on the extent of difference in
neighborhood expression, it might not be necessary to divide
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the NIF result by the expression level of the biological marker
in the cell of interest, as indicated in Fig. 4.

8. NIF equations should be refined based on observations and
data gathered from the system until a best model for analysis of
cellular neighbors is reached through iterative cycles of experi-
mentation and new analyses.
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A Quantitative Lineage-Tracing Approach to Understand
Morphogenesis in Gut

Svetlana Ulyanchenko and Jordi Guiu

Abstract

Lineage-tracing experiments aim to identify and track the progeny and /or fate of cells. The use of inducible
recombinases and fluorescent reporters has been instrumental in defining cellular hierarchies and allowing
for the identification of stem cells in an unperturbed in vivo setting. The refinement of these approaches,
labeling single cells, and the subsequent quantitative analysis of the clonal dynamics have allowed the
comparison of different stem cell populations as well as establishing different mechanisms of cellular
replenishment during steady-state homeostasis as well as during morphogenesis and disease. Utilizing
this approach, it is now possible to establish the cellular hierarchy in a given tissue and the frequency of
cell fate decisions on a population basis, thus providing a comprehensive analysis of cellular behavior in vivo.
Although in this chapter we describe a protocol for lineage tracing of cells from fetal intestinal epithelium to
the adult intestine, this approach can be widely applied to quantitatively assess the cell fate of any fetal cell
during morphogenesis.

Key words Fetal intestine, Lineage tracing, Intestinal stem cells, Intestine, C-section

1 Introduction

Lineage tracing is a powerful tool that allows for the identification
of the progeny of specific cells, thus allowing the establishment of
the cellular hierarchy responsible for maintaining functional organs.
The first pioneering lineage-tracing works were performed by
direct observation at the beginning of the nineteenth century
(reviewed in [1]), while later on the implementation of radioactive
labeling and cellular dyes allowed for limited cell tracing. These
indirect methods were particularly relevant in the study of the
intestine when Cheng and Leblond proposed that cells located at
the bottom of the crypts were intestinal stem cells [2], which was
later validated and expanded in Dr. Hans Clevers’ lab using genetic
lineage-tracing models [3].
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The use of genetic models in which an inducible cre recombi-
nase is combined with fluorescent reporters allows labeling of
potentially any cell in the organism (Fig. 1a). Moreover, if labeling
is performed at low density it allows following the fate of the
progeny of single labeled cells over time (clones) in adult tissues
and during morphogenesis (Fig. 1b—c). The qualitative analysis of
the cellular composition of the resulting clones will allow to infer
the cellular hierarchy of the tissue, importantly when clones are
quantitatively analyzed it is even possible to elucidate the frequency
of'a particular cell fate decision. The addition of quantitative analy-
sis to lineage-tracing data has been instrumental in revealing several
mechanisms in epithelial tissues: neutral competition of intestinal
stem cells [4—6], fetal origin of adult intestinal stem cells [7], skin
epithelial stem cells specification [8-10], stomach stem cell behav-
ior [11], and mammary gland epithelial stem cell origin [12], to
name a few.
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Fig. 1 Lineage tracing during morphogenesis. Cross a male carrying a cre recombinase with a reporter female
(a). If the fetal-labeled cells are precursors of an adult stem cell, they will generate clones that will persist over
time up to adulthood (although some of them are lost due to competition among stem cells) giving rise to
clones that will include differentiated cells (b). In contrast, if the labeled fetal cells are precursors of adult
progenitors or differentiated cells, they will generate clones that will be lost (c)
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The small intestine is the tissue responsible for the digestion
and absorption of nutrients. In the proximal part, it is connected to
the stomach and pancreas and in the distal to the caecum and colon.
The intestinal tube is composed of finger-like protrusions, which
are comprised of postmitotic cells, and crypts that harbor the pro-
liferative cells (Fig. 2a). Intestinal stem cells, characterized by Lgr5
expression, are located at the bottom of the crypts [3]. Lineage-
tracing experiments of Lgr5-positive cells have been instrumental
to undoubtedly classify these columnar basal cells as the intestinal
stem cells [3] in contrast to the villus cells which are not capable of
contributing to long-term tissue maintenance [13] (Fig. 2b) dur-
ing homeostasis. In the developing mouse embryo at E13.5, the
intestinal epithelium is pseudostratified, while by E16.5 it becomes
a folded simple epithelium composed of protruding villi and the
interconnecting intervillus regions. Interestingly ILgr5-expressing
cells are exclusively located in the intervillus regions (Fig. 2c¢).
Using a quantitative lineage-tracing approach, that we describe in
this chapter, we demonstrated that fetal Lgr5-positive cells alone

C 1 LGR5+

Villi

Inter-villi

Fetal

c

Fig. 2 Intestinal organization. The fetal intestine is organized in villi and intervillus regions and the adult
intestine into villus and crypts. Intestinal stem cell markers including Lgr5 are expressed at the bottom of the
crypt domains (). The adult intestine is hierarchically organized with the Lgr5 stem cells located in the apex
of the hierarchy. During adult homeostasis lineage tracing of the adult intestine reveals that only cells located
in the crypts give rise to long-term persisting clones (b). Intestinal stem cell markers including Lgr5 are
expressed at the bottom of the intervillus regions in the fetal intestine (c). Lineage tracing of fetal intestinal
cells reveals that it is composed by a layer of equipotent progenitors (d)
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are not sufficient to sustain the expansion of the intestinal epithe-
lium and that cells from the villus are capable of relocating to the
intervillus regions through villus fission and contribute to the
generation of the adult intestinal stem cell pool [7] (Fig. 2d).

In this chapter, we describe a protocol to label and lineage
trace-specific cells from the fetal intestinal epithelium and assess
their contribution to the adult intestinal epithelium. This protocol
can be adapted to execute similar lineage-tracing studies in other
fetal tissues. Moreover, we address and describe several challenges
and potential caveats when utilizing this approach, including the
cesarean section procedure, which is very often indispensable in
these experiments due to the use of CreERT2 genetic systems
that require the use of tamoxifen.

2 Materials

1. Mice.

. 4-Hydroxytamoxifen (4OHT), dissolved in ethanol (stock
concentration 20 mg/mL).

[\

. Absolute ethanol.

. Syringe and needles.

. Corn oil.

. Scissors, Operating, 11.5 cm, straight, sharp/sharp.
. Forceps.

. Phosphate-buftered saline (PBS).

. Paraformaldehyde (PFA) 4% dissolved in PBS.

10. Petri dish 14 x 90 mm@.

11. Antibodies.

12. Methanol.

13. Triton X-100 Surfact-Amps, Detergent Solution dissolved
in PBS.

14. Petri dish 14 x 90 mm®.

15. Adult bovine serum diluted in PBS.

16. Optimal cutting temperature compound (OCT).
17. Paraffin.

18. Superfrost Ultra Microscope Slides.

19. Bovine Serum Albumin (BSA) diluted in PBS.

20. Blocking solution: 10% Adult bovine serum, 0.3% Triton
X-100 in PBS.

21. Diamidino-2-phenylindole dihydrochloride (DAPI).
22. Hematoxylin.

O 0 NN O Ul R~ W

23. Benzyl alcohol:benzyl benzoate (BABB) 1:2 proportion.
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3 Methods

3.1  Plug Detection In order to obtain reliable lineage-tracing results from fetal cells, it
and Tamoxifen is important to set up timed mattings. Females ranging from 2 to
Injection 4 months old are injected with the same amount of tamoxifen.

1. Put two females with a male in the same cage in the afternoon.
In general, we recommend using females carrying the reporter
(e.g., Rosa26-Confetti, mT/mG) and the male the cre recom-
binase alleles (see Note 1).

2. Check vaginal plug in the morning. If detected, place the
plugged female into a different cage. The day of the plug
detection is considered EQ.5.

3. Inject 4OHT diluted in corn oil (Final volume 300 pL) intra-
peritoneally into a pregnant female at the desired time point. It
is important to perform the intraperitoneal injection in the
middle of the abdomen to avoid damage to the bicornuate
uterus and the embryos/pups (Fig. 3a). The dose of tamoxifen
used in order to obtain clonal labeling depends on the specific
combination of “creERT2” and reporter mouse strains used,
and therefore it has to be optimized. Performing a tamoxifen

Fig. 3 Tamoxifen injection and c-section. In order to avoid injury to the pups, tamoxifen injections in pregnant
females are performed in between the bicornuate uterus (a). Schematic representation of the c-section
procedure. After the initial dissecting out of the uterus, pups have a pale appearance and do not move much,
wipe away the amniotic fluid and massage the pup gently stimulating the remaining fluid to clear the airway
(b), make sure the airway is clear by gently pinching the pup, if the airway is clear the pup will emit a soft
squeak, leave the pup on the heating pad until it acquires a darker color and exhibits active movement (c).
Place the pup with the foster mother mixing the pups with the foster mother’s litter (d). Do not disturb the
foster mother for at least 24 h. If using strains with different coat colors, it is easy to identify the foster pups by
coat color (e)
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3.2 Cesarean

Section (Fig. 4) (See

Note 4)

titration experiment with a variety of doses ranging from 0.1 to
1 mg of 4OHT to establish the appropriate dose for single cell
labeling is advised. Labeling can be performed even the day
before the estimated birth date (usually E18.5) (see Notes
2 and 3).

C-sections are performed at E18.5-E19.5 depending on the mouse
strain (see Notes 5 and 6). To ensure the best survival rates of the
pups, it is recommended to move quickly, therefore the following
steps should be taken before the procedure begins.

1.

Identify the cage with the foster female. Typically for this
procedure it is recommended to use the CD1 strain. Place the
foster mother in a different cage (alone) during the whole
procedure. CD1 mice produce large litters; therefore, it is
advisable to cull some of the pups to increase the amount of
care the foster female can devote to the adopted pups.

Set up a heating pad or heating chamber.
Remove some of the dirty bedding from the foster female’s
cage and place it on the heating pad.

. Rub some dirty bedding from the foster female cage on your
gloves in order to impregnate them with the foster mother
smell.

. Prepare two surgical forceps, straight scissors, and highly absor-
bent tissues.

C
O
0\?

v N b
,,/ =

Fig. 4 Tissue isolation. The abdominal cavity of the mouse is opened (a); the intestine is dissected (b) flushed
with PBS and opened longitudinally (¢), then it can be fixed with tissue on top (to keep it as flat as possible)
and dehydrated in methanol to store it for whole-mount immunostaining; or fixed in a swiss role for embedding
in OCT or paraffin to be analyzed in section
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You are now ready to carry out the procedure.

. Sacrifice the pregnant female using cervical dislocation. Do not

use anesthetic drugs as this can impact the survival of the pups.

. Turn the mouse on its back exposing the abdomen. Lifting the

skin make an incision along the midline of the abdomen cutting
through the skin and then muscle layer with surgical scissors,
while being careful to avoid damaging the uterus.

. Remove the uterus with blunt forceps and place it onto a highly

absorbent tissue. Quickly yet carefully open the uterine wall
using one sharp and one blunt forceps and dissect the pups out
of the yolk sac and amnion (one pup at the time keeping the
rest inside the uterus during the whole procedure steps 3-5).
Note that care must be taken not to damage the pups as it is
easy at this point to injure the pups with the sharp forceps. Use
the scissors to severe the umbilical cord.

. Using an absorbent tissue gently wipe the amniotic fluid from

the pup. Further gently massage the pup’s abdomen and rib
cage, additional fluid might come out of the pup’s nose and
mouth, wipe this away carefully. This should facilitate a clear
airway and independent breathing. To make sure the airway is
clear gently pinch the pup’s tail or leg, if the airway is clear the
pup will make a soft squeaking noise. Transfer the pup to the
bedding on the heat pad, and repeat this procedure for the rest
of the litter.

. Keep the pups on the heating pad and cover them in bedding

until they acquire a pink coloration and exhibit active move-
ment (1-5 min usually).

. At this point transfer the pups to the foster mother’s cage, and

mix the pups with the foster female’s litter. Transfer the foster
mother back to the cage, place cage back on the rack, and do
not disturb for at least 24 h.

. Sacrifice the mice at the desired time; usually different time

points after labelling are useful to quantitatively assess the
clonal dynamics.

. Open the abdominal cavity of the mouse and dissect the intact

intestine.

. Flush the intestine with PBS several times until feces are

washed out.

. Open the intestine longitudinally. In order to analyze the tissue

in two-dimensions, perform a Swiss roll. In order to analyze the
tissue in three-dimensions, flatten the intestine in a Petri dish
and put a piece of tissue soaked in 4% PFA on top (this will
allow to fix it in the right orientation and completely flat).

. Fix tissue in 4% PFA at 4 °C for a minimum of 4 h or O/N.
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b

Fig. 5 Expected results. If the fetal-labeled cells are precursors of adult stem cells, those cells will generate
clones that persist after birth. Fetal intestinal cells were labeled at E16.5 with Krt19-CreERT (ubiquitously
expressed) and the presence of clones were analyzed at PO (a), P5 (b, ¢), P11 (d, e), and adult (f). In (a, b, ¢, e),
a two-dimensional immunostaining of the intestine is shown. In (d), a picture of the whole intestine at P11 is
shown. In (f), a whole-mount immunostaining in the adult intestine is shown

6. Wash tissue and embed in OCT or paraffin, alternatively pro-
ceed to dehydration in ascending methanol solutions for whole
mount immunostainings. Stain tissue using standard protocols
for immunofluorescence or whole mount.

7. Immunofluorescence:

(a) Section the OCT or paraffin blocks at 5 pm. For paraffin
samples, dehydrate and perform antigen retrieval.

(b) Block and permeabilize in 10% adult bovine serum, 0.3%
Triton X-100 in PBS for at least 1 h at room temperature.

(c) Incubated primary antibody O/N in blocking solution.

(d) Wash and incubate secondary antibody 1-2 h at room
temperature in 0.5% Bovine Serum Albumin. For immu-
nofluorescence, diamidino-2-phenylindole dihydrochlor-
ide (DAPI; 1 pM) might be used to counterstain nuclei.

(e) For the immunohistochemistry, develop secondary anti-
body using DAB and counterstain nuclei hematoxylin.
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8. Whole mount immunostaining;:

(a) Rehydrate the samples in PBS. Block and permeabilize in
1% Bovine Serum Albumin and 0.5% Triton X-100 in PBS
for 24 h.

(b) Incubate primary antibody in 1% Bovine Serum Albumin,
0.5% Triton in PBS for 48 h.

(¢) Wash in 0.5% Triton in PBS overnight.

(d) Incubate secondary antibody in 1% Bovine Serum Albu-
min, 0.5% Triton X-100 in PBS for 48 h and wash subse-
quently with 0.5% Triton X-100 in PBS. Diamidino-2-
phenylindole dihydrochloride (DAPI; 1 pM; Sigma)
might be used to counterstain nuclei.

(e) Dehydrate samples in methanol and keep them at —20 °C.

(f) Samples can be cleared using BABB and proceed to
imaging.

3.4 Clonal Dynamics  Several parameters are crucial to quantitatively compare the contri-
Quantification (Fig. 6) bution of specific fetal cells to the resulting adult mature tissues,
which are described as follows:
% of cells: This parameter is the percentage of cells that express
the fluorescent protein marker that is lineage traced.
Tissue expansion (Tissue E): it is the increase in number of cells
or overall volume of the epithelium or other relevant cell type in a
tissue from the time of the label initiation to the time of analysis. In
lineage-tracing experiments during morphogenesis this parameter

a b

Fetal Adult

Tissue size= 100 cells

Tissue E=5x
Cells AYFP labeled ‘A’ P=0%
uA!l E=0
# Cells B GFP labeled “A” TLC=0 cells

“B" P=50% (2 clones)

OQ\ “B" E=10x
Cells Bl \? Tissue size= 100 cells
Tissue size= 20 cells Tissue E=5x

“A" P=100% (5 clones) A P=25% (1 clone)

“A” TLC=4 cell “A” E=5x
“B’ P=100% (5 clone) B P=o5a (1 clone)
“B" TLB=4 cell

“B" E=5x
“B" TLC=20 cells

Fig. 6 Quantitative clonal analysis. Example of analysis of a putative lineage tracing experiment labeling cells
in fetuses (a) and analyzing them in the adult homeostatic tissue (b), in which it is assumed that the tissue size
is stable and the amount of proliferation is compensated by cell loss/apoptosis (P persistence, TLC total
labeled cells, E expansion)
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is particularly relevant as the tissues are rapidly growing during
this time.

Total clonal expansion (TCE): total expansion of labeled cells
measured by cell number or total volume during the course of the
tracing experiment.

Persistence (P): the total number of clones detected at the
different time points analyzed relative to the starting point. It
provides information about the capacity of cells to survive/persist
during time.

Using the measurements obtained above, it is now possible to
perform modeling and infer which cells contribute to the develop-
ment and expansion of the tissue.

In the theoretical example illustrated in Fig. 6, the percentage
of “A” and “B” cells is 50% (10 out of 20) at the time of labeling.
This parameter is useful to assess whether the expansion of a given
population is enough to sustain fetal expansion. When labeling a
precursor of a stem cell in a cell population, it is expected that the
clones generated will expand proportionally to the tissue, if the
labelled cells are the unique source capable of contributing to tissue
growth in the tissue, it is expected that the resulting clones will
overscale the overall tissue growth by a factor that can be calculated
from the number of cells at the time of labeling and the number of
labeled cells in clones at the end of the experiment compared to the
overall tissue expansion. In the example depicted in Fig. 6a, a few
cells in the population of “B” cells and the population of “A” cells
are labeled. At the end point of the experiment, the tissue has
expanded by a factor of 5. We can see that all cells labeled in the
“A” population are lost (Persistence = 0), while for the “B” popu-
lation we see a twofold reduction in the number of clones (Persis-
tence = 50%). This indicates that cells in population “B” are able to
contribute to tissue maintenance. In addition, we see that the
number of labeled cells in population “B” has increased ten-fold
overscaling the overall tissue expansion by a factor of 2. Taking into
account that the “B” population of cells make up 50% of cells in the
tissue at the initial labeling, this indicates that cells from this popu-
lation are capable of producing all the necessary cells to contribute
to the tissue expansion and so constitute the unique source of
progenitor cells.

In contrast, in the example depicted in Fig. 6b, “B” cells again
represent 50% of the tissue at the time of labeling; however, in this
case the contribution to the adult mature epithelium is propor-
tional to the tissue expansion (without overscaling), which means
that “A” or “B” cells can only account for 50% of the tissue
expansion respectively and therefore both populations are equal in
their stem cell potential. Again, this is supported by the persistence
data, showing that unlike in the previous example, cells from both
“A” and “B” populations persist long term at similar rates and have
the same probability to give rise to adult stem cells.
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4 Notes

1. When using the Rosa26-Confetti reporter, it is important to
keep in mind that there is a preference for the generation of
YFP and RFP clones, with the GFP and CEP clones being less
abundant. CFP clones are generally harder to identify as they
are dimmer and seem to be preferentially lost over time, per-
haps indicating a negative selection, therefore it is not recom-
mended to analyze these clones for quantitative lineage tracing.

2. It is essential that the specific CreERT2 used in this analysis, as
well as the reporter it is crossed to, is extensively validated. It is
paramount to the analyses that there is no activation of label
without exposure to tamoxifen (leakiness), and no nonspecific
recombination as this will confound the interpretation of the
lineage tracing.

3. When possible, use the same batch of 4OHT for all experi-
ments including the initial titration experiments to establish the
dosage needed for clonal labeling. This will prevent any dis-
crepancies in labeling efficiency due to batch-to-batch variation
in the drugs activity.

4. If the dosage of 4OHT required to initiate clonal labeling is
0.1 mg, females will only be capable of delivering the litter in
roughly 50% of cases. If the dosage is above 0.1 mg, the
delivery percentage will be drastically reduced. Performing a
c-section and fostering is strongly advised.

5. When performing c-sections, it is advised to perform the pro-
cedure as late as possible on the date of estimated delivery. This
greatly increases the chances of survival for the pups.

6. There is variation in the gestation time between strains of mice,
and within strains it is not uncommon for a female to deliver a
day before or after the estimated delivery date. This should be
taken into account when setting up plugs for foster females.
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Reconstitution of Morphogen Signaling Gradients
in Cultured Cells

Julia S. Kim, Michael Pineda, and Pulin Li

Abstract

Development of multicellular organisms depends on the proper establishment of signaling information in
space and time. Secreted molecules called morphogens form concentration gradients in space and provide
positional information to differentiating cells within the organism. Although the key molecular compo-
nents of morphogen pathways have been identified, how the architectures and key parameters of morpho-
gen pathways control the properties of signaling gradients, such as their size, speed, and robustness to
perturbations, remains challenging to study in developing embryos. Reconstituting morphogen gradients
in cell culture provides an alternative approach to address this question. Here we describe the methodology
for reconstituting Sonic Hedgehog (SHH) signaling gradients in mouse fibroblast cells. The protocol
includes the design of morphogen sending and receiving cell lines, the setup of radial and linear gradients,
the quantitative time-lapse imaging, and the data analysis. Similar approaches could potentially be applied
to other cell-cell communication pathways.

Key words Reconstitution, Morphogen gradients, Tissue patterning, Quantitative imaging

1 Introduction

Establishing precise patterns of gene expression in space and time is
a key feature in the development of multicellular organisms. Such
patterns are controlled in part by morphogen gradients. Morpho-
gens are signaling molecules that emanate from a source and diffuse
through space creating concentration gradients [1]. Morphogen
ligand gradients then trigger graded signaling responses in the field
of receiving cells, which differentiate into discrete cell types based
on the quantitative signals. Features of the morphogen gradients,
such as the amplitude, length scale, timescale, and robustness to
environmental and genetic perturbations, provide the crucial infor-
mation to allow for complex tissue patterning. These quantitative
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1.1 General Method

1.2 Strengths

features are determined by the key biochemical parameters in the
morphogen pathway, such as the diffusion and degradation rates of
the morphogen, as well as the architecture of the pathway, such as
the signal transduction logic and feedback loops [2—4]. Under-
standing how the extra- and intra-cellular contexts of cells regulate
these features of morphogen gradients is important for revealing
the principles underlying the spatial organization of tissues.
Addressing this question requires direct visualization of the mor-
phogen ligand or signaling gradients in space and time, as well as
genetic manipulation of the extra- and intra-cellular environment in
a spatiotemporally precise manner, both of which remain techni-
cally challenging in developing embryos.

Here, we describe a new approach for quantitatively studying
morphogen signaling gradients outside an embryo, using the
Hedgehog (HH) pathway as an example [5]. Within the HH
pathway, mammalian Sonic Hedgehog (SHH) is the most studied
ligand and a classic example of a long-range morphogen. During
embryo development, SHH is responsible for patterning tissues
such as the neural tube, limb, and the gut [6, 7]. In the absence
of the ligand, the Patched (PTCH) receptor represses the intracel-
lular signaling cascade [8, 9]. In this “signal-OFF” state, Glioma-
associated Oncogene Homolog (GLI) transcription factors are
processed from a full-length protein to a transcriptional repressor
[10]. Binding of SHH to PTCH relieves the negative regulation
and subsequently, GLI proteins are processed into transcription
activator to induce gene expression. Using this pathway, we will
demonstrate how morphogen signaling gradients can be reconsti-
tuted in a Petri dish, and how the spatiotemporal dynamics of the
signaling gradient can be quantitatively analyzed.

In living organisms, specific cells secrete morphogens which other
cells, or even themselves, respond to. Our synthetic system relies on
the same principle; we created cell lines that either produce mor-
phogen ligands (“sender cells”) upon induction with a chemical or
respond to the ligand (“receiver cells”) by turning on a
transcription-based fluorescent reporter. By coculturing senders
and receivers in different spatial arrangements, signaling gradients
of radial or linear geometries can be created in a Petri dish, to

recapitulate some aspects of the patterning systems found in nature
[11,12].

The reconstituted system provides several strengths. First, genetic
manipulation in cultured cells can be achieved easily and precisely.
For example, we were able to not only rewire the SHH pathway to
eliminate or employ a key negative feedback loop but also tune the
strength of the negative feedback, a key parameter that determines
the gradient robustness to variations in the morphogen production
rate [5]. Second, the effects of'a gene on signal sending vs. receiving
can be easily disentangled. This is because signaling senders and
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receivers can be manipulated separately and patterned in defined
spatial arrangements. Third, the signaling gradients can be quanti-
tatively measured in space and time in the reconstituted system.
Morphogens often exist at low concentrations, making it challeng-
ing to quantify the ligand directly. Instead, the reporter system is
established on the capability of cells to detect low levels of morpho-
gens and induce gene expression, which ultimately determines cell
fates. Finally, this system allows for the isolation of morphogen
signaling from other developmental processes that could occur
simultaneously in a developing embryo and complicate the inter-
pretation of mutant phenotypes. While simplified, this cell-based
reconstituted system still relies on the complexities of cellular pro-
cesses, such as protein degradation, ligand uptake, and extracellular
matrix dynamics, and thus is suitable for studying morphogen-
mediated intercellular communication.

Reconstitution allows for precise control of the morphogen path-
ways and isolation of the gradient formation process, which is
valuable and necessary in many cases. However, it does not recapit-
ulate the entire spectrum of complexity that exists in a developing
tissue. First, developing embryos may have quantitative or qualita-
tive differences in the expression levels of morphogen pathway
components, such as receptors or co-receptors. However, this is
offset by the ease of genetic manipulation in cultured cells
which enables the possibility of reconstituting the pathway com-
plexity piece by piece and precisely tuning the level of gene expres-
sion. Second, cells within both the sender and receiver populations
exhibit cell-to-cell variability, such as transgene expression levels,
motility, and sensitivity to contact inhibition when the cultures
reach confluency. Therefore, to deduce a biologically meaningful
conclusion, it is crucial to take into account the cell-to-cell varia-
bility when designing cell lines and experiments, such as checking
multiple clonal populations and averaging across multiple gradient
measurements. Third, cell proliferation has been implicated to play
arole in establishing gradients in certain contexts, but cell division
is relatively limited under our current culture conditions
[13]. Therefore, without further modification, it cannot be used
to assess the contribution of cell division to patterning. However,
we expect that incorporating these additional cellular behaviors
into the reconstituted system is possible by choosing the right cell
types and growth conditions.

2 Materials

2.1 Parental
Cell Lines

Identitying a proper cell line that is able to recapitulate the signaling
pathway is essential. For receivers, a cell type where all the necessary
components of the pathway are or can be expressed, excluding the
ligand, reduces the number of components that need to be



46 Julia S. Kim et al.

2.2 Cell Culture
Materials

2.2.1 NIH3T3 Cell
Culture Media

222 NIH3T3
Imaging Media

2.2.3 General
Tissue-Culture Supplies

2.2.4 Transfection Kit
and Chemicals

2.2.5 Fluorescent Dye
Control

reconstituted. The chosen cell line also needs to have the structural
or behavioral features relevant to the signaling pathway. In the case
of the SHH pathway, the presence of cilia is needed for proper
signaling activation in mammalian cells [14]. Additionally, while
the sender and receiver cells do not necessarily have to be the same
cell type, the cell lines must be able to be cocultured stably in the
same condition. With these criteria, NIH3T3 cells, an immorta-
lized mouse embryonic fibroblast cell line, were chosen for creating
SHH sender and receiver cells [15]. NIH3T3 cells can respond to
SHH without differentiation, and do not produce any HH ligands
naturally. They are subject to contact inhibition and enter quies-
cence at high confluency, which promotes the formation of cilia and
competency of activating the SHH signaling pathway [ 16]. We also
observed that NIH3T3 cells can stay at 100% confluency for over
3 days without major cell death [5].

High-glucose DMEM (ThermoFisher 11960044) supplemented
with the following at a final concentration of:

¢ 10% Cosmic Calf Serum (GE Healthcare SH30087.03).
e 1x Penicillin-Streptomycin-Glutamine (Gibco 10378016).
¢ 1 mM sodium pyruvate (Gibco 11360070).

FluoroBrite™ DMEM (ThermoFisher A1896701) supplemented
with the following at a final concentration:

¢ 10% Cosmic Calf Serum (GE Healthcare SH30087.03).

¢ 1x Penicillin-Streptomycin-Glutamine (Gibco 10378016).

¢ 1 mM Sodium Pyruvate (Gibco 11360070).

e Trypsin-EDTA (0.05%) (Gibco 25300054 ).

e Dulbecco’s phosphate-buffered saline (1x DPBS) without cal-
cium or magnesium (Gibco 14190250).

 Corning® Costar® TC-Treated Multiple Well Plates.

e Lipofectamine LTX (ThermoFisher 15338030).
¢ Blasticidin S Solution (InvivoGen ant-bl-1).

e Hygromycin B Gold Solution (InvivoGen ant-hg-1).

¢ (Z)4-Hydroxytamoxifen (4-OHT) (Sigma H7904) dissolved in
DMSO at a concentration of 500 pg/mL.

¢ Fluorescein Sodium Salt (Millipore Sigma F6377).
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2.2.6 Materials e Ibidi cell culture inserts (Ibidi 80209) for setting up linear
for Establishing gradients.
and Imaging Gradlients e 24-well imaging plates with glass-bottom or imaging-

compatible polymer coverslip plates (e.g., Ibidi 82400).

2.3 Microscopy This method is suited for quantitatively measuring the spatiotem-
poral dynamics of morphogen signaling gradients using time-lapse
imaging. We recommend an inverted widefield microscope with
multiple filter cubes for identifying senders and receivers separately
and autofocus capability for long-term movies over 48 h. We use
Nikon Ti2-E equipped with the Perfect Focus System and the
OKO Labs environmental enclosure to keep cells at 37 °C with
5% CO, and proper humidity. 10x or 20x objectives provide
sufficient resolution.

3 Methods

3.1 Morphogen- To create the SHH sender cells, an inducible gene expression
Producing system of two plasmids under the control of 4-OHT was used
and -Detecting (Fig. 1a). One plasmid constitutively expresses a GAL4 transcrip-
Cell Lines tion factor fused to a mutant estrogen receptor ERT2, and a blue

fluorescent protein mTurquoise2 fused to histone H2B
[17, 18]. The two coding sequences are separated by a viral 2A
self-cleaving peptide (T2A) to produce separate protein products
under the control of a single PGK (3-phosphoglycerate kinase)
promoter [19]. In the absence of 4-OHT, the ERT2-GAL4 fusion
protein is found in the cytoplasm where it is unable to induce gene
expression. Once 4-OHT is introduced, GAL4 moves into the
nucleus where it binds to an upstream activating sequence ( UAS)
that controls the expression of Shh. This enables a rapid induction
of gene expression that is sensitive to dose and temporal control. In
addition, the nuclear localization of mTurquoise2 allows for easy
identification of sender cells.

Receiver cells lines are created through stable integration of a
fluorescent reporter that is controlled by GLI proteins, which are
transcription factors downstream of the SHH signaling pathway.
The reporter was constructed based on the reporter designed by
Balaskas et al. [20, 21]. Specifically, eight tandem copies of
GLI-binding sites (GBS) taken from the enhancer of FoxA2 gene,
anatural target of SHH in the neural tube, was placed upstream of'a
minimal CMV promoter, and together they drive the expression of
a yellow fluorescent protein mCitrine that is fused to H2B
(H2B-mCitrine) (Fig. la) [20-22]. Increasing concentration of
recombinant SHH induces increasing mean intensity of mCitrine
within the receiver population [5].

Both sender and receiver cell lines were created using a piggy-
Bac transposon system (System Biosciences) where plasmids
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Fig. 1 Engineering stable clonal sender and receiver cell lines. (a) The constructs used for creating senders
and receivers based on a piggyBac transposase system. (b) Procedures for transfecting constructs and
selecting for clonal populations. Constructs are transfected into wild-type NIH3T3 cells together with a
plasmid overexpressing piggyBac transposase. Cells stably integrated with the desired plasmids are selected
with antibiotics. Clonal populations with desired features (e.g., high expression level of SHH) were further
sorted. (c) Coculture of senders and receivers is used for producing radial or linear gradients that can be
quantitatively imaged and analyzed

carrying genes of interest are co-transfected with a plasmid expres-
sing piggyBac transposase (Fig. 1b). The piggyBac transposase
recognizes inverted terminal repeats (ITRs) that flank the genes
of interest, cut the ITRs and insert the genes into the genome at
TTAA DNA sequences [23]. For reproducibility, cells with plas-
mids stably integrated were selected using antibiotics, and clonal
cell lines were isolated and used throughout the study. To achieve
stable integration, each plasmid carries a unique antibiotic resis-
tance gene that can be selected for by treating the cells with the
corresponding antibiotic 48 h after transfection. Because of the
high efficiency of integration and the low false-positive rate of
antibiotic selection in the piggyBac system, at least two constructs
carrying different antibiotic resistance genes can be integrated into
the genome of the same cell simultaneously, greatly shortening the
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time required for cell line construction. In such cases, the cells are
first treated with the “harsher” antibiotic (that cells are more sensi-
tive to) for 2 days to eliminate the untranstected cells as quickly as
possible (see Note 1), before being switched to the secondary
antibiotic selection in fresh media for another 2 days, or until the
negative control cells have been fully selected against. To select
clonal cell population, either limiting dilution or fluorescence-
activated cell sorting (FACS) can be used to ensure only one cell
populates a single well in a 96-well plate. After about 2 weeks,
healthy clones with desired properties can be selected through
qPCR, immunofluorescence staining, flow cytometry, imaging, or
whichever method best suited for the underlying biology (see
Note 2).

This experimental setup is both versatile and simple to execute
(Fig. 2a).
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Fig. 2 Reconstituting and quantifying radial gradients. (a) Experimental setup. Sender and receiver cell lines
are mixed at a 1:2000 ratio to establish the geometry in which a single sender is surrounded by receivers, and
multiple gradients do not overlap. After induction of SHH expression with 4-OHT, signaling response in
receiver cells can be measured based on mCitrine expression. (b) Representative time-lapse images of a
radial gradient. Gradients begin to form at ~12 h and can reach distances of ~100 um. (¢) Quantification of
radial gradients. Concentric circles around the sender are used to create bands of constant width, within
which the average mCitrine fluorescence intensity is measured (insef). The spatiotemporal dynamics of
signaling gradient formation is plotted as a function of distance from the sender (n = 9)
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3.3 Linear Gradients

. Grow sender and receiver cells to confluency in a 6-well plate

(see Note 3).

2. Wash the wells with 500 pL 1x DPBS.

10.

11.

12.

13.

. Add 200 pL Trypsin-EDTA (0.05%) to each well and incubate

the cells for 10 min or until the cells detach from the plate.

. Add 1 mL culture media to each well to neutralize the Trypsin-

EDTA and gently pipet to dissociate the cells into single-cell
suspension (sec Note 4).

. Spin down both sender and receiver populations at 500 x g for

5 min to pellet the cells and remove the Trypsin-EDTA.

. Aspirate the supernatant and resuspend the cells in 1 mL cul-

ture media by gentle pipetting.

. Count the sender and receiver populations (se¢ Note 5).
. Thoroughly mix senders and receivers at a ratio of 1:2000.

. Dispense 500,000 cells into each well on a 24-well imaging

plate with minimal disturbance as to keep the cells at an even
density across the well. The cell number should ensure 100%
confluency to minimize cell division after adherance (see
Note 6).

Once the cells have attached (4-5 h to overnight), check the
well to ensure single, isolated senders in a field of receivers.

Dilute 4-OHT to 100 ng/mL in fresh imaging media (see
Note 7).

Aspirate the regular culture media and add 1 mL of the imag-
ing media containing 4-OHT to induce SHH production in
the senders.

Set up time-lapse imaging immediately or keep the plate in the
incubator and take images at desired time points (e.g., ~50 h
post 4-OHT addition).

To create gradients in which senders and receivers share a linear
boundary, removable adhesive culture inserts are used to confine
senders in a rectangular region (Fig. 3a).

1.

2.

Prepare sender and receiver cell populations following steps 1-
7 in the above radial gradient protocol.

Place the Ibidi insert in a 24-well plate well using forceps so
that one of the chambers is centered in the middle of the well
(the other chamber will not be used).

Rinse the centered chamber with 100 pL culture media to
prime all surfaces for sender cell placement.

Seed 100,000 sender cells suspended in 100 pL culture media
into the centered chamber and keep the plate in an incubator
for 4-5 h.
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Fig. 3 Reconstituting and quantifying linear gradients. (a) Experimental setup. A culture insert is used to plate
sender cells within a rectangular region, and receiver cells are then used to cover the remainder of the plate.
Gradients can be analyzed starting from the sender—receiver boundary. (b) Representative time-lapse images
of a linear gradient. Initial mCitrine expression begins at ~10 h and after 50 h the gradient extends further than
200 pm. White dashed line indicates the sender—receiver boundary. (¢) Quantification of linear gradients.
Slices of the gradient parallel to the sender—receiver boundary are analyzed, and the average mCitrine
intensity within each slice across space and time is plotted (mean of seven gradients)

5.

7.

10.

11.

Once the cells have settled, rinse the Ibidi chamber with
100 pL culture media three times to remove unattached cells
and prevent the formation of satellite gradients.

. Remove the Ibidi insert carefully by pulling it perpendicular

from the surface of the well to minimize boundary disturbance
(see Note 3).

Wash the entire well with 500 pL culture media three times to
get rid of any loosely attached cells.

Dispense 500,000 receiver cells into the well.

Incubate the plate overnight to give receiver cells sufficient
time to form confluent layers and enter quiescence (see Note

5).
The following morning, replace the culture media with

4-OHT diluted to 100 ng/mL in fresh imaging media (see
Note 8).

Setup time-lapse imaging immediately or keep the plate in the
incubator and take images at desired time points (e.g., ~50 h
post 4-OHT addition).
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3.4 Time-lapse
Imaging

3.5 Imaging Controls

3.6 Image Analysis

To quantify the spatiotemporal dynamics of the signaling gradients,
the plates were imaged on a Nikon Ti2 fluorescence microscope.
The microscope is equipped with a fully enclosed environmental
chamber that is kept at 37 °C, 5% CO,, and the appropriate
humidity. Images were collected using a 10x objective and filter
cubes for mTurquoise2 (Ex436,/Em480) and mCitrine (Ex500/
Em535) in 30 min intervals over a 50 h period (Figs. 2b and 3b).
SHH signaling gradients start to appear at ~12 h in the radial
geometry and at ~10 h in the linear geometry (Figs. 2¢ and 3c).

Several factors, such as media autofluorescence and non-uniform
illumination within the field of view, can confound the quantifica-
tion of the true signal from the SHH reporter. Therefore, two types
of controls were measured side by side with the gradient samples.

1. To measure the autofluorescence of the media, add 1 mL of
fresh imaging media to an empty well in the same 24-well
imaging plate.

2. To quantify the non-uniform illumination within the field of
view, add 1 mL of fresh imaging media containing fluorescein
at a final concentration of 10 nM to an empty well in the same
24-well imaging plate.

3. Image five random positions in each of the control wells using
the same microscope settings as those used for the experiment
and use the mean of the five images for the data analysis.

We have developed customized MATLAB codes for analyzing both
radial and linear gradients. In both cases, the raw data is prepro-
cessed in two steps; first by subtracting the media-only background
signal and second by dividing the mCitrine signals by the fluores-
cein control to account for nonuniform illumination. These pre-
processed images were then analyzed as radial or linear gradients.
For radial gradients, single individual senders are segmented
and tracked based on their nuclear-localized mTurquoise2, using a
program developed by Bintu L [24]. From these clusters of identi-
fied points, the XY positions of the senders are extracted, which
represents a single pixel in the center of the sender nucleus. The list
of'sender positions over time are used to center the analysis of radial
gradients and account for cell migration. Radial gradients are ana-
lyzed by building concentric circles around the sender cell position
at each time point (Fig. 2c, émset). The averaged signal intensity
within each ring corresponds to the activation level of the signaling
reporter. The actual gradient starts outside the sender cell bound-
ary and is identified as the peak in the mCitrine signal. The peaks
then can be used to align and compare the individual quantified
gradients to each other. The 8 x GBS-CMYV promoter drives a basal
level of mCitrine expression, which is independent from signaling
response. The level of the basal expression depends on the copy
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number of the reporter integrated into the genome and their
genomic locations, and thus the basal expression level often corre-
lates with the maximum expression level induced by SHH. There-
fore, we calculate the signaling activation based on the fold change
in mCitrine intensity over the basal level of mCitrine intensity.
Single gradients from the same experimental sample can be aver-
aged together and plotted as a function of time and distance from
the sender (Fig. 2¢). An alternative method for image analysis is the
Fiji Radial Profile plugin where a circle can be drawn encompassing
the gradient and centered on the single sender cell. The intensity of
the pixels is associated with the degree of receiver cell activation.
However, the Fiji Radial Profile plugin only works for static images.

The analysis of the linear gradients depends on quantifying the
receiver response in intervals from a defined linear boundary. To
automatically detect the linear boundary between senders and
receivers, all pixels in the mTurquoise2 channel are first binarized
based on the background threshold, with pixels above the thresh-
old identified as being associated with senders and assigned “1,”
and pixels below the threshold as “0.” By adding up all the pixels
within each column that runs parallel to the orientation of the
sender—receiver boundary, a sender density profile can be calculated
as a function of space, with x = 1 having the lowest sender density,
and x = 1024 having the highest sender density (each image has
1024 x 1024 pixels) (see Note 9). The boundary can then be
defined as where the sender density profile drops below 10% of its
maximum value. The mCitrine intensity of pixels within each col-
umn parallel to the defined sender-receiver boundary was then
averaged to quantify the gradient as a function of distance
(Fig. 3c, #mset). Similar to the radial gradients, the averaged mCi-
trine intensities were normalized to the basal level of expression. By
applying this method to all timepoints, the spatiotemporal dynam-
ics of signaling gradients can be reconstructed. These values again
can be averaged across multiple gradients or displayed separately in
respect to time and distance (Fig. 3¢).

All the image analysis codes are archived and publicly available
at https: //doi.org,/10.5281 /zenodo.3772886.

4 Notes

1. Hygromycin is a stronger antibiotic than blastomycin for
NIH3TS3 cells, therefore, in making the sender cell line, the
hygromycin selection will be done first to increase selection
efficiency.

2. Flow cytometry or qPCR can also be used to sort clones based
on their expression of the target protein. This step can ensure


https://doi.org/10.5281/zenodo.3772886
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comparable results between constructs, when quantifying
gradients.

. When many gradients are planned, we recommend growing

cells using 10 cm dishes or 6-well plates. We also recommend
checking cell lines for their respective markers (e.g., receivers
are mCitrine positive and senders are mTurquoise2 positive)
during selection, culturing, and after gradient plating to check
the distribution, activity, and health of the cells. General cell
culture health can be checked on a fluorescent microscope with
long working-distance objectives compatible with the Corn-
ing® Costar™ TC-Treated Multiple Well Plates.

. Achieving single cell suspension is important to ensure accurate

cell counting and to prevent formation of cell aggregates.

. Cells should be accurately counted to ensure they are plated to

confluency. Underplating cells results in sender cell division,
extensive cell migration, and receiver cells without cilia. Con-
versely, over-plating results in cell death and cells peeling off
from the culture plate.

. For radial gradients, while the cells have to be plated at con-

fluency, the proportion of senders to receiver cells can be
adjusted to increase or decrease the distance between gradients.
This adjustment is important in preventing gradients from
overlapping or interacting with each other which would inter-
fere with gradient quantification. Additionally, increasing the
number of radial gradients can be achieved by using imaging
plates with a larger well size.

. 4-OHT sensitivity may vary between clones due to different

expression levels of ERT2-Gal4. Thus, while 100 ng/mL
4-OHT was optimal for the sender cell line used in this experi-
ment, 4-OHT concentrations should be carefully titrated for
new cell lines.

. In the linear gradients, where a high fraction of cells in the well

are senders (~17% in a 24-well), the ligand released into the
media can accumulate to a high concentration and activate all
the receiver cells over time. To circumvent this issue, it is
recommended to double the media volume in the well (e.g.,
1 mL for a 24-well plate) and replace the media every 12 h.
Additionally, the sender cells can be “diluted” with wild-type
cells that do not produce SHH to reduce the amount of ligand
being produced.

. Due to the geometry of the coculture, sender cells can be

located on any of the four edges on the image. The MATLAB
code can automatically detect the location of the sender cells,
and flip or rotate the images accordingly so that the sender cells
will locate on the left edge in all images.
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Engineering Shape-Controlled Microtissues on Compliant
Hydrogels with Tunable Rigidity and Extracellular Matrix
Ligands

Megan L. Rexius-Hall, Nethika R. Ariyasinghe, and Megan L. McCain

Abstract

In vitro models that recapitulate key aspects of native tissue architecture and the physical microenvironment
are emerging systems for modeling development and disease. For example, the myocardium consists of
layers of aligned and coupled cardiac myocytes that are interspersed with supporting cells and embedded in
a compliant extracellular matrix (ECM). These cell-cell and cell-matrix interactions are known to be
important regulators of tissue physiology and pathophysiology. In this protocol, we describe a method
for mimicking the alignment, cell-cell interactions, and rigidity of the myocardium by engineering an array
of square, aligned cardiac microtissues on polyacrylamide hydrogels. This entails three key methods:
(1) fabricating elastomer stamps with a microtissue pattern; (2) preparing polyacrylamide hydrogel culture
substrates with tunable elastic moduli; and (3) transferring ECM proteins onto the surface of the hydrogels
using microcontact printing. These hydrogels can then be seeded with cardiac myocytes or mixtures of
cardiac myocytes and fibroblasts to adjust cell-cell interactions. Overall, this approach is advantageous
because shape-controlled microtissues encompass both cell-cell and cell-matrix adhesions in a form factor
that is relatively reproducible and scalable. Furthermore, polyacrylamide hydrogels are compatible with the
traction force microscopy assay for quantifying contractility, a critical function of the myocardium.
Although cardiac microtissues are the example presented in this protocol, the techniques are relatively
versatile and could have many applications in modeling other tissue systems.

Key words Cardiac myocytes, Microcontact printing, Photolithography, Polyacrylamide hydrogels

1 Introduction

Native myocardium consists of layers of aligned, rhythmically con-
tracting cardiac myocytes that are mechanically and electrically
coupled to each other and interspersed with supporting cells,
such as fibroblasts, endothelial cells, and neurons. These cells are
embedded in a compliant mesh of extracellular matrix (ECM)
macromolecules that are a rich source of mechanical and biochemi-
cal signals [1]. Each of these cellular and extracellular features can
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impact the contractile performance of the myocardium and are
often altered in many forms of heart disease. For example, after a
myocardial infarction, fibrotic tissue forms at the site of injury,
which causes local increases in tissue rigidity [2], disruptions in
tissue alignment [3], and increased presence of myofibroblasts
[4]. However, these tissue-level features are challenging, if not
impossible, to precisely and independently control with in vivo or
conventional in vitro models, limiting our understanding of disease
progression and obstructing the development of effective therapies
to mitigate ongoing pathological remodeling.

Recently, advances in biomaterials and microfabrication tech-
niques have been leveraged to manufacture more sophisticated
in vitro culture substrates that can provide tunable and independent
control over tissue architecture and physical features in the cellular
microenvironment [5]. For example, microcontact printing is a
lithographic technique for transferring a pattern of proteins, pep-
tides, or other bioactive molecules onto the surface of a substrate to
prescribe geometric regions for cell adhesion [6]. This technique
has been extensively applied to control the shape and distribution of
cardiac myocytes in vitro, ranging from single cells [7-10] to
confluent mm-scale tissues [11-15]. In our previous publication,
we used microcontact printing to engineer shape-controlled cardiac
microtissues, each of which comprises approximately 50 cells
[16]. These engineered microtissues are advantageous for measur-
ing tissue-level phenomena because they encompass both cell-
ECM and cell-cell interactions in a relatively reproducible and
scalable form factor.

Culture surfaces with tunable rigidity are also valuable tools for
modeling changes in the mechanical properties of tissues due to
fibrosis, which is especially relevant for the myocardium because
fibrotic remodeling is prevalent in many forms of heart disease
[17, 18]. Synthetic hydrogels are advantageous for modeling
ECM remodeling because their mechanical properties are easily
tunable by adjusting the concentrations of polymer and cross-linker
[19]. Another advantage of synthetic hydrogels is that their surfaces
are biologically inert and thus can be controllably functionalized
with ECM proteins. These ECM proteins can be applied as a
uniform layer [20, 21] or a user-defined pattern by leveraging
microcontact printing [22-25]. For example, we previously used
microcontact-printed polyacrylamide hydrogels to determine how
ECM rigidity affects the phenotypes of shape-controlled single
cardiac myocytes [9], cardiac myocyte pairs [26], and cardiac
microtissues [16].

In this chapter, we describe how to engineer shape-controlled
cardiac microtissues on polyacrylamide hydrogels with tunable
rigidity and ECM ligand, similar to those described in our previous
publication [16]. First, we describe how to fabricate stamps from
polydimethylsiloxane (PDMS) with features that are an array of
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squares, each of which is a series of lines. Next, we describe how to
fabricate polyacrylamide hydrogels with tunable rigidity and use the
PDMS stamps to microcontact print laminin or fibronectin onto
their surface. These hydrogels can then be seeded with a single cell
type, such as cardiac myocytes, or a mixture of cell types, such as
cardiac myocytes and fibroblasts, which will self-assemble into
shape-controlled microtissues dictated by the ECM pattern. Col-
lectively, this approach offers multiple levels of modularity, as the
elastic modulus of the hydrogel, type of ECM ligand, macro- and
microscale geometry of the microtissues, and cell-cell interactions
are each independently tunable. We have also shown in our previ-
ous publication that these substrates are compatible with traction
force microscopy to quantify tissue-level contractility [16], which is
a key functional readout. Although the cells used to develop this
protocol were neonatal rat ventricular myocytes, these approaches
are likely also compatible with human-induced pluripotent stem
cell-derived cardiac myocytes [7, 23], which would be a useful
model for determining how patient-specific genotypes affect car-
diac myocyte phenotypes on the tissue level. Due to their versatility,
these techniques can likely also be extended to a variety of other cell
types as a relatively efficient and scalable approach for engineering
tunable microtissues with many applications in disease modeling
and drug testing.

2 Materials

2.1 Fabricating
Silicon Wafer Masters

1. Computer-aided design software (e.g., AutoCAD).

[\

. Silicon wafer (3" diameter recommended).

. Photoresist (Microchem SU-8 2005 Negative Photoresist
recommended).

w

. Spin coater.

. Aluminum foil.
. Hot plate.

. Wafer tweezers.

. Mask aligner with UV light source (e.g., Karl Suss MJB3 Mask
Aligner).

O NN O Ut W

9. SU-8 developer (MicroChem) or propylene glycol mono-
methyl ether acetate (PGMEA).

10. Glass laboratory dishes (e.g., PYREX 100 mm x 50 mm).
11. Isopropanol.
12. Trichloro (1H, 1 H, 2 H, 2 H-perfluorooctyl) silane.

13. Vacuum desiccator.



60 Megan L. Rexius-Hall et al.

2.2 Fabricating
PDMS Stamps

2.3 Activating
Coverslips

2.4 Fabricating
Polyacrylamide
Hydrogels

. Dow Corning Sylgard 184 Silicone Elastomer Kit.
. 150 mm Disposable Petri dishes.
. Planetary centrifugal mixer with 100 mL disposable cups

(Thinky).

. Vacuum desiccator.

. Benchtop oven.

6. Razor blade or blade knife.

O 0 N O\ Ul o W

[S 2 N I S R

11.

. Round 25 mm diameter glass coverslips.

. Coverslip rack and glass staining dish (Electron Microscopy

Sciences large coverglass staining rack and staining dishes
recommended).

. Magnetic stir bar and stir plate.

. Ultrapure water.

. 1 M Sodium hydroxide solution.

. 95% Ethanol.

. (3-Aminopropyl) trimethoxysilane (APTMS).
. 70% Glutaraldehyde solution.

. Glass Pasteur pipette with rubber bulb.

10.
. 150 mm Disposable Petri dishes.
12.
13.
14.

Tweezers.

Aluminum foil.
Benchtop incubator at 37 °C.
Parafilm.

. Activated round 25 mm diameter glass coverslips.

. Round 18 mm diameter glass coverslips.

. 40% Acrylamide solution (Bio-Rad).

. 2% N,N-methylenebisacrylamide (Bis) (Sigma-Aldrich).

. 10% Ammonium persulfate (APS): Prepare 10 pL aliquots and

store at —20 °C.

. N,N,N,N-Tetramethylethane-1,2-diamine (TEMED)

(Thermo Fisher Scientific).

. 10x Phosphate-buftered saline (PBS).
. 1x Phosphate-buftered saline (PBS).

. 2 mL Eppendorf tubes.
10.

Streptavidin acrylamide (Invitrogen): Prepare 10 pL aliquots
and store at —20 °C.

6-Well cell culture plates.



2.5 Biotinylating
Fibronectin or Laminin

2.6 Microcontact
Printing
Polyacrylamide
Hydrogels
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Sodium carbonate.

Glass beakers, 500 mL and 1 L.
Ultrapure water.

pH meter.

1 mg/mL Human fibronectin (BD Biosciences) and /or 1 mg/
mL laminin (Sigma-Aldrich).

Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific).

. Platform rocker.

. Dialysis Cartridge (Slide-A-Lyzer 10 K molecular weight cut-

off, Thermo Fisher Scientific).

95% Ethanol.

500 mL Glass beaker.

Sonicator.

Fabricated PDMS stamps.

Forceps.

Compressed air.

1 x Phosphate-buffered Saline (PBS).
Biotinylated fibronectin.

Pipette tips (1000 pL).

. Delicate task wipes (e.g., Kimwipes).
. Disposable plastic Petri dishes, 150 mm diameter.
. Benchtop incubator at 37 °C.

3 Methods

3.1 Fabricating
Silicon Wafer Masters

An overview of the entire fabrication process described in this
protocol is shown in Fig. 1.

1.

Use computer-aided design software to design a microtissue
pattern. To engineer an aligned cardiac microtissue, a
200 pm x 200 pm square with an array of 15 pm-wide lines
separated by 2 pm-wide gaps is recommended. Duplicate the
microtissue pattern with appropriate spacing (such as 200 pm)
to fill an area approximately 2.5 cm x 2.5 cm.

Duplicate this 2.5 cm x 2.5 cm square to fill the surface area of
your wafer (for example, a 3” diameter silicon wafer can fit four
2.5 cm x 2.5 cm arrays). Each of these 2.5 cm x 2.5 cm blocks
will become one PDMS stamp.

Transfer your complete pattern to a chrome on glass photo-
mask using e-beam lithography (see Note 1). This process can
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Fig. 1 Schematic of the fabrication process for engineering shape-controlled cardiac microtissues on
microcontact-printed polyacrylamide hydrogels

Megan L. Rexius-Hall et al.

Fabricate silicon
wafer master template

!

Cast PDMS stamp on
silicon wafer

l

Coat PDMS stamp with
biotinylated fibronectin
or laminin

be outsourced to a company that performs this service, such as

Polymerize polyacrylamide hydrogel
on activated glass coverslips

l

Dry stamp and invert onto partially
dried polyacrylamide hydrogel

Remove stamp and
store or seed with cells

Photoplot Store.

Steps 4-10 should be performed in a Class 100 cleanroom

facility with the equipment listed in Subheading 2.1.

4. Fabricate the silicon wafer master using standard photolithog-
raphy techniques [6]. Briefly, handle the wafer at its edges using
wafer tweezers and clean the surface using compressed air or
nitrogen.

5. Spin-coat the wafer with SU-8 2005 photoresist using spin
speeds adjusted for a thickness of 5 pm, according to manufac-

turer’s instructions.

6. Bake the wafer on a hot plate according to manufacturer’s

instructions (see Note 2).

7. Mount the spin-coated wafer and photomask on the mask
aligner and carefully bring the wafer into contact with the
photomask.

8. Expose the wafer to UV light and then bake again based on

instructions from the manufacturer.

9. Develop the wafer by submerging it in SU-8 developer or

PGMEA inside a glass dish with gentle agitation.



10.

11.

12.

3.2 Fabricating 1.

PDMS Stamps
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After several minutes, remove the wafer, rinse it with isopropa-
nol, and carefully dry it with compressed air or nitrogen.

Silanize the wafer to passivate the surface and ensure release of
PDMS after the casting and curing process. Place approxi-
mately 30 pL of trichloro (1H, 1H, 2H, 2 H-perfluorooctyl)
silane in a small cap formed from aluminum foil and placeitina
desiccator, along with a wafer or multiple wafers (see Note 3).
Seal the desiccator, apply vacuum, and incubate for at least 1 h
or ideally overnight.

Store each wafer in a Petri dish inside a drawer or covered with
aluminum foil to minimize light exposure.

Place a silanized silicon wafer master (Fig. 2a) in a Petri dish
with the patterned side facing up.

. Prepare PDMS prepolymer by measuring the base and curing

agent of Sylgard 184 at a weight ratio of 10:1 into a 100-mL
disposable Thinky cup. Mix and degas the PDMS for 2 min
each in the planetary centrifugal Thinky mixer (sec Note 4).

Fig. 2 Fabricating PDMS stamps for microcontact printing. (a) Silicon wafer master with patterned photoresist
in four different 2.5 cm x 2.5 cm stamp designs. (b) A single PDMS stamp molded on the silicon wafer. (c)
Microtissue features on a PDMS stamp. This stamp has an array of 100 um x 100 um squares that each
consist of 15 um-wide lines separated by 2 pm-wide gaps. The size of the microtissue can be tuned by
adjusting the pattern design, as shown by the (d) 100 pm x 100 pm square and (e) 200 pm x 200 um square.
For (c-e), scale bar, 100 um
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3.3 Preparing
Polyacrylamide
Hydrogel Culture
Substrates

3.3.1 Activating
Coverslips

3.

10.

11.

Pour enough PDMS mixture over the silicon wafer master to
form a layer at least 5 mm thick. Place the dish in a vacuum
desiccator and degas until all bubbles are removed (see Note 5).

. Place the dish in a 65 °C oven for at least 4 h to cure the PDMS.
. Carefully cut the PDMS around the wafer using a razor blade

or blade knife.

. Carefully peel the cured PDMS slab from the wafer. The wafer

can be reused for casting PDMS immediately or stored.

. Use a razor blade to cut the slab of PDMS into square stamps

approximately matching each 2.5 cm x 2.5 cm feature region
(Fig. 2b). Cut the PDMS on a surface with features facing up
(Fig. 2c—¢) to avoid damage (see Note 6).

. Load two coverslip racks with 25 mm glass coverslips and place

the racks in a square glass dish with a stir bar in the middle.
Place the dish on a stir plate in a chemical fume hood.

. Add 270 mL ultrapure water and 30 mL. 1 M NaOH to the

dish and stir for 5 min.

. Caretully remove coverslip racks from the dish and dispose of

the NaOH solution.

. Replace the coverslip racks in the glass dish and add 300 mL of

95% ethanol.

. Add approximately 1.5 mL of APTMS. Use a glass Pasteur

pipette and a rubber bulb if possible, as APTMS can react
with plastic. Stir for 5 min.

. Carefully remove coverslip racks from the dish again and dis-

pose of the APTMS solution.

. Replace the coverslip racks in the glass dish, add 300 mL of 95%

ethanol, and stir for 5 min. Remove racks and dispose of the
ethanol. Repeat twice for a total of three ethanol rinses.

. Replace the coverslip racks in the glass dish and add 300 mL

ultrapure water and 2.16 mL of 70% glutaraldehyde. Stir for
30 min and dispose of the liquid. Repeat this process three
times with 300 mL ultrapure water.

. Line the bottom of 150 mm Petri dishes with wrinkled alumi-

num foil. Remove coverslips with forceps and place them on
the foil in a single layer.

Place the dishes in a 37 °C oven with the lid tilted for
15-20 min until they are dry (see Note 7).

Use Parafilm to seal the Petri dishes and minimize dust con-
tamination. Activated coverslips can be stored at room temper-
ature for several months.



3.3.2 Fabricating
Polyacrylamide Hydrogels

Table 1
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The elastic modulus of polyacrylamide hydrogels depends on the
ratio of acrylamide to bis-acrylamide. To fabricate hydrogels with
13 kPa or 90 kPa, follow the formulations in Table 1. Other
formulations have also been reported [19].

1.

Transfer the desired number of activated coverslips to a new
Petri dish without aluminum foil.

. Make polyacrylamide stock solutions by mixing acrylamide,

bis-acrylamide, and water at the indicated ratios (Table 1).
Stock solutions can be stored at 4 °C for several months.

. Mix TEMED and water according to Table 1. Make this solu-

tion fresh and keep the solution covered because TEMED is
light-sensitive.

. Mix together the components of the working solution as listed

in Table 1 in a 2-mL Eppendorf tube and vortex briefly (see
Note 8).

. At this point, move quickly as the gels will begin to polymerize.

Transfer 50 pL of the working solution to a 10-pL tube of
streptavidin acrylamide for a total of 60 pL. Pipette the solution
up and down to mix.

. Add a 20-pL drop of the solution from step 5 to each activated

coverslip (Fig. 3a).

. Carefully drop an 18-mm glass coverslip on top of the solution

to flatten the hydrogel as it polymerizes (Fig. 3b). Incubate for
15 min (se¢ Note 9).

. Transfer the coverslips with hydrogels to a cell culture hood.

Formulations for fabricating polyacrylamide hydrogels with the indicated elastic modulus

13 kPa 90 kPa
Stock solution 40% Acrylamide 2.344 mL 2.500 mL
2% Bis 1.875 mL 2.500 mL
Water 781 pL —
TEMED solution TEMED 9 uL 9 uL
Water 1.901 mL 701 pL
Working solution Stock solution 240 pL 360 pL
10x PBS 60 pL 60 pL
Water 6 uL 6 pL
TEMED /water solution 191 pL 71 pL

10% APS 3L 3puL
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Fig. 3 Fabricating polyacrylamide hydrogels on activated glass coverslips. (a) Pipette a 20-pL drop of the
hydrogel solution onto the center of the 25 mm activated glass coverslip. (b) Slowly drop an 18 mm glass
coverslip onto the droplet. (c) Use a razor blade to separate the 18 mm glass coverslip from the polymerized
polyacrylamide hydrogel. (d) Store or directly use the polymerized polyacrylamide hydrogel substrates for
microcontact printing

9. Use a razor blade to carefully remove the top 18 mm coverslip
with one hand while holding the 25 mm coverslip in the other
hand (Fig. 3c). Use the razor blade as a lever to carefully
separate the 18 mm coverslip from the hydrogel in one move-
ment (see Note 10). Avoid rotating or sliding the coverslip as
this will introduce defects into the hydrogel (Fig. 3d).

10. Place each 25 mm coverslip into the well of a 6-well plate and
rinse three times with PBS.

11. Store the coverslips in PBS at 4 °C or immediately microcon-
tact print their surface. Hydrogels should be used within
1 week.



3.4 Microcontact
Printing of Biotinylated
ECM Proteins on
Polyacrylamide Gels

3.4.1 Biotinylating
Fibronectin or Laminin

3.4.2 Microcontact
Printing
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. In a glass beaker, dissolve 5.3 g of sodium carbonate (Na,CO3)

into 500 mL of ultrapure water. Adjust the pH to 8.5 (see
Note 11).

. Slowly add 5 mL of the solution from step 1 to a 5-mg bottle of

fibronectin for a final concentration of 1 mg/mL (see
Note 12). Do not vortex.

. Prepare a 10-mM solution of Sulfo-NHS-LC-Biotin by dissol-

ving 2 mg in 360 pL ultrapure water.

. Add 230 pL of the 10 mM Sulfo-NHS-LC-Biotin solution to

the 5 mL fibronectin solution and incubate overnight on a
rocker at 4 °C.

. Remove nonreacted Sulfo-NHS-LC-Biotin solution by inject-

ing the solution into a dialysis cartridge with a molecular
weight cutoft of 10 K.

. Float the dialysis cartridge in a 1-L beaker filled with PBS and a

stir bar. Stir the solution for 2 h.

. Dispose of the PBS, add fresh PBS, and stir the solution for

another 2 h.

. Extract the biotinylated fibronectin from the dialysis cartridge,

aliquot to 200 pL, and store at 4 °C. Laminin can be biotiny-
lated using a similar protocol (see Note 13).

The procedure described below for biotinylated fibronectin could
similarly be done with biotinylated laminin.

1.

Submerge the PDMS stamps with features facing up in a glass
beaker with 95% ethanol and sonicate in an ultrasonic bath for
30 min at room temperature.

. Transfer the beaker to a sterile biosafety cabinet. Using forceps,

carefully remove the PDMS stamps from the ethanol without
contacting the features.

. Dry the stamps with compressed air and place them in a Petri

dish with features facing up.

. Add 800 pL of PBS to a 200-pL aliquot of biotinylated fibro-

nectin for a final concentration of fibronectin of 200 pg/mL.
Mix gently with the pipette.

. Pipet a 200-300 pL drop of fibronectin onto each stamp. Use

the pipet tip to carefully spread the fibronectin drop until it
fully covers the surface, taking care not to touch the patterned
features with the tip (see Note 14).

. Place the lid on the Petri dish and incubate the fibronectin

solution on the stamp for at least 1 h.

. With tweezers, remove a hydrogel coverslip from the 6-well

plate and carefully blot the excess PBS using a KimWipe. Avoid
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10.

11.

12.

13.

14.

15.

16.

touching the hydrogel itself with the tweezers or Kimwipe.
Place the blotted hydrogel coverslip in a 150-mm Petri dish
and repeat for the desired number of coverslips.

. Transfer the Petri dish with the coverslips to a 37 °C benchtop

incubator with the lid tilted for approximately 10 min, until the
hydrogel is sufficiently dry (se¢ Note 15).

. Transfer the dried hydrogel coverslips to the biological safety

cabinet.

After the 1-h incubation period for biotinylated fibronectin on
PDMS stamps, carefully pipette excess fibronectin off the
stamps and collect it into the Eppendorf tube. The fibronectin
can be stored at 4 °C and recycled for up to 2 months although
bioactivity will decline with time.

Pick up a stamp with forceps, dry it with compressed air, and
invert it onto the surface of the hydrogel.

Use forceps to apply slight pressure (see Note 16). Incubate the
stamps for at least 5 min to ensure protein transfer.

Carefully remove the stamp from the hydrogel by using twee-
zers in one hand to hold down the coverslip and forceps in the
other hand to remove the stamp. Transfer the coverslip to the
well of'a 6-well plate prefilled with PBS.

Repeat steps 11-13 for the desired number of coverslips.
Rinse all wells three times with PBS and store at 4 °C until
cell seeding. Ensure that all coverslips are submerged in the
PBS (i.e., not floating).

To sterilize the hydrogels, leave the plate in the biological
safety cabinet with the lid oft and turn on the UV light for at
least 10 min to sterilize the hydrogels prior to cell seeding.

Seed coverslips with desired cell type(s). For primary neonatal
rat cardiac myocytes, seed with 1.1 x 10° cells/cm? per cover-
slip to generate confluent microtissues with minimal fibroblasts
after 3 days (Fig. 4). Fibroblasts are naturally present in suspen-
sions of primary cardiac myocytes. Because fibroblasts are pro-
liferative but cardiac myocytes are not, simply reduce the cell
density (such as 5.5 x 10* cells/cm?) to increase the presence
of fibroblasts in microtissues. Fibroblasts or other supporting
cell types could also be added separately.

4 Notes

. For the design described in this protocol, a chrome on glass

photomask is needed due to the resolution of the features
(2 pm). However, lower-cost photomasks printed on
polyester-based transparency films can also be used if the
desired resolution is >10 pm.
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Fig. 4 Shape-controlled cardiac microtissue on a compliant hydrogel. Neonatal rat ventricular myocytes were
seeded on a polyacrylamide hydrogel microcontact printed with laminin in the microtissue pattern. Immu-
nostaining was used to visualize (a) laminin (magenta) and (b) sarcomeric «-actinin (red), actin (green), and
nuclei (blue). Scale bar, 100 pm

2. Ramping temperatures up and down will prevent defects in the
photoresist.

3. Use a wafer tray or Petri dishes to prop up the wafers and
ensure that all surfaces will be coated with silane.

4. If a Thinky mixer is not available, mix the PDMS thoroughly
with a transfer pipette or plastic fork for at least 5 min in any
type of disposable plastic cup. Then, use a vacuum desiccator to
de-gas the mixture.

5. If air bubbles are lingering, it can be helpful to periodically
release and re-apply the vacuum and /or gently tap the dish on
the benchtop.

6. Cutting a small, noticeable notch with a razor on the featureless
side can be useful for quickly distinguishing the feature-
containing side of the stamp. Alternatively, a line could be cut
that represents the orientation of the features. For example,
cutting a line that is parallel to lines on the stamp may be
helpful for orienting the pattern on your substrate during
microcontact printing.

7. The coverslips may have an orange tint or small aggregates of
orange particles. This should not affect the performance of the
coverslip.

8. To use these hydrogels with traction force microscopy (TFM),
the 6 pL water in the working solution (Table 1) can be sub-
stituted for an equal volume of fluorescent microbeads,
such as 0.2 pm FluoSpheres yellow-green 505/515 beads
(Invitrogen).
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9.

10.

11.

12.

13.

14.

15.

16.

The tube of leftover working solution should also cross-link
into a hydrogel. You can use this tube to help you identify when
cross-linking is complete. If the hydrogels do not polymerize
within 30 min at room temperature, they can be placed in a
37 °C oven to accelerate the process.

If the coverslip does not easily separate, you may need to trace
the edge of the 18 mm coverslip with the razor blade to detach
any hydrogel that seeped onto the exposed surface of the
18 mm coverslip.

Because the solution will be very basic, it is recommended to
start with approximately 300 mL of ultrapure water and adjust
the pH of that solution to 8.5 using hydrochloric acid, which
might be a relatively large volume depending on your stock
concentration. Then, add enough ultrapure water so that the
final volume is 500 mL and the final concentration of sodium
carbonate is 100 mM. Re-check the pH and make additional
adjustments as needed.

Slowly add the sodium carbonate solution dropwise to recon-
stitute the lyophilized fibronectin. If the solvent is added too
quickly, the fibronectin may self-polymerize and form insoluble
clumps. Avoid vortexing or excessive pipetting for the same
reason.

Laminin can also be biotinylated using the same protocol as
fibronectin. However, laminin is often shipped in a Tris-HCI
solution and NaCl solution. Thus, laminin first must be dia-
lyzed (using the same 10 K molecular weight cutoff cartridges)
tor 4 h in the 100 mM sodium carbonate solution to exchange
the buffer.

If the fibronectin or laminin is not spreading easily, rest the
pipet tip against the edge of the stamp and drag it along the
edge. Add more fibronectin or laminin solution if needed.

After 10 min, check if the surface of the gel is dried. No large
puddles of liquid should be visible, but some white residue
from the PBS evaporating may be noticeable. If they are not yet
dry, put them back into the oven for 2 min and check again.
Repeat until they are dry. Under-drying will prevent fibronec-
tin patterning and over-drying will cause the gels to crack.

It will likely take some trial-and-error to learn the amount of
pressure that should be applied to the PDMS stamp when it is
in contact with the PA gel. If there is too little pressure, the
fibronectin will not transfer. If there is too much pressure, the
PDMS stamp may buckle and fibronectin will also be trans-
ferred onto the featureless regions. When first learning this
protocol, it can be useful to immunostain hydrogels for fibro-
nectin or laminin (without cells) to determine the fidelity of
your pattern and help troubleshoot the protocol.
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Abstract

Biophysical cues synergize with biochemical cues to drive differentiation of pluripotent stem cells through
specific phenotypic trajectory. Tools to manipulate the cell biophysical environment and identify the
influence of specific environment perturbation in the presence of combinatorial inputs will be critical to
control the development trajectory. Here we describe the procedure to perturb biophysical environment of
pluripotent stem cells while maintaining them in 3D culture configuration. We also discuss a high-
throughput platform for combinatorial perturbation of the cell microenvironment, and detail a statistical
procedure to extract dominant environmental influences.

Key words Biophysical cues, Alginate encapsulation, hPSC differentiation, 3D Cell culture, Alginate
stiffness

1 Introduction

Human pluripotent stem cells (hPSCs) have enormous potential in
tissue engineering and cell therapy applications [ 1]. These cells have
two distinct characteristics which make them highly attractive: they
can become any cell type in the body and can self-renew indefinitely.
Opver the last two decades, there has been concentrated effort to
derive functional organ-specific cells from hPSCs, which include,
but are not limited to, cardiac cells [2—4 ], neurons [5, 6], hepato-
cytes [7-9], and pancreatic beta cells [10-13]. Self-renewal and
lineage commitment of pluripotent stem cells are known to be
influenced by environmental cues, which have been employed
extensively to induce the cells through the desired phenotypic
trajectory.

Predominant environmental cues can be broadly categorized as
biochemical cues and biophysical cues. Biochemical signals are
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typically provided by soluble bioactive agents, autocrine and para-
crine signaling pathways, along with the extracellular matrix pro-
teins. In parallel, there is clear evidence that stem cell fate can be
modulated by biophysical cues. Such biophysical cue can constitute
the elasticity of the substrate, the surface topography of the culture
scaffold, geometric configuration of the substrate, extracellular
forces applied to the cells [1-4], to cite few examples. While bio-
physical cues have been reported to synergize with biochemical
cues, there is evidence of biophysical cues directing stem cell fate
even in the absence of biochemical factors [5, 6].

One of the commonly studied biophysical cues is the stiffness of
the extracellular substrate the cells are exposed to. Multipotent
mesenchymal stem cells (MSCs) can modulate their own stiffness
to match that of the substrate, thereby differentiating into cell
phenotype that correspond to the mechanical properties of the
underlying substrate [7, 8]. Similarly, ESCs are also highly sensitive
to its biophysical environment. In the context of endoderm-specific
differentiation, our group has demonstrated the feasibility of
driving early germ layer differentiation of mESCs by modifying
the properties of alginate and fibrin substrates, in the absence of
chemical inducers [9-12]. More recently, we modulated cellular
biophysical environment while maintaining them in the 3D culture
configuration, by encapsulating hPSC into alginate capsule and
synergistically inducing differentiation using chemical cues [13];
we further modulated alginate substrate properties and identified
the range of biophysical parameters supportive of pancreatic matu-
ration [14]. Another important insoluble cue which can influence
hPSC differentiation is cell—cell contact, especially in 3D cellular
aggregates. This was successfully demonstrated by Lee et al., in a
study where controlling hPSC colony size enabled control over
germ layer specification [15].

The sensitivity of stem cells to various environmental factors
has imbibed the development of various technologies to character-
ize and control cell fate. Adherent culture platforms were devel-
oped to screen the effect of physical stimuli such as substrate
stiffness, ECM protein [16, 17], and surface topography [18] on
stem cell fate. The effect of combinatorial perturbations to the
microenvironment was explored with microengineered hydrogel
microarray, to simultaneously probe the effect of substrate stiffness
and signaling proteins on MSCs [18] and mESCs [19]. We have
developed methods to maintain the hPSCs in 3D culture with
combinatorial modulation of cell microenvironment. hPSCs
cultured in this array configuration could be maintained under
long-term culture and successfully differentiated in the array. Cell
fate was characterized using a sensitive quantitative imaging plat-
form, and a statistical model was developed to subsequently analyze
cell response to the multiparametric modulation.
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2 Materials

2.1 General
Reagents

2.2 Differentiation
Media

. mTeSR1 (StemCell Technologies).
. Single Cell Growth Media: composed of mTeSR1 with

3.2026 mg/L Y-27632 (ROCK Inhibitor-RI, Millipore) fil-
tered with a 0.22-pm pore size PES membrane.

. Alginate solution: 1.1 wt% low viscosity alginate (Sigma-

Aldrich) and 0.2 vol% gelatin (Sigma-Aldrich) mixed in
DMEM /F12 (Gibco) filtered with a 0.22-um pore size PES
membrane.

. Calcium Chloride Solution: 11.095 g/L Calcium Chloride

(Sigma-Aldrich) and 2.383 g/L HEPES (Sigma-Aldrich) fil-
tered with a 0.22-pm pore size PES membrane.

. BaCl, (Sigma-Aldrich).

6. Ba-PLL Solutions: 2.0823, 3.12345, 4.1646, 10.4115, and

12.
13.
14.
15.

16.
17.
18.

19.
20.
21.
22.

1.

20.823 g/L BaCl, dissolved in poly-(r-lysine) (PLL).

. EDTA solution: 37.224 g/L. EDTA (OmniPur) balanced to a

7.6 pH.

. Nitrocellulose (Fisher).

. Paraformaldehyde (PFA) powder (Sigma-Aldrich).
10.
11.

Phosphate Buffer Saline (PBS), (Lonza).

Permeabilizing agents—Saponin, Tween-20, and Triton
X-100 (Sigma-Aldrich).

Bovine Serum Albumin (BSA, Sigma-Aldrich).

BCA total protein assay (Thermo Scientific).

Citrate Buffer, Antigen Retriever (Sigma-Aldrich).

Blocking Buffer: 3% BSA, 0.25% DMSO and 0.1% Saponin
in PBS.

Donkey Serum (Sigma-Aldrich).

Paraftin Wax for Histology (Sigma-Aldrich).

Dissociation Reagents—Accutase (StemPro) and TrypLE
(Gibco).

Matrigel (BD Bioscience).

Nucelospin RNA II kit (Machery-Nagel).

Improm II Reverse Transcription kit (Promega).

SYBER Green Master Mix (Agilent).

Stage 1 (Definitive Endoderm) Base Media: 0.44 g/L p-Glu-
cose (Gibco), 2.46 g/L. NaHCOj3 (Sigma-Aldrich), 2%
FAF-BSA (Fisher Scientific), 2 mM Glutamax (Gibco), 1%
Pen/Strep (Lonza), 0.044 g/L Vitamin C (Sigma-Aldrich),
1:50 I'TS-X (Gibco), MCDB131 media (Corning).
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2.3 Equipment

2.

AN

Stage 2 (Primitive Gut Tube) Base Media: 0.44 g/L p-Glucose
(Gibco), 1.23 g/L NaHCOj; (Sigma-Aldrich), 2% FAF-BSA
(Fisher Scientific), 2 mM Glutamax (Gibco), 1% Pen/Strep
(Lonza), 0.044 g/L Vitamin C (Sigma-Aldrich), 1:50 I'TS-X
(Gibco), MCDB131 media (Corning).

. Stage 3 (Pancreatic Progenitors 1 and 2) Base Media: 0.44 g/L

D-Glucose (Gibco), 1.23 g/L. NaHCOj; (Sigma-Aldrich), 2%
FAF-BSA (Fisher Scientific), 2 mM Glutamax (Gibco), 1%
Pen/Strep (Lonza), 0.044 g/L Vitamin C (Sigma-Aldrich),
1:200 ITS-X (Gibco), MCDB131 media (Corning).

Stage 4 (Endocrine Progenitor) Base Media: 3.6 g/L p-Glu-
cose (Gibco), 1.75 g/L. NaHCOj3; (Sigma-Aldrich), 2%
FAF-BSA (Fisher Scientific), 2 mM Glutamax (Gibco), 1%
Pen/Strep (Lonza), 0.044 g/L Vitamin C (Sigma-Aldrich),
1:200 ITS-X (Gibco), MCDB131 media (Corning).

. Stage 5 (Maturation) Base Media: 0.44 g/ Dp-Glucose

(Gibco), 1.23 g/L NaHCOj; (Sigma-Aldrich), 2% FAF-BSA
(Fisher Scientific), 2 mM Glutamax (Gibco), 1% Pen/Strep
(Lonza), 0.044 g/L Vitamin C (Sigma-Aldrich), 1:200 I'TS-X
(Gibco), MCDB131 media (Corning).

Growth Factors:

(a) Activin A (R&D Systems).
Chir99021 (Sigma-Aldrich).
KGEF (Peprotech).

Sant 1 (Sigma-Aldrich).
Retinoic Acid (Sigma-Aldrich).
LDN193189 (Sigma-Aldrich).
PdBU (EMD Millipore).
Y-27632 (R&D Systems).

XXI (EMD Millipore).

Alk5i IT (Axxora).

T3 (EMD Millipore).
Betacellulin (R&D Systems).
Heparin (Sigma-Aldrich).

—~ —~ o~ —_— N~
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Light Microscope.
Hemocytometer.
Stir Plate.

200 mL Beaker
10 mL Syringe
22-Gauge needle



10.
11.
12.
13.
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500 mL Beaker

Microplate Reader.

Microtome.

Atomic Force Microscope (AFM).
Centrifuge.

V-bottom Ultralow Adherent (ULA) Plates.
LICOR Odyssey.

3 Methods

3.1 hPSC
Preparation
for Encapsulation

3.2 Encapsulation
of hPSCs in Alginate
Capsules

Normal culturing of the hPSCs is done in a 6-well tissue culture-
treated plate with mTeSR1 as the normal culture medium. Once
the cultures reach confluence, the cells are dissociated into single
cells for encapsulation according to the following steps:

1.

Under a microscope, mark regions where differentiation or
overgrowth has occurred in the hPSC cultures and remove
the marked areas (see Note 1).

. 2 h prior to dissociating the hPSC cells, aspirate the culture

media and add 1 mL single cell growth media to the desired
adherent cell cultures (see Note 2).

. 20 min before dissociating the cells, transfer a sufficient

amount of Accutase to a 15-mL falcon tube to have 1 mL per
well of hPSC culture being used for encapsulation and place it
in a 37 °C water bath.

. To dissociate the hPSCs, add 1 mL of the warmed Accutase to

each well of the hPSC and incubate for 5-7 min (se¢ Note 3).

. Harvest hPSC from wells by gently pipetting Accutase directly

onto the cell colonies on the well plate.

. Transfer the harvested cell-Accutase solution from each well to

a 15-mL falcon tube and add 1-2 mL of single cell growth
media to the tube.

. Spin down hPSC single cell suspension at 220-240 rcf for

4 min.

. Aspirate the supernatant and resuspend in 3 mL of single cell

growth media.

. Make a 1:10 of single cell suspension of hPSC and count using

the hemocytometer.

. Use 70% ethanol to sterilize a stir plate, a 200-mL beaker, a

500-mL beaker, a stir bar, and a metal spatula and place them
into the biohazard safety cabinet. Further sterilize with the
safety cabinet UV lamp for 30 min.
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3.3 Modifying
Biophysical Cues by
Modification

of Alginate Substrate
Properties

2. Add sufficient volume of alginate solution to make a 500,000
cell per milliliter alginate solution into a 50-mL tube and place
itinto a 37 °C water bath 20 min before encapsulating the cells.

3. Add the desired cell suspension volume to a 50-mL falcon tube
and centrifuge at 220-240 rcf for 4 min.

4. Aspirate supernatant and resuspend cells in the desired volume
of alginate solution to achieve a seeding density of
500,000 cells/mL (see Note 4).

5. Add 100 mL of the calcium chloride solution to the 200 mL
beaker, add the stir bar to the beaker, and place it on the stir
plate. Increase the stir bar speed until a small vortex forms in
the solution.

6. Using a 10-mL syringe, remove the cell-alginate solution from
the 50 mL falcon tube and attach a 22-gauge needle to the
syringe (see Note 5).

7. Add cell-alginate solution dropwise to the calcium chloride
solution from approximately 3 cm above the liquid surface
and away from the middle of the vortex.

8. Allow the alginate capsules to stir in the solution for 6-8 min.

9. Turn off stir bar and decant the calcium chloride solution into
the 500 mL beaker.

10. Add resulting capsules to a 100-mm Petri dish with the metal
spatula.

11. Wash the alginate capsules with phosphate-buffered saline
(PBS) three times with volume of PBS equaling the volume
of alginate being washed.

12. Aspirate the final PBS wash and distribute the alginate capsules
into a 6-well plate with one million encapsulated cells per well.

13. Add 3 mL single cell growth media to each well of the
encapsulated cells and place into the incubator set to 37 °C
and 5% CO,.

The physical properties of alginate capsules can be modulated by
changing the alginate (M /G ratio) and /or cation (Ca, Ba, Sr) type
and concentration [20, 21]. As a general rule of thumb, increasing
cation concentration will increase the stiffness of the resulting
capsule by higher crosslinking of G residues; these effects are fur-
ther enhanced by cations such as barium which have higher binding
affinity [21, 22]. For example, depending on the concentration of
Ba®* ions, the Youngs modulus (a measure of stiffness) of the bead
can range from approximately 5 kPa (for 2.0823 g/L BaCl,) to
100 kPa (for 20.823 g/L BaCl,) for 1.1 wt.% alginate. The stiffness
of the alginate beads also varies with the amount of alginate in the
gel. All of these can affect the fate and response of encapsulated cells
[23-25].



3.3.1 Alginate Surface
Roughness and Stiffness
Characterization

3.3.2 Diffusivity
of Alginate Capsule
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. On a 1.5-cm diameter mold, dispense 5-10 pL of 1.1 wt% of

alginate solution to get a disk-shaped alginate.

. Polymerize the disks by using different concentrations of BaCl,

ranging from 2.0823 to 20.823 g/L.

. Add BaCl, dropwise to the alginate disks to polymerize them

and incubate at room temperature for 6-8 min to form Ba—
alginate.

4. Wash the Ba—Alginate in saline to remove excess BaCl,.

. To probe the surface of the Ba—Alginate drops with an AFM,

using a silica microsphere of radius 3.4 pm attached to a SizNy
nitride cantilever with a calibrated force constant of ~0.4—1 N /m.

. Place the array of Ba—Alginate drops in PBS to ensure sufficient

hydration during the tests.

. Engage the AFM probe in contact mode to indent the surface

of the drops while measuring the corresponding force applied
by the cantilever to generate a force vs. deflection curve.

. Repeat the measurement at different locations in a 4 x 4 grid

(for each Ba—Alginate drop in the array and for at least three
drops per condition) (sec Note 6).

. Use a Hertzian model to fit the force v/s indentation depth

data to obtain the stiffness of each drop in the array [14].

. Prepare 1.1 wt.% alginate solution in water and add 2 mg of

BSA per ml of alginate solution.

. Form capsules of BSA-loaded alginate in BaCl, bath.
. Vary the concentration of BaCl, in the bath between 2.0823

and 20.823 g/L to obtain alginate capsules containing BSA
with different degrees of crosslinking.

. Suspend the capsules in 2 mL of saline solution containing 9 g/

L of NaCl.

. Sample the saline supernatant regularly over a period of 24 h.

6. Measure the amount of BSA in the sampled supernatant using

the BCA total protein assay and a microplate reader.

. Estimate the diffusivity(D) by measuring the rate of change

(0C/0t) of the amount of BSA in the supernatant leached out
by the alginate capsule approximating the bead to be a spheri-
cally symmetric system.
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3.4 hPSC
Differentiation into
Pancreatic Islet
Endocrine Cells

3.5 Characterization
of hPSC Aggregates

3.5.1 Immunostaining
of hPSC Aggregates

Sectioning and Imaging

The hPSC differentiation is a 35-day process that is six major phases
starting with induction into the definitive endoderm phase and
ending with glucose-responsive pancreatic islet endocrine cells.
Cells should be fed on specified days. The following outlines the
six phases of differentiation and the supplements to be added to the
differentiation base media. Growth factors should be reconstituted
at higher concentrations and stored for long-term stability.

1.

Day 1 will be supplemented further with 100 ng/mL activin A
and 1.4 pg/mL Chir99021. Days 2-3 will be supplemented
with 100 ng/mL activin A.

. Days 4 and 6 will have 50 ng/mL KGF.
. In Days 7 and 8, differentiation base media should be supple-

mented with 50 ng/mL KGF, 0.25 pM Sant 1, 2 pM Retinoic
Acid, 200 nM LDN193189 (Day 7 only), 500 nM PdBU,
10 pM Y-27632.

. Days 9, 11, and 13 supplements to the differentiation base

media are 50 ng/mL KGF, 0.25 pM Sant 1, 0.1 pM Retinoic
Acid, 10 pM Y-27632, 5 ng/mL Activin A.

. For days 14 and 16, supplement the media with 0.25 pM

Santl, 0.1 pM Retinoic Acid, 1 pM XXI, 10 pM ALKk5i 11,
1 pM T3, 20 ng/mL Betacellulin, 10 pg/mL Heparin. For
days 18 and 20, supplement the media with 0.025 pM Retinoic
Acid, 1 pM XXI, 10 pM ALK5i II, 1 pM T3, 20 ng/mL
Betacellulin, 10 pg/mL Heparin.

. Maturation: Dissociate the cell colonies using a TrypLE for

20-25 min followed by mechanical disruption with a 1000-p
L pipette (see Note 7). Dilute the TrypLE with differentiation
base media supplemented with 10 pM Y-27632 and centrifuge
cells at 100 rcf for 2 min. Suspend in differentiation base media
supplemented with 10 pM Y-27632. Vitamin Count using a
hemocytometer and distribute cells into V-bottom ultralow
adherent plates with 10,000 cells per well. Refresh media
every other day.

. Wash encapsulated cells in PBS three times, with each wash

spanning at least 5 min.

. In order to retrieve the aggregates in the capsule, add

37.224 g/1. EDTA solution (pH =~ 7.6) and incubate at
room temperature for 1-2 min with gentle agitation. The
EDTA removes the Ca®* ions from the alginate structure
thereby breaking down the capsule.

. Wash the freshly decapsulated aggregates with PBS to remove

any traces of EDTA.

. Add freshly prepared 4% paraformaldehyde to the aggregates

and incubate at room temperature for 30 min.



Whole-Mount Imaging

11.

12.

13.

14.

15.
16.
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. Once the cells are fixed, use a graded series of ethanol (20%,

30%, 50%, 70%, 90%, 100%) to displace the water by dehydrat-
ing the cells.

. Infiltrate the dehydrated aggregates by adding hot paraffin wax

(heated to slightly above its melting point) in a mold with the
aggregates and allow it to cool for 30 min to obtain wax blocks
with embedded aggregates.

. Section the wax blocks using a microtome to the desired thick-

ness (usually between 5 and 20 pm) to prepare them for
imaging.

. Add citrate buffer to the slides and heat the slides (usually in an

oven or a microwave) in order to expose the antigen sites and
to allow the antibodies to bind (antigen retrieval) (see Note 8).

. Wash the sections with PBS three times.
10.

Permeabilize the cut sections with 0.1% Triton X-100 in PBS
for 5 min to allow for the penetration of the antibodies.

Use a blocking buffer with 10% donkey serum for 1 h to
minimize nonspecific binding of antibodies (sec Note 9) or.

Add the primary antibodies diluted 1:200 in the blocking
buftfer and incubate overnight at 4 °C.

Wash the sections with PBS three times to remove unbound
antibodies.

Add the appropriate secondary antibodies diluted (1:500) in
the blocking buffer and incubate for 45 min at room
temperature.

Wash the sections with PBS three times.

Use a mounting medium containing DAPI (such as Vecta-
shield, Vector laboratories or Prolong Gold anti-fade, Thermo-
Fisher) and cover the sections with a cover slip before imaging
(see Note 10).

The steps 14 are the same as that of Sectioning and Imaging
starting from alginate encapsulated aggregates.

5.
6.

9.

Wash the fixed cells with PBS three times.

Permeabilize the aggregates and block for nonspecific binding
with 1% Triton X-100, 5% Serum in PBS for 2—4 h at room
temperature.

. Wash with PBS three times.
. Add primary antibodies diluted 1:100 in the blocking buffer

(used in step 6) and incubate at 4 °C overnight (see Note 11).
Wash with PBS (3x).

10. Add appropriate secondary antibodies diluted 1:500 in the

blocking buffer and incubate either at room temperature for
2—4 h or overnight at 4 °C.
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3.5.2 Flow Cytometry

3.5.3 RT-gPCR

11. Wash with PBS three times and mount on depression slide

10.
11.

12.

SN Ul W

using Vectashield or Prolong Gold antifade with a coverslip
for imaging.

. Decapsulate the cells in alginate capsule by adding 37.224 g/L

EDTA at room temperature for 1-2 min with gentle agitation.

. Harvest the cells from aggregates by incubating them with

Accutase for 5-10 min in the CO, incubator at 37 °C with
gentle agitation to dissociate them and obtain a single cell
suspension.

. Centrifuge to obtain cell pellet and wash with PBS (3x).
. Fix the cells using freshly prepared 4% paraformaldehyde in

PBS for 30 min at room temperature.

. Permeabilize the cells using 0.1% saponin with 0.5% BSA in

PBS for 60 min at room temperature (sec Note 12).

. Wash the cells with PBS three times.

. Incubate the cells with a Blocking Bufter for 60 min at room

temperature to minimize nonspecific binding.

. Wash the cells with PBS three times.
. Add primary antibodies diluted 1:500 in the blocking buffer

and incubate overnight at 4 °C.
Wash the cells with PBS three times.
Add the appropriate secondary antibodies diluted (1:1000) in

the blocking buffer and incubate at room temperature for
1-2 h (see Note 13).

Wash the cells with PBS three times before running them in a
flow cytometer (see Note 14).

. Aspirate the cell media and transfer the alginate capsules to a

15-mL tube using a sterile metal spatula.

. Decapsulate cells by adding EDTA solution equivalent to the

volume of alginate and allow the capsules to dissolve for
2-3 min if polymerized with the calcium chloride solution
and 10-12 min if the Ba-PLL solution was used.

. Spin down the cell solution at 220-240 rcf for 4 min.
. Aspirate supernatant and wash the cells two times with PBS.
. Isolate the mRNA using a Nucelospin RNA II kit.

. Determine the mRNA concentration and quality using a spec-

trophotometer. A 260,/280 nm value above 1.6 signifies a
good mRNA solution.

. Use an Improm II Reverse Transcription kit to form

the cDNA.



3.6 Alginate Array
Fabrication

for Quantifying Effects
of Combinatorial
Perturbations
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8. In each well of a 96-well qPCR plate, add 5 pL. SYBER Green
Master Mix, 2 pL nuclease-free H,O, 2 pL primer, and 1 pL.
cDNA (see Note 15).

9. The cycles used in the qRT-PCR are denaturing for 10 s at
95 °C, then annealing at 53 °C for 20 s, and extension at 72 °C
for 15 s for 50 cycles followed by a final step with a 30 s
denaturing at 95 °C, 30 s annealing at 53 °C, and 30 s elonga-
tion 95 °C.

10. Normalize samples to a housekeeping gene, such as GAPDH,
by subtracting a sample’s average GAPDH Ct value from the
other genes’ Ct values for the same sample.

Opverall, it was observed that synergizing biophysical induction
with chemical induction, in particularly under 3D culture configu-
ration, significantly enhanced the efficiency of differentiation. Fur-
ther, the efficiency of chemical induction was largely dependent on
the properties of encapsulating substrate, even though diffusion
was never restrictive within the capsules. Cell growth was observed
to be favorable under the low stiffness regime, and was highly
suppressed under high stiffness conditions. Interestingly, the effect
of differentiation was more complex and differed based on stage of
differentiation, possibly due to the complexity of the interaction of
physical cues with nonlinear signaling pathways. Increased alginate
capsule stiffness appeared to promote TGEp signaling during the
definitive endoderm (DE) stage, which enhanced DE differentia-
tion (Fig. 1). However, increased substrate stiffness also promoted
sonic hedgehog signaling at the pancreatic progenitor (PP) stage,
which suppressed PP differentiation. Overall, cell growth and
hESC-PP differentiation was found to be favorable in the stiffness
range of approximately 4-7 kPa.

In order to enable simultaneous, multiparametric modification to
the cell microenvironment, we developed an alginate array platform
with capabilities of quantitative imaging to effectively measure the
resulting cell fate [26]. Analysis of the data using a linear statistical
model allowed decoupling of the complex interactions between the
stem cells and the effect of their microenvironment. Thus, in com-
bination with statistical modeling, the developed platform enabled
the identification of the sensitivity of stem cell proliferation and
pancreatic differentiation to multiparametric modulation. Figure 2
presents a schematic of the overall workflow.

1. Coat the culture surface with nitrocellulose.

2. Inawell of'a 6-well plate, spot 0.5-5 pLL of the Ba-PLL solution
in a square array with five microspots per BaCl, condition using
a repeater pipette and allow the spots to dry overnight in
biohazard safety cabinet (se¢ Note 16).
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Fig. 1 Increased substrate stiffness enhances DE stage differentiation. (a) Relative gene expression of the
mesendodermal genes EOMES and CER for each barium alginate condition at the DE stage, relative to
undifferentiated hESC. (b) Relative gene expression of the definitive endoderm genes SOX17 and FOXA2 for
each barium alginate condition at the DE stage, relative to undifferentiated hESCs. (¢) Immunostaining of
hESCs encapsulated with 10, 15, and 20 mM BaCl, at the DE stage, for SOX17 and FOXA2. Scale bar is 75 um.
(Adapted from [14])
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Fig. 2 Workflow for the 3D alginate array platform that allows for multiple combinatorial perturbations of
insoluble differentiation cues on human pluripotent stem cells (hPSCs), namely hydrogel stiffness and cell—cell
contact, during pancreatic differentiation. Our results indicated that while stiffness did influence proliferation
and pancreatic differentiation, the effect of cell-cell contact was more significant. In combination with
statistical modeling, the tools developed in this study allowed us to identify the sensitivity of hESC proliferation
and fate to multiparametric modulation. (Adapted from [26])

3.

For encapsulating single-cell hPSCs, prepare the cells on the
day of encapsulation using the same steps from Subheading
3.1. For encapsulating hPSC aggregates, preparation must be
done 2 days before encapsulation. To form the aggregates,
obtain single cells using Subheading 3.1 steps and add
1 x 10° cells to a low adherent 30 mm dish with a final volume
of 2 mL single cell culture media per dish. Culture the cellsin a
37 °Cand 5% CO, incubator on a plate shaker set to 55 rpm for
2 days.

. Add a sufficient volume of alginate solution to make a 5 x 10°

cell per mL alginate solution (single cell encapsulation) or 1 mL
alginate solution per dish of aggregates (aggregate encapsula-
tion) into a 50 mL tube and place it into a 37 °C water bath for
20 min before encapsulating the cells.

. Add the desired number of single cells or aggregate cultures to

a 15-mL falcon tube and centrifuge at 220-240 rcf for 4 min.

. Aspirate supernatant and resuspend cells in the desired volume

of alginate solution to achieve a seeding density of
5 x 10° cells/mL. Pipette the solution up and down with a
1000-pL pipette to create a homogenous single cell suspen-
sion, while avoiding introducing air bubbles to the solution.

. The cell-alginate solution should be spotted onto the dried

Ba-PLL arrays using the repeater pipette with the same volume
used for the Ba-PLL solution and allow the alginate to poly-
merize for 5 min before washing with PBS (3 x).

. After last PBS wash, incubate cells in 1 mL. mTeSR1.
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3.7 Imaging 3D
Aggregates

in the Array
using LICOR

9. Continue culturing cells in 1 mL mTeSRI1 for 2 days after

encapsulating before starting the differentiation mentioned in
Subheading 3.4.

10. Analyze aggregates using LICOR (Subheading 3.7) at the
desired stages of differentiation.

The LICOR system is capable of fast and high-throughput imaging
of specimens tagged with the near-IR fluorescent dyes such as IR
dye 680 LT and IR dye 800 CW. It has a wide linear dynamic range,
which implies that fluorescence intensity is proportional to concen-
tration over a wider range that results in easily detectable contrast
and allows for accurate quantitative analysis of protein expression.
The use of near-IR Laser and dyes eliminates the interference of
auto-fluorescence signals that are usually observed in biological
samples imaged with visible light imaging systems. In addition,
the narrow wavelength band of the IR lasers ensures reduced
background signals leading to superior signal-to-noise ratio,
which is favorable for quantification and analysis. The following
steps describe the use of LICOR system to image 3D aggregates
encapsulated in an alginate array (described in Subheading 3.6) and
quantify the protein expression from the intensity of fluorescence
signal.

1. Wash the alginate array containing aggregates in PBS three
times.

2. Fix the aggregates in the alginate capsule with 4% paraformal-
dehyde for 30 min at room temperature.

3. Wash the alginate array in PBS three times to remove traces of
the fixative.

4. Permeabilize the aggregates in the alginate array with 0.1%
Triton X-100 for 15 min and use the Odyssey blocking buffer
(LICOR Biosciences) for 1 h at room temperature.

5. Wash in PBS three times.

6. Add the primary antibodies diluted 1:200 in the blocking
buffer and incubate at 4 °C overnight. Generally, the antibodies
are diluted to half their suggested concentration as the combi-
nation of near-IR dyes and sensitive scanner in LICOR can
detect signals much better than conventional imaging.

7. Wash in PBS three times.

8. Add the appropriate secondary antibodies which are tagged
with near-IR dyes diluted (1:800) in the blocking buftfer and
incubate them for 1 h at room temperature and counterstain

with DRAQ 5 (1:10,000).
9. Wash in PBS three times before imaging with LICOR.



3.8 Statistical
Modeling to Decouple
the Effect

of Multiparametric
Perturbation

3.8.1 Evaluating
Importance of Cation
Concentration
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10. Image the aggregate array using appropriate wavelengths and
sensitivity. Use appropriate negative controls to obtain the
background intensity values (se¢ Note 17).

11. Normalize the intensities of target antibody signals with the
fluorescence signal of DARQ5 which is directly related to the
DNA content/cell number in the capsule.

Cation concentrations and seeding configurations are the two
externally modulated input parameters, which affect the measured
outcomes, namely degree of differentiation and proliferation. To
evaluate the relative importance of these input parameters in
controlling the outcome, a regression analysis was performed. Lin-
ear regression analysis (which implies that overall equation is linear
with respect to the proportionality coefficients to the dependent
variables) is suitable for this analysis; however, we need to consider
the different nature of the input variables. For example, cation
concentration is a continuous variable, while configuration is a
categorical variable.

1. As a first step, only cation concentration was considered. The
regression equation for this case becomes,

Y=a+)® pC (1)

where T'is the outcome marker (protein content in sample
normalized to the DNA content), for example, Ki67 /DNA
and SOX17/DNA. C is the concentration of the cation and
here we allow a third-order polynomial relationship. Each term
in the RHS of Eq. (1) is a predictor. The intercept a and
coefficients f; are the unknown parameters to be estimated
using the training dataset. For each culture configuration and
marker, the parameters are determined separately.

2. The statistical model (Eq. 1) was encoded as a symbolic func-
tion and parameters (a, f3;) estimated using the fit/m function in
MATLAB (R2017b). This function outputs the estimates of
the coefficient, their standard errors, #-statistic for each coeffi-
cient (which tests the null hypothesis for each coefficient being
zero vs. it being non-zero both in the presence of other pre-
dictors) and the corresponding p-value for the #-statistic.

3. A least squares objective function was chosen which minimizes
the sum of squares of residuals between the model (Eq. 1) and
observed data.

4. To evaluate statistical significance of the model, given the
underlying uncertainty in the observations (from biological
replicates), a bootstrapping approach was used [27]. Using
random sampling with replacement technique, surrogate data-
sets were generated from the individual biological replicates,
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Fig. 3 Workflow for statistical analysis to identify the sensitivity of hESC proliferation and fate to multi-
parametric modulation. From left to right: Experimental dataset for SOX17/DNA for five cation concentrations
and three configurations, with multiple biological replicates. Bootstrap samples are generated from this
dataset and regression is performed on each dataset separately, giving rise to parameter distributions.
Parameter distributions of each linear and nonlinear term of Eq. (1) are shown as violin plots. Overall, cation
concentration (hence, substrate properties) influence the differentiation outcome in the aggregate configura-
tion, with relatively minor effects in the other configurations. (Adapted from [26])

and it was ensured that each such surrogate dataset contained
the same number of cation concentrations (total 5) and config-
uration types (total 3). Regression was performed on each such
surrogate dataset separately. See Fig. 3 for a summary of the
entire workflow.

. This gives rise to a distribution of p-values and of the coeffi-
cients (violin plots in Fig. 3). These distributions were moni-
tored for convergence to find optimal number of bootstrap
samples. A total of 1000 bootstrap samples were sufficient to
make reliable conclusions for the current dataset.

6. The R? statistic was also monitored, and most bootstrap sam-

ples had values between 0.5 and 0.95, with median values being
closer to the upper end.

7. Violin plots in Fig. 3 shows the coefficients for SOX17 /DNA

for the three configurations, with each higher order term
brought to the same units using an average concentration,
Cy = 255 mM. The conclusions are insensitive to the value of
this factor within the concentration range tested in this study.



3.8.2 Evaluating
Combined Importance

of Cation Concentration
and Culture Configuration
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8. Overall, it was seen that the cation concentration (hence, sub-

strate properties) influence the differentiation outcome in the
aggregate configuration, with relatively minor effects for the
other configurations. The p-values lie in the range (0.01, 1) for
the aggregate condition.

. To introduce configuration, which is categorical, Eq. (1) was

expanded as follows:
3 ; 3 .
Y =a+ Zi:lﬂicl + Zizzﬁconﬂg_iConﬁgJ

3 .
+ Zi:ZﬂCXCOnﬂg_iC x Config_z (2)

Here, the terms are similar as Eq. (1), with the difference
being the incorporation of the configuration term, Config_z,
which takes binary values. To simplify the analysis (without loss
of accuracy), only configurations 2 (SC3) and 3 (SC5) appear
in the equation. These are coded such that Config_2/Con-
fig_3 take on values 1 /0 and 0/1 to indicate SC3 and SC5 and
0/0 for the aggregate condition. Therefore, the terms where
Config_2 /Config_3 appears capture the influence of SC3 and
SC5 relative to the aggregate configuration. Concentration
term in Eq. (2) appears as a third-order polynomial by itself
or as a bilinear term with configuration.

. The coefficients for these equations are obtained in the same

manner as Subheading 3.8.1, but it was seen that comparatively
larger number of bootstrap replicates were necessary for con-
vergence of some parameters (minimum of 5000).

. The mean coefficients for each term and the differentiation

markers are shown in Fig. 4. From the current analysis, we
can conclude that the configuration terms are relatively more
important than the concentration terms (which are important
for selected markers, but not as a bilinear term with configura-
tions 2 and 3).

4 Notes

. Differentiation will appear more segmented than surrounding

smooth cell growth. Overgrowth will be darker and bulging
than surrounding cells.

. Media should be added along the side of the well and not

directly onto the cells and place the cells in a 37 °C and 5%
CQO, incubator.

. Check periodically for the cell colonies to begin lifting off the

plate.
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Fig. 4 Mean regression coefficients for DE and PP markers. For most markers, we see that the configuration
terms are important to set the mean expression and concentration terms fine tunes the expression around the

mean value

10.

. Pipette the solution up and down with a 1000-pL pipette to

create a homogenous single cell suspension, while avoiding
introducing air bubbles to the solution.

. Draw the alginate into the syringe by pinching the falcon tube

to allow the syringe to fully fit inside the tube and more easily
transfer the alginate while avoiding forming bubbles.

. Ensure that the successive indents are sufficiently spaced apart

so that they do not interfere with each other. Usually, the space
between indents should be at least 4 x the size of the indent.

. Slowly pipette the aggregates and only pipette 5-10 times. If

the aggregates do not begin breaking apart immediately, put
back in incubator for 3 more min to allow enzyme to work
longer.

. Antigen retrieval process is specific to the target antibody;

different antibodies may respond better to other retrieval
buffers.

. Permeabilization and blocking steps can be combined into a

single step for larger samples/thicker sections.

It is always advisable to image immediately after the antibody
labeling procedure is complete. However, if necessary, the
samples can be stored at 4 °C after mounting with Vecta-
shield /Gold Antifade for up to 2 weeks.
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Rewiring Endogenous Bioelectric Circuits in the Xenopus
laevis Embryo Model

Vasilios Nanos and Michael Levin

Abstract

Embryogenesis, as well as regeneration, is increasingly recognized to be orchestrated by an interplay of
transcriptional and bioelectric networks. Spatiotemporal patterns of resting potentials direct the size, shape,
and locations of numerous organ primordia during patterning. These bioelectrical properties are estab-
lished by the function of ion channels and pumps that set voltage potentials of individual cells, and gap
junctions (electrical synapses) that enable physiological states to propagate across tissue networks. Func-
tional experiments to probe the roles of bioelectrical states can be carried out by targeting endogenous ion
channels during development. Here, we describe protocols, optimized for the highly tractable Xenopus
laevis embryo, for molecular genetic targeting of ion channels and connexins based on CRISPR, and
monitoring of resting potential states using voltage-sensing fluorescent dye. Similar strategies can be
adapted to other model species.

Key words Bioelectricity, Ion channel, CRISPR, Frog embryo

1 Introduction

In addition to biochemical and gene regulatory networks, ion
channel-mediated slow changes of resting membrane potentials
Vinem are pivotal for developmental processes such as cell differen-
tiation [ 1], proliferation [2], and migration [3]. Bioelectric signal-
ing has been shown to contribute essentially to the complex process
of morphogenesis, where tissues exploit endogenous physiological
signals passing between all cells (not only neurons) to coordinate
cell growth with large-scale patterning of the developing embryo
[4]. Through spatiotemporal gradients of resting membrane
potentials, bioelectric signals provide long-range instructive cues
to coordinate large-scale tissue patterning [5 ], growth control, and
regeneration [6, 7] by means of cell-to-cell communication imple-
mented by electrical synapses known as gap junctions [8].

Mo R. Ebrahimkhani and Joshua Hislop (eds.), Programmed Morphogenesis: Methods and Protocols, Methods in Molecular
Biology, vol. 2258, https://doi.org/10.1007/978-1-0716-1174-6_7,
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Endogenous bioelectric prepatterns are established by the
function of a range of ion channel and pump proteins [9]. Two
fundamental strategies are available to probe the functional role of
bioelectric properties [10]: (a) gain-of-function, in which exoge-
nous well-characterized channels are misexpressed in cells to depo-
larize or hyperpolarize them [11-14], and (b) loss-of-function, in
which native ion fluxes are inhibited or upregulated by pharmaco-
logical or genetic methods. These means of manipulating ion chan-
nel activity enable functionally interfering with bioelectrical
signaling pathways in order to probe their role in developmental
or regenerative morphogenesis.

An easy and broadly used method to alter ion channel activity
and to probe their effects on V., and developmental outcomes is
the application of chemical ion channel modulators—pharmaco-
logical blockers or activators [15, 16].

These ion channel modulators can target several types of ion
channels leading to de- or hyperpolarization of the resting mem-
brane potential. However, the use of these inhibitors/activators is
limited by several factors. First, for many ion channels there are no
specific blockers available at all. Second, for ion channels that are
broadly expressed in the whole body, it is very difficult to target
specific locations and make spatially specific changes to the bioelec-
tric prepattern. This can result in serious side effects such as long
QT-Syndrome in heart or brain seizures, confounding both clinical
application and phenotype analysis in basic studies in model sys-
tems. Finally, pharmacological experiments are best used as a
screen, leveraging the ability of drugs to target families and sub-
families of channels, to focus attention on specific targets for
subsequent genetic validation.

With the invent of CRISPR-Cas-based genome editing sys-
tems, it is now possible to create functional knockouts of specific
genes. This allows to circumvent many of the above discussed off
target effects induced by chemical ion channel modulators. These
techniques enable the creation of models for known channelopa-
thies [12, 17-25], as well the discovery of new roles for channel
genes.

CRISPR also enables for the targeting of specific tissues and cell
types (Fig. 1). This can be achieved by taking advantage of the fact
that many functional ion channels are built of several subunit com-
plexes, creating tissue-specific ion channel isoforms [26]. Moreover,
instead of simply generating knockouts, it is now possible to
interfere with the process of protein synthesis and the biophysical
properties of the ion channels at various levels, generating gain- or
loss-of-function mutations. For instance, the zebrafish another-
long-fin (alf'¥®®) mutant is a gain-of-function mutation of the
kenk5b potassium channel leading to increased K* conductance.
This results in the hyperpolarization of the membrane potential of
mesenchymal cells located at the distal tip of the fins, inducing
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Fig. 1 Targeting ion channel functionality at different levels using CRISPR

higher cell proliferation rates and allometrically overgrown fins and
barbels [27]. On the other hand, the short-of-fin missense mutant
(sof 7!} of the Cx43 gene has been shown to reduce gap junction
ionic conductance, resulting in disturbed cell-to-cell communica-
tion and shorter fins [28].

On the transcriptional level, gene expression can be manipu-
lated using a nuclease-deactivated Cas9 (dCas9) targeted to the
promotor sequence. dCas9 then functions as a transcriptional
repressor by sterically blocking RNA polymerase from binding the
promotor. Vice versa, it is also possible to convert dCas9 into a
transcription factor by fusing it to an effector, subsequently result-
ing in higher expression of the ion channel [29]. On the posttran-
scriptional level, protein folding and trafficking can be targeted,
affecting the final assembly of the protein. The biophysical proper-
ties of an ion channel can be altered by targeting several ion channel
structures such as the voltage sensor (in the case of voltage-gated
channels), the ion channel pore and gate, as well as the ion selectiv-
ity filter, resulting in aberrant ion channel conductance and altered
functional linkage between ion channels and other cell components
that regulate the channel function.
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To investigate the molecular mechanisms by which bioelectric
signaling regulates morphogenesis demands a model system that is
established for biophysical and state-of-the-art molecular genetic
techniques, in which outcomes from tissue structure, organ mor-
phology, and functional physiology can be readily characterized.
Xenopus laevis has been extensively used for studying cell and
developmental biology [30-34], offering the advantage of large
and easily accessible embryos throughout development, which
makes these embryos highly suitable for manipulations such as
microinjections and phenotypic screening of embryonic stages.

Here we describe how CRISPR-Cas9 can be used to study the
role of ion channel-mediated signaling pathways involved in mor-
phogenesis, using Xenopus as a model system. We show how to
assay changes in resting membrane potentials using the voltage
sensitive reporter dye DiBAC4(3) [35, 36], as well as changes in
growth dynamics by morphometric measurements.

2 Materials

2.1 Guide RNA
Design

2.2 CRISPR-Cas9
Microinjection

2.3 Frog Handling
and Obtaining
Fertilized Eggs

2.3.1 Inducing Ovulation

2.3.2 Manual Egg
Collection

Various online web tools are available for the design of gRNAs
(e.g., https: //chopchop.cbu.uib.no/).

Composition and amount of Cas9 and sgRNA injection mixture
depend on the Xenopus species being used and the actual cell stage.
For easier injection use dyes such as phenol red since Cas9 and
sgRNA solution is colorless.

It can be useful to label injected cells with mRNA expressing
fluorescent proteins (e.g., GEP), for tracing injected cells and vali-
dation of injection efficiency.

1. Human chorionic gonadotropin (hCG). 500-800 units,
depending on frog size.

2. Use a fine needle (26 gauge) attached to a 1-mL syringe for the
injection.

1. Petri dish 80 mm.
2. 0.1 M CaCl, (11.1 g/L)

3. 10x MBS salts;
880 mM NaCl.
10 mM KCI.
50 mM HEPES (pH 7.8).
25 mM NaHCO;.
Adjust solution to a final pH of 7.8 and autoclave.


https://chopchop.cbu.uib.no/

2.3.3 Isolating Testes

2.3.4  Preparing Embryos
for Microinjection

2.3.5 Dejellying Embryos

2.3.6 Microinjection and
Embryo Handling

2.3.7 Bioelectric
Measurements and
Reagents

4.
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High-salt MBS;

7 mL 0.1 M CaCl,.

100 mL 10x MBS salts.
4 mL 5 M NaCl.

888 mL water.

. 0.05% Benzocaine

Store testes in a solution of 80% calf serum, 20% 1 x high-salt
MBS (see Table 1) and antibiotic (0.05 mg/mL gentamycin).

Marc’s Modified Ringers (MMR);

0.1 M NaClL

2.0 mM KCL

1 mM MgSOy.

2 mM CaCl,.

5 mM HEPES (pH 7.8).

0.1 mM EDTA or adjust to pH 7.4.

1x MMR, or water, with 2% (w/v) cysteine adjusted to pH 8.0.

. Variable temperature incubators.
. Dissecting microscope with 50x magnification or higher.

. Fluorescence microscope (for voltage dye measurements) plus

filter.

4. Microinjector.

ul

NeREC RERN BN

. Micromanipulator (alternatively it is also possible to do free-

handed microinjections).

. Microscope micrometer calibration glass.

. Needle puller.

. Needle (1 mm x 10 cm microinjection capillaries).
. Microfilament pipette tips for loading the needle.
10.
. Ficoll 400 (2-5% in 1/3 MMR).
12.

Hair loop for moving embryos during microinjection.

4 L plastic containers (for the frogs).

. DiBAC4(3) (powder stored at 4 °C).
. Prepare a DiBAC4(3) stock solution of 1 mg,/mL (1.9 mM) in

DMSO. Store at room temperature for up to 3 months.

. Fluorescent microscope with FITC (GFP) cube.
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Table 1

Composition and amount of Cas9 and sgRNA injection mixture

For Xenopus tropicalis

For o 6-uL mix:

2 mg/mL Cas9 protein
600-1200 ng/pL sgRNA

Fill to 6 pL with RNAse-free water, dye, or fluorescent mRNA

For Xenopus laevis

For a 6-uL mix:

2 mg/mL Cas9 protein

Volume Final concentration For 4 nL

1.2 pL 0.4 ng/nL 1.6 ng

1 pL 100-200 pg/nL 400-800 pg
Injection volume at 1 cell stage 4 nL

Volume Final concentration for 10 nL

0.3 pL 0.1 ng/nL 1 ng

0.5 pL 50-67 pg/nL 500-670 pg

600-800 ng/pL sgRNA

Fill to 6 pL with RNAse-free water, dye, or fluorescent mRNA

Injection volume at 1 cell stage 10 nL

Different injection volumes and final concentrations of Cas9 and sgRNA are recommended for Xenopus laves and

Xenopus tropicalis

3 Methods

3.1 Isolating Testes
and Sperm

The choice of electrogenic target is made with respect to several
considerations. Ideally, a specific channel or pump is already impli-
cated by genetic studies, electrophysiology, or the outcome of a
tiered drug screen [15, 16]. In the latter case, it may be a family
whose members may need to be targeted individually and in com-
bination. Combination knockout may be essential due to the high
compensation and redundancy seen among channels within and
across families (e.g., [37]). The effects of the knockdown of a
specific type of conductance on Vi, is not always obvious, and it
is possible to use physiology simulators such as BETSE to model
the bioelectrical consequences of loss-of-function of specific chan-
nels, pumps, or connexins, at the single cell and tissue level

[38, 39].

1. Sacrifice a male frog by placing it into a plastic container filled
with water, containing 0.05% benzocaine for 30-60 min (see
Note 1).

2. Take out the frog and place it on a paper towel with the belly
upside. Then remove the skin at the region of the lower belly
using forceps and a scissor.

3. Cut on ecither side along the dorsal midline to expose the
viscera.
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4. Now it is possible to pull out the testes which are attached to
the fat body. Remove the testis from the surrounding tissue
with a scissor (see Note 2).

5. Removed testes can be stored for several days in 80% calf
serum, 20% 1x high-salt MBS with 0.05 mg/mL of gentamy-
cin at 4 °C (see Note 3).

3.2 Obtaining To induce ovulation, inject 500-800 units of human chorionic
Fertilized Eggs gonadotropin (hCQG) into the dorsal lymph sac of a female frog
(see Note 4).

3.2.1 Inducing Ovulation

3.2.2 Collecting the Eggs 1. Before egg collection females should be kept in water with
20 mM NaCl and 5 pg/mL gentamycin and a pH of 7.0.
This procedure minimizes the risk of diseases.

2. Egg laying can be induced by holding the frogs with two hands
and gently massaging the frog along the dorsal line. The frog
should be hold over a clean Petri dish filled with 1x high-salt
MBS. This process should not last longer than 3 min (see Note
5).

3. After egg laying, frogs should be kept in isolation for 12-24 h
in water with 20 mM NaCl and 5 pg/ml gentamycin as
previously described.

3.2.3 In Vitro Fertilization 1. Before fertilization, all buffer should be removed from the eggs
using a pipette.

2. It is sufficient to use just a small piece of the testes, to fertilize
thousands of eggs. Smash the piece of testes in high-salt MBS
in a ration of approximately 1,/20 and mix the sperm with the
eggs. The remaining testes can be kept stored at 4 °C and used
for later fertilizations.

3. Use a pair of forceps to separate eggs from each other and fill
the dish with 0.1 x MBS (see Note 6).

3.3 CRISPR 1. Replace the old buffer by 1x MMR (or water) with 2% (w/v)
Injections cysteine at pH 8.0. Keep the embryos for approximately 4 min

331 Deiellvi in the buffer and swirl regularly (see Note 7).
.3.1 Dejellyin
ening 2. Remove the cysteine containing buffer and rinse 10 times for

10 min in 0.1 x MBS (sec Note 8).

3. Place embryos in a clean dish with 0.1 x MBS. Remove dead
embryos (see Note 9).

3.3.2 Micro Injection 1. Transfer dejellied embryos into clean injection dish containing
a solution of Ficoll 2-5% in 1,/3 MMR.

2. Prepare Cas9 protein, sgRNA, and tracer (optional) mixture
dissolving in RNAse-free water as described (see Table 1).
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3.4 Measuring
Relative Resting
Membrane Potentials

. Fill injection needle with the injection mixture and calibrate

injection volume (se¢ Note 10).

. Embryos can be injected at a single or multicell stages (leads to

mosaics). Injection can be performed using a micromanipula-
tor or freechanded (with some practice this is easier and much
faster), use a hair loop to position and hold embryos during the
procedure. Embryos should be approached in an 45° angel
with the injection needle.

. Dilute stock solution 1:1000 in water (or the medium in which

the embryos are kept) (see Note 11).

. Fill the Petri dish containing the embryos with the diluted

DiBAC4(3) solution and incubate embryos for 20 min (see
Note 12).

. Take images of the embryos using a fluorescent microscope.

Embryos should stay in the DiBAC solution during imaging
(see Note 13).

4. Take a darkfield and a flatfield image (see Note 14).
. Analyze darkfield—flatfield corrected images by measuring fluo-

rescence intensities using image analysis software (e.g.,
Image]).

For more detailed experimental procedures, see [40, 41].

4 Notes

. There should be no detectable heartbeat anymore. The animal

should be decapitated using scissors to ensure death.

. The testes are fairly easy to recognize. The fat body has a yellow

color while the testes are white and covered with capillaries.

. Sperm quality decreases after 48 h.

. It is recommended to prime females which have never been

induced to ovulate before, or the last induction is more than
6 months ago, with 50 units of hCG. This should be done at
least 5 days before ovulation will be induced.

. Eggs can be collected every hour for the first 2-3 h and

thereafter with increasing time intervals. A maximum of six
collections is possible throughout the day.

. One can tell fertilized from unfertilized eggs by squeezing

them with a hair loop or forceps. Successtully fertilized eggs
are elastic and more resistant to pressure while unfertilized eggs
are soft.
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It is best not to start with dejellying during the first 30 min
postfertilization since the vitelline membrane thickens during
that time which is important for the protection of the sensitive
embryos.

. Embryos are sensitive to the cysteine treatment. It is important

to avoid too long exposure and to rinse the embryos thor-
oughly to remove cysteine completely.

Keep embryos at low density (maximum. 100 embryos per
80-mm Petri dish). Dead embryos should be removed as
carly as possible and the buffer should be changed several
times.

Calibration of injection volume: The first step in calibrating the
injection volume is to backfill the injection needle using a
pipette with a narrow tip. Mount the needle on the injector.
Next, the tip of the needle needs to be broken creating an
opening of approximately 10 pM, use forceps for breaking
the tip.

A microscope micrometer calibration glass mounted under
a microscope can be used to estimate the injection volume by
measuring the radius » of the droplet. Injection volume can be
calculated using the equation » = 4/3mr’. Volume can be
tfurther adjusted by manipulating injection pressure and injec-
tion time. Constant leaking or sucking in of liquid into the
needle can be fixed by adjusting the balance. Each needle needs
to be calibrated separately.

DiBAC4(3) is a negatively charged voltage-sensitive reporter
dye. The more positive (depolarized) the resting membrane
potential becomes the more DiBAC4(3) accumulates in the
cell, resulting in an increasing fluorescent signal.

Tadpoles can be used as well but need to be anaesthetized
before to avoid movements.

It is important to use the same exposure time for all images;
otherwise, it will be impossible to make a quantitative analysis.
It is also ideal to compare images from samples obtained on the
same day, from the same batch of dye.

A darkfield image is an image taken while the shutter is closed.
This is important to correct for the noise introduced by the
camera. Correct your actual fluorescent images of the embryos
by subtracting the darkfield image, as well as the Flatfield
image. Take a Flatfield image of the medium with the
DiBAC4(3). The picture should be out of focus as much as
possible. This is important to detect uneven illumination. Each
darkfield corrected image needs to be divided by the darkfield
corrected flatfield image.
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Engineering the Spatiotemporal Mosaic Self-Patterning
of Pluripotent Stem Cells

Ashley R. G. Libby, David A. Joy, and Todd C. McDevitt

Abstract

Pluripotent stem cells (PSCs) possess the ability to self-organize into complex tissue-like structures;
however, the genetic mechanisms and multicellular dynamics that direct such patterning are difficult to
control. Here, we pair live imaging with controlled induction of gene knockdown by CRISPR interference
(CRISPRI) to generate changes within subpopulations of human PSCs, allowing for control over organi-
zation and analysis of emergent behaviors. Specifically, we use forced aggregation of mixtures of cells with
and without an inducible CRISPRi system to knockdown molecular regulators of tissue symmetry. We then
track the resulting multicellular organization through fluorescence live imaging concurrent with the
induction of knockdown. Overall, this technique allows for controlled initiation of symmetry breaking by
CRISPRi to produce changes in cellular behavior that can be tracked over time within high-density
pluripotent stem cell colonies.

Key words CRISPR interference, Forced aggregation, Pluripotent stem cells, Cell tracking, Live
imaging, Morphogenesis

1 Introduction

The developing embryo undergoes a series of cellular rearrange-
ments coordinated with cell fate specification to produce the com-
plex tissues that comprise the body. In recent years, it has been
demonstrated that pluripotent stem cells (PSCs) mimic such pro-
cesses to create tissue-like structures outside the body [1-3], which
show great potential for disease modeling, drug discovery, and
eventually tissue replacement [4]. However, pluripotent differenti-
ation to multiple cell types that mimic tissue structure, commonly
referred to as “organoids,” are often limited by lack of control over
how multiple populations emerge over the course of the differenti-
ation, leading to problems with reproducibility between batches
and aggregates [4]. Here we demonstrate that a combination of
forced aggregation and replating to monolayer coculture [5, 6],

Mo R. Ebrahimkhani and Joshua Hislop (eds.), Programmed Morphogenesis: Methods and Protocols, Methods in Molecular
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and inducible CRISPR interference (CRISPRi) [7, 8] can be used
to program human induced PSC (hiPSC) morphogenesis in vitro,
such that the emergence of different cellular populations can be
modulated by varying cell mixing ratios and gene knockdown
efficiency. Furthermore, the emergence of populations can be
tracked over time using live imaging to quantitatively define
changes in population behaviors resulting from transcriptional
silencing.

Aggregation of PSCs into 3D spheroids has been traditionally
used to induce embryoid body formation [9] at multiple scales,
from culturing individual aggregates separately in small volumes
[10] to large-scale suspension in dishes and bioreactors [11]. We
demonstrated that forced aggregation [5, 6] can also be used to
promote the mixture of different cell populations followed by
replating in monolayer culture to produce “mosaic” 2D colonies
(Fig. 1). We demonstrate that adherent mosaic colonies can be
created at a range of sizes, from 25 to 500 cells, allowing for
interrogation of mixed population colony dynamics by live imaging
without relying on clonal expansion. This technique can be further
extended using an inducible CRISPRi system where different guide
RNAs establish distinct knockdown subpopulations within a single
PSC colony. The inducible system allows PSC lines to be aggre-
gated while still effectively homogeneous (i.e., prior to knock-
down). Upon induction of knockdown, heterogenous loss of
target gene expression, in this case the cell-cell adhesion molecule
CDH]1, robustly controls the emergence of two populations
wherein CDHI1(—) cells robustly segregate from CDHI1(+) cells
over the course of 5 days. Pairing the induction of knockdown with
a fluorescent reporter allows live cell tracking through the gene
knockdown time course to examine emergent behaviors as they
occur (Fig. 2). Overall, we have established a platform that allows
for robust induction of asymmetric population emergence and cell
tracking to enable programmed control and quantification of mul-
ticellular organization in 2D human PSC colonies.

2 Materials

2.1 Cell Culture

All solutions are stored at room temperature unless otherwise
specified.

. mTeSR™] (STEMCELL Technologies), store at 4 °C.
. Growth Factor Reduced Matrigel (Corning), store at —20 °C.
. Accutase (Sigma Aldrich), store at 4 °C.

N I S

. ROCK inhibitor stock solution (Selleckchem): reconstitute
ROCK inhibitor (Y-276932), in sterile water at 1000x
(10 mM).
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Fig. 1 Forced aggregation to create uniform size hiPSC colonies. (a) Schematic of the mixing populations,
forced aggregation, and induction of CRIPSRi-based knockdown triggered by doxycycline addition. (b) Cells
seeded into the microwells. (c) Cells after self-compaction into aggregates. (d) Aggregate after attachment
and spreading, where the aggregate has expanded to form a typical compact 2D colony

5. Tissue culture incubator kept at 37 °C and 5% CO,.
6. 96-Well optically clear flat-bottom plate, tissue culture-treated.

2.2 CRISPR 1. WTC hiPSC line, (Coriell Institute, #GM25256).

Interference gRNA 2. WTC CRISPRi GenlC hiPSC line (Gladstone Stem Cell Core)

Creation and Line (see Note 1).

Generation 3. pgRNA-CKB plasmid (Addgene), depositing lab Bruce
Conklin.

4. BsmBI, purchase from New England Biolabs.

5. T4 Polynucleotide Kinase, purchase from New England
Biolabs.
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t=5 mins t=15 mins =25 mins

1% mCherry 5% mCherry 10% mCherry

Fig. 2 Live image tracking of cells within mixed aggregates. (a) Every other sequential frame from a 25%
mCherry-labeled colony demonstrating stable tracking of cells over time, where cell outline color represents
the same cell over time. Arrows extend from the estimated cell center of mass in the instantaneous direction
of travel estimated by differences in center of cell mass between frames. (b) Tracking in colonies labeled with
different percentages of mCherry-positive cells. Colonies with fewer labeled cells are easier to stably track
over time, although even sparsely labeled colonies demonstrate clonal pockets of labeled cells

6. T4 DNA Ligase, purchase from New England Biolabs.

7. NEB Turbo competent E. coli, purchase from New England
Biolabs.

8. QIAGEN plasmid miniprep kit, purchase from QIAGEN.
9. Amaxa nucleofector 2b device (Lonza).

10. Human Stem Cell Nucleofector Kit 1 (Lonza), store as
instructed by manufacturer.

11. 10 mg/mL Blasticidin 1000x stock solution (Millipore), and
dissolve in sterile deionized water, store at 4 °C.

12. 2 mM Doxycycline 1000x stock solution (Sigma Aldrich),
reconstitute in sterile deionized water, store at 4 °C.

13. RNeasy Mini Kit (QIAGEN).

2.3 Forced 1. 400 pm diameter microwell plates, (STEMCELL Technolo-
Aggregation gies, AggreWell™400).

2. Swinging rotor centrifuge with 6-well plate adaptors.
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. Sterile Gibco™ Dulbecco’s phosphate buftered saline (DPBS)

without calcium chloride or magnesium chloride (Fisher
Scientific).

. Widebore 1000 pm pipette tips (Rainin).

. Zeiss Observer.Z1 with Incubator XL S1 system, 2 axis auto-

matic stage, and Definite Focus module.

. 20x LD Plan Achromat lens with NA correction collar.
. 96-Well plate carrier adapter with spring clip.

. Zen Blue v2.0.

. Python 3.7 4.

. Scikit-learn 0.20.2.

. Scikit-image 0.15.0.

3 Methods

3.1 Designing
and Testing Guide
RNAs for CRISPRi

1.

Carry out all procedures at room temperature in a tissue culture
hood unless otherwise specified. All PSCs are cultured in humidi-
fied incubators at 37 °C and fed daily with mTeSR™ according to
manufacturer’s instructions, passaging cells 1:10 every 3—4 days or
when 70% confluent.

Use Broad Institute gRNA designer website to generate guide
sequences ensuring that the CRISPRI tab is selected, and using
the SpyoCas9 (NGG) targeting the human genome
(GRCh38): https://portals.broadinstitute.org,/gpp,/public/
analysis-tools /sgrna-design-crispraizmechanism=CRISPRi

(see Note 2).

Clone guide sequences into pgRNA-CKB using BsmBI restric-
tion enzyme strategy described in [7] and described in

brief here.

Order single-strand DNA oligos of the forward and reverse

sequence of the guide where the sequence TTGG is added to

the 5’ end of the forward oligo and the sequence AAAC is

added to the 5’ end of the reverse compliment (this will allow

for insertion into plasmid via BsmBI).

(a) Phosphorylate and anneal each pair of TTGG(20 N) and
AAAC(20 N) guide oligos using T4 Polynucleotide
Kinase as per manufacturer’s instructions.

(b) Dilute annealed oligo 1:100 in dH,O.

(¢) Enzyme digest 1 pg of the pgRNA-CKB backbone plas-
mid using BsmBI for 1 h at 55 °C, run cut vector on an
electrophoresis gel and gel extract cut band using QIA-
quick Gel Extraction Kit, eluting in dH,O.


https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design-crisprai?mechanism=CRISPRi
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design-crisprai?mechanism=CRISPRi
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design-crisprai?mechanism=CRISPRi
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3.2 Creation of Mixed
Aggregates

—

(d) Ligate the 1:100 diluted oligo into the cut backbone
using T4 DNA Ligase as per manufacturer’s instructions.

(e) Transform 20 pL of bacteria (NEB Turbo competent
cells) with 5 pL of ligated product and plate on lysogeny
broth (LB) plates containing ampicillin for selection over-
night at 37 °C.

(f) After selection, pick colonies and grow in 5 mL of
LB + ampicillin overnight at 37 °C on a shaker.

(g) Isolate vector DNA using QIAGEN plasmid miniprep kit
and sequence plasmid for correct guide insertion.

. Following manufacturer instructions, nucleofect pgRNA-

CNKB into WTC CRISPRi GenlC hiPSC line using an
Amaxa Nucleofector 2b Device and Human Stem Cell Nucleo-
fector Kit 1 with the pulse code EN135.

. Prepare mTeSR with 10 pM ROCK inhibitor (add 1 pL ROCK

inhibitor 1000x stock for every 1 mL. mTeSR). Plate down
nucleofected cells in serial dilutions into a 6-well plate in
mTeSR & ROCK inhibitor. Allow to recover for 24 h.

. After 24 h recovery, use blasticidin for 6 days to select cells that

successfully took up the guide plasmid. Culture in mTeSR with
blasticidin at 10 pg/mL (add 1 pL blasticidin 1000x stock for
every 1 mL mTeSR) and ROCK inhibitor at 10 pM.

. Pick colonies after blasticidin selection and expand. Verify

knockdown by culturing in mTeSR with 2 pM doxycycline
(add 1 pL doxycycline 1000x stock for every 1 mL mTeSR)
for 4 days, then extract RNA using a Rneasy Mini kit and
interrogate expression of target gene by quantitative PCR as
described in [12].

. Repeat for every desired knockdown population so that multi-

ple types of knockdown can be combined in the next step to
create mixed populations.

. To create mixed aggregates (Fig. 1a), rinse desired knockdown

populations of hiPSCs with DPBS (half of feeding volume) and
then incubate at 37 °C in Accutase according to manufacturer
instructions.

. Once cells begin to detach from the plate, dilute Accutase with

an equal volume of DPBS and transfer to 15 mL conical tube,
pipetting vigorously at least five times to singularize cells.

. Centrifuge at 100 rcf for 3 min to pellet cells and subsequently

aspirate off diluted Accutase solution. Then resuspend single
cells in mTeSR with 10 pM ROCK inhibitor and count cells.

. Using PDMS microwell inserts [5] with 400 pm diameter

where there are 5000 microwells per well of a 6-well (see
Note 3), calculate total cell number needed to seed microwells



3.3 Plate down
of Aggregates
and Induction

of CRISPRi

3.4 Time Lapse
Microscopy
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at desired aggregate size and ratio of multiple cell lines (see
Note 4), add appropriate volume of cell suspension to mTeSR
with 10 pM ROCK inhibitor totaling 12 mL media. Dispense
2 mL per well of the 6-well plate with microwell inserts.

. Centrifuge cell suspension in 6-well plate with microwell

inserts at 200 rcf for 5 min (Fig. 1b).

. Place the 6-well plate with cells in tissue culture incubator and

allow the cells to aggregate overnight.

. After overnight recovery, each microwell should contain a

mixed population condensed aggregate (Fig. 1c¢).

. Coat a 96-well optically clear flat-bottom plate with Growth

Factor Reduced Matrigel at a final concentration of 80 pg/mL
and let adsorb at room temperature for 1 h.

. With a 1000-pL-wide bore pipette tip, gently pipette up and

down to remove aggregates from microwells and transfer to
15 mL conical tube. Repeat with 1 mL of DPBS to wash out
remaining aggregates from microwells. Repeat for each well of
the 6-well plate and put each in separate 15 mL conical tube
(see Note 5).

. Centrifuge aggregates in 15 mL conical tubes at 100 rcf for

3 min, aspirate spent media, and resuspend cell pellet in 5 mL
mTeSR to a concentration of 1000 aggregates/mL. Discard
4 mL and dilute the remaining suspension to 50 aggregates/
mL in mTeSR (20 mL total).

. Aspirate off Matrigel from 96-well plate and add 200 pL of

aggregate suspension per well, making sure to mix aggregate
suspension thoroughly before dispensing to ensure aggregates
remain in suspension.

. Allow plated aggregates to attach and spread overnight in

incubator.

. CRISPRI is induced by addition of doxycycline to culture

media at a concentration of 2 puM. This can be done before or
after co-aggregating different cell lines (sec Note 6).

. 24 h after plating, the aggregates should have adhered and

spread on the plate, forming round colonies at desired cell
line ratios depending on steps taken during creation of mixed
aggregates (see Note 4) (Fig. 1d).

. 30 min before imaging, turn on CO, and heating for the

incubated stage. The incubator should be set to 5% CO, and
37 °C. Confirm the incubator has reached temperature and
correct CO, concentration before transferring the sample.

. Calibrate the two-axis automated stage in Zen before transfer-

ring the plate.



112 Ashley R. G. Libby et al.

3.5 Image Analysis

4.

10.

11.

12.

Immediately before transferring, feed the 96-well plate with
200 pL per well (a total of 19.2 mL) fresh mTeSR warmed to
37 °C. Add 100 pL per channel PBS to the space between wells
(total of 9.6 mL) of the 96-well to prevent evaporation.

. Transfer the 96-well to the incubated stage with the Al well in

the top left corner of the 96-well plate carrier. Ensure that the
plate is situated flat and level in the plate carrier.

Select the 96-well plate layout in Zen. Using the 3-point
method in Zen, calibrate the focal plane of the stage to the
top left, top right, and bottom right corners of the 96-well
plate by focusing manually in brightfield at 20x on the basal
surface.

Set the Brightfield exposure time to 50 ms at 4 V power. To
capture fluorescence from the doxycycline-induced mCherry
reporter, set the 555 nm exposure time to 200 ms at 25% laser
power (see Note 7). Disable all other light sources.

. To minimize artifacts due to uneven illumination and evapora-

tion, begin colony selection from row 2 and column B and do
not image the outer wells (see Note 8). Beginning in the B2
well, continuing down to the G2 well, then right to the G3 well
and back up to the B3 well, and so on, select individual colonies
for longitudinal imaging. Accept only colonies that fill between
one quarter to one half of the field of view at 20x
(~110-225 pm in diameter), where no other colony is within
one field of view (minimum of ~450 pm away on any side).
Confirm by imaging at 555 nm that the colony contains the
expected percentage of labeled cells. Center the colony in the
field of view, focus the image in 555 nm, then add the colony to
the tile positions window in Zen.

Repeat until between 30 and 40 total colonies have been added
to the tile position window. If the above scanning pattern
reaches the outer row 12, all acceptable colonies on a single
plate have been exhausted.

Set the time course to acquire a single field of view for each
colony every 5 min for 6 h (se¢ Note 9).

Set the focus strategy to use Definite Focus for each tile for
each time point.

After ensuring one last time that the incubation parameters are
stable at 37 °C and 5% CO,, start the experiment. Ensure that
all selected tiles can be acquired in the 5-min period.

All code for this section can be found at the following GitHub
repository: https: //github.com /david-a-joy/Pro
grammedMorpho2019-QuantifyingPatterning


https://github.com/david-a-joy/ProgrammedMorpho2019-QuantifyingPatterning
https://github.com/david-a-joy/ProgrammedMorpho2019-QuantifyingPatterning
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. To analyze the data, first export the mCherry (555 nm) channel
to individual frames for each tile in the Tagged Image File
Format (TIFF) format. A colony imaged every 5 min for 6 h
will result in 72 timepoint images per tile.

. Load each image and convert to grayscale where white pixels
have a value of 1.0 and black pixels have a value of 0.0. All out-
of-range pixels should be clamped from 0 to 1 (i.e., pixel values
lower than 0 or greater than 1 should be replaced with 0 and
1, respectively).

. To remove background inhomogeneity using a difference of
Gaussians, create a foreground and a background image from
the clamped image. The foreground image should be
smoothed with a 2D Gaussian filter with a standard deviation
of three pixels. The background image should be smoothed
with a 2D Gaussian filter with a standard deviation of 30 pixels.
Subtract the background image from the foreground image,
then clamp the resulting image to the range of 0.0-1.0. In this
background corrected image, most of the frame should be
black (near 0.0) with only mCherry-positive cell areas having
nonzero values.

. To estimate the threshold needed to segment the individual
cells, fit a two-term mixture of Gaussians model to the back-
ground corrected image [13]. Use the mean of the higher of
the two Gaussians to define the threshold to separate fluores-
cent cells from background, where positive pixels are any pixels
above the threshold (se¢ Note 10).

. To extract cell areas, threshold the background corrected
image using the threshold calculated above. Remove any posi-
tive detections less than 500 square pixels and any positive
detections within 20 pixels of the border, then calculate a
distance transform to the edge on the remaining masks
[14]. Separate touching masks into raw segmentations using
the watershed transform [15].

. Discard any masks that are individually smaller than 500 pixels
in area. The remaining masks are the detected cells (Fig. 2a).

. To extract cell contours, for each individual cell mask, calculate
a contour around the border of the mask using the marching
squares algorithm [14].

. Repeat this extraction process in steps 5-7 for all images in the
dataset.

. To link cells into cell tracks, calculate the Boolean intersection
for each individual cell mask between sequential frames within
the dataset. Sort cell masks by pixel size in the current frame,
then process each mask through steps 10-13 from largest to
smallest.
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10.

11.

12.

13.

14.

15.

A cell mask that has no intersection in a prior frame is a new
detection. Start a new track fragment for this cell, recording
the mask, center of mass, and perimeter for this cell at this
frame. All cells in the first frame of the time series should be
processed this way.

A cell mask that has no intersection in a subsequent frame has
failed to track to the next frame. Save the current track frag-
ment for this cell, then assume any new cells that appear in this
position are a new cell track fragment. All cells in the last frame
of the time series should be processed this way.

A cell mask in a prior frame that has an intersection of at least
10 pixels with exactly one mask in the next frame should be
linked. Record the new mask, center of mass, and perimeter
using the same track index as the previous frame.

A cell mask in a prior frame that intersects at least 10 pixels each
with two or more masks should be linked to the mask with the
most overlap.

Once all frames have been tracked, secondary metrics such as
velocity and track length can be calculated using the centers of
mass for each track over time.

This algorithm is implemented for a directory containing
sequential frames of one study using python 3 and the scikit-
image [15] library.

4 Notes

. The plasmid used to create the WT'C CRISPRi GenlC hiPSC

cell line is deposited on Addgene by Bruce Conklin named
PAAVS1-Ndi-CRISPRi (Genl). In this case, refer to reference
[7] for instructions on cell line creation.

. The Broad website allows for design of multiple types of

CRIPSR guides targeting any gene. The targeted gene in our
example is CDH1; however, the technique can be extended to
any gene of choice to observe how loss of gene expression
affects colony organization. Additionally, the aforementioned
Broad Institute website offers guide design for CRISPR, CRIS-
PRi, and CRISPRa. To ensure proper guide design, make sure
that CRISPRI is selected in the top tab.

. Comparable AggreWell™400 plates may be purchased from

StemCell Technologies.

. In order to obtain different ratios of mixing, mix singularized

cells from two different lines at the appropriate concentration
to obtain the final desired size for the aggregate. For example,
if creating a 100-cell aggregate wherein 25% of the aggregate is



Engineering Mosaic Self-Patterning of Pluripotent Stem Cells 115

CRISPRI Cell line 1 and 75% is the wild-type cell line, then for
1 well of the 6-well plate with microwell insert, a total of
125,000 CRISPRi cells are required (5000 microwells/
well x 100 cells/microwell x 0.25) and 375,000 wild-type
cells are required. The cells are mixed and diluted in mTeSR to
a total of 2 mL and then added to one well of the 6-well plate
with PDMS microwell insert plate. This will generate 5000
100-cell aggregates with 25% of each aggregate containing
the CRISPRI cell line. These calculations can be done for a
range of mixtures to titer the knockdown population within
the adherent mosaic colonies (Fig. 2b).

. When washing the aggregates out from the microwells, make
sure to thoroughly wash the entire surface of the well to ensure
all aggregates are physically removed from the microwells, but
pipette gently in order to prevent shearing of the aggregates. It
is helpful to ensure that aggregates have been washed out of the
microwells by visually inspecting with a microscope after the
second wash.

. CRISPRi knockdown can be started before or after mixing
populations based on when doxycycline is added to the tissue
culture medium. The CRISPRI system contains an mCherry
fluorescence cassette that labels manipulated cells and allows
for cell tracking. A minimum of 3 h of doxycycline treatment is
necessary before detection of mCherry fluorescence is possible.

. The described exposure time, laser power, and emission wave-
length produce sufficiently high signal to noise to segment the
cytoplasmic mCherry signal from the WI'C CRISPRi GenlC
hiPSC cell line while limiting cell death due to phototoxicity.
Other fluorophores can also be used for segmentation, but the
imaging settings will require adjustment. If image contrast is
too low, increase the exposure time or laser power. If visible cell
death occurs over the imaging period, reduce laser power or
use a longer wavelength fluorophore to reduce cell damage and
production of reactive species.

. Colonies in the border wells (rows 1 and 8, and columns A and
H) can be imaged; however, they are more susceptible to
behavioral and imaging artifacts. Even over short imaging per-
iods, wells along the edge experience more evaporation, lead-
ing to changes in cell behavior and increases in cell death.
Furthermore, illumination in edge wells is less homogeneous
than in center wells, making cells in these wells much harder to
segment. To avoid plating aggregates in the border wells, in
Subheading 3.3, step 5 add 200 pL aggregate suspension only
to the center 60 wells (rows 2 through 7 and columns B
through G) of the 96-well plate and add 200 pL PBS instead
to the border wells.



9. Image acquisition can be run for longer periods of time if
needed; however, the longer an experiment is run, the more
evaporation is a concern. To prevent this, place a dish of sterile
water in the incubated chamber to help prevent evaporation of

Automated threshold detection is often difficult, especially for

images with very sparsely labeled cells (1% labeling for
instance), or images with very strong background signal.
Instead of attempting to calculate a threshold from the data,
a user may supply a threshold. Values that work well to segment
colonies of this type are typically in the range of 0.05-0.1.
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media off of the 96-well.
10.
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Fate-Patterning of 2D Gastruloids and Ectodermal Colonies
Using Micropatterned Human Pluripotent Stem Cells

George Britton, Sapna Chhabra, Joseph Massey, and Aryeh Warmflash

Abstract

In the developing mammalian embryo, intercellular signaling allows cells to self-organize to create spatial
patterns of different cell fates. This process is challenging to study because of the difficulty of observing or
manipulating embryos on the spatial and temporal scales required. In vitro models can provide a comple-
ment to in vivo systems for addressing these issues. These models are also the only windows we have into
early human development. Here we provide protocols for two systems based on differentiating human
pluripotent stem cells in micropatterned colonies on defined size and shape. The first model replicates the
patterning of the germ layers at gastrulation, while the second replicates the medial-lateral patterning of the
ectoderm. These systems allow study of how signaling underlies self-organized patterning at stages of
development which are otherwise inaccessible.

Key words Self-organization, Signaling, Human embryonic stem cells (hESCs), Micropatterns,
Gastruloids, Ectoderm, Cellular communication, Tissue patterning

1 Introduction

Cell-to-cell communication via chemical and mechanical signals is
integral to the formation of a spatially patterned organism. The
interplay between signaling and tissue patterning is technically very
challenging to study in a developing mammalian embryo. Micro-
patterning technology provides a platform to develop simplified,
in vitro models of embryonic development that recapitulate tissue
patterning. In these models, cells’ attachment is restricted to
regions of defined shapes and sizes [1]. Although submicron reso-
lution can be achieved with micropatterning techniques, for tissue-
patterning experiments, cells are typically confined to colonies in
the range of 0.1-1 mm, the approximate size of a mammalian
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embryo at gastrulation stage, or of an organ during its initial
patterning. Spatial confinement has two advantages: First,
controlling colony size removes variability from outcomes so that
consistent patterns of signaling and cell fate are formed. Second,
confinement leads to increased cell density, so that in micropat-
terns, but not in similarly sized colonies in standard culture, the
density can be made to mimic that of the embryo. This in turn
allows cell communication and self-organization similar to that
which occurs in vivo. For instance, micropatterned 2D stem cell
colonies, stimulated with appropriate growth factors or inhibitors,
recapitulate gastrulation and ectodermal patterning in vitro
[2, 3]. These simplified models provide a controlled, high-through-
put and highly reproducible platform to quantitatively examine the
role of signaling in patterning.

Previously, we have shown that micropatterned human embry-
onic stem cell (hESC) colonies, stimulated with BMP4 ligand, self-
organize to form radial patterns of the three germ layers, thus
recapitulating gastrulation in vitro (2D gastruloids) [2]. Starting
from colony edge, the patterns comprise rings of trophectoderm,
endoderm, and mesoderm with either ectoderm [2] or pluripotent
cell-fates [4] at the colony center. This gastrulation protocol has
been reproduced in other labs [5, 6], and a comparable system for
mouse gastrulation has been developed [7]. The relative position of
germ layers and the chemical signaling cascade underlying pattern-
ing are the same in micropattern gastrulation assays and the gas-
trulating mouse embryo [4, 8, 9]. Thus, these micropatterned
systems provide a good platform to dissect the relationship between
signaling and patterning, and can be utilized to uncover common
and species-specific mechanisms underlying germ-layer patterning.
In recent studies, we used the human gastrulation assay to show
that dynamic waves of WNT and NODAL signaling, in the absence
of an underlying spatial signaling gradient, control germ layer
patterning [4, 10]. This suggests that the combinatorial dynamics
of multiple signaling pathways, and not a concentration threshold
in signaling, governs patterning during gastrulation.

Recently, we adopted micropatterning technology to create a
system that recapitulates the medial-lateral (ML) patterning of the
ectodermal germ layer [3]. This system provides an opportunity to
understand how this layer is patterned into functionally distinct cell
types, a topic of both fundamental interest and medical relevance as
several of these fates are the subject of intense studies for regenera-
tive therapies. Micropatterned hESCs are differentiated toward the
ectodermal lineages, and patterning is then induced with BMP4. In
response, the cells self-organize to form radial patterns containing
the same cell fates in the same organization as found along the ML
axis of mammalian embryos. Starting from colony edge, the pat-
terns comprise surface ectoderm, placode, neural crest, and neural
cell fates. This patterning is controlled by relative levels of BMP and
WNT signaling. We used the information gained from the
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micropatterned platform to improve differentiation protocols for
the placodal cell fate. Thus, micropatterned assays can provide
mechanistic insights into the signaling dynamics underlying pat-
terning, with direct implications for improving differentiation pro-
tocols for regenerative medicine.

We have previously published a protocol for micropatterned

2D gastruloids in defined media [11]. Here, we modify that proto-
col for a 96-well format, include improvements for long-term
storage of laminin-coated micropatterned surfaces, and introduce
the protocol for ectoderm patterning.

2 Materials

2.1 Cell Culture

2.1.1 2D Gastruloid and
Ectoderm Patterns

NeREC BN BON

12.

13.
14.
15.
16.

17.
18.
19.
20.

. Human pluripotent stem cells. We routinely use ESI017 (ESI-

BIO) and RUES2 (Ali Brivanlou, Rockefeller University) as
well as induced pluripotent cells from the Coriell collection.

. mTeSR1 culture media kit (basal media and 5x supplement)

(STEMCELL Technologies; 85870).

. Accutase (Fisher Scientific; NC9839010) for single-cell

suspensions.

. ROCK Inhibitor (RI) Y-27632 (Fisher Scientific;

50-175-998).

. 35 mm Nunc Cell Culture/Petri Dish (Fisher Scientific;

1256591) for routine culture.

. Cell culture incubator with controlled humidity and 5% COs.
. Biological safety cabinet (Laminar Flow Hood).

. 70% Ethanol for sterilizing work surfaces and tools.

. 1,5, 10, and 25 mL sterile serological pipettes and pipettor.
10.
. PBS without calcium and magnesium (Caisson Labs; PBLO1-

Micropipette tips with barrier and micropipettor.

6X500ML).

Dulbecco’s Phosphate-Buftfered Saline (DPBS), 1x with cal-
cium and magnesium (VWR; 45000-430).

Inverted tissue culture microscope with phase contrast.
Hemocytometer.
Cell culture centrifuge.

Nalgene Rapid-Flow sterile disposable filter units with PES
membrane (ThermoFisher; 569-0020).

Penicillin-streptomycin (Life Technologies; 15140-148).
Recombinant human BMP-4 (Fisher Scientific; 314BP050).
Fluoromount-G (Southern Biotech; 0100-01).

Microslides (VWR; 16004-382).
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2.1.2  Additional
Reagents Required for
Ectoderm Pattern

2.2 Micropatterning

2.3 Immuno-
fluorescence and
Imaging

1.

[S20NN NG I S )

o))

Selective inhibitor of ALK4, Alk5, and ALK7. SB431542
(Stemgent; 04-0010-05).

. DMEM-F12 (VWR; 45000-344).

. Neurobasal media (Life Technologies; 21103-049).

. N2 supplement 100x (Life Tehnologies; 17502048).

. B27 supplement without vitamin A 50x (Life Technologies;

12587010).

. Glutamax 100x (Life Technologies; 35050061).
. 8-Mercaptoethanol (Fisher Scientific; 21985023).
. WNT secretion inhibitor IWP2 (Stemcell Technologies;

72124).

. 96-Well micropatterned plate (CYTOO; 20-950-00) or chip

(CYTOO; 10-021-00-18)

2. PBS with calcium and magnesium (VWR; 45000430).

10.

. Recombinant human laminin 521 (Biolamina, R021599/

X0086842).

. A multichannel micropipettor for  high-throughput

experiments.

. 4% Paraformaldehyde (wt/vol). Prepared from 16% stock

(EM Sciences; 15710) diluted in PBS.

. Blocking solution: 3% normal donkey serum (EMD Millipore;

$30-100ML) with 0.1% Triton X-100 (Sigma; 1001843780)
in PBS. Stores for 1 week at 4 °C.

. PBST washing solution: 0.1% Tween-20 (Sigma; P1379)

in PBS.

. Human Brachyury antibody, goat-derived (R&D Systems;

AF2085), 1:300 dilution.

. Human Sox2 antibody, rabbit-derived (Fisher Scientific;

50248S), 1:200 dilution.

. Human CDX2 antibody, mouse-derived (Abcam; AB15258),

1:50 dilution.

. Human N-CAD antibody, mouse-derived (Sigma; C2542),

1:100 dilution.

. Human E-CAD antibody, rabbit-derived (Fisher Scientific;

31955), 1:200 dilution.

. Human SOX9 antibody, goat-derived (R&D Systems;

AF3075), 1:200 dilution.

4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI) (Life
Technologies; D1306).
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11. Secondary antibodies: Donkey anti-Mouse Alexa Fluor
488, anti-Goat Alexa Fluor 555, and anti-Rabbit Alexa Fluor
647 (Thermo Fisher; A-21202, A-21432, and A-31573), dilu-
tion 1:500.

12. Inverted fluorescence microscope for imaging (e.g., Olympus
FV1200).

3 Methods

Embryonic gene expression patterns for both gastruloids and ecto-
derm have successfully been generated on CYTOO micropatterned
coverslips and 96-well plates. There are advantages and disadvan-
tages to each micropattern format, and we suggest potential users
to select the one that best suits their research question. For exam-
ple, the 96-well plate is easily amendable to live-cell imaging, and
well suited for multiplexing experimental conditions, technical
repeats, and primary antibody cocktail combinations. Additionally,
the benefit of lower media volumes to conduct a single experiment
translates to using fewer resources such as recombinant laminin for
coating, antibodies for immunohistochemistry and small molecules
and ligands for differentiation protocols. One potential drawback
to the 96-well plate is the limited number of shapes, sizes, and
replicate number of micropatterned surfaces in each well. On the
other hand, the larger culture surface on CYTOO chips allows one
to study, in a single experiment, the role of size and shape during
embryonic patterning events. However, the large media volume
needed to conduct a single experiment on CYTOO chips means it
is far less economical and difficult to scale for experiments that
require multiple experimental conditions and controls. In the
method that follows below, we provide detailed procedures to
coat, wash, and seed hESCs to each micropattern format. We
then provided the necessary signaling conditions and media
volumes to generate either gastruloid or ectodermal gene expres-
sion patterns on CYTOO chips and 96-well plates.

An important consideration for any experiment conducted on
micropatterned surfaces (CYTOO chip or 96-well plate) is that the
position and intensity of cell fate markers in resulting patterns is
sensitive to experimental variation. These include minor variations
in initial seeding density, the duration of differentiation, and the
duration of each step of immunofluorescence staining. For these
reasons, we recommend always making comparisons against con-
trols that are done alongside each experimental condition, and not
at separate times.
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3.1 Base Media
Preparation

3.2 Coat
Micropatterned
Surface with Laminin
and Seed Cells

3.2.1 Prepare Laminin
Coated Micropattern
Surface

96-Well CYTOO
Micropattern Plate

1. mTeSR

(a) Thaw mTeSR 5x supplement overnight at 2-8 °C. Mix
thoroughly once completely thawed.

(b) Working in a sterile culture hood, add 400 mL of mTeSR
basal medium and 100 mL of mTeSR 5x supplement to
500 mL Nalgene Rapid-Flow sterile filter unit.

(c) Connect and apply vacuum to Rapid-Flow unit for sterile
filtration of mTeSR.

(d) Store filtered mTeSR at 4 °C for up to 2 weeks or at
—20 °C for up to 6 months.

2. N2B27
(a) Thaw N2 and B27 supplements at room temperature.

(b) Working in a sterile culture hood add 250 mL. of DMEM /
F12,250 mL of neurobasal media, 5 mL glutamax 100x,
5 mL B27 50x supplement, 2.5 mL N2 100x supple-
ment, and 0.5 mL 8-mercaptoethanol to 500 mL Nalgene
Rapid-Flow Sterile filter unit.

(¢c) Connect and apply vacuum to Rapid-Flow unit for sterile
filtration of N2B27 media.

(d) Store-filtered N2B27 media at 4 °C for up to 4 weeks or at
—20 °C for up to 6 months.

All of these procedures should be done inside the tissue culture
hood while observing proper aseptic technique unless otherwise
noted. Media and PBS++ should be at room temperature or
pre-warmed to 37 °C.

For experiments conducted in a 96-well plate, it is important to
consider that unused wells can be used in subsequent experiments.
We have found hESC attachment and their potential to form gene
expression patterns on previously unused micropatterned surfaces
remain unaffected. To increase the lifespan of the 96-well plate, we
store plates at 4 °C between experiments and only prepare wells for
seeding as needed. A few of our plates have gone through upwards
of five cycles of experiments spread over more than 6 months. To be
clear, we never reuse the same wells. It is the previously unused
wells which remain available for subsequent experiments.

1. Add 5 pg/mL laminin 521 (diluted in PBS with Calcium and
Magnesium, hereafter PBS++) to each well. For a 96-well plate,
we typically use 100 pL per well (se¢e Note 1).

2. Incubate plate at 37 °C for 2.5 h.

3. Gently wash each well with PBS++ with the pipette tip placed
against the edge of the well. A multichannel pipettor can be
used for multiple wells.



CYTOO Micropattern Chip

3.2.2 Seed Cells
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(a) Begin with four partial washes by adding and removing
250 pL. PBS++. A remaining 100 pL. PBS++ should be
present between washes.

(b) Remove the remaining 100 pL PBS++ and perform one
complete wash by adding and withdrawing 250 pLL PBS+
+. Perform this step quickly to be sure micropattern sur-
faces do not dry between washes.

(c) Add 100 pL PBS++ to each coated and washed microwell.
Micropatterns are available to use immediately or can be
stored in PBS++ at 4 °C for up to 2 weeks.

. Place each CYTOO micropattern chip face up in one 35 mm

plate.

. Add 5 pg/mL laminin 521 diluted in PBS++ to each 35 mm

plate. Each chip will require 2 mL of diluted laminin solution.

. Incubate the chip at 37 °C for 2.5 h.

(a) Press the corners of the chip to the surface of the 35 mm
plate with a 1-mL pipette tip in case the micropattern chip
begins to float upon addition of laminin-PBS++ solution.

. Gently wash each chip with PBS++.

(a) Begin with five partial washes by adding and removing
6 mL of PBS++ using a 10-mL serological pipette. A
remaining 2 mL PBS++ should be present between
washes.

(b) Remove the remaining 2 mL PBS++ and perform one
complete wash by adding and withdrawing 8 mL of PBS
++. Perform this step quickly to be sure micropattern
surfaces do not dry between washes.

(¢) Add 2 mL PBS++ to each coated and washed micropat-
terned chip. The chip is available to use immediately or
can be stored in PBS++ at 4 °C for up to 2 weeks.

. Prepare single cell suspension of hESCs for seeding.

(a) Calculate the total volume of mTeSR media with 10 pM
ROCK inhibitor Y-27632 (RI) needed to harvest, count,
and seed cells to micropattern surfaces. Volume of media
required for each step: Hawvesting cells: Each plate will
require 1 mL of mTeSR with RI to harvest cells following
accutase treatment (e.g., need 2 mL of mTeSR with RI to
harvest cells from 2.35 mm plates). Counting cells: To
resuspend cells following centrifugation, one can expect
to use 0.5-1 mL of mTeSR with RI for every ~1 x 10°
cells. Seeding cells: The media volume will scale with the
number of wells coated in a 96-well plate (100 pL mTeSR
+RI/well) and/or the number of coated chips (2 mL
mTeSR+RI/chip).
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3.3 Wash 1.

Nonspecifically
Bound Cells

(b) To harvest cells, aspirate media from plate with adherent
hESCs and wash with PBS without calcium and magne-
sium twice.

(c) Add 500 mL of accutase to each 35 mm plate and incu-
bate at 37 °C for 5 min or until cells have detached.

(d) Add 1 mL of mTeSR with RI to each 35 mm plate to
dilute accutase. Use pipette to break hESC colonies into a
single cell suspension.

(e) Transfer cell suspension to 15 mL tube and pellet cells in
centrifuge at 180 RCF for 4 min.

(f) Aspirate media and resuspend cells in 0.5-1 mL mTeSR
with RI (10 pM) for every ~1 x 10° cells collected (Esti-
mated. For reference, a nearly confluent 35 mm dish
typically contains about 3 x 10 hESCs.)

(g) Count the number of cells/mL using a hemocytometer.

. Aspirate /remove PBS++ from wells in CYTOO plate /chips.

. Seed cells to micropatterned surfaces. The number of cells will

depend on the micropatterned format (96-well plate vs. chip)
and pattern model (gastruloid vs. ectoderm). For 96-well plate,
seed 180,000 cells/well for gastruloid patterns or
120,000 cells/well for ectodermal patterns. For both models,
cells are seeded to wells using 100 pL of mTeSR plus RI. For
chips: seed 1.8 x 10° cells/chip for gastruloid patterns or
1.2 x 10 cells/chips for ectodermal patterns. For both mod-
els, cells are seeded to chips in 35 mm plates using 2 mL of
mTeSR plus RI.

. Place chips or 96-well plates in the incubator for 45 min at

37 °C. Note: incubation time can go up to 1.5 h if needed (see
Note 2).

. Prepare differentiation media prior to washing cells.

Completely wash cells with PBS (250 pL/well of a 96-well
plate and 1 mL/chip in 35 mm dish) without calcium and
magnesium (PBS- —) 1-6 times until the majority of cells
outside of the pattern have been removed. First washes should
be gentler and against the side of the well of'a 96-well plate or
35 mm dish. It is best practice to continually check progress on
phase contrast microscope and gradually pipette more aggres-
sively as needed. It is not necessary to remove all of the
non-patterned cells at this point; many will die and detach
once Rl is removed at a later step (Fig. 1).
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B)
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Fig. 1 Images of hESCs on micropatterns at the time of seeding. (a, b) Representative phase contrast images
of hESCs seeded to a micropattern surface before (a) and after (b) washing. Colony diameter: 700 pm. Scale

bar: 100 pm

3.4 Differentiate

3.4.1 Gastruloid
Differentiation

3.4.2 Patterned
Ectoderm Differentiation

Proceed to either gastruloid differentiation or ectodermal
differentiation

The induction media is introduced only at the beginning and uses a
volume of 200 pL for 96-well plates and 2 mL for chips.

1. After washing micropatterned cell colonies, replace PBS with
mTeSR containing 50 ng/mL BMP4 and Pen/Strep (1%).
Note that this media no longer contains RI. For 96-well plates,
use 200 pL media. For chips use 2 mL. media.

2. Incubate at 37 °C for 4248 h.

There are several treatment protocols that provide different ecto-
derm patterns described in our initial report [3]. Here we describe
one of the protocols that results in patterns consisting of placodes,
neural crest, and neural cell fates.

Media is changed daily with the media used on each day
described below. Use 100 pL/well of a 96-well plate and 2 mL/
chip in a 35 mm plate. Note Rl is absent throughout the induction
protocol.

1. After washing micropatterned cell colonies, replace PBS with
mTeSR  supplemented with SB431542 (10 pM) and
pen/strep (1%).

2. After 24 h, exchange the media for N2B27 supplemented with
SB431542 (10 pM) and pen/strep (1%) for the following two
nights.

3. After three nights of induction with SB431542, introduce

1-3 ng/ml of BMP4 to N2B27 media with 10 pM
SB431542 and pen/strep (1%).
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3.5 Fix Cells, Stain
for Immuno-
fluorescence,

and Image

3.5.1  Common to CYTO0
96-Well Plates and Chips

4.

5.

On the following day, BMP4 signaling is maintained while
WNT secretion is inhibited with N2B27 media containing
1-3 ng/mL BMP4, 10 pM SB431542, 3 pM IWP2, and
pen/strep (1%).

(a) Use the same concentration of BMP4 as the prior day.
Cells are fixed on the sixth day.

PFA should only be used in a chemical safety hood. PFA fixation
and immunofluorescence staining can be performed using standard
techniques for cell culture while being especially careful while
pipetting not to disturb patterned cells.

1.

10.

11.

Fix cells by replacing media with 4% Paraformaldehyde
(Wt/Vol; 100 pL/well of 96-well plate or 1 mL/chip in
35 mm dish) in PBS and incubating at room temperature for
20 min.

. Aspirate PFA and wash cells with PBS twice (300 pL/well of

96-well plate and 2 mL/chip in 35 mm dish).

. Add blocking solution (100 pL/well of 96-well plate and

1 mL/chip in 35 mm plate) to cells and incubate at room
temperature for 1 h.

. Replace blocking solution with primary antibodies diluted in

blocking solution (50 pL/well of 96-well plate and 1 mL /chip
in 35 mm dish) and incubate at room temperature for 1 h or
overnight at 4 °C.

. Perform three 20-min washes at room temperature with PBST

(300 pL/well of 96-well plate and 2 mL /chip in 35 mm dish).

. Replace final PBST wash with secondary antibody solution

diluted in blocking solution (50 pL/well of 96-well plate and
1 mL/chip in 35 mm dish) and incubate at room temperature
for 30 min.

. Wash three more times with PBST (same volume as step 5) for

20 min each at room temperature.

. Replace PBST wash with DAPI diluted in PBS to a final con-

centration of 300 nM (50 pL /well of 96-well plate and 1 mL/
chip in 35 mm dish) and incubate at room temperature for
30 min.

. Perform two 5-min washes with PBS (300 pL/well of 96-well

plate and 2 mL/chip in 35 mm dish).

Replace final PBS wash with PBS (200 pL/well of 96-well plate
and 2 mL/chip in 35 mm dish).

Mount CYTOO chips on a slide.
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(a) Add 30 pL of fluoromount to a clean microslide and
carefully transfer the CYTOO chip to the slide with its
face oriented down on the microslide.

(b) Let each sample dry in a dark environment overnight.

12. Image cells using a fluorescent microscope (Fig. 2).

A) Gastrulation Micropattern
Seed cells & Fix & Label
wash colonies Colonies
Time (days): 0 1 2
| | I
| | 1
Course of
induction:
SOX2
B) Ectoderm Micropattern
Seed cells & Fix & Label
wash colonies Colonies
Time (days): 0 1 2 3 4 5
] l I I I I
| | | | | 1
Course of SB

NCAD SOX9

MERGE

Fig. 2 Induction protocol and fate patterning in 2D gastruloids and ectodermal patterns. (a, b) Representative
images of colonies with the indicated single or merged immunolabels following a gastruloid (a) or ectoderm (b)
induction protocol with 50 ng/mL of BMP4 (a) or 1 ng/mL of BMP4 (b). The base media for each day is
indicated below the cocktail of supplied agonists and inhibitors. Colony diameter: 700 pm. Scale bar: 100 um
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. Sometimes batch-to-batch variability in laminin 521 results in

the need for empirically determining the optimal coating con-
centration, though this is rare. We typically find the optimal
concentration is between 5 and 20 pg/mL.

. Number of seeded cells may need to be determined empirically

for each cell line. A lower number of cells is seeded for ecto-
derm patterning experiments due to the longer growth time,
while for gastruloids the seeding density can be higher. For
gastruloids in particular, it is important that patterns are
completely full after seeding, and it is generally better to err

on the side of having more cells than having too few.
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Gastruloids: Embryonic Organoids from Mouse Embryonic
Stem Cells to Study Patterning and Development in Early
Mammalian Embryos

Kerim Anlas, Peter Baillie-Benson, Krisztina Arato, David A. Turner,
and Vikas Trivedi

Abstract

Gastruloids are embryonic organoids made from small, defined numbers of mouse embryonic stem cells
(mESCs) aggregated in suspension culture, which over time form 3D structures that mimic many of the
features of early mammalian development. Unlike embryoid bodies that are usually disorganized when
grown over several days, gastruloids display distinct, well-organized gene expression domains demarcating
the emergence of the three body axes, anteroposterior axial elongation, and implementation of collinear
Hox transcriptional patterns over 5—7 days of culture. As such gastruloids represent a useful experimental
system that is complementary to in vivo approaches in studying early developmental patterning mechanisms
regulating the acquisition of cell fates. In this protocol, we describe the most recent method for generating
gastruloids with high reproducibility, and provide a comprehensive list of possible challenges as well as steps
for protocol optimization.

Key words Gastruloids, Gastrulation, Organoids, Mouse embryo, Axial development, Mouse embry-
onic stem cells

1 Introduction

The initial body plan of the embryo is established during early
development, where specific regions of gene expression are defined
that serve as a blueprint for coordinating the growth and patterning
of the embryo over time. In mammalian embryos, the zygote
develops two distinct cell populations, inner cell mass (ICM), and
trophectoderm, the former being the source of embryonic stem
cells. Around implantation, the ICM segregates into the primitive
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1.1 Gastruloids
and Other Embryonic
Organoids

endoderm and epiblast, with the epiblast giving rise to all tissues of
the embryo proper. Prior to gastrulation (which transforms a
bilayered embryo into one comprised of three germ layers), a
subpopulation in the proximal posterior region of the epiblast
initiates the expression of T/ Brachyury (T /Bra) defining the site
of gastrulation and the formation of the primitive streak.

Owing to the inaccessibility of mammalian embryo at these
early stages of development, studying many of the cellular processes
involved in lineage specification in vivo has been technically chal-
lenging. Embryonic stem cells (ESCs) provide a potential, inexpen-
sive solution to dissect these events as they can generate all tissues of
the embryo proper, can be maintained indefinitely in culture, and
their directed differentiation can yield different cell fates [1-8].
Studies conducted with mouse ESCs (mESCs) in particular have
informed our understanding of the role and requirement of specific
signaling molecules and transcription factors in early mouse devel-
opment. However, these studies have been performed on cells
grown in a monolayer (two-dimensional; 2D) which lack the archi-
tecture of a three-dimensional (3D) embryo.

Recently, more attention has been given to developing techni-
ques that allow cells to be cultured in 3D, building on previous
work on hanging-drop and mechanically supported cultures [9] to
generate 3D structures termed organoids. Organoids, which can be
derived from stem cells (embryonic and adult) or fragments of
in vivo tissues (such as intestinal crypts), mimic the structural
architecture and, to some extent, the function of their in vivo
counterparts. Examples include mesodermal derivatives [10, 11],
intestinal [12], gut [13], kidney [14, 15], brain [16, 17], retinal
[18, 19], and neural [20] organoids. Together, they represent a
class of new approaches and model systems to understand embryo-
genesis in vitro [21, 22].

Work by van den Brink et al. [23] showed that a defined number of
mESCs when aggregated to form initially spherical 3D structures
mimic morphogenetic events of early mouse embryos, such as
polarization of gene expression, primary axis formation, elonga-
tion, and associated patterning, notably in the absence of extraem-
bryonic tissues and nearly all associated signaling cues. This system,
termed gastruloids, has been developed since then, demonstrating
that mESCs in such aggregates, in a serum- and matrigel-free
environment, display gastrulation-like movements and develop
gene expression domains associated with all germ layers as well as
the three body axes, accompanied by timely implementation of
collinear Hox transcriptional patterns over 5-7 days of culture
[24-27]. In this article, we outline a unified protocol for generating
gastruloids that has been developed across several labs.

As an alternative to in vivo studies of early embryogenesis and
pattern formation, several embryonic organoid model systems have
been developed, each with its own unique strengths, and it is
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important to recognize key differences between them and gastru-
loids discussed in this protocol. Embryoid bodies, for example, have
been used by a number of groups to study axis formation and
polarised gene expression [10], however these differ in both the
protocol (in terms of number of cells and media composition) as
well as the final outcome. Unlike gastruloids, which are grown in
serum-free media and start with approximately 300 mESCs,
embryoid bodies are typically grown in media with serum and
can start with a cell number ranging from hundreds to thousands
of cells in suspension [9]. Two other remarkable systems use both
embryonic and extraembryonic stem cells to mimic embryogenesis
in vitro at two distinct stages: (a) blastoids, which are aggregates of
trophoblast and embryonic stem cells that resemble embryonic day
3.5 blastocysts [28, 29]; (b) ETX embryos that consist of embry-
onic, trophoblast, and extraembryonic endoderm stem cells and
mimic an epiblast with embryonic and extraembryonic compart-
ments [30, 31]. These differ from gastruloids that consist of only
embryonic stem cells and thereby provide an opportunity to study
the self-organizing potential of embryonic cells in the absence of
any extraembryonic tissue. Altogether, gastruloids represent a
highly tractable, medium-throughput in vitro system that is suit-
able for live imaging, and for dissecting and elucidating the under-
lying events involved in early mouse development such as symmetry
breaking, cell fate decisions, and tissue patterning dynamics.

2 Materials

2.1 Cell Lines Tested
with this Protocol

2.2 Routine Culture
Medium

We have tested a number of cell lines from various backgrounds,
assessed their ability to generate gastruloids, and modified their
culture conditions to ensure they are in a similar responsive state
just prior to gastruloid formation. We usually consider the fre-
quency and extent of elongation observed in gastruloids at around
96-120 h as a proxy for assessing how “competent” the cells are in
responding to differentiating signals when taken from culture prior
to the gastruloid protocol. While the number of cells that usually
yields gastruloids that initiate elongation at 72 h in culture is
typically 300 cells, certain cell lines require the plating number to
be optimised. Certain cell lines might also require a day long
exposure to 2i + LIF medium (termed “2il-Pulse,” [ESL-2iL])
prior to the gastruloid protocol.

For the following medium, ensure the maximum volume remains
500 mL, removing sufficient volume of the base medium to allow
for the total volume of medium supplements. Always avoid using
“old” medium where the pH is too high (i.e., purple medium where
phenol red is the pH indicator). Store all complete medium at 4 °C
and warm to 37 °C before use.
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1. ESL Medium

This is the standard medium for culturing most mESC
lines.

(a) Base medium (see Notes 1 and 2).

e 500 mL Glasgow’s Minimal Essential Medium
(GMEM, Gibco 11710-035).

Or
e 500 mL Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco 11960044).
M ouse Leukemia Inhibitory Factor (mLIF;
b) 550 pL M Leukemia Inhibitory F LIF
1000 U, either inhouse or commercial).

(¢) 50 mL Fetal bovine serum (FBS; 10% final concentration,
requires batch testing for specific applications).

(d) 5 mL Non-Essential Amino Acids (NEAA; 100x,
Thermo Fisher Scientific 11140050).

(e) 5 mL Sodium Pyruvate (100x, Thermo Fisher Scientific
11360070).

(f) 5 mL Glutamax (100x, Thermo Fisher Scientific
35050038).

(g) 1 mL 2-mercaptoethanol (0.1 mM final concentration,
Thermo Fisher Scientific 31350010).

. N2B27 /NDiff227

This medium can ecither be commercially bought
(NDiff227; Takara Y40002) (see Notes 3 and 4) or made
in-house (N2B27) as described previously [4, 32] and in the
following:

(a) 250 mL. DMEM/F12 (50:50; Thermo Fisher Scientific
11320074).

(b) 250 mIL Neurobasal (Thermo Fisher Scientific
21103049).

(¢) 2.5 mL N2 (100x; Thermo Fisher Scientific 17502048).
(d) 5 mL B27 (50x; Thermo Fisher Scientific 17504044).

(¢) 5 mL glutamax (100x; Thermo Fisher Scientific
35050038).

(f) 1 mL 2-mercaptoethanol (Thermo Fisher Scientific
31350010).

(g) BSA fraction V (Gibco™ 15260037).

(a) 50 mL N2B27 (or NDiff227).

(b) 3 pM CHIR99021 (Chi; 10 mM stock dissolved in
DMSO, Tocris Bioscience 4423).
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(c)
(d)

1 pM PDO0325901 (PDO03; 10 mM stock dissolved in
DMSO, Tocris Bioscience 4192).

55 pL mLIF.

4. Tissue culture reagents

(a)
(b)

(c)

1x PBS*/* (with Ca®* and Mg?*).

Gelatin; a 1% (w/v) stock solution prepared in sterile
water and autoclaved. Further diluted to 0.1% (v/v) in
PBS (with Ca®* and Mg?*). Alternatively acquire ready-to-
use 0.1% gelatin in H,O suitable for ESC culture
applications.

Trypsin-EDTA  (0.05%, Thermo Fisher Scientific
25300054).

5. Tissue culture plastics and equipment

(a)

Tissue culture-treated flasks: 25cm? flasks routinely used;
coated in 0.1% gelatin before use.

50 mL or 15 mL sterile centrifuge tubes.
Sterile reservoir.
U-bottomed 96-well plate (Greiner Bio-One 650185).

U-bottomed 96-well plate with low adherence (for
extended culture to 144 h; Greiner Bio-One 650970 or
Corning®™ CLS7007).

Low-adherence 24-well plate for extended culture (from
120 to 168 h) (Corning, 3473).

Cell counter/hemocytometer.
BSL-2 biosafety cabinet.

Benchtop centrifuge with capacity for 15 mL or 50 mL
centrifuge tubes.

Water bath set to 37 °C.

An optional requirement for an incubator-compatible
horizontal shaker (Infors Celltron 69222) for extended
culture up to 168 h after aggregation.

Inverted benchtop tissue culture microscope.

Multichannel pipette(s) for 40 pL and 150 pL volumes.

3 Methods

3.1 Routine Cell
Culture

In order to generate consistent gastruloids, it is essential that the
cells are well maintained and that they are competent to respond to
differentiating signals. Ensure cells are Mycoplasma-tree and have
not been maintained in culture for excessive passage numbers
which, while naturally dependent on the “age” of the respective
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3.2 Preparation
of N2B27

cell line, generally amounts to a maximum of around 25-30 pas-
sages from thawing a fresh aliquot. Cells must be in culture for 2—-3
passages after defrosting before making gastruloids. Typically, cells
are cultured in 25 cm? tissue culture-treated flasks that have been
coated with 0.1% gelatin/PBS or 0.1.% gelatin/H,O, in GMEM or
DMEM containing serum and LIF (see above for formulation;
ESL). Ensure medium and trypsin is warmed up to 37 °C prior to
use.

1. Prepare a fresh 25 cm? tissue culture flask and coat with 3 mL
0.1% gelatin/PBS for at least 30 min at RT. Coating can
continue overnight at room temperature (RT) if required.
Aspirate gelatin solution just prior to use.

2. When the flask containing mESCs is approximately 60% con-
fluent, aspirate the culture medium and wash twice with PBS to
remove traces of serum. Aspirate PBS and incubate at 37 °C
until cells have detached (<5 min) in the humidified tissue
culture incubator with 2 mL trypsin. Gentle mechanical agita-
tion aids cell detachment.

3. Once the cells have detached, inactivate the trypsin with 8§ mL
ESL, gently pipetting up and down with a 10-mL pipette over
the growth surface ~3—4 times to dislodge any cells still adher-
ent and to break up any remaining clumps of cells.

4. Transfer cells to a centrifuge tube (50 mL or 15 mL) and
centrifuge for 3 min at 170 x g (~1000 rpm). Following
centrifugation, aspirate the supernatant carefully to prevent
the pellet being dislodged, and resuspend in an appropriate
volume of fresh ESL (i.e., 1 mL). Ensure generation of a
homogeneously dispersed single-cell suspension by gentle
repeated pipetting with a P1000 pipette, avoiding the genera-
tion of bubbles.

5. Determine the cell density by counting with an automated cell
counter or a hemocytometer. Remove gelatin from the fresh
tissue culture flask, and plate an appropriate number of cells in
6 mL ESL (see Note 5).

6. Place the flask carefully in the humidified 37 °C incubator (5%
CO,), and ensure the cells are evenly spread along the tissue
culture flask.

7. The next day, check the cells to ensure they are growing well
(estimated confluency at this stage is ~20%). Aspirate medium
and replace with fresh ESL.

If using commercial N2B27 (NDiff227), extreme care is required
when defrosting the stock bottle to ensure there is no precipitation
in the medium which would interfere with gastruloid aggregation
and their ongoing culture. It has been found that NDiff227 readily
precipitates during defrosting, and the following method (adapted
from the manufacturer’s instructions) prevents this from occurring.
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1. Place NDiff227 in the water bath set to 37 °C and immediately
protect from light via covering with aluminum foil or using a
darkened incubator lid.

2. After 15 min, remove the stock bottle from water bath and
gently invert it repeatedly (~3—4 times) to gradually equilibrate
the temperature around the bottle. Place the bottle back in the
water bath (protected from light).

3. Continue to return to and invert the bottle every 5 min.
Remove the bottle from the water bath at the point where
the ice has dissolved to the size of a ball of ~4-5 cm, invert
the bottle once more and place in the fridge at 4 °C overnight.

4. The next day, check for precipitate and if clear, invert the bottle
3—4 times (to fully mix and avoid any concentration gradients
that have formed) and aliquot. Store aliquots at 4 °C protected
from light for a month.

3.3 Preparing Cells We have developed two protocols for culturing cells in preparation
for Gastruloid Plating for gastruloid formation (Fig. 1): Protocols [ESL-ESL] and
[ESL-2iL]. The first protocol [ESL-ESL] is the “standard proto-
col” [24-28], where cells are exposed to their normal culture
medium for the duration of the passage, whereas the second
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Fig. 1 The generic workflow for gastruloid generation. (@) General mouse embryonic stem cell (mESC)
maintenance. For making gastruloids, flasks (25 cm? with ~60% confluency are passaged, and cells are
plated for stock maintenance or for gastruloid culture in normal growth medium (ESL), and changed into either
ESL or 2iL depending on their requirement (see Subheadings 3.1-3.3). Cells are then passaged the next day to
generate gastruloids. The timeline of gastruloid development is shown in Subheading 3.4. (b) A 40 pL droplet
containing the required number of mESCs (see Subheading 3.4) is plated directly into the center of the wells of
a 96-well plate (0 h; left panel) with a multichannel micropipette. At 48 h, 150 pL fresh N2B27/NDiff227
containing 3 pM Chi is added carefully to the sides of the well (second panel from left). From 72 h onward, cell
culture (150 pL) medium is replaced every 24 h with fresh N2B27/NDiff227 by carefully removing the medium
from the base of the vertical sides of the well so as not to disturb the developing gastruloid, holding the pipette
at an angle to the well. 40 pL is always left in the well to prevent gastruloids from drying out. Image panels
below show representative gastruloids, made with Bra+/GFP cell line [33], at the indicated timepoints after
aggregation. All scalebars denote 50 pm
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Table 1

Cell lines that have been successfully tested with this protocol and specific requirements

Requirement of [ESL-2iL]

Cell line Strain/background pre-gastruloid
E14-Tg2A [33] 129/0la Yes

Bra*/CFF [34] 12972 /OlaHsd No
Nodal*/YF? [35] 12982 /SvPas No
Gata6™2BVenus [36] (C57BL/6 x 129584 /SvJae)F1 Yes

Sox1°GFP; BramCherry [37] 129P2 /OlaHsd No
AR8::mCherry [38] 12986 ,/SvEvTac No
FoxA2*/YF" (C57BL/6] x 12956 /SvEvTac)F1 Not tested
Sox1GFP (46C) [39] 129/0la Not tested

The following table details the specific cell lines we have tested with respect to the gastruloid protocol. Some cell lines, as
highlighted in the text, require a 24 h pretreatment with 2iL. the day before gastruloid formation [ES-2iL] and that
information has been indicated here. The number of cells needed for “successfully” making gastruloids is around 300,
however, depending upon specific conditions in the lab and composition of ESL (GMEM- or DMEM-based), starting
cell numbers might need to be optimized (see Subheading 4, Note 3)

protocol [ESL-2iL] requires a pulse of 2iL. medium on the second
day in culture. It must be stressed that this second protocol is not
necessary for all cell lines, and is only necessary if the cells produce
variable gastruloid morphology by 120 h (i.e., <70% consistent
elongation). Further, the end results in terms of gastruloid mor-
phology and gene expression may be different for the two proto-
cols. See Table 1 for the cell lines we have tested and their
requirement for 2iL. pretreatment [ESL-2iL].

1. For the passage before plating gastruloids, passage the cells as

described above (Subheading 3.1) and plate the required num-
ber of cells into two 25 cm? tissue culture flasks in 6 mL routine
cell culture medium. Incubate overnight in a humidified incu-
bator (37 °C; 5% CO,). The first flask is to continue the culture
of cells (“passage flask” Fig. 1; Subheading 3.1), whereas the
other is solely for gastruloid culture (“gastruloid flask”; Fig. 1).

. The next day, aspirate the medium in the “gastruloid flask,”

and replace with either 6 mL of routine tissue culture
[ESL-ESL] or wash cells with 6 mL PBS*/* and then replace
with 2iL. [ESL-2iL], depending on the cell line. Incubate cells
overnight in a humidified incubator (37 °C; 5% CO,).

3. Aspirate the medium in the “passage flask,” and replace with

normal culture medium. This flask will be used to continue the
culture of the cell line in parallel to gastruloid culture (Sub-
heading 3.1).
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3.4 Gastruloid
Generation and GCulture

3.4.1 0 hAfter
Aggregation (AA): Cell
Plating

This section describes the method of producing a single 96-well
plate of gastruloids from the abovementioned “gastruloid flask.”
Once the experimenter is familiar with the protocol, it is possible to
scale up the quantities for multiple 96-well plates. However, we do
not recommend more than four plates setup at a time (as this will
increase the time the cells are out of the incubator, possibly leading
to an increase in variability). Prior to starting this section of the
protocol, ensure the flask is ~60% confluent, and the cells appear
healthy by examining the flask of cells on an inverted tissue culture
microscope.

1.

Pre-warm all media (ESL and N2B27 /NDitf227), trypsin, and
PBS*/* in a water bath set to 37 °C.

. Aspirate medium from the mESC culture flask (“gastruloid

flask”), wash once with 5 mL PBS+/+, and incubate cells
with 2 mL Trypsin/EDTA for <5 min in a humidified incuba-
tor (37 °C; 5% CO,). Excessive incubation with trypsin has a
detrimental effect on gastruloid formation, so it is imperative
that the cells are checked every ~2 min. Rock the cells to aid
detachment of the cells from the flask and remove the flask
from the incubator once cells are no longer adhering to the
flask growth surface.

. Inactivate trypsin by the addition of 8 mL ESL, and dissociate

the colonies by pipetting up and down ~3 times across the
growth surface. Transfer the 10 mL cell suspension to a
15-mL or 50-mL centrifuge tube and centrifuge the cell sus-
pension at approximately 170 x g for 3 min.

. Aspirate the supernatant and dissociate the cell pellet by adding

10 mL warm PBS*/*. Centrifuge the cell suspension at 170 x g
for 3 min.

. Aspirate the supernatant and dissociate the cell pellet for a

second time by adding 10 mL warm PBS™/* and centrifuge at
170 x g for 3 min.

. Aspirate the supernatant, ensuring minimal carryover of PBS

while maintaining integrity of pellet by tilting the tube to ~45°
and removing the liquid from the side of the tube.

. Cover the pellet in 1 mL warm N2B27/NDiff227 and fully

resuspend the pellet using a p1000 pipette set to 1 mL. Pipette
up and down (~3 times for most cell lines) to ensure a single-
cell suspension is obtained, minimizing bubbling. This solu-
tion can be further diluted with a suitable volume of N2B27 /
NDiff227 (e.g., 3 mL) if required.

. Accurately determine the concentration of the cell suspension

with either an automated cell counter or a hemocytometer, and
calculate the required volume of cell suspension for one 96-well
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3.4.2 48 h After
Aggregation: Addition
of Secondary Medium
with Chiron

10.

11.

12.

13.

14.

plate, e.g., if one is plating 300 cells per well, transfer
37,500 cells to 5 mL medium such that the final concentration
is 300 cells /40 pL. The 5 mL volume is sufficient for 40 pL to
be transferred to each well and includes adequate dead volume
following later pipetting.

. Transfer the correct volume of cell suspension to fresh, warm

N2B27 to give a final volume of 5 mL, and mix the tube gently
by hand, or carefully pipette the solution up and down with a
5 mL pipette (avoiding bubbles). Transfer this cell suspension
to a reservoir.

Using a multichannel micropipette, transfer 40 pL from the
reservoir to each well of a sterile U-bottomed, non-tissue
culture-treated 96-well plate, pipetting the droplet into the
center of each well (Fig. 1b; 0 h, top panel). If needed, gently
tap each of the four sides of the plate to force any droplets that
were pipetted to the sides on to the bottom of their wells. If
gastruloid culture to 144 h or 168 h after aggregation is
desired, it is recommended to use low adherence 96-well plates
(see Subheading 2.2, item 5e).

Confirm that cells have been transferred by sampling a region
of the plate under an inverted tissue culture microscope
(Fig. 1b; 0 h, bottom panel).

Transfer the 96-well plate to the humidified incubator (37 °C;
5% CQO,) and incubate for 48 h.

At this stage, if the cell stock is being maintained, follow the
steps in Subheading 3.1 for the “passage flask.”

Following aggregation gastruloid culture can be halted at this
or any following stage for imaging, fixation, or other down-
stream techniques (see Subheading 3.5) (see Note 6).

. Pre-warm the required volume of N2B27 /NDiff227 in a water

bath set to 37 °C.

. Prepare a 3 pM solution of Chi in 16 mL. N2B27 /NDiff227;

this volume is sufficient for a single 96-well plate including
“dead-volume” following pipetting. Mix well by hand, avoid-
ing excessive medium bubbling (see Note 7).

. Assess the quality of the gastruloids by observing them on an

inverted benchtop microscope. They should have formed a
single, spherical aggregate of smooth appearance approxi-
mately 150 pm in diameter (Fig. 1b; 48 h). Only slight devia-
tions from this morphology can be expected depending on the
cell line (e.g., slightly ovoid) (see Notes 8-13 for trouble
shooting).



3.4.3 72 h After
Aggregation: Removal
of Chiron Pulse

and Medium Change

3.4.4 96 h After
Aggregation: Medium
Change
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4.

Pipette the Chi solution to a sterile reservoir, and gently trans-
fer 150 pL to each well of the 96-well gastruloid plate using a
multichannel micropipette, ejecting the medium at the side of
the well, above the 40 pL volume (Fig. 1b; 48 h).

. Incubate the plate in a humidified incubator (37 °C; 5% CO,)

for 24 h.

. Pre-warm the required volume of N2B27 /NDiff227 in a water

bath set to 37 °C.

. Assess the quality and progression of the gastruloids on an

inverted benchtop microscope. Gastruloids should still have a
smooth appearance, but, depending on the cell line, they may
have advanced to an ovoid morphology. For instance, wild-type
(E14-Tg2A) gastruloids tend to maintain a spherical appear-
ance at this stage, whereas for Bra*/“** gastruloids start elon-
gating by 72 h. In the particular case of Bra™ " gastruloids,
the expression of the reporter will be highly polarized to the
“posterior” region (Fig. 1b; 72 h).

. Remove 150 pL from each well with a multichannel micropi-

pette, holding the pipette at an angle and carefully removing
the medium from the side of the well at the interface between
the vertical side and the inverted dome of the well (Fig. 1b;
72 h). Note, it is important to leave 40 pL in the wells to
prevent gastruloids from drying out.

. As an optional control measure to ensure the gastruloids have

not been aspirated, gently place the side of the pipette (still
holding the aspirated medium) on top of a tip box to maintain
the sterility of the tip ends, and confirm the presence of gas-
truloids using the bench-top microscope. Eject the medium if
gastruloids have not been aspirated, or replace the medium and
return to these wells after the rest of the plate’s secondary
medium has been removed.

. Transfer a sufficient quantity of fresh, warm N2B27 /NDiff to a

reservoir and pipette 150 pL directly into each well of the
96-well plate as in Subheading 3.4, step 18. Note that the
medium should be ¢jected into the wells with sufficient force
to agitate the gastruloids, preventing them from adhering to
the bottom of the wells. Forceful pipetting is not necessary
when using low-adherence 96-well plates listed in Subheading
2.2, item 5e.

. Incubate the plate in a humidified incubator (37 °C; 5% CO,)

for 24 h.

. Repeat steps 1-5 in Subheading 3.4.3 to exchange 150 pL

medium with fresh, warm N2B27 /NDitt227.
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34.5 120 h After
Aggregation: Medium
Change and Continued
Culture

Mouse Embryo E8.5 Gastruloid 144h

Lateral view

Dorsal view

Fig. 2 Overview of gene expression progression and axes formation in gastru-
loids. Schematic diagrams showing candidate genes denoting the three axes
(T/Bra denoting anteroposterior [AP], Shh denoting dorsoventral [DV], Meox and
Pax2 denoting medio-lateral [ML] axes) and the three germ layers (T/Bra
denoting mesoderm, Sox2 and Pax2 denoting ectoderm, Shh denoting endo-
derm) in relation to their expression in mouse embryo at E8.5. A anterior,
P posterior, D dorsal, I/ ventral, axis lines without arrowheads denote medio-
lateral axis

1. At this stage, gastruloids ought to be highly elongated, and
display polarized expression of Brachyury in the posterior ([23-
26], Fig. 2), as well as expression of anterior markers localized
to the opposite pole of Brachyury expression such as GATAG6
[26]. Typically, the gastruloid culture is halted at this point for
imaging, fixation, or other downstream techniques (se¢ Sub-
heading 3.5 and Note 14).

2. If continuing the culture to 144 h, repeat steps 1-5 in Sub-
heading 3.4.3 to exchange 150 pLL medium with fresh, warm
N2B27/NDiff227. When using standard round-bottom
96-well plates (see Subheading 2.2, item 5d) and if culture is



3.5 Removing
Gastruloids

for Downstream
Applications
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to be prolonged to 144 h, gently withdraw the entire volume of
the well using a p1000 micropipette set to 200 pL, and indi-
vidually transfer gastruloids to a fresh, low-adherence 96-well
plate (see Subheading 2.2 item 5e, and incubate in a humidi-
fied incubator (37 °C; 5% CO,) for 24 h (see Note 15).

. If the culture is to be continued to 168 h, individually remove

the gastruloids from the wells as in step 2 of this section, but
transfer them into low-attachment 24-well plates holding
700 pL fresh N2B27/NDitf227 (Note: one gastruloid per
well). Incubate on an incubator-compatible horizontal shaker
(e.g., Infors Celltron 69222) in a humidified incubator (37 °C;
5% CO,) for 48 h at ~40 rpm [27], replacing 400 pL medium
with fresh, warm N2B27 /NDiff227 at 144 h.

. Pipette a suitable volume of PBS™~ into a bacterial-grade

10 cm? dish (~5 mL) (see Note 16).

. At the required timepoint, remove the 96-well gastruloid plate

from the incubator and replace 150 pL. medium with 200 pL
warm PBS™/~ using the method described in steps 1-5 in
Subheading 3.4.3.

. Using a multichannel micropipette with the pipette tips cut

5 mm from the end, pipette up and down once, and then
transfer the whole contents of the wells to the 10 cm? dish.
Check that all gastruloids have been removed from the wells by
sampling each well rapidly on an inverted bench-top micro-
scope; collect any that have not been removed using a p200 set
to 200 pL with the tips cut as above.

. Swirl the 10 cm? dish to drive all the gastruloids to the center of

the well, collect and transfer to 1.5 mL or 2 mL microcentri-
fuge tubes for downstream processing (e.g., fixation for immu-
nofluorescence or in situ hybridization). To prevent gastruloids
sticking to the inside of the tubes and pipette tips, coat with
EBS or detergent (e.g., 2% Pluronic® F-127 in PBS) prior
to use

4 Notes

. Other base media can be used depending on the mESC line in

question. For most mESC lines, either GMEM or DMEM is
sufficient. Also, different labs might use slightly different con-
centrations of the components b—g for making ESL medium
that works for lab-specific culture conditions.

. Although we do not routinely use antibiotics in mESC culture

for making gastruloids, their use is optional. It is important to
monitor the cell line over time as low-level infection suppressed
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10.

by antibiotics may be misrepresented as non-contamination,
and the downstream effects of this have not been examined
regarding gastruloid culture.

. N2 and B27 show batch variability, and each batch must be

tested prior to use. Note that NDiff227 must be defrosted
carefully as described in Subheading 3.2. BSA fraction V is
optional. Also note that the concentration of N2 used is 0.5 x
final concentration.

. N2B27 can be modified depending on the downstream appli-

cation, as indicated in a recent publication [4], where three
versions of N2B27 are provided.

. An appropriate number of cells plated is the number which is

required to produce a flask after 2 days that is 60-70% conflu-
ent. This is specific for each cell line. Depending on an experi-
mentalist’s experience, cell counting can be omitted and cells
can be split into a new gelatin-coated flask at a ratio between
1:5 and 1:20, provided that appropriate confluency is reached
after 2 days.

. By observing the gastruloids at 24 h, one can get a good sense

of whether they are forming correctly or whether too many/
too few cells have been plated which will affect their develop-
ment over the next days.

Other combinations of factors can be added to the medium
[23,25], and this will yield different results in morphology and
gene expression.

Composition of basal medium. Some cell lines require DMEM,
GMEM, or other formulations depending on their growth
conditions. Grow cells for two passages in ESL containing
different basal medium compositions, form gastruloids, and
assess their aggregation, growth, and morphology throughout
the timecourse.

. Pretreatment of mESCs in culture with 2iL. [ESL-2iL.] medium

prior to gastruloid protocol: Test the effect of either
[ESL-ESL] or [ESL-2iL] preculture on gastruloid formation.
Some lines do not require the 2ilL pulse before passaging, and
for others 2iLL pulse might be essential for robust formation of
gastruloids. The concentration of Chi/PD03 and LIF might
need to be optimized depending on the cell line.

Number of mESCs used for making gastruloids: Difterent cell
lines require optimization of the number of cells needed for
making robust gastruloids (i.e., >70% consistent elongation in
aplate by 120 h). Test the effect of different plating densities of
cells during gastruloid formation from 200 to 500 cells /well.
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11. Genetic background of mESCs used for making gastruloids:
For reasons not clear yet from a molecular point of view,
genetic background of the mESCs (i.e., source mouse strain
from which mESCs were derived) can impact the formation of
gastruloids. As a result, it will be necessary to optimize the
culture conditions for uncharacterized cell lines, as well as cell
lines that have recently been derived following genetic manip-
ulation (i.e., insertion of reporter genes).

12. Dosage of Chi pulse on gastruloid formation and progression:
We have found that the dose of Chi during the 48-72 h pulse
to be cell-line-dependent, resulting in fewer or more elongated
gastruloids by 120 h [40]. Test the effect a range of Chi
concentrations has on gastruloid formation and progression.

13. General procedural precautions: Avoid plating more than four
96-well plates at the same time as this will increase the time cells
are out of the incubator, to potentially detrimental effect.

14. Analysis: For qualitative assessment, gastruloids are scrutinized
by visual inspection under an inverted tissue culture micro-
scope. For quantitative assessment, images from a 96-well
plate can be analyzed to identify shape, size (length, width,
aspect ratio, etc.), localization, and intensity of gene expression
tollowing in situ hybridization or immunofluorescence, etc.

15. For some cell lines, these expression domains might be visible
carlier or later than 120 h and so this needs to be confirmed
individually.

16. Using a p1000 tip cut ~5 mm from the end with sterile scissors
may help reduce damage to individual gastruloids.

17. As an alternative to Subheadings 3.5, steps 1—4, one can also
use recently designed collector plates for pooling together
gastruloids from a plate [41].
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Abstract

Self-assembling brain spheroids derived from human stem cells closely emulate the tangled connectivity of
the human brain, recapitulate aspects of organized tissue structure, and are relatively easy to manipulate
compared to other existing three-dimensional (3D) cellular models. However, current platforms generate
heterogeneously sized and short-lived spheroids, which do not robustly and reproducibly model human
brain development and diseases. Here, we present a method to generate large-scale arrays of homo-
geneously sized 3D brain spheroids derived from human-induced pluripotent stem cells (hiPSCs) or
immortalized neural progenitor cells to recapitulate Alzheimer’s disease (AD) pathology in vitro. When
embedded in extracellular matrix, these brain spheroids develop extensive outward projection of neurites
and form networks, which are mediated by thick bundles of dendrites. This array facilitates cost-effective,
high-throughput drug screening and mechanistic studies to better understand human brain development
and neurodegenerative conditions, such as AD.

Key words Brain spheroids, 3D cell culture, Alzheimer’s disease, Disease modeling, High-through-
put, Drug screening

1 Introduction

Neuronal differentiation in three-dimensional (3D) cell culture
allows precise spatial and temporal control, facilitates synapse for-
mation, neurite outgrowth, and emulates network connectivity of
the brain compared to conventional 2D cultures [1, 2]. Besides
emulating the 3D connectivity of the brain, 3D cell cultures prevent
rapid diffusion of pathogenic proteins, which is key to modeling
neurodegenerative proteinopathies, such as AD [3]. In brief, 3D
cell culture systems are broadly classified into three categories
(Fig. 1); (a) microfluidic-based microsystems, also known as
organs-on-chips or microphysiological systems (MPS), emulate
organ-level pathophysiology on a microscale [4]; (b) matrix-based
models, rely on artificial extracellular matrices that promote neural

Mo R. Ebrahimkhani and Joshua Hislop (eds.), Programmed Morphogenesis: Methods and Protocols, Methods in Molecular
Biology, vol. 2258, https://doi.org/10.1007/978-1-0716-1174-6_11,
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State-of-the-Art
Synergistic model \3P Cell Cuitures

Fig. 1 Overview of state-of-the-art 3D cell culture systems and their main features. Our 3D brain spheroids
array combines multiple features, including microfluidics technology, extracellular matrices, and the self-
assembly of human stem cells

differentiation in 3D space [5]; and (c¢) matrix-free systems, includ-
ing cerebral organoids and brain spheroids, rely on self-assembly of
human stem cells into 3D spheroids [6-9]. A number of studies
have begun to examine 3D cell culture models as a necessary
alternative to AD rodent models and 2D cell cultures
[10, 11]. For example, Choi et al. showed that genetically engi-
neered human stem cells, embedded within an artificial extracellular
matrix (i.e., Matrigel), recapitulated the two main pathological
hallmarks of AD, including amyloid plaques and tauopathy
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[11]. This has not been possible in 2D cell cultures and animal
models, mainly due to diffusion of pathogenic proteins and difter-
ences in genetic background, respectively [12-14]. While an
attempt to model AD pathology was also made using human-
induced pluripotent stem cell (hiPSC)-derived brain spheroids,
these spheroids were highly heterogenous in size and lacked robust
pathology [14]. However, very recent progress toward hiPSC-
derived organoids has provided substantial insights into the cellular
basis of AD [15]. This is well-exemplified in the work undertaken
by Lin ez al., which found an important contribution of the APOE4
AD risk allele to impaired glial clearance of AD pathology using an
hiPSC-derived organoids model [16]. For further details on mod-
eling neurological diseases in brain spheroids and organoids, read-
ers are referred to recent reviews [7, 17].

Although brain spheroids constitute promising platforms to
study brain development and diseases in vitro, these models are
still in their infancy. Multiple limiting factors constrain robust
disease modeling in existing systems, including (a) size heteroge-
neity, which limits reproducibility and data consolidation between
studies, (b) inward projection of neurites, (c) short life spans of
brain spheroids, likely due to the lack of pro-survival signals from a
physiologically relevant matrix environment, and (d) diffusion of
pathogenic proteins in the absence of an extracellular matrix. To
overcome these limitations, we have merged microfluidic technol-
ogy, brain spheroids derived from human stem cells, and an artificial
extracellular matrix, to create a single synergistic model that com-
bines multiple key advantages from recent advances in 3D systems
(Fig. 1) [6]: Our microengineered array (a) consistently generates
uniformly sized brain spheroids, (b) mimics the brain microenvi-
ronment via an extracellular matrix, which promotes outward pro-
jection of neurites and increases brain spheroid lifespan, (c) is
compatible with hiPSCs and genetically engineered human neural
progenitor cells (hNPCs) that generate high levels of aggregated
pathogenic amyloid-f (Ap) to model AD pathology, (d) facilitates
high-throughput biochemical and imaging readouts as well as
automated drug screening, (e) is straightforward to manipulate
experimentally, and (f) enables monitoring of individual brain
spheroids during long-term cell culture.

The brain spheroids array comprises 1536 microwells of
500 pm in diameter, which physically constrain uniformly sized
spheroids derived from hiPSCs or hNPCs. After self-assembly, the
brain spheroids are embedded within an extracellular matrix, which
promotes extensive outward projections of neurites and neural
network formation. The array is highly customizable to other neu-
robiological questions of interest. Spheroid size is easy to modify by
altering microwell diameters, while the extent of network forma-
tion is controlled by changing the microwell depth. The formation
of extensive neural networks unlocks numerous possibilities for
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basic mechanistic studies, including disease pathology propagation
and compound toxicity. The extracellular matrix limits diffusion of
pathogenic proteins, which generates aggregated protein pathol-
ogy associated with numerous neurodegenerative diseases, includ-
ing AD. Using this novel array platform, we robustly recapitulated
hallmarks of AD in uniformly sized brain spheroids derived from
hNPCs that overexpress familial AD (fAD) genes with multiple
disease mutations [6]. We also found reduced production of Ap
species by treating the fAD brain spheroids with f-secretase inhibi-
tor, a commonly used inhibitor of APP processing and a primary
candidate in AD therapeutics. Overall, this unique synergistic
model constitutes a reliable platform for modeling specific disease
phenotypes and cost-eftective, high-throughput drug screening for
new interventions. Moreover, the array is a promising substrate for
the design of next-generation spheroid platforms to answer a range
of niche neurobiological questions.

2 Materials

2.1 Array Platform

2.2 Gell Culture

. MakerBot Replicator 2 desktop 3D printer and ABS material.
. AutoCAD and MakerBot Printing software.

. SU8-100 photoresist (MicroChem Co.).

. SU8 developer, BTS-220 (Doe & Ingalls).

. Silicon wafer 6-in. (NOVA Electronic Materials).

. High reflective chrome photomask (Front Range Photomask
LLC).

7. Polydimethylsiloxane (PDMS)-Sylgard 184 Silicon (Ellsworth
Adhesives).

8. Glass slides (Nexterion, Applied Microarrays, Inc.).

[© )N 2 W - NERG I NS I

9. MTP 96-well superstructures and sealing film (Nexterion,
Applied Microarrays, Inc.).

10. Plate lid (Nexterion, Applied Microarrays, Inc.).

Carry out all procedures under a sterile biosafety cell culture hood.

1. 20 pg/mL human recombinant epidermal growth factor
(EGF) stock solution: Filter 10 mM acetic acid through a
0.2-pm membrane. Add 2.0 mL of the filtered acetic acid to
2.0 mg of lyophilized EGF (Sigma-Aldrich; 1 mg/mL) and
mix thoroughly. Make up a final concentration of 20 pg,/mL by
further diluting with 0.2 pm filtered 0.1% (wt/vol) bovine
serum albumin (BSA) solution. Prepare 1.0 mL aliquots and
store at —80 °C (see Note 1).
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25 pg/mL human recombinant basic fibroblast growth factor
(bFGF) stock solution: Filter 10 mM Tris (pH 7.6) through a
0.2 pm membrane. Add 2.0 mL of the filtered Tris to 50 pg of
lyophilized bFGF (Stemgent), mix thoroughly, and make
0.2 mL aliquots. Store aliquots at —80 °C (see Note 1).

. ReN-cell proliferation medium: 484.5 mL DMEM/F12

medium, 0.5 mL heparin, 10 mL B27, 5.0 mL 100x penicil-
lin/streptomycin, 0.5 mL amphotericin B, 0.5 mL EGF
(20 pg/ml, Sigma-Aldrich), 0.4 mL bFGF (25 pg/mlL,
Stemgent).

hiPSC proliferation medium: 99 mL ENStem—A neural pro-
liferation medium, 1.0 mL EmbryoMax L-Glutamine solution
(100x, 200 mM), 1.0 mL 100x EmbyroMax ES Cell-
Quualified Penicillin—Streptomycin solution (EMD Millipore).

. ReN-cell differentiation medium: 484.5 ml. DMEM /F12

medium, 0.5 mL of heparin, 10 mL of B27, 5.0 mL 100x
penicillin/streptomycin, and 0.5 mL amphotericin B.

ENStem.

IRES-mediated polycistronic lentiviral vectors CSCW-GFP
(control), CSCW-APPSL-GFP (AD), and CSCW-APPSL-
PS1Ae9-mCherry (AD) (all constructs are available through

the corresponding author). For more details on the constructs,
readers are referred to ref. [5].

. Human iPSC-derived neural progenitor cells (EMD

Millipore).
Matrigel (Corning).

Matrigel-coated vented T25 cell culture flasks: Add 3 mL of
Matrigel:DMEM-F12 medium (1:100 dilution) to the bottom
of each vented T25 flask, shake gently to cover the surface, and
incubate at 37 °C for at least 1 h. Aspirate the media and store
flasks at 4 °C until use (see Note 2).

Accutase (Life Technologies).
Phosphate-buffered saline (PBS).
ReN-cell neural stem cell freezing medium (EMD Millipore).

Cell counting machine, cell counting slides, and Trypan Blue
(Invitrogen).

. Blocking solution: Add 2.5 g of BSA (Sigma-Aldrich), 5.63 g

of glycine, and 0.25 g of gelatin to 200 mL of Tris-buftered
saline (TBS-T, Boston BioProducts). Incubate the solution at
55 °C for ~10 min for gelatin to dissolve. Add 10 mL of donkey
serum (Sigma-Aldrich) and TBS-T to a final volume of
250 mL. Filter the solution through a 0.4-pm filter unit and
store at 4 °C.
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2.4 Scanning
Electron Microscopy

2.5 ELISA

2. Primary and secondary antibodies:
(a) Anti-MAP 2 (EMD Millipore, AB5543, 1:500).
(b) Anti-Tujl (Sigma, T2200, 1:100).
Anti-DCX (Abcam, Ab135349, 1:200).
AT-8 (ThermokFisher Scientific, MN1020, 1:30).

B-amyloid (142 specific) (Cell Signaling Technology,
D9A3A, 1:200).

(f) Alexa Fluor 488 Secondary antibody (Abcam, Ab150077,
1:200).

(g) Alexa Fluor 568 Secondary antibody (Life Technology,
A-11041, 1:400).

(h) Cy5 Secondary antibody (Jackson ImmunoResearch,
715-175-150, 1:200).

(i) Cy5 Secondary antibody (Jackson ImmunoResearch,
711-175-152, 1:200).

3. 4% Paraformaldehyde.

. Nikon Eclipse Ti microscope.

RS

. Image] software.

. Aluminum Mounts.

. Conductive Adhesive Tabs (double-sided adhesion).

. SEM Pin Stub Mount Gripper 45° angle (TED PELLA, INC.).
. Universal Specimen Mount Holder.

. Glutaraldehyde 2.5% in 0.1 M Phosphate Buffer.

. Hexamethyldisilazane.

. Osmium tetroxide solution 4% in H,O.

O NN O U B W N~

. Ultra55 Field Emission Scanning Electron Microscope.

—

. Human amyloid-p ELISA Kit (Wako Pure Chemicals).

2. MesoScale Discovery 96-well Mouse Pro-Inflammatory
V-PLEX Assay (Meso Scale Discovery).

3. Synergy 2 ELISA plate reader (BioTek Instruments).
4. Meso QuickPlex SQ 120 (Meso Scale Discovery).

3 Methods

3.1 Fabricating
the Brain Spheroids
Array

All designs can be generated using AutoCad software. All designs in
this chapter are available through https://github.com /jorfilab/
brainspheroids. An overview of the fabrication process is shown in
Fig. 2a.
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A
(i) (i) (iii) (iv)
I I I 1 I I I — UV exposure
[l|lllll|lllll — photomask (LLLLIEEL
I SU-8 photoresist LU
— silicon substrate silicon mold PDMS PDMS array
- C  brain spheroid
Assembled-96-well plate
7 (V)
(iv)

(i)
(i
(i)

PDMS array

Fig. 2 Microfabrication process of the 3D brain spheroids array. (a) Generation of the PDMS brain spheroids
array using soft lithography technique. (/) Expose masked SU8-100 photoresist to UV light. (i) Remove the
unexposed photoresist. (i) Cast PDMS over silicon mold. (i) Remove cured PDMS from mold. (b) The
assembled 96-well array has five components: (/) a 3D designed and printed 96-well frame, (i) a high-
quality glass with transmittance of over 92% and high optical clarity for fluorescence wavelengths, (i) a
microfabricated PDMS microwell array of 1536 microwells, (iv) a 96-well silicon superstructure that groups
16 microwells into a single superstructure well, and (1) a plate lid. Adapted with permission [6]. Copyright
2018, Nature Publishing Group. (¢) A single superstructure well in a 96-well plate holds 16 brain spheroids,
each cultured in a 500-pum diameter microwell in the PDMS array

3.1.1  Master Fabrication 1. Design the microfluidic spheroids array using AutoCad soft-
ware and print it onto the chrome photomask.

2. Dehydrate a silicon wafer in an oven at 250 °C for 30 min.
Allow the silicon wafer to cool down to room temperature
before proceeding to the next step.

3. Plasma-treat the silicon wafer using an oxygen plasma machine
(March Plasma System) for 3 min at 100 watts.

4. After plasma treatment, blow-dry the silicon wafer with nitro-
gen gas, place it onto the spinner chuck, and turn on the
vacuum.

5. Cover the silicon surface with ~5 mL of SU8-100 and spin the
silicon wafer at 600 rpm for 5 s, followed by spinning at
1650 rpm for 30 s. This spinning protocol produces a photo-
resist thickness of ~200 pm.

6. Place the coated silicon wafer onto a hot plate. Soft-bake the
wafer at 70 °C for 25 min, followed by baking at 100 °C for
80 min. Allow the coated silicon wafer to cool down to room
temperature before proceeding to the following step.
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3.1.2 PDMS Mold
Fabrication

7.

10.

11.

12.

Repeat steps 5 and 6 three times to achieve ~600 pm photore-
sist thickness suitable for the 500 pm brain spheroids array (see
Note 3).

. Place the coated silicon wafer onto the exposure stage, facing

the UV lamp. Place the photomask with the microwell design
onto the exposure stage. Open the shutter of the UV lamp and
expose the photoresist for 80 s.

. Place the exposed silicon wafer onto a hot plate, with the

SU8-100 coating facing upwards. Post-bake the silicon wafer
at 70 °C for 1 min, followed by baking at 100 °C for 16 min.
Allow the coated silicon wafer to cool down to room
temperature.

Develop the exposed silicon wafer using the developer solution
tor ~1 h, followed by developing in a fresh developer for
another 2 min. Rinse the silicon wafer with fresh developer
and blow-dry using nitrogen gas.

Place the silicon wafer onto the exposure stage with the
SU8-100-coated surface facing the UV lamp. Place a clear
photomask or glass on top of the silicon wafer. Post-expose
the photoresist for another 65 s in case of uncompleted reac-
tions initiated during the first exposure.

Place the flood-exposed silicon wafer onto a hot plate with the
coated layer on top. Post-bake the wafer at 70 °C for 2 min,
followed by baking at 100 °C for 6 min. Allow the coated
silicon wafer to cool down to room temperature and store for
later use.

. Prepare 10:1 PDMS by combining 40 g of Sylgard 184 base

with 4 g of curing agent in a plastic dish. Mix thoroughly and
degas the mixture for 2—3 h inside a desiccator connected to a
vacuum to remove all air bubbles generated during mixing.

. Gently pour the PDMS mixture over the silicon wafer mold to

avoid generation of new air bubbles.

. Bake the PDMS-coated silicon wafer in an oven at 75 °C for

12 h.

. Cut out the PDMS spheroids array from the silicon wafer

substrate using a sharp blade.

. Place the PDMS spheroids array block (containing 1536

microwells, 500 pm in diameter) on a clean tray inside the
oxygen plasma machine with the microwells facing down.
Place the glass slide onto the same tray and expose both sur-
faces to plasma for 70 s at 50 watts.

. Invert the PDMS spheroids array block and bond it to the glass

slide. Bake the bonded PDMS-glass slide in a 70 °C hot plate
for 20 min.
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3.1.3  Brain Spheroids 1. Print the 96-well frame plate using MakerBot Replicator
Array Assembly 2 desktop 3D printer and ABS material following the vendor
protocol.

2. Assemble the 96-well plate as shown in Fig. 2b. Note that each
superstructure well supports the formation of 16 brain spher-

oids (Fig. 2¢).

3. Store the plate in a clean environment for future use (see

Note 4).
3.2 Generating 1. Package lentiviral vectors. Transfect ReN cells with CSCW
the Genetically constructs (see¢ Note 5). Enrich the transfected cells for top
Engineered AD hNPCs 2% GFP/mCherry-expressing cells using fluorescence-

activated cell sorting (FACS).

2. Generate clonal control and fAD ReN cell lines by FACS-
assisted 96-well single-cell cloning into Matrigel-coated
96-well plates (Fig. 3).

3. Sequentially expand the cells in 6-well plates, T25, and T75
flasks. Change the proliferation medium twice a week.

Once cells reach confluency, aspirate media, wash cells with
PBS to remove dead residual cells, incubate cells in Accutase
(0.5 mL for T25 and 1.5 mL for T75) at 37 °C until cells are
dissociated from the plate, and neutralize the reaction with an
equal volume of proliferation medium. Centrifuge cells at
1500 rpm for 3 min. Re-suspend cell pellets in corresponding
freezing medium and transfer cells into appropriate freezing
vials to store in liquid nitrogen for later use.

3.3 Maintaining ReN Carry out all procedures under a sterile biosafety cell culture hood.

Cells and hiPSCs 1. Quickly thaw control, AD ReN cells, and hiPSCs by placing
frozen stocks into a bead bath at 37 °C. Equilibrate thawed
cells into proliferation medium by slowly adding a small volume
of appropriate proliferation medium directly to the cells.
Pipette up and down and transfer the entire solution to a new

(i) (ii) (iii) (iv) (v)

CSCW

construct

Fig. 3 Workflow to generate single-clonal fAD-ReN cell lines. (/) fAD mutations are introduced into the
CSCWW-APP-(PS1)-GFP construct by site-directed mutagenesis. (i) hNPCs are transfected with the construct.
(i) Transfected hNPCs are FACS-enriched by GFP signal. (iv) The sorted cells are heterogeneous for genomic
integration of the construct. (1) Single-cell-FACS enrichment generates single-clonal hNPCs
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4.

5.

tube. Centrifuge cells at 1500 rpm for 3 min, aspirate the
supernatant, and re-suspend the cell pellets in 4-7 mL
pre-warmed proliferation medium.

Transfer the cells to a matrigel-coated vented T25 flask and
place in a cell culture incubator at 37 °C and 5% CO,, (see Notes
6 and 7).

Maintain cells at 37 °C in proliferation medium with full
biweekly medium changes until the cells become confluent.
Proliferation medium may be changed more frequently if cells
are dividing slowly.

Carry out all procedures in a sterile biosafety cell culture hood to
avoid contamination.

1.

Once cells have reached 90-100% confluency, aspirate medium,
wash cells with PBS, and incubate cells with Accutase (0.5 mL
for T25 and 1.5 mL for T75) at 37 °C until cells are dissociated
from the flask. Then, neutralize Accutase with an equal volume
of proliferation medium. Centrifuge the cell mixture and resus-
pend the cell pellets in 5 mL of fresh proliferation medium. Mix
cells thoroughly by pipetting up and down so that cells are
evenly dispersed and cell counting is accurate.

. Dilute the cells 1:10 by adding 10 pL of resuspended cells to

90 pL of medium and mix thoroughly. Further dilute the cells
1:1 with Trypan Blue, by mixing 15 pL of cells with 15 pL of
Trypan Blue and mix thoroughly. Dispense 10 pL of the solu-
tion into each side of the cell counting chip. Count the cells in
each side of the chip using an automated cell counter, average
the values, and adjust for the dilution (se¢ Note 8). Centrifuge
the cells at 1500 rpm for 3 min. Resuspend the cells in appro-
priate volume of proliferation medium to achieve a final con-
centration of 12 x 10° cells/mL (sez Note 9).

If the cell count is insufficient, cells must be expanded further.
To passage the cells for further proliferation. Following step 1,
resuspend the cell pellets in proliferation medium and transfer
them into three Matrigel-coated T25 flasks. Keep changing
medium until the cells become confluent. Count the cells as
described in step 2 and proceed with the following steps.

Plate 100 pL of the cells from step 2 into each suprastructure
well of the brain spheroids array (Fig. 4, Step 1).

After 20 min, add 200 pL of proliferation medium against the
wall of each suprastructure well. Aspirate the medium to
remove floating cells from the wells and add fresh 200 pL of
proliferation medium to each well (Fig. 4, Step 2).
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STEP 1 STEP 2 STEP 3 STEP 4
Matri_gei

STEP 7

Neurite outgrowth bundles
~

U RU Uy |

Fig. 4 Workflow for plating stem cells in the 3D array platform. Step 1. Plate stem cells into the array. Step 2.
Once cells aggregate, remove floating cells. Step 3. Allow 3D spheroids to form during incubation. Step 4.
Cover array with extracellular matrix. Step 5. Remove excess matrix. Steps 6 and 7. Allow spheroids to
differentiate and form neurite projections during incubation

6. Incubate the arrays at 37 °C and 5% CO, atmosphere (Fig. 4,
Step 3). Change the proliferation medium after 24 h and
incubate the arrays at 37 °C and 5% CO, atmosphere for
another 24 h to generate fully formed brain spheroids.

7. After 48 h, aspirate the entire proliferation medium and apply
100 pL of 1:4 Matrigel:differentiation medium (for
ReN-derived spheroids) or 1:1 proliferation:differentiation
medium (for hiPSC-derived spheroids) to each well to cover
the whole surface area (Fig. 4, Step 4). Incubate at 37 °C for
2 h to allow Matrigel to solidify (see Note 10).

8. Remove excess Matrigel from the surface of the brain spheroids
array by gently scraping a gel loading tip tilted at 90° across the
surface of the PDMS array (Fig. 4, Step 5). Replace the media
with 200 pL fresh pre-warmed differentiation medium.

9. Maintain the cell culture up to 8 weeks, changing half of the
differentiation media every 4 days.

10. OPTIONAL: For applications that require the removal of the
brain spheroids from the arrays, following step 7, place the
array in a 6-well plate tilted at 45° and spray proliferation
medium over the array using a 1-mL tip. Repeat this step
three times to extract all the spheroids from the arrays. Images
can be captured using the Z-stacking function on an inverted
Nikon Eclipse Ti microscope, to allow visualization of full
brain spheroids after removal (see Fig. 5a). Process images for
quantification of spheroid diameters using Image] software

(Fig. 5b).
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Fig. 5 Generation and recovery of uniformly sized brain spheroids in high-throughput arrays. (a) Confocal
images show plated and harvested homogenously sized brain spheroids generated in the 3D array platform
compared to conventional 2D platforms. Scale bars indicate 400 pm. (b) Violin plots show the relationship
between cell seeding concentration, microwell diameter, and spheroid diameter after a 24-h formation period
in the 3D array platform. n > 100 spheroids for each condition

3.5 Application I: 1. Rinse plates with PBS and fix in 4% paraformaldehyde (PFA)
Imaging Brain overnight at 4 °C. Wash plates three times with 1x Tris Buft-
Spheroids Morphology ered Saline with Tween 20 (TBS-T). Keep cells overnight at

4 °C in blocking solution. Then, permeabilize the cellular
membrane of the cells with 0.1% Triton X-100 for 45-60 min
at room temperature. Next, wash the cells three times with 1 x
TBS-T, leaving each wash in for 15 min. Incubate the brain
spheroids with primary antibodies in blocking solution at 4 °C
overnight, followed by incubation with species-specific second-
ary antibodies at 4 °C overnight in the dark. Alternatively, after
secondary antibody staining and washing three times with 1x
TBS-T, cell nuclei can be stained with Hoechst 3342 (1:2000
dilution) for 20 min at room temperature. Following staining
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Hoechst DCX Tud1 MAP2 overlay

Fig. 6 Uniformly sized brain spheroids generated in the 3D array form extensive neurite networks. (a)
Representative confocal images show expression of neuronal markers (MAP-2, microtubule-associated
protein 2; TuJd1, B-tubulin lll; and DCX, doublecortin) and nuclei (Hoechst) in hiPSC-derived spheroids at
2-weeks differentiation in the 3D array platform. (b) Scanning electron microscopy images for control and fAD
ReN cells differentiated as spheroids in the 3D array platform for 8 weeks. Outward neurite projections enable
formation of spheroid networks (right three panels). Reproduced with permission [6]. Copyright 2018, Nature
Publishing Group

3.6 Application IlI: 1.

Monitoring
Pathophysiology

of the brain spheroids, a series of images can be captured using
the Z-stacking function on an inverted Nikon Eclipse T7 micro-
scope, to allow visualization of full brain spheroids (Fig. 6a) (see
Note 11). Process images using Image] software.

To visualize brain spheroids using electron microscopy, fix the
differentiated spheroids in 2.5% glutaraldehyde for 30 min,
wash three times with PBS, and then post-fix in aqueous 1%
Os0y in a certified chemical hood with personal protective
equipment for 60 min (see Note 12). Then, wash the brain
spheroids with PBS three times, leaving each wash in for
15 min. Dehydrate through a graded series of ethanol diluted
in PBS (30-90% v/v) for 15 min each, followed by washing
with absolute ethanol three times before drying in hexamethyl-
disilazane solution. Air-dry under safety hood overnight.
Mount the arrays with fixed brain spheroids onto aluminum
stubs, sputter-coat with 5 nm of platinum/palladium, and
image in an Ultra55 Field Emission Scanning Electron Micro-
scope at 10 kV with In lens SE detector (Fig. 6b).

Immunohistochemical detection of Af and tau pathology: Fol-
low step 1 in Subheading 3.5 for fixing, permeabilizing, and
blocking the brain spheroids. Next, choose appropriate anti-Af
and anti-phosphorylated tau primary and secondary antibodies
(see Subheading 2.3, item 2) to immunostaining the brain
spheroids for Ap and tau pathology (Fig. 7a, b).
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2. Quantify AP isoform levels using Human Amyloid-f ELISA
Kit: Collect the conditioned media from differentiated
ReN-brain spheroids at the timepoint of interest and dilute
1:2 in the provided dilution buffer. Use a Synergy 2 ELISA
plate reader to quantify Ap40 and AP42 fluorescent signals
(Fig. 7¢).
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Fig. 7 Modeling AD pathology in the 3D brain spheroids array. (a) fAD ReN-cell-derived spheroids were
differentiated in the array for 8 weeks and stained for AB and phospho-Tau (p-Tau). Pathological hallmarks
show distinct localization throughout the spheroids, with Ap aggregated along the perimeter of the spheroids
and p-Tau present throughout the spheroids. (b) MAP 2, AB42, and p-Tau levels quantified by immunofluores-
cence in control and AD ReN-cell spheroids. (c) AB42, Ap40, and AB38 levels in the media quantified by ELISA
for control and AD ReN cells differentiated for 7 weeks in the array platform and treated with p-secretase
inhibitor. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ANOVA followed by a post hoc Dunnett’s test;
means &= SEM; n = 6 per each sample. Reproduced with permission [6]. Copyright 2018, Nature Publishing
Group



3.7 Application IlI:
High-Throughput Drug
Screening of AD Brain
Spheroids

with Automated
Readouts

Generation of Three-Dimensional Human Brain Spheroids 165

. Quantify AP isoform levels using MesoScale Discovery 96-well

Mouse Pro-Inflammatory V-PLEX Assay: Add 150 pL of
provided diluent to the plate, which is coated with an array of
AP capture antibodies. Incubate the plate at room temperature
while shaking for 1 h. Wash the plate with the washing buffer.
Add 25 pL of detection antibody solution and 25 pL of the
prepared samples to the plate according to the manufacturer’s
protocol. Incubate the plate at room temperature for 2 h with
vigorous shaking. Wash the plate in washing buffer and add
150 pL of 2x Read Bufter T. Immediately read the fluorescent
signal on a Meso QuickPlex SQ 120.

. AP levels in the media can be quantified by ELISA at various

timepoints to monitor the effect of treatment (see Subheading
3.7, Application III) with active compounds on levels of
secreted pathogenic proteins in the media (Fig. 7¢).

. Plate control and fAD ReN-cells into the brain spheroids array

platform at a concentration of 12 x 10° cells/mL in prolifera-
tion medium.

. After 20 min, add 200 pL of proliferation medium against the

wall of each suprastructure well. Aspirate the medium to
remove floating cells from the wells and add fresh 200 pL of
proliferation medium.

. Incubate the arrays at 37 °C and 5% CO, atmosphere for 48 h

to allow full spheroids formation.

. Add drugs of choice to the proliferation medium to achieve the

desired concentration. Treat the brain spheroids with different
drugs at varying concentrations 2 days after plating (Fig. 8).
Make fresh working stock for each media change.

. Repeat the drug treatment after 4 days.
6. Maintain the brain spheroids for 7 days at 37 °C and 5% CO,

atmosphere. After 7 days, rinse the brain spheroids with PBS
and fix in 4% PFA overnight at 4 °C. Wash three times in PBS
for 15 min each, and leave 200 pL. PBS in each well.

. For high-throughput drug screening, set up an automated

imaging-job on the Nikon Eclipse Tz microscope. Since the x
and y dimensions of each microwell are known and the brain
spheroids are homogenous in size, confocal images of the 1536
spheroids (16 brain spheroids per well in a 96-well plate) can be
acquired in an automated high-throughput manner. Toxicity
readouts, including brain spheroid diameters and neurite
extensions, can also be quantified as part of this automated
process through postprocessing, using Image] software
(Fig. 9).
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Control (DMSO)
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Methotrexate

Fig. 8 Monitoring the effect of active compounds on AD ReN-cell-derived spheroids cultured in the 3D array
platform. Confocal images of representative brain spheroids after a 7-day drug treatment with DMSO,
y-secretase inhibitor (Compound E), -secretase inhibitor (LY2886721), Imatinib, or Methotrexate at five
different concentrations. Reproduced with permission [6]. Copyright 2018, Nature Publishing Group
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Fig. 9 Quantifying the effect of active compounds on AD ReN-derived spheroids cultured in the 3D array
platform. Quantification of neurite number and brain spheroids diameter after 7-day drug treatments from
Fig. 8. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ANOVA followed by a post hoc Dunnett’s test;
means & SEM; n = 6 per each sample. Adapted with permission [6]. Copyright 2018, Nature Publishing Group
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4 Notes

1. Stock aliquots can be stored for up to 1 year at —80 °C. Once

thawed, store aliquots at 4 °C and use within 2-3 weeks to
avoid activity loss associated with multiple freeze—thaw cycles.

. Take out Matrigel stock from —80 °C freezer and store at 4 °C

1 day prior to experiment to give the gel plenty of time to thaw.
Make fresh working solution each time. Precool pipettes in
cold DMEM-F12 medium prior to taking up Matrigel to
prevent the gel from solidifying. Keep Matrigel and Matrigel:
DMEMEF12 solution on ice throughout coating. Make sure the
Matrige: DMEMF12 solution covers the base of each T25 flask
evenly prior to incubating. Matrigel-coated flasks can be stored
for up to 2 months at 4 °C.

. The spheroids array design can be customized using AutoCAD

software according to specific needs and interests. For example,
one can modify the spheroids array diameter, spheroid—spher-
oid distance, number of spheroids per well, or add connections
between the spheroids. Repeat steps 5 and 6 (Subheading
3.1.1) once to achieve ~200 pm photoresist thickness that is
suitable for the 100 and 200 pm brain spheroids arrays or twice
to achieve ~400 pm photoresist thickness that is suitable for the
400 pm brain spheroids array.

. Place the assembled 96-well brain spheroids plate without a lid

onto a tray inside the oxygen plasma machine and expose the
array surface to plasma for 70 s at 50 watts before adding the
cell suspension to the array.

. Cells were transfected with the CSCW-APPSL-GFP construct,

encoding full-length B-amyloid precursor protein (APP695)
with the London (V717F), Swedish (K670N/M671L) muta-
tions, and GFP reporter gene, the CSCW-APPSL-PS1Ae9-
mCherry construct, additionally encoding the PS1 gene with
the Ae9 mutation, or a control CSCW-GFP control construct
as described in ref. [11].

. Thaw cells quickly in the water bath (37 °C) until no crystals

remain. Add proliferation medium to the thawed cells in small
increments, while gently shaking the vial to disperse the
medium and avoid cell membrane rupture. Keep the cells on
UV-sterilized ice whenever possible.

. Excess cells may be frozen down. Alternatively, the cell pellet

may be split into multiple flasks. Ensure that flasks are not over-
populated with cells as they may reach confluency too quickly.
Once cells settle, they should occupy about one-third of the
surface area so that cells have plenty of room to proliferate.
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Under these conditions, ReN cells usually take 2-3 days to
become confluent. A single 95% confluent T25 flask yields
~2-3 x 10° cells.

8. Trypan Blue stains dead cells, allowing the cell counter to
generate a “live,” “dead,” and “total” cell count. When using
Trypan Blue, average the live cell counts from both readings.
Please note that the cell counter may be set to automatically
account for the 1:1 Trypan Blue dilution. If the counts are
discrepant by >10° cells, mix cells thoroughly before
recounting.

9. To optimize the cell density in brain spheroids arrays with
different microwell diameters, resuspend the cells in an appro-
priate volume of proliferation medium to achieve a final con-
centration of 2, 2.5, 4, 8, 16, 20, 24, or 32 x 10° cells/mL.

10. This is a key step that prevents brain spheroids from diffusing
out of the microwells.

11. The excitation wavelengths of mCherry and anti-chicken Alexa
Fluor 568 antibodies (MAP 2 staining) partially overlap. How-
ever, the major differences in signal strength allows differentia-
tion between the MAP 2 signal versus mCherry.

12. Osmium tetroxide (OsQOy) is an oxidizing and highly toxic
material. OsOy4 solution must be handled in a certified chemi-
cal hood with personal protective equipment (PPE) including
lab coat, protective gloves, and eye/face protection. Read
thoroughly the material safety data sheet (MSDS) before
using the OsOy solution. To dispose the leftover OsOy solu-
tion, neutralize it by twice its volume of vegetable oil (e.g.,
corn oil) by pouring the oil into the OsO, solution and wait for
the oil to completely turn black.
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Directed Differentiation of Human Pluripotent Stem Cells
for the Generation of High-Order Kidney Organoids

Idoia Lucia Selfa, Maria Gallo, Nuria Montserrat, and Elena Garreta

Abstract

Our understanding in the inherent properties of human pluripotent stem cells (hPSCs) have made possible

the development of differentiation procedures to generate three-dimensional tissue-like cultures, so-called
organoids. Here we detail a stepwise methodology to generate kidney organoids from hPSCs. This is
achieved through direct differentiation of hPSCs in two-dimensional monolayer culture toward the
posterior primitive streak fate, followed by induction of intermediate mesoderm-committed cells, which
are further aggregated and cultured in three-dimensions to generate kidney organoids containing seg-
mented nephron-like structures in a process that lasts 20 days. We also provide a concise description on
how to assess renal commitment during the time course of kidney organoid generation. This includes the
use of flow cytometry and immunocytochemistry analyses for the detection of specific renal differentiation
markers.

Key words Kidney organoid, Human pluripotent stem cells, Differentiation, Primitive streak, Inter-
mediate mesoderm, Nephron progenitor cells, 2D Monolayer, 3D Organotypic culture, Nephrons,
Flow cytometry, Immunocytochemistry

1 Introduction

Human pluripotent stem cells (hPSCs) can be exposed to a series of
developmental cues in form of cytokines, growth factors, chemical
compounds, and biophysical cues [1] to direct their differentiation
toward specific cell lineages occurring during kidney development
[2]. Under these renal inductive signals, differentiating hPSCs are
able to self-organize in three-dimensional (3D) culture resulting in
the formation of tissue-like structures that partially resemble in
structure and function the human developing kidney, known as
kidney organoids (reviewed in [3-5]). Several studies have
described different approaches to generate hPSC-derived kid-
ney organoids containing nephron-like structures [1, 6-9]. Most
of the procedures developed up to date account with a first stage of
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differentiation in where undifferentiated hPSCs are guided to the
posterior primitive streak (PPS) fate by the endogenous activation
of WNT using the GSK-3f inhibitor CHIR99201 (CHIR). To that
end, different lengths and doses of CHIR treatment have been
described [1, 6-11]. In the same manner, different laboratories
have shown that the commitment of PPS toward intermediate
mesoderm (IM) and nephron progenitor cells (NPCs) can vary
among protocols [1, 6-11]. In this chapter, we explain in detail a
procedure to generate kidney organoids from hPSCs, during which
hPSCs are induced for a short period of 4 days in a two-dimensional
(2D) culture fashion toward IM-like cells that are then aggregated
into 3D spheroids and cultured under organotypic conditions for
16 additional days (Fig. 1). After aggregation, IM-committed
spheroids are kept in the presence of growth factors for 5 days to
induce NPC commitment. Three additional days are then required
for the formation of renal vesicle (RV) structures—the precursor
structures of the nephrons—that appear within the organoids 24 h
after complete growth factor removal due to a process of mesen-
chymal to epithelial transition. During the following 8 days, RVs
acquire proximal-distal polarity and develop into nephron-like
structures by recapitulating in vitro the process known as nephron
patterning (Fig. 1). Day 16 kidney organoids reveal the presence of
segmented nephron-like structures containing glomeruli with
podocyte-like cells connected to proximal and distal tubular struc-
tures [1]. In contrast to recent works that showed the possibility to
differentiate hPSCs into kidney organoids transcriptomically
matching first trimester gestational kidney in a process of 25 days,
the method described here takes advantage of the aggregation of
IM-like cells very early during the differentiation process to boost
cell-to-cell and cell-to-extracellular matrix interactions to efficiently
generate kidney organoids with a similar transcriptomic profile as
that found in second-trimester human gestational kidney [1].

2D Monolayer culture 3D Organotypic culture
RV-stage Kidney
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Fig. 1 Kidney organoid differentiation protocol. The days of the protocol are indicated as “D”. hPSCs human
pluripotent stem cells, PPS posterior primitive streak, /M intermediate mesoderm, NPCs nephron progenitor
cells, RV renal vesicles, E8 essential 8 medium, VTN vitronectin, Adv RPMI advanced RPMI 1640 basal
medium, Hep heparin



Generation of High-Order Kidney Organoids 173

During the last decade, several laboratories have demonstrated
the generation of organoids from hPSCs resembling not only kid-
ney but also a variety of organs including eye cup, brain, intestine,
and lung among others [5]. The field is rapidly evolving, and several
studies have recently highlighted organoids’ potentiality for mod-
eling organ development and disease in the human context, open-
ing the door to future drug discovery and regenerative medicine
applications. However, the organoid field is still facing major chal-
lenges, in part associated to the lack of control in the self-
organizing events occurring during organoid formation in current
methodologies, leading to high organoid variability as well as lack
of essential cellular components (i.e., vascularization) and incom-
plete maturation. In this regard, emergent bioengineering technol-
ogies including biomimetic materials, microtechnologies, and 3D
bioprinting [12, 13] can be used to harness and control organoid
morphogenesis by precisely tuning the organoid niche (i.e., cell-
cell and cell-extracellular matrix interactions) (reviewed in [5, 141]).
Recently, we have shown that kidney organoids can vascularize
upon implantation onto the chick chorioallantoic membrane
(CAM), thus acquiring relevant features of podocyte maturity
[1]. Of note, when the soft CAM microenvironment was mimicked
in vitro using polyacrylamide hydrogels, these accelerated the for-
mation of kidney organoids that indeed contained more nephron-
like structures in comparison to a rigid microenvironment
[1]. Overall, the exploitation of bioengineering tools as well as
other emergent disciplines (i.e., gene editing, single-cell analysis,
force mapping, computational modeling, among others) in combi-
nation with the morphogenetic potential of organoids represents a
promising scenario toward the development of next-generation
organoid models.

2 Materials

2.1 Culture
and Passage of hPSCs

1. Air-vented 10 cm Petri dishes, Nunclon Delta™ (150350,
Thermo Scientific).

2. Phosphate-buftered saline (PBS) pH 7.4 (1x) (1001-015, Life
Technologies).

3. Vitronectin (VIN-N) (A14700, Fisher Scientific). The vitro-
nectin coating is prepared by diluting the vitronectin stock
solution (0.5 mg/mL) at a 1:100 ration in 1x PBS. Coating
of an air-vented 10 cm Petri dish is performed by diluting
50 pL of the vitronectin stock solution in 5 mL of PBS to
have a final concentration of 0.5 pg of vitronectin/mL. For
24-well plates (see Subheading 2.2), 400 pL of diluted vitro-
nectin (5 pg/mL) per well is used. Plates containing the vitro-
nectin solution are left at room temperature for 1 h or kept at
4 °C overnight until further use.
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4. Essential 8 medium (A1517001, Life Technologies). It is
provided as a two-component kit (500 mL basal medium bottle
and 10 mL supplement). Besides adding the 10 mL supple-
ment, add 5 mL of Penicillin /Streptomycin (10,000 units/mL
of penicillin and 10,000 pg/mL of streptomycin, 15140122,
Life Technologies).

5. 0.5 M EDTA (15575-038, Life Technologies): dilute the
EDTA stock solution (0.5 M) at a 1:1000 ratio in 1x PBS to
have a working solution of 0.5 mM EDTA.

(-

2.2 Plating of hPSCs . 24-well plate, Nunclon Delta™ (142475, Thermo Scientific).

for Differentiation 2. Round coverslips, diameter 12 mm, #1.5 (CBA-
DO0120RAC20MNZ#0, Fischer Scientific). Autoclave the
coverslips before use for cell culture.

3. Microfuge tubes, 1.5 mL (200400P, Deltalab).
4. Accumax (07921, Stem Cell Technologies).

5. Dulbecco’s modified eagle medium (DMEM) (11966025, Life
Technologies).

6. Fetal Bovine Serum (FBS) (10270-106, Gibco).
7. Neubauer chamber (0640010, Superior Marienfeld).

2.3 Differentiation 1. Advanced RPMI 1640 basal medium (12633-012, Life Tech-

of hPSCs Toward nologies): A bottle of 500 mL of advanced RPMI 1640 basal

IM-Committed Cells medium is supplemented with 5 mL of L-GlutaMAX

and Generation (200 mM, 35050-038, Life Technologies) and 5 mL of Peni-

of Kidney Organoids cillin/Streptomycin (10,000 units/mL of penicillin and
10,000 pg/mlL  of streptomycin, 15140122, Life
Technologies).

2. 12 pM CHIR99021 (SML1046-5MG, Sigma): dilute 5 mg of
CHIR99021 in 896 pL of dimethyl sulfoxide (D2650, Sigma),
aliquot, and store at —20 °C.

3. 50 pg/mL Recombinant human FGF9 (100-23B, Peprotech):
reconstitute in cell-culture-grade distilled water (15230-089,
Life Technologies), aliquot, and store at —20 °C.

4. 50 mg/mL Heparin (H3149-10KU, Sigma): reconstitute in
cell-culture-grade distilled water (15230-089, Life Technolo-
gies), aliquot, and store at 4 °C.

5. 50 pg/mL Activin A (338-AC-050, R&D Systems): reconsti-
tute in sterile 4 mM hydrochloric acid (HCl), aliquot, and store
at —20 °C.

6. 96-well plate, V-bottom, Nunc™ (249935, Thermo
Scientific).

7. Corning® Transwell® polyester membrane cell culture inserts
(CLS3460, Sigma).

8. Thin glass Pasteur pipette, 150 mm (5426015, Normax).
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9. 200 pL-wide orifice pipette tips (E1011-8400, Starlab). Tips
need to be autoclaved for cell culture use.

1. eBioscience™ Foxp3/Transcription factor staining buffer set
(00-5523-00, Invitrogen). Components are fixation/permea-
bilization concentrate (00-5123), fixation/permeabilization
diluent (00-5223) and 10x permeabilization Dbuffer
(00-8333). Prepare fresh Foxp3 fixation/permeabilization
working solution by mixing one part of Foxp3 fixation/per-
meabilization concentrate with three parts of Foxp3 fixation/
permeabilization diluent. Prepare a 1x working solution of
permeabilization buffer by mixing one part of 10x permeabi-
lization buffer with nine parts of distilled water.

2. Accumax (07921, Stem Cell Technologies).

3. Falcon® 5 mL Round-Bottom Polystyrene Test Tube, with
Cell Strainer Snap Cap (352235, Corning).

4. LIVE/DEAD™ Fixable violet dead cell stain kit (134963,
Invitrogen).

5. Fetal bovine serum (FBS) (10270-106, Gibco).

Antibodies and Isotype Controls
6. Oct3/4, mouse IgGl «x, Alexa Fluor (AF) 488, Clone
40,/0ct3 (560253, BD Pharmigen).

7. Mouse IgGl «x, AF488-conjugated isotype control, clone
MOPC-21 (557721, BD Pharmigen).

8. Brachyury, goat IgG, APC (IC2085A, R&D Systems).

9. Goat IgG, APC-conjugated isotype control (IC108A, R&D
Systems).

10. PAX2, goat IgG (AF3364, R&D Systems). Before use, con-
jugate PAX2 antibody to AF488 using the Lightning-Link®™
Rapid conjugation kit (322-0010, Innova Biosciences) fol-
lowing manufacturer instructions.

11. Goat IgG, AF488-conjugated isotype control (IC108G,
R&D Systems).

1. Fixation solution of 4% paraformaldehyde. In the fume hood,
prepare this solution by mixing 2.5 mL of 16% paraformalde-
hyde (153799, Aname) with 7.5 mL of 1x PBS. Prepare fresh
and use it upon preparation.

2. Tris-buftered saline (TBS), 10x (pH 7.4-7.5). To prepare this
buffer, dissolve 132.2 g of Trizma-HCI (T6666, Sigma),
19.4 g of Trizma base (T6791, Sigma), and 90.0 g of NaCl
(87653, Sigma) in 855 mL of distilled water. Keep the solution
at 4 °C and use it within 1 month.
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2.6 Primary 1.
Antibodies 2
3.

TBS, 1x (pH 7.4-7.5). To prepare this buffer, dilute 10x TBS
at 1:10 ratio by mixing 900 mL of distilled water and 100 mL
of 10x TBS. Keep the solution at 4 °C and use it within
2 weeks.

TBS, 1x (pH 7.4-7.5) supplemented with 1% Triton X-100
(50 mL). To prepare this buffer, dilute 500 pL of Triton X-100
(T8787, Sigma) in 50 mL of TBS, 1x (pH 7.4-7.5). Keep the
solution at 4 °C and use it within 2 weeks.

. TBS, 1x (pH 7.4-7.5) supplemented with 0.5% Triton X-100

(50 mL). To prepare this buffer, dilute 250 pL of Triton X-100
(T8787, Sigma) in 50 mL of TBS, 1x (pH 7.4-7.5). Keep the
solution at 4 °C and use it within 2 weeks.

Blocking solution (10 mL) containing 1% Triton X-100 and 6%
donkey serum. To prepare this solution, dilute 600 pL of
donkey serum (§30-KC, Sigma) in 9.4 mL of TBS, 1x
(pH 7.4-7.5) containing 1% Triton X-100. Prepare fresh
blocking solution and use it upon preparation.

Streptavidin/Biotin blocking kit (SP-2002, Vector Labs) is
used as an additional blocking step when biotinylated Lotus
Tetragonolobus Lectin (LTL) is used to stain proximal tubule-
like structures. Briefly, use 4-5 drops of streptavidin solution
and incubate 20 min. Wash once with 1x TBS for 15 min at
RT. Then use 4-5 drops of biotin solution and incubate
20 min. Wash once with 1x TBS for 15 min at RT.

. For diluting the antibodies and for the washing steps, prepare a

solution (25 mL) of 1x TBS containing 0.5% Triton X-100
and 6% donkey serum by mixing 1500 pL of donkey serum
(S830-KC, Sigma) in 23.5 mL of 1 x TBS containing 1% Triton
X-100. Prepare fresh and use it upon preparation.

In case LTL is used to stain proximal tubule-like structures, for
diluting the antibodies and LTL, and for the washing steps,
prepare a solution (25 mL) of 1 x TBS containing 0.5% Triton
X-100 and 1% bovine serum albumin (BSA) by dissolving
0.25 g of BSA (A4503, Sigma) in 25 mL of 1 x TBS containing
0.5% Triton X-100. Prepare fresh and use it upon preparation.

Brachyury, goat IgG (AF2085, R&D Systems).

. Oct4, mouse IgG, clone Cl10 (Sc-5279, Santa Cruz

Biotechnology).
PAX2, goat IgG (AF3364, R&D Systems).

4. SALL1, mouse IgG2a, clone K9814 (PP-K9814-00, R&D

Systems).

. SIX2, rabbit IgG (11562-1-AP, Proteintech).
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. WT1, rabbit IgG, clone CAN-R9(IHC)-56-2 (ab89901,

Abcam).

. E-Cadherin, mouse IgG2ax, clone 36 (610181, BD

Bioscience).

. Podocalyxin, goat IgG (BAF1658, R&D Systems).

. Donkey anti-goat IgG AF488 (705-545-147, Jackson

ImmunoResearch).

. Donkey anti-mouse IgG Cy3 (715-165-151, Jackson

ImmunoResearch).

. Donkey anti-mouse IgG AF488 (A21202, Fischer Scientific).
4. Donkey anti-rabbit IgG Cy3 (711-165-152, Jackson

ImmunoResearch).

. Donkey anti-goat IgG AF555 (A21432, Fischer Scientific).
6. Donkey anti-mouse IgG AF647 (715-605-151, Jackson

ImmunoResearch).

. Biotinylated Lotus Tetragonolobus Lectin (LTL) (B-1325,

Vector Laboratories).

. DyLight 488 Streptavidin (SA-5488, Vector Labs).
. 4’,6-Diamidino-2-Phenylindole,  dihydrochloride ~ (DAPT)

(D1306, Invitrogen). To make a 5 mg/mL (14.3 mM) DAPI
stock solution, dissolve the contents of one vial (10 mg) in
2 mL of distilled water. For long-term storage, aliquot the
stock solution and store at —20 °C.

. Histology mold, plastic (20447200820, Laboquimia). To

embed the organoids, prepare a solution of 0.8% low gelling
temperature type VII agarose (A4018, Sigma) by dissolving
0.8 g of agarose in 100 mL of distilled water. Use the plastic
mold to place the organoids together with pre-warmed 0.8%
agarose. Leave at 4 °C to obtain an agarose block containing
the organoids.

. Dako Pen (5200230, Agilent). Use it to surround tissue sec-

tions on the slide to create a smaller area for antibody
incubation.

. Fluoromount-G (0100-01, Southern Biotech).
. Round coverslips, diameter 12 mm, #l.5 (CBA-

DO00120RAC20MNZ#0, Thermo Scientific).

. Rectangular ~ coverslip, 24 x 50 mm #1.5

(BBAD02400500#SC13MNZ#0##, Thermo Scientific).

. Microscope slide, 25 x 75 x 1.0 mm (JI800AMNZ, Thermo

Scientific).

. Nail polish to fix the coverslips when mounting the samples.
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3 Methods

3.1 Culture
and Passage of hPSCs

The methodology to generate kidney organoids from hPSCs
(Fig. 1) has been divided into four methodological stages involving
the culture and passage of hPSCs (Subheading 3.1), the plating of
hPSCs for differentiation (Subheading 3.2), the differentiation of
hPSCs toward posterior primitive streak (PPS) and intermediate
mesoderm (IM) (Subheading 3.3), and the formation and culture
of kidney organoids (Subheading 3.4). Next, by means of flow
cytometry (Subheading 3.5) and immunocytochemistry (Subhead-
ing 3.6) analyses, a methodology to analyze the differentiation
outcomes at different time points during the generation of kidney
organoids is also described.

1. hPSCs are grown on vitronectin-coated air-vented 10 cm Petri
dishes in Essential 8 Medium and incubated with 5% CO, at
37 °C. In order to avoid their spontaneous differentiation,
hPSCs need to be passaged before they reach 100% confluency.

2. For enzymatic passaging, aspirate the Essential 8§ medium from
hPSCs monolayers at approximately 80% confluency.

3. Perform a quick and gentle wash by rinsing twice with 8 mL of
1x PBS.

4. Add 5 mL of 0.5 mM EDTA. Place the cells in an incubator at
37 °C for 3—4 min. Gently aspirate the EDTA solution without
disrupting the hPCS colonies. Then disaggregate the hPSCs
colonies by flushing 1 mL of Essential 8 media to the hPSCs
colonies in order to detach the cells into small clusters (see Note
1). Collect the clumps of cells into a tube. To prevent excessive
dissociation of cells, use a fresh 1 mL of Essential 8 Media each
time and repeat the process until complete detachment of all
cells in the plate. Normally, 10 mL of Essential 8 Media is used
to collect the cell clumps in a 15-mL tube.

5. Take 500 pL of the cell suspension and complete to 10 mL with
Essential 8 media in a new 15-mL tube to passage the cells at a
1:20 ratio (see Note 2).

6. Aspirate the vitronectin of a new air-vented 10 cm Petri dish
(for vitronectin coating preparation, se¢ Subheading 2.1, item
3) and directly plate the diluted cell suspension. Gently move
the plate in all directions to evenly distribute the cell clusters on
the plate.

7. Culture the cells in an incubator at 37 °C with 5% CO, for
approximately 6 days, changing the Essential 8 media every
second day (see Note 2).
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. Prepare fresh 24-well plates coated with vitronectin. Prepare

also an additional 24-well plate containing 12 mm round glass
coverslips coated with vitronectin, which will be further used to
analyze the extent of differentiation into PPS and IM by immu-
nocytochemistry (see Subheading 3.6).

. Start the procedure as if it is a normal hPSCs passage and

collect the undifferentiated cells in 10 mL of Essential
8 media in a 15-mL tube (see Subheading 3.1, steps 1-4).

. For cell counting, take 1 mL of the cell suspension, place it in a

1.5 mL microfuge tube, and centrifuge for 5 min at 100 g4 to
obtain a cell pellet (see Note 3).

. Remove the Essential 8 media, add 1 mL of 1 x PBS to wash

the cell pellet, and centrifuge again for 5 min at 100 4.

. Remove the 1x PBS and add 300 pL of Accumax and incubate

at 37 °C for 5 min to allow single-cell dissociation for cell
counting.

. After the incubation time, cancel Accumax activity by adding

700 pL of DMEM media supplemented with 10% FBS.

. Take 10 pL of the single-cell suspension and place it in a

Neubauer chamber for cell counting (see Note 4).

. Based on cell number, resuspend the cells in the appropriate

volume of Essential 8 media to have 2 x 10° cells/mL. Plate
500 pL of the resultant cell suspension per well of a 24-well
plate to have 10° cells in each well (see Note 5).

. Plating density and cell colony distribution is essential for an

efficient differentiation. In order to prevent cell clusters to
come together in the center of the wells of a 24-well plate,
shake the plate in all directions and carefully place the plate in
the incubator. Avoid opening and closing the incubator during
the next 2 h to ensure an even distribution of the adhered cells
in the plate.

Culture the cells at 37 °C with 5% CO, for 24 h before starting
the differentiation (Fig. 2a, b; see Note 6) (Fig. 1, day —5).

. Once cell colony density and distribution are adequate

(Fig. 3a), aspirate the Essential 8 media from the 24-well
plate and rinse once with 1x PBS to remove remnants of it
(Fig. 1, day —4).

. Add 500 pL/well of advanced RPMI 1640 basal media supple-

mented with 8 pM CHIR (Fig. 1, day —4).

. Every 24 h, replace the media with fresh advanced RPMI 1640

basal media supplemented with 8§ pM CHIR for two addi-
tional consecutive days (Fig. 1, day —3 and day —2). Note
that hPSCs start to change their morphology (Fig. 3b).
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Fig. 2 Optimal plating density and colony distribution of undifferentiated hPSCs cultured in Essential 8 media
that is required for starting the differentiation. Representative bright-field images of ES[4] hPSCs 24 h after
plating (day —4). (a) Differentiation is started from hPSCs colonies presenting a good compaction. (b) When
hPSCs colonies are too small or are not well compacted, wait 24 h more before starting the differentiation. If
waiting 24 h does not improve hPSCs colony compaction or the right confluency is not achieved, then repeat
the plating of hPSCs. Higher magnification images (10x) on the right correspond to the images shown on the
left (5x). Scale bars: 100 pm

4. After the 3 days of 8 pM CHIR treatment (Fig. 1, day —1),
cultured cells show an appearance of dense clusters (Fig. 3¢). In
order to confirm that cells have started to acquire a PPS-related
fate, the differentiation extent is measured at the molecular
level by the collection of cells and analysis for the loss of
pluripotency-related markers such as OCT4, and the acquisi-
tion of the primitive streak marker Brachyury through both
flow cytometry (see Subheading 3.5) and immunocytochemis-
try analysis (Fig. 4a; see Subheading 3.6).

5. On day —1, remove the advanced RPMI 1640 basal media
supplemented with 8 pM CHIR and gently rinse once with
1x PBS (see Note 7).



Fig. 3 Morphological changes in hPSCs during the first 4 days of 2D monolayer differentiation. Representative
bright-field images. (@) Day —4: ES[4] hPSCs 24 h after plating that show the optimal confluency
(40-50%) and morphology needed for starting the 8 pM CHIR treatment. (b) Day —2: morphology of
differentiating hPSCs after 48 h of 8 uM CHIR treatment. (c) Day —1: appearance of cells after 72 h of
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6. Add 500 pL per well of advanced RPMI 1640 basal media
supplemented with 200 ng/mL FGF9, 1 pg/mL heparin,
and 10 ng/mL activin A (Fig. 1, day —1).

7. After 24 h (Fig. 1, day 0), cells should appear under the
microscope as a tight monolayer (Fig. 3d).

8. Cells at this point can be analyzed for the expression of the IM
marker PAX2, using both flow cytometry (see Subheading 3.5)
and immunocytochemistry analysis (Fig. 4b; see Subheading
3.0).

Posterior PS

Fig. 4 Immunocytochemistry analysis for the assessment of the differentiation extent of monolayer cell
cultures at different time points during the differentiation protocol. (@) Immunocytochemistry is performed at
day -1 to detect the expression of Brachyury (T), one of the major markers related to PPS identity. Notice that
T-positive cells do not express 0CT4, one of the core pluripotency-related markers. (b) The commitment of
PPS toward the IM is assessed by the detection of PAX2 at day 0. (¢) The NPC signature in day 5 cells is
assessed by the detection of SALL1 and SIX2 markers. Scale bars: 100 pm

A
Y

Fig. 3 (continued) 8 pM CHIR treatment that induces the PPS fate. A compact cell monolayer is starting to
form, but still loose clusters of cells are found at this stage. (d) Day 0: appearance of cells after treatment with
FGF9, activin A, and heparin for 24 h that induces the derivation of intermediate mesoderm-committed cells.
The cell monolayer appears uniform and compacted. At this stage, monolayers are ready to aggregate into 3D
organoids. Higher magnification images (10x) on the right correspond to the images shown on the left (5x).
Scale bars: 100 pm
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. On day 0, remove the media and rinse twice with 1x PBS.

Place 500 pL of Accumax per well of the 24-well plate and
incubate for 1 min at 37 °C. Caretully, aspirate the Accumax
without disrupting the cell monolayer. Then, use 500 pL of
fresh advanced RPMI 1640 basal media to dissociate the cell
monolayer in each well and collect the single-cell suspension in
a 15-mL tube (see Note 8). Normally, 12 mL of advanced
RPMI 1640 basal media is used to collect the cells from a
24-well plate.

. Usually, since large amounts of cells are recovered after cell

dissociation, an aliquot of the cell suspension is diluted at 1:4
ratio in advanced RPMI 1640 basal media to have a proper cell
density to correctly perform the cell counting. Then, 10 pL of
the single-cell suspension are placed in a Neubauer chamber
and cells are counted (see Note 3).

. Based on cell number, resuspend the cells in the appropriate

volume of advanced RPMI 1640 basal media supplemented
with 3 pM CHIR, 200 ng/mL FGF9, and 1 pg/mL heparin
to have 5 x 10° cells/mL. Pipette 150 uL of the cell suspension
in each well of a 96-well plate (V-bottom) to have 5 x 10° cells
per well (see Note 9).

. Centrifuge the 96-well plate (V-bottom) for 3 min at 300 g

(Fig. 1, day 0).

. Maintain the 96-well plate in an incubator at 37 °C with 5%

CO, for 48 h without medium change to allow cells to self-
aggregate and induce the differentiation toward nephron pro-
genitor cells (NPCs).

. After 48 h (day 2), the self-aggregated spheroids are transferred

to 12-well plate transwells. Carefully transfer one spheroid per
transwell by placing the spheroid on top of the transwell mem-
brane (see Note 10).

. Immediately, add 450 pL of advanced RMPI 1640 basal media

with 3 pM CHIR, 200 ng/mL FGF9, and 1 pg/mL heparin to
the base of each transwell to generate an air-liquid interface
organotypic culture condition (Fig. 1, day 2).

. On day 3, aspirate the media from the transwells with thin glass

Pasteur pipettes and replace it with 450 pL of advanced RMPI
1640 basal media containing only 200 ng/mL FGF9 and
1 pg/mL heparin, and culture for 48 h without media changes.

. On day 5, aspirate the media from the transwells with thin glass

Pasteur pipettes and replace it with 450 pL of fresh advanced
RMPI 1640 basal media containing 200 ng/mL FGF9 and
1 pg/mL heparin, and culture for 48 h without media changes.
At this point, NPCs induction can be assessed by analyzing the
expression of NPC-associated markers by immunocytochemis-
try (Fig. 4c, see Subheading 3.6).
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Renal vesicles

Nephron structures

Fig. 5 Characterization of renal vesicles (RVs) and segmented nephron-like structures in hPSC-derived kidney
organoids. (a) RV-stage kidney organoids contain RV-like structures that can be detected by different
techniques. From left to right: bright-field image of a RV-stage kidney organoid, hematoxylin-eosin staining
on a paraffin section of a RV-staged kidney organoid, and immunocytochemistry for the detection of PAX2 and
WT1 in a RV-stage kidney organoid at day 8 of differentiation. Asterisks point to renal vesicle structures. (b)
Segmented nephron-like structures are analyzed at day 16 of differentiation by different techniques. From left
to right: bright-field image of a day 16 kidney organoid, hematoxylin-eosin staining on a paraffin section of a
day 16 kidney organoid, and immunocytochemistry for the detection of Podocalyxin (PODXL) in podocyte-like
cells, and Lotus Tetragonolobus Lectin (LTL) and E-cadherin (ECAD) in proximal and distal segments of the
tubular-like structures, respectively. Arrowheads point to glomerular-like structures, and asterisks point to
tubular-like structures. Scale bars in bright-filed images correspond to 500 pm. Scale bars in hematoxylin-
eosin staining correspond to 50 pm. Scale bars in immunocytochemistry staining correspond to 75 pm

10. On day 7, growth factors are removed by replacing the media
with advanced RMPI 1640 basal media. After 24 h, multiple
renal vesicles (RVs)—the precursor structures of the
nephrons—clearly appear within the spheroid (Fig. 1, day
8 RV-stage organoid). RVs can be visualized in bright field,
and further analyzed by performing hematoxylin and eosin
staining of kidney organoid sections and immunocytochemis-
try for the expression of RV-associated markers (Fig. 5a; see
Subheading 3.6).

11. Change the media every second day until day 16, when kidney
organoids are fully developed and contain nephron-like struc-
tures (Fig. 1, day 16 kidney organoid). The nephron structures
can be visualized in bright field and further analyzed by
performing hematoxylin and eosin staining of kidney organoid
sections and immunocytochemistry for the expression of neph-
ron markers (Fig. 5b; see Subheading 3.6).
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. For analysis of PPS differentiation efficiency, harvest cells at day

—1. PPS induction is characterized by a marked decrease in the
expression of the pluripotency-associated marker OCT4 and
upregulation of the primitive streak marker Brachyury. For
analysis of IM differentiation efficiency, harvest cells at day

0. IM commitment is assessed by analyzing the expression
of PAX2.

. For intracellular staining of all the above markers, use the

Foxp3 /transcription factor staining buffer set (see Subheading
2.4 for buffer preparation).

. A minimum number of 10° cells/tube should be used for the

analysis hereafter. Therefore, harvest approximately 3—4 wells
of the 24-well plate at day —2 and 2-3 wells of the 24-well plate
at day —1, to perform the analysis.

. Remove media and gently rinse twice with 1x PBS.
. Add 300 pL/well of Accumax and incubate for 2-5 min at

37 °C.

. Aspirate the Accumax, dissociate cells by flushing with 1 x PBS,

and collect them in 1x PBS. Collect the necessary wells and
resuspend the cells in 1 mL of 1 x PBS.

. Pass the cell suspension to a flow cytometry tube with 35-pm-

filter caps to ensure a single-cell suspension (see Subheading
2.4, item 3).

. Add 1 pL of reconstituted LIVE /DEAD fixable violet stain (see

Note 11; reconstituted reactive should be used in 2 weeks) and
incubate for 30 min at room temperature (RT) in the dark.

. Wash two times with 3 mL of 1 x PBS and centrifuge for 3 min

at 300 4. Discard the supernatant and pulse vortex the sample
to completely dissociate the pellet.

Add 500 pL of Foxp3 fixation /permeabilization working solu-
tion to each tube and resuspend the cells in the solution.

Incubate for 30 min at RT in the dark.

Centrifuge the sample for 3 min at 300 g and discard the
supernatant.

For permeabilization, wash two times with 3 mL of permeabi-
lization buffer. Centrifuge the sample for 3 min at 300 g and
discard the supernatant.

Resuspend the pellet with permeabilization buffer. At this
point, divide the sample into the necessary tubes to perform
the isotype control staining and the correspondent antibody
stainings. For PPS analysis (day —1), resuspend in 2.5 mL of
permeabilization buffer and pipette 500 pL of cell suspension
per tube (five tubes). For IM analysis (day 0), resuspend in
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15.

16.

17.

18.

19.

20.

21.

22.

23.

1.5 mL of permeabilization buffer and pipette 500 pL of cell
suspension per tube (three tubes).

Block the sample tubes with 2% FBS by adding 10 pL directly
to each tube containing 500 pL of the cell suspension. Incu-
bate for 15 min at RT.

Centrifuge the tubes for 3 min at 300 g and discard the
supernatant by gently pouring the solution without disrupting
the pellet.

Add 100 pL of permeabilization buffer to each tube and pulse
vortex to dissociate the pellet.

Add the recommended amount of conjugated isotype controls
and antibodies for detection of intracellular antigens to each
tube, pulse vortex and incubate for 30 min at RT in the dark.

For PPS analysis (day —1), add the indicated isotype controls
and antibodies:

(a) Tube 1: do not add any reagent.

(b) Tube 2: Goat IgG APC-conjugated isotype control
(10 pL) + Mouse IgGl AF488-conjugated isotype con-
trol (5 pL).

(c) Tube 3: Brachyury-APC (10 pL).

(d) Tube 4: Oct4-AF488 (20 pL).

(e) Tube 5: Brachyury -APC (10 pL) + Oct4-AF488 (20 pL).

For IM analysis (day 0), add the indicated isotype controls and

antibodies:

(a) Tube 1: do not add any reagent.

(b) Tube 2: Goat IgG AF488-conjugated isotype control
(5 pL).

(c) Tube 3: PAX2-AF488 (0.5 pL).

After incubation, add 1 mL of permeabilization buffer to each

tube and centrifuge the tubes for 5 min at 300 4. Discard the
supernatant.

Wash two times with 2 mL of permeabilization buffer to each
tube, centrifuging the tubes for 5 min at 300 g and discard the
supernatant.

Resuspend each cell pellet in 500 pL of 1x PBS supplemented
with 2% FBS.

Acquire the sample tubes in a flow cytometer and analyze the

data using a flow cytometry software such as FlowJo. The expected
percentage of Brachyury® OCT4 ™ cells in the PPS analysis (day —1)
is around 80%. The expected percentage of PAX2" cells in the IM
analysis (day 0) is around 85%.
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For the analysis of the extent of differentiation into PPS and IM,
cells differentiated onto glass coverslips coated with vitronectin (see
Subheadings 3.2 and 3.3) are collected at day —1 and day 0, respec-
tively. For the analysis of the extent of differentiation into NPCs,
RVs, and nephron structures (see Subheading 3.4), organoids are
collected at days 5, 8, and 16, respectively. Immunocytochemistry
is performed in whole-mount organoids. Alternatively, paratfin
sectioning of organoids can be also performed (se¢e Note 12 for
details on kidney organoid sample processing for paraffin sectioning
and immunohistochemistry).

1.

Remove the media from the correspondent wells containing
the glass coverslips with cells. For organoids, remove the media
from the transwells. Wash samples once with 1x PBS.

. In the fume hood, fix the samples by adding 1 mL of 4%

paraformaldehyde to each well. For organoids on transwells,
add 0.5 mL of 4% paratormaldehyde inside the transwell and
1 mL of 4% paraformaldehyde in the base of the transwell.
Incubate for 20-30 min at RT in the case of cells and 1 h at
RT in the case of organoids.

. In the fume hood, remove the fixative and wash the samples

three times with 1x PBS at RT for 5 min each in the case of
cells and three times for 15 min each in the case of organoids.

. Block the samples with 500 pL of 1x TBS containing 1%

Triton X-100 and 6% donkey serum. For organoids on trans-
wells, add 0.5 mL of the blocking solution inside the transwell
and 1 mL of the blocking solution in the base of the transwell.
Incubate for 1 h at RT in the case of cells and 4 h at RT in the
case of organoids. In this step and during the next steps (steps
5-12), place the samples over a shaker when possible.

. For nephron structure analysis in which the biotinylated Lotus

Tetragonolobus Lectin (LTL) is used to stain proximal tubule-
like structures, an additional blocking step with the Streptavi-
din/Biotin blocking kit is required to block the organoid
endogenous biotin. Briefly, use 4-5 drops of streptavidin solu-
tion and incubate for 20 min. Wash once with 1x TBS for
15 min at RT in the case of cells and 15 min at RT in the case of
organoids. Then use 4-5 drops of biotin solution and incubate
20 min. Wash once with 1x TBS for 15 min at RT in the case of
cells and 15 min at RT in the case of organoids. Notice that
after using the Streptavidin/Biotin blocking kit, the solutions
to dilute primary and secondary antibodies contain 1% BSA
instead of donkey serum (see next steps 6-10).

. After blocking, prepare the correspondent primary antibody

combinations. At this point, the transwell membranes contain-
ing organoids are cut using a scalpel and placed into separate
wells of a 24-well plate. Primary antibody combinations and
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10.

antibody dilutions are detailed below. Antibodies in combina-

tions a., b., c., and d. are diluted in 1x TBS containing 0.5%

Triton X-100 and 6% donkey serum. Antibodies and LTL in

combination e. are diluted in 1x TBS containing 0.5% Triton

X-100 and 1% BSA.

(a) For PPS analysis (day —1): Brachyury (1:20) + Oct4
(1:25).

(b) For IM analysis (day 0): PAX2 (1:20).

(c) For NPCs analysis (day 5): SALL1 (1:100) + SIX2
(1:500).

(d) For renal vesicles analysis (day 8): PAX2 (1:20) + WT1
(1:100).

(e) For nephron structures analysis (day 16): LTL
(1:200) + Podocalyxin (PODXL) (1:100) + E-cadherin
(ECAD) (1:50).

. Remove the blocking buffer and incubate the samples with

primary antibodies overnight at 4 °C. Use 250-pL volume
per well of a 24-well plate.

. The following day, wash the samples with 1x TBS containing

0.5% Triton X-100 and 6% donkey serum (instead of donkey
serum, use 1% BSA for samples assayed for LTL) three times for
5 min each at RT in the case of cells and three times for 15 min
each at RT in the case of organoids.

Prepare the correspondent secondary antibody combinations

and dilutions as detailed below. Antibodies in combinations a.,

b., c., and d. are diluted in 1x TBS containing 0.5% Triton

X-100 and 6% donkey serum. Antibodies and LTL in combi-

nation e. are diluted in 1x TBS containing 0.5% Triton X-100

and 1% BSA:

(a) For PPS analysis (day —1): anti-goat 488 (1:100), anti-
mouse Cy3 (1:100).

(b) For IM analysis (day 0): anti-goat 488 (1:100).

(c) For NPCs analysis (day 5): anti-mouse 488 (1:200), anti-
rabbit Cy3 (1:100).

(d) For RVs analysis (day 8): anti-goat 488 (1:100), anti-
rabbit Cy3 (1:100).

(e¢) For nephron structures analysis (day 16): DyLight
488 Streptavidin (1:40), anti-goat 555 (1:200), anti-
mouse 647 (1:100).

Incubate the samples with secondary antibodies diluted in 1 x
TBS containing 0.5% Triton X-100 and 6% donkey serum
(instead of donkey serum, use 1% BSA for samples assayed for
LTL) for 2 h in the case of cells and 4 h in the case of organoids
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12.

13.

14.

15.
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at RT in the dark. Use 250 pL volume per well of a 24-well
plate.

Wash the samples three times with 1x TBS for 5 min each at
RT in the case of cells and three times for 15 min each at RT in
the case of organoids.

For nuclei detection, incubate the samples with DAPI at a
1:5000 ratio in 1x TBS for 30 min at RT in the case of cells
and 1 h at RT in the case of organoids.

Remove the DAPI solution and mount the samples with cover-
slips using Fluoromount-G as mounting medium. For cells,
deposit one or two drops of Fluoromount-G on top of a
microscope slide, and then place the coverslip on top of it,
with the growing cells facing the microscope slide. For trans-
well organoids, place first the transwell membrane with the
organoid on top of the slide, add one or two drops of
Fluoromount-G on top of the organoid, and then carefully
place a round coverslip to cover the sample. Dry the excess of
mounting medium and cover the borders with nail polish to fix
the coverslips to the slides.

Keep the slides at 4 °C in darkness until microscopic observa-
tion. Sample fluorescence is well preserved for about 2 weeks.
After this time, the intensity of the fluorescence staining could
substantially decrease.

Acquire images on a confocal microscope.

4 Notes

. It is essential for hPSCs not to be dissociated into single cells to

prevent reduced attachment and poor survival. Therefore, it is
best to first check if undifferentiated hPSCs are ready to detach
by flushing a small volume of EDTA after 3 min of incubation
at 37 °C. If cells do not come off, wait an extra minute before
checking again and removing the EDTA. It is also important to
visually check under the microscope the borders of the colonies
since when hPSCs colonies are ready to be detached, the bor-
ders are shinier and refracting.

. The plating dilution can vary among the hPSC cell line. When

starting to culture hPSCs, try different passaging dilutions
until finding the one that allows growth of the cells for approx-
imately 5-6 days until reaching 80% confluency for next
passage.

. Always keep the cell suspension in the 15-mL tube in an

incubator at 37 °C during the preparation of the cells for cell
counting (Subheading 3.2, steps 3-7, and Subheading 3.4,
steps 1 and 2).
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4.

10.

11.

12.

The number of hPSCs collected out of a 10-cm Petri dish
usually range from seven to ten million.

. To have a 24-well plate for differentiation, a total number of

2.4 million cells are needed. Generally, cell suspensions are
performed in 12 mL of Essential 8 media at a concentration
of 2 x 10° cells/mL. In this manner, each 500 pL contain the
needed number of cells (10° cells) per well of a 24-well plate.
The starting plating density of 10° cells was optimized for ES
[4], H1 and H9 hPSCs lines. Importantly, the starting cell
density should be tested in case other hPSCs lines are used.

. As mentioned, plating density and cell colony distribution are

essential for an efficient differentiation (Fig. 2a). If colonies are
too small after 24 h of plating, wait additional 24 h before
starting the differentiation (Fig. 2b).

. After starting the differentiation, media changes and 1x PBS

washes should be performed very gently. As cells start to differ-
entiate, they tend to become looser and can easily detach from
the plate, leaving spaces without cells that can greatly detriment
differentiation efficiency and formation of monolayer on day 0.

. On day 0, cells are very loosely attached to the plate surface, so

a mild enzymatic treatment is sufficient to detach them and
obtain a single-cell suspension.

Using the ES[4] human embryonic stem cell line, the mono-
layer differentiation of one 24-well plate (from day —4 to
day 0) should be sufficient enough to generate one 96-well
plate of kidney organoids (from day 0 to day 16). Expected cell
numbers on day 0 should be approximately 2.5-3 x 10° cells
per well of a 24-well.

To transfer the spheroid onto transwells, use a 200-pL-wide
orifice pipette tip to prevent damaging or fragmenting the
spheroid. Carefully place the spheroid in the middle of the
transwell membrane and remove with the 200 pL-micropi-
pette, the remaining medium from the membrane to leave
only the spheroid. Afterwards, add 450 pL of media through
the side of the transwell into the base of the well to maintain
the organoid under the air-liquid interface organotypic culture
condition.

Once LIVE/DEAD fixable violet stain solution has been
reconstituted, it should be used in the following 2 weeks.

For performing organoid sections, after organoid fixation (see
Subheading 3.6, steps 1-3), place the organoids in a
7 x 7 x 5 mm histology mold and embed the organoids in
0.8% low gelling temperature agarose. Once solidified, embed
the block of agarose containing the organoids into paraffin
following the classic histology procedure. Then, perform
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5 pm thick sections using a microtome. Next, dewax and
rehydrate organoid sections following the classic histology
procedure. Then, proceed with an antigen retrieval consisting
of citrate buffer (pH 6) at 95 °C for 30 min. Afterwards,
continue with the blocking step and antibody incubations
steps using 3% instead of 6% donkey serum in blocking, wash-
ing, and antibody solutions (se¢ Subheading 3.6, steps 4-9).
Use 1 mL of blocking buffer to incubate each slide. After
blocking, use Dako pen to surround the tissue section on the
slide to create a smaller area for antibody incubation. Create an
area with one tissue section for negative control (only second-
ary antibody incubation). The Dako pen ink is water repelling
and prevents diffusion of the antibody dilutions during incuba-
tions. Use 300 pL for primary and secondary antibody dilu-
tions and incubation per slide, following the combinations
described in the protocol (Subheading 3.6, steps 6-12).
After DAPI incubation, add three or four drops of
Fluoromount-G on top of the slide and carefully cover it with
a coverslip. Dry the excess of mounting medium and seal the
borders with nail polish.
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i Chapter 13

Methods for Controlled Induction of Singular Rosette
Cytoarchitecture Within Human Pluripotent Stem
Cell-Derived Neural Multicellular Assemblies

Alireza Aghayee and Randolph Ashton

Abstract

Neurally differentiating human pluripotent stem cells (hPSCs) possess the ability to self-organize into
structures reminiscent of the developing fetal brain. In 2- and 3D cultures, this phenomenon initiates with
formation of polarized areas of neural stem cells (NSCs), known as rosettes that resemble cross-sectional
slices of the embryonic neural tube, i.e., the central nervous system (CNS) anlage. Thus, neural rosettes
serve as an excellent starting point for bioengineering tissue models of all CNS tissues. Here, we provide
detailed methods for bioengineering controlled induction of hPSC-derived neural assemblies with a
biomimetic, singular neural rosette cytoarchitecture.

Key words Morphogenesis, Bioengineering, Neural stem cells (NSCs), Neural rosettes, Embryonic
neural tube

1 Introduction

Aggregates of human pluripotent stem cell (hPSC)-derived neural
stem cells (NSCs) exhibit emergent properties via cell-intrinsic self-
assembly that yields biomimetic tissue structures in 2- and 3D
culture. In 3D, these “neural organoids” initiate from structures
known as neural rosettes that are comprised of NSCs and recapitu-
late the apico-basal polarity of the neural tube. Then, the rosettes
execute additional stages of central nervous system (CNS) develop-
mental morphogenesis to generate tissues with gene expression
programs, cell phenotype diversity, and microscale cytoarchitec-
tures mimetic of developing brain and spinal tissues [1-6]. As
such, neural organoids have been used to model aspects of human
CNS development, physiology, evolution, and neuropathology in
manners previously infeasible for model organisms [7-12]. How-
ever, the spontaneous self-assembly that drives neural organoid

Mo R. Ebrahimkhani and Joshua Hislop (eds.), Programmed Morphogenesis: Methods and Protocols, Methods in Molecular
Biology, vol. 2258, https://doi.org/10.1007/978-1-0716-1174-6_13,
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morphogenesis also limits the platform’s utility to serve as a scalable
and reproducible basis for bioengineering tissues that replicate
CNS anatomy [13, 14]. Careful attention to details in organoid
derivation protocols can ensure reproducibility of their cellular
composition [15, 16]. Still, the spontaneous formation of numer-
ous neural rosettes of variable shape and size and at indeterminate
locations within the initial NSC aggregates yields an unpredictable
and non-mimetic organoid cytoarchitecture at the macroscale. This
potentially hinders organoid maturation and renders reproducibil-
ity of the organoid’s anatomy infeasible.

Here we describe methodology to bioengineer hPSC-derived
NSC tissues with controlled induction of a biomimetic singular
rosette cytoarchitecture. As described in Knight et al., control of
the NSC aggregates morphology is provided using micropatterned
culture substrates and enables induction of a singular rosette
cytoarchitecture [13]. The resulting rosette tissues model the
cytoarchitecture of a transverse slice of the embryonic neural
tube. Since the neural tube forms along the entire rostrocaudal
(R/C) axis of the developing embryo, methods to generate fore-
brain [17] and hindbrain through spinal cord [18] NSC tissues are
also described. Reproducible derivation of NSC tissues with a
singular rosettes cytoarchitecture represents a promising first step
in bioengineering neural organoids with biomimetic CNS anatomy.
Integration of these methods with biomaterial [19, 20], microflui-
dic [21, 22], and genetic engineering [23] platforms that enable
additional spatiotemporal control of neural organoid morphogen-
esis will advance the field toward the next-generation neural orga-
noids that reproducibly replicate CNS anatomy, circuitry, and
thereby physiology.

2 Materials

2.1 Micropatterned
Gulture Substrate
Fabrication

. Type 1, 18 x 18 mm glass microscope coverslips.

. Absolute ethanol and highly pure toluene and acetone.

. Poly(dimethyl siloxane) (PDMS; Slygard 184 Kit).

. Silicon wafers were designed using AutoCAD and were pur-
chased from Flow]EM.

6. w-Mercaptoundecyl bromoisobutyrate (Sigma-Aldrich) in
absolute ethanol solution (2 mM).

1
2
3. Highly pure gold and titanium.
4
5

7. Stock solution of Atom Transfer Radical Polymerization
(ATRP) reaction mixture: Dissolve (16.7 mmol, 8 g) of oligo
(ethylene glycol) methyl ether methacrylate (OEGMEMA,
Mn = 475) in water (7.5 mL) and methanol (7.5 mL) and
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add copper(II) bromide (0.08 mmol, 17.9 mg), and 2'2-
bipyridine (0.24 mmol, 37.5 mg).

. L-sodium ascorbate stock solution in ultrapure water

(400 mM).

. WAQO9 human embryonic stem cells (hESCs) or other

hPSC line.

. Gibco™ Essential 8™ Medium (ThermoFisher).
. Gibco™ Egssential 6™ Medium (ThermoFisher).
. DMEM/F-12 Medium (ThermoFisher).

. Tissue-culture polystyrene (TCPS) plates.

. Sodium bicarbonate (Sigma).

. Ascorbic acid (r-ascorbic acid-2-phosphate magnesium;

Sigma).

. Sodium selenite (Sigma-Aldrich).

. Recombinant human albumin solution (Sigma-Aldrich).
10.
11.
12.
13.

Versene (ThermokFisher).
bFGF (WiCell).
TGEp (Peprotech or R&D Systems).

Growth factor-reduced Matrigel (BD Biosciences, variable
concentration).

Phosphate buffered saline (PBS; ThermoFisher).
Dimethyl sulfoxide (DMSO; Sigma-Aldrich).
6-Well TCPS plates (ThermokFisher).

ROCK inhibitor Y-27632 (R&D Systems).
Accutase (Invitrogen).

CHIR99021 (Tocris).

FGE8b (Peprotech).

Retinoic acid (RA; Sigma-Aldrich).

. 4% Paraformaldehyde (in PBS).

. PBS, pH 7 4.

. Tris-Buffered Saline (TBS), pH 7.5.

. Donkey serum (Sigma-Aldrich).

. Triton X-100 (Sigma-Aldrich).

. TBS-DT: TBS, 5% donkey serum, 0.3% Triton X-100.

. TBST: TBS, 0.3% Triton X-100.

. Primary antibodies: Rabbit Anti-Pax6 (Biolegend), Mouse

Anti-N-cadherin (BD Biosciences).
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9. Secondary Alexa Fluor™ antibodies (ThermoFisher).

10. 4/,6-Diamidino-2-phenylindole (DAPI) (Abcam).

11. Anti-Fade Reagent (Molecular Probes).

12. Microscope coverslides 24 x 24 mm.

13. Clear nail polish.
3 Methods
3.1 Generating 1. Clean Type 1, 18 x 18 mm glass microscope coverslips by
Micropatterned sequential immersion in toluene and methanol followed by
Substrates sonication for 1 min in acetone. Dry completely using a nitro-

gen gas stream (see Note 1).

. Deposit 35 A of titanium followed by 180 Aof gold onto the

coverslips using a CHA-600 Metal Evaporator (Telemark) (see
Note 2).

. Rinse gold-coated coverslips with absolute ethanol prior to use

(see Note 3).

. To create micropatterned silicon masters for generating PDMS

stamps, use Autocad software to design the photomask’s fea-
ture patterns. The micropattern design should be an #» x »
array of circles with 250 pm diameters and 375 pm center-to-
center spacing for forebrain tissues and 150 pm diameter and
225 pm center-to-center spacing for hindbrain and spinal tis-
sues. Final photomask designs are sent to FlowJEM for silicon
wafer manufacture (see Note 4).

. To make elastomeric stamps for soft lithography, prepare the

poly(dimethyl siloxane) (PDMS; Slygard 184 Kit) mixture
according to manufacturer instructions, i.e., a 10:1 mixture of
PDMS and curing agent. Pour the mixture on top of the
micropatterned silicon wafer and cure overnight at 60 °C.

. Carefully peel the cured PDMS elastomer from the silicon

wafer surface, and use a straight edge razor to trim excess
cured elastomer from the PDMS stamp.

. For microcontact printing, ink the PDMS stamp’s micro-well

features by spreading 40 pL of w-mercaptoundecyl bromoiso-
butyrate solution over the surface using a micropipette tip. Dry
completely under a gentle nitrogen gas stream (sez Note 5).

. Create conformal contact between the inked PDMS stamp and

a gold-coated coverslip. Remove the PDMS stamp without any
horizontal translation motions (see Note 6).

. Wash the micropatterned coverslips with absolute ethanol and

dry under nitrogen.



3.2 Human PSCs
Culture

3.2.1 Matrigel Coating
of TCPS Plates

3.2.2 hPSC Culture

10.

11.

12.

13.

14.
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Transfer a single coverslip to a sealed 50 mL Schlenk flask and
apply vacuum to remove excess oxygen (se¢ Note 7).

Add 5 mL of ATRP stock solution via a syringe to the Schlenk
flask.

Add 0.5 mL of -sodium ascorbate stock solution via a syringe
to the Schlenk flask to initiate the reaction (sec Note 8).

Allow the reaction to continue for 16 h at room temperature
under a steady stream of nitrogen gas (se¢ Note 9).

Remove the micropatterned coverslip from the Schenk flask,
and rinse with ethanol, water, and ethanol. Dry under a gentle
nitrogen stream (see Note 10).

. Add 12 mL of DMEM /F12 media to a 15-mL conical.

. From the conical, add 1 mL of media to each well of a 6-well

plate.

. Take a Matrigel aliquot out of the —80 °C freezer and let it

thaw at room temperature in biosafety cabinet until the pellet is
slightly melted (see Note 11).

. Remove 1 mL of DMEM /F12 from the 15 mL conical and use

it to dissolve the Matrigel pellet (see Note 12).

. Resuspend the Matrigel suspension in the remaining DMEM /

F12 media in the 15 mL conical by pipetting up and down
several times.

. Add 1 mL of the dissolved Matrigel solution to each well of the

6-well plate, and allow Matrigel coating to form overnight in a
37 °C cell culture incubator or 4 °C refrigerator.

. Matrigel plates are good for 1 week at 37 °C or stored at 4 °C

for up to 2 weeks (see Note 13).

. Remove a vial of hPSCs from liquid nitrogen storage.

. Let the vial sit for 60 s at room temperature, then use your

hands to warm it up for another 15 s.

. Swirl the vial gently in the water bath until it is approximately

75% thawed (see Note 14).

. Spray copiously with ethanol and transfer the vial to a biosafety

cabinet. Use a 2-mL glass pipette to gently transfer the con-
tents of the vial to a 15-mL conical, then add 4 mL of ES8
medium DROPWISE to the cell suspension.

. Spin down for 5 min at 1000 rpm (150 x g).
. Aspirate the supernatant and resuspend the pellet in 12 mL of

E8 medium containing 10 pM Y27632, a.k.a. Rock inhibitor
(see Note 15).
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7. Add 2 mL of cell suspension into each well of a 6-well TCPS
plate, place the plate in incubator, and shake side to side and
then back and forth to distribute the cells evenly.

8. Change 100% of E8 medium daily thereafter. Cells should be
ready to passage after approximately 4-5 days of culture
depending on the density at which they were seeded. Cells are
ready to passage when the plate is ~80% confluent or when
colonies have become so large that debris begins to accumulate
in the middle of the colonies.

3.3 Derivation 1. Rinse cells with PBS and dissociate hPSCs with 1 mL of Accu-
of Hindbrain tase per well for 5 min at 37 °C.

and Spinal 2. Seed cells onto matrigel-coated, 6-well TCPS plates at 150,000
Neuromesodermal cells/cm? in E8 media with 10 mM ROCK inhibitor. This is
(NMP) Progenitors denoted as Day —1 (Fig. 1).

3. On Day 0, change media to E6 medium.

4. On Day 1, change media to E6 medium with 200 ng/mL
FGES8b.

5. On Day 2, dissociate the cells with 1 mL of Accutase per well
for 1:45 min and seed onto TCPS plates at a 1:1.5 well ratio in
E6 media with 200 ng/mL FGF8b, 3 mM CHIR, and 10 mM
ROCK inhibitor (see Note 16). The addition of the Wnt ago-
nist, i.e., CHIR99021 (CHIR), induces acquisition of a
Sox2* /Brachyury™ neuromesodermal phenotype that becomes
more caudal over time under these conditions. The level of
caudalization is indicated by HOX gene expression as detailed
in Lippman et al. [18]. The duration of culture maintenance
under these media conditions will determine the degree of
NMP caudalization.

6. On Day 4, the media is switched to E6 + FGF8b + CHIR for an
additional day of culture to generate cervical spinal NMPs.

hPSCs
Seeded

Day-1 0 1 2 4 5 6 8 10
P—r 2 ' — 3 2 2 >
—— e — ] ——— — — —— — _{
El P E6
T T FGF8b L
| CHR__|ROCK}
| _ROCK_ | E6 1
L ___RA i

Fig. 1 Schematic for derivation of hindbrain and spinal neuroepithelial tissues. Subculture/seeding onto a new
well plate (i.e., Day 2) or micropatterned coverslips (i.e., Day 5) is indicated by dotted red lines
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3.4 Generation 1. Rinse micropatterned coverslips five times with sterile PBS in a
of Micropatterned biosafety cabinet.

Forebrain NSC Tissues 2. Transfer each coverslip using tweezers to an individual well of a
new 6-well TCPS plate.

3. Coat micropatterned coverslips with 1 mg/mL Matrigel in
DMEM /F-12 media by incubation at 37 °C overnight.

4. Rinse hPSCs at 80% confluency with PBS.
5. Dissociate cells with Accutase for 5 min at 37 °C.

6. Collect singularized cells in Accutase using a pipette and trans-
fer into a conical tube with 6 mL of E8 media.

7. Centrifuge the conical tube at 1000 rpm for 5 min.

8. Resuspend the hPSCs in E8 media with 10 mM ROCK
inhibitor.

9. Seed hPSCs onto micropatterned coverslips at 100,000

cells/cm? using 4 mL of media per well. This is denoted as
Day —1 (Fig. 2a, see Note 17).

10. On Day 0, add 4 mL E6 to each well of a new 6-well TCPS
plate.

11. Transfer each micropatterned, hPSC-seeded coverslip into a
new well containing E6 media (see Note 18).

A. B. Day 0 Day 1

hPSCs Rosettes Gy
Seeded Formed
Day -1 0 5
Yy

N-cad

Pax 6

Merged

Fig. 2 Neural Rosette microarray derivation. (a) Experimental timeline for generating micropatterned forebrain
NSC tissues. (b) Bright field images of forebrain NSC tissues on micropatterned coverslips with 250 pm
circular adhesive areas and 375 pum center-to-center spacing over 5 days of culture. (c) Representative
confocal images of immunostained single rosettes on micropatterned coverslip
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12.

13.

3.5 Generation 1.
of Micropatterned
Hindbrain and Spinal 2

NCS Tissues

3.6 Immunostaining 1.

10.

On Day 1, aspirate 2 mL of E6 media from each well and add
2 mL of fresh E6 media (50% media change).

Performed 50% media changes daily until Day 5.

Rinse micropatterned coverslips five times with sterile PBS in a
biosafety cabinet.

. Transfer each coverslip using tweezers to an individual well of a

new 6-well TCPS plate.

. Coat micropatterned coverslips with 1 mg/mL Matrigel in

DMEM /F-12 media by incubation at 37 °C overnight.

. Dissociate NMP cultures with 1 mL of Accutase per well for

5 min to singularize the cells. Seed the cell suspension onto
each micropatterned substrate at 150,000 cells/cm? in 4 mL of
E6 media with 1 mM retinoic acid and 10 mM ROCK inhibitor
to initiate transition to a Pax6® NSC phenotype. This is
denoted as Day 5 (Fig. 1).

. On Day 6, change the media to E6 media with 1 mM retinoic

acid. Perform 50% media changes every 24 h for the next
4 days.

Wash micropatterned NSC tissue arrays with PBS to remove
cell debris prior to fixation. Use 50% PBS washes to avoid
lifting tissues from surface.

. Fix the cells in 4% paraformaldehyde for 10 min at room

temperature.

. Wash the cells 2—-3 times in PBS to remove excess PFA. After

carefully removing PFA completely, perform 50% media
changes to avoid lifting cells from surface of plate /slide for all
wash steps (see Note 19).

. Block and permeabilize the cells in TBS-DT for at least 1 h at

RT. Store at 4 °C for longer incubation periods.

. Incubate tissues with appropriate primary antibody diluted in

fresh TBS-DT. This step may be performed overnight at 4 °C.
Alternatively, for “speed staining” incubate for 3 h at RT.

. Wash 2-3 times in TBST for 10 min each on a rocker.

. Incubate cells with appropriate Alexa Fluor secondary antibody

at a 1:500 dilution in the dark for at least 2 h at RT. Store at
4 °C for longer incubation periods (see Note 20).

. Wash two times with TBS for 15 min each on rocker.
. To stain nuclei with DAPI, add diluted DAPI solution (1:2000

DAPI stock solution into TBS; stored in foil at 4 °C) to each
well and incubate for 10 min at RT.

Wash one time with TBS for 15 min each on rocker. Add fresh
TBS to well-plates and store at 4 °C until mounting.
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Place a 50-pL droplet of Anti-Fade Reagent (PVA-DAPCO)
on a microscope coverslide and mount the micropatterned
coverslip. Leave in the dark at room temperature overnight to
dry. Seal edges of coverslip to microscope coverslide with clear
nail polish before storage /imaging (Fig. 2¢).

4 Notes

10.

11.

. Toluene and acetone should only be handled in a chemical

fume hood.

. Gold-coated substrates are also available via commercial sup-

pliers. Optically transparent substrates will facilitate micro-
scopic analysis.

Store gold-coated slides protected from light and under vac-
uum in a desiccator.

. In designing stamps, feature depths lower than 100 pm can

cause abnormal deformation of stamps prior to contact with
substrate surfaces. Designate features as “posts” when emailing
template to Flow]Jem.

Incomplete drying can result in partial loss of pattern fidelity.

. Gentle conformal contact will be enough for pattering cover-

slips. Too much pressure on the PDMS stamp can result in
patterning defects. The slide can stick to the PDMS stamp
upon conformal contact. Therefore, to remove the slide, invert
to stamp/slide combo, use your index finger and thumb to pull
down on opposite corners of the stamp, and use tweezers to
remove the slide by lifting straight upward.

Use a rubber stopper to seal each Schlenk flask.

. Reaction color will change from light green to dark brown

tollowing addition of L-sodium ascorbate.

The length of the PEG brushes increases over time and a 16-h
reaction time should provide an optimal brush thickness.

Patterns should be visible to the eye and can be imaged and

analyzed under a microscope following surface initiated (SI)-
ATRP.

Matrigel stock concentration is listed on the package, and
should be used to calculate the appropriate volume to create
1 mg aliquots.

Example: if the concentration of Matrigel is listed at
9.7 mg/mL, the volume in each tube will be (1 mg)/
(9.7 mg/mL) = 0.103 mL = 103 pL.
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12. Forceful pipetting will cause liquid to shoot out of the micro-
fuge tube when trying to dissolve the Matrigel pellet. Use
gentle pipetting.

13. To use a Matrigel-coated plate, it must be warmed in the
incubator for a MINIMUM of 4 h.

14. When thawing cells, do not let any water touch the vial cap.

15. When resuspending the cell pellet in E§ media, it is okay if you
cannot see the pellet in the centrifuged conical. The cells are
still present.

16. Cells should be subcultured as clumps avoiding singulariza-
tion. Use wide-bore or cut pipette tips for handling cells.

17. Add cell suspension directly on top of the micropatterned
coverslips to make sure they remain on the well bottom and
are fully covered with media.

18. This coverslip transfer step helps to remove nonadherent cells
from the micropatterned surface to enhance patterning fidelity
[20]. Keep the slide level when transferring to ensure that the
slide does not dewet, which will cause removal of neural tissues.

19. Use care when handling PFA as it is neurotoxic. Bleach PFA
and dilute with plenty of water prior to disposing.

20. Cover plates in aluminum foil during all immunostaining steps
where the secondary antibody is present.
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3D Self-Organized Human Blood-Brain Barrier
in a Microfluidic Chip

Marco Campisi, Sei Hien Lim, Valeria Chiono, and Roger Dale Kamm

Abstract

A preclinical blood-brain barrier (BBB) model is important for the study of fundamental transport
mechanisms and in accessing the delivery of small molecules and antibodies that target brain. Transwell
assays for BBB models are easy to create and use but lack the true 3D anatomy of the brain microvasculature
and also often the cell—cell and cell-matrix interactions that are important in ensuring a tight BBB. Here we
describe the formation of a BBB that expresses neurovascular membrane transporters, tight junction, and
extracellular matrix proteins using the coculture of human-induced pluripotent stem cell-derived endothe-
lial cells (iPSC-EC), brain pericytes (PC), and astrocytes (AC) in a microfluidic device. The BBB model
recapitulates human brain vascular permeability with values that are lower than conventional in vitro models
and are comparable to in vivo measurements in rat brain. This in vitro BBB model can therefore be used to
screen for brain-targeting drugs or to study neurovascular functions.

Key words Human blood-brain barrier, BBB preclinical model, In vitro drug testing, BBB-on-a-chip,
Microphysiological systems

1 Introduction

The human blood-brain barrier (BBB) is a highly selective barrier
between brain tissue and the microcirculation [1]. It has a funda-
mental role to maintain brain homeostasis and protect the brain
from harmful agents [2]. However, the same mechanisms also
regulate drug delivery to the brain, thus restricting the variety of
therapeutic candidates available for neurological disorders
[3, 4]. Although animal and 2D BBB models have been widely
adopted to assess the permeability of drugs, they fail to faithfully
recapitulate the genetic and anatomical characteristics of the human
brain barriers [5].
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Microfluidic technologies have provided invaluable tools for
modeling microphysiological living systems that recapitulate
human structures and biological interactions that cannot be
replicated in more conventional in vitro models [6, 7]. Recently,
microfluidic technology has led to the development of complex
BBB-on-chip models that could potentially be used as preclinical
drug screening tools [8, 9].

Here we describe the methods to develop a self-organized 3D
human BBB microvasculature model on a microfluidic chip that can
recapitulate the microvascular structures and the transport pro-
cesses in the brain [10]. The BBB model uses human-induced
pluripotent stem cell-derived endothelial cells, brain pericytes, and
brain astrocytes to form a self-assembled microvasculature within a
3D fibrin gel. The 3D culture is made possible by using a micro-
fluidic chip that consists of three fluid channels whereby the center
gel channel can accommodate the cell-containing 3D hydrogel
while the two flanking media channels provide nutrients as well as
access to the microvessels for vascular perfusion.

After the initial cell seeding, a microvascular network forms
within 1-2 days, and is perfusable in 4-5 days. Over time, cells
remodel their 3D microenvironment by degrading the initial
hydrogel and replacing it with extracellular matrix (ECM) mole-
cules that they secrete. As cells are brought together in close
proximity within the fibrin gel, they will interact through not only
paracrine but also juxtacrine signaling where the brain pericytes and
astrocytes can adhere to and envelope the microvessels partially,
mimicking the BBB in vivo [11, 12]. These emergent collective
behaviors are natural biological interactions that are facilitated by
interactions among the different cell types in this 3D BBB micro-
fluidic model. The formation of microvasculature in this model
recapitulates some aspects of the vascular morphogenesis process
of brain development in embryogenesis [13, 14].

This physiologically relevant BBB model exhibits perfusable
microvasculature, with vascular permeability that is lower than
previously reported 2D and 3D models [15, 16], and comparable
to in vivo measurements in the rat brain microcirculation [17]. The
human BBB model has value as a model of transendothelial
exchange between the vascular and tissue compartments, and is
thus useful as in pharmacokinetic/pharmacodynamic modeling,
and could potentially be employed for the characterization and
screening of drug candidates to improve the drug design and
predict therapeutic transport across the human BBB [18, 19].
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2 Materials

Prepare the solutions in a biosafety cabinet; every item should be
sterilized before use.

2.1 Microfluidic 1. The microfluidic system that consists of a hydrogel channel and

Technology two flanking media channels. An example of a commercial chip
from AIM Biotech is shown here for illustrative purposes
(Fig. 1).

SECTION —pl

Fig. 1 Schematic diagrams of the microfluidic chip from AIM Biotech. The following are the features of the
chip: (a) site, a chip contains three sites; (b) media channel, two flanking media channels to provide nutrients
to the cells in the gel; (c) gel channel in the center; (d) media inlet for loading coating solution and cells; (e) gel
inlet for loading hydrogel; (f) port acts as a reservoir for medium; (g) trough for easy aspiration of medium
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2.2 Fibrin Gel

2.3 Cell Culture

2.4 Coating Solution
and Growth
Factor-Enriched
Culture Media

1.

Fibrinogen working solution: Dissolve 12 mg of fibrinogen
from bovine plasma in 2 mL of 1x PBS to yield 6 mg/mL of
fibrinogen working solution. Incubate in a 37 °C water bath for
>1 h until the fibrinogen powder completely dissolves. Filter
the fibrinogen working solution with a 0.22-pm syringe filter.
Keep the working solution on ice (see Note 1).

. 100 units/mL thrombin stock solution in a 0.1% (w/v) BSA

solution (water) (see Note 2). Sterilize thrombin stock solution
by passing through a 0.22-pm bottle top filter or syringe filter.
Aliquot the thrombin stock solution and store it at —20 °C.

. Thrombin suspension medium: Add 40 pL of thrombin stock

solution (100 U/mL) into 960 pL of endothelial medium to
yield 4 U/mL of suspension medium. Keep the suspension
medium on ice.

As cell sources are critical in ensuring the success of the assay, the
suppliers are listed here.

1.

Human iPSC-ECs from Cellular Dynamics International.

2. Human brain pericytes and Pericyte medium from ScienCell.
3.
4

. Endothelial medium, from Cellular Dynamics International,

Human brain astrocytes and Astrocyte medium from ScienCell.

with growth factors (5 ng/mL of rh FGF, 50 pg/mL of ascor-
bic acid, 1 pg/mL of hydrocortisone hemisuccinate, 4 mM of
L-glutamine, 15 ng/mL of rh IGF-1, 5 ng/mL of rh EGF,
5 ng/mL of rh VEGF, 0.75 U/mL of heparin sulfate, 30 mg/
mL of gentamicin and 15 pg/mL of amphotericin B), and
iPSC-EC medium supplement (see Note 3).

. Trypsin and TrypLE.

. Human fibronectin solution: 60 pg/mlL in endothelial

medium.

. VEGF stock solution: Reconstitute recombinant human

VEGF 45 at 100 pg/mL in sterile PBS containing at least
0.1% BSA. Aliquot it into smaller volumes and store them at
—20 °C. Dilute the aliquots to 10 pg/mL with PBS as second-
ary stock solutions before use.

. Growth factor-enriched medium A: Add 5 pL of VEGF

(10 pg/mL) and 10 pL of Astrocyte Growth Supplement
(100x) per mL of endothelial medium, to reach 50 ng/mL
VEGF and 1% v/v Astrocyte Growth Supplement final
concentrations.

. Growth factor-enriched medium B: Endothelial medium

enriched with 1% v/v Astrocyte Growth Supplement.
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. 10 kDa FITC-dextran: Prepare 2 pg/mL of 10 kDa FITC-

dextran in 1x PBS. Sterilize using 0.22 pm syringe filter.

3 Methods

3.1 Preparing
and Filling Fibrin Gel
with GCells

3.2 Hydrating
and Coating Media
Channels

. Trypsinize cells as per protocol. Briefly, wash the culture flasks /

dishes with sterile 1 x PBS twice. Use TrypLE (for iPSC-ECs)
or trypsin (for astrocytes and pericytes) to dissociate cells. Add
medium with FBS, at least five times the volume of TrypLE/
trypsin, into the culture flasks/dishes to dilute /neutralize the
TrypLE /trypsin. Transfer the cell suspensions to 15 mL tubes
and pellet the cells by centrifuging at 250 x gfor 5 min at room
temperature.

. Resuspend the cells in the suspension medium in 36 M cells/

mL foriPSC-EC, 12 M cells/mL for pericytes, and 12 M cells/
mL for astrocytes. This is to achieve the final seeding concen-
tration of 6 M cells/mL, 2 M cells/mL and 2 M cells/mL for
iPSC-EC, pericytes, and astrocytes, respectively (see Note 4).

. Draw 30 pL of cell suspension from each tube, and mix them to

make a 90-pL master cell suspension stock. This amount is
sufficient for filling at least 12 experiments.

. Mix 6 pL of master cell suspension with 6 pL of fibrinogen

solution to make fibrin gel solution in a microcentrifuge tube
(Fig. 2b). Make sure the fibrin gel solution is kept on ice at all
times (see Notes 5 and 6).

. Draw 10 pL of fibrin gel solution into a 1- to 10-pL micropi-

pette (see Note 7).

. Fill fibrin gel solution through either of the inlets and stop near

the end of posts. Fill from the other inlet until the gel fronts
merge as shown in Fig. 2¢, d at room temperature (see Notes

8 and 9).

. Prepare a humidified chamber to house the chips (e.g., by

adding water into a pipette tip box until approximately
one-third is filled; both water and pipette tip box should be
sterile) (see Note 10).

. Allow polymerization of hydrogel to take place for 15 min at

room temperature (see Notes 11 and 12).

. After polymerization, insert a pipette tip into either inlet of the

media channel and push gently until the tip fits. Inject 15 pL of
fibronectin coating solution into the channel. Due to surface
tension, the injected solution will form a spherical cap at the
opposite inlet as shown in Fig. 3a (see Notes 13 and 14).
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Fig. 2 Human blood-brain barrier in a microfluidic chip. (a) Schematic representation of the human blood—-
brain barrier (BBB). (b) Schematic diagrams to illustrate the gel filling step. (c) Inject the hydrogel from one of
the inlets and stop near the end of the posts and (d) inject the hydrogel from the other inlet until the gel fronts
merge. (e) Timeline of medium filling. (f) Cell seeding configuration and experimental steps to form the human
BBB model with self-organized microvasculature. Schematics (a, b, f) were created with BioRender

2. Incubate the media-channel-hydrated chips for 1 hin a 37 °C
incubator.

3. Add 70 pL of medium A into one port and then add 50 pL into
the opposite port of the same media channel to flush out the
coating solution.

4. Keep the chips in an incubator and change medium daily.



3.3 Changing
Medium

3.4 Seeding
Endothelial Cells
in Media Channels
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(b)

Fig. 3 Schematic diagrams that show the different positions of pipette tips during
different steps. (a) To coat media channels with coating solution, insert a tip into
an inlet until it fits then inject solution till it reaches the opposite inlet. (b) To
change medium in the ports, the medium should be removed from the ports by
pointing the pipette tip at the troughs. (¢) To seed cells into the media channels,
position the pipette tip near inlets while inject cell suspension. The pipette tips
and medium are both shaded pink

1. Remove medium from all four ports by carefully aspirating the
medium out from the troughs as shown in Fig. 3b. To replace
the medium in a media channel, add 70 pL of medium into one
port and then add 50 pL into the opposite connected port (see
Notes 15 and 16). Change the medium every 24 h.

2. Use medium A from day 0 to day 4 and switch to medium B
from day 4 onward (Fig. 2¢). Keep the chips in an incubator.
Microvasculature shall start forming within 2 days and con-
tinue to mature in the chips (see Note 17) (Fig. 2f).

1. Seed endothelial cells in one of the two media channels on day
2 after the daily medium change in order to obtain a better seal
on the channel side of the gel (see Note 18).



212 Marco Campisi et al.

3.5 Perfusing
Microvasculature
with Fluorescent
Dextran

2.

10.

Trypsinize endothelial cells as per protocol and resuspend the
cells at 1.5 M cells/mL.

. Add an additional 30 pL of medium A into one of the ports at

the media channel that is to be seeded with cells.

. Use a micropipette to withdraw 10 pL of endothelial cell

suspension. Position the tip near the inlet of a media channel
and inject the cell suspension as shown in Fig. 3c. The addi-
tional 40 pL of fluid (10 pL of cell suspension and 30 pL of
medium) creates a height difference between the two media
channels thus generating interstitial flow across the gel. This
helps the attachment of endothelial cells on the gel interface
(see Notes 19 and 20).

. Visual inspection under a microscope is recommended. If the

cell distribution is not optimal for your application, adjust the
concentration of the cell suspension and repeat the seeding
steps (see Notes 21 and 22).

. Wait for 5 min and then remove medium from all the ports.

Add 50 pL of medium A into each port.

. Use a micropipette to withdraw 10 pL of endothelial cell

suspension. Position the tip at the same inlet that has been
injected with endothelial cell. Inject the cell suspension.

. Flip the chips upside down and incubate for 1.5 h in a 37 °C

incubator. This helps the attachment of endothelial cells on the
top surface of the media channel (see Note 23).

. Flip the chips back to their upright position after the

incubation.

Keep the chips in an incubator. Allow the endothelial cells to
grow for 24 h and repeat steps 2-9 on day 3 for the other
media channel.

. Remove medium from all four ports by carefully aspirating the

medium out from the troughs.

. Add 70 pL of dextran solution into one port and then add

70 pL of medium B into one port of the other media channel
(see Note 24).

. Add 50 pL of dextran solution and medium B into the respec-

tive empty ports as shown in Fig. 4a with a 20-s interval to
allow the dextran solution to flow into the microvascular
network.

. Image the dextran-perfused microvasculature with confocal

microscopy or high-content imaging system starting immedi-
ately after step 3 with a 5-min interval for 30 min (Fig. 4b, d).
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Fig. 4 A schematic diagram to illustrate the setup for perfusing microvasculature with fluorescent dextran to
measure the apparent permeability. (a) Add 70 pL of dextran solution (green) and medium (pink) into the top
ports and then add 50 pL of dextran solution and medium into the bottom ports to allow dextran to diffuse into
gel (blue) without additional hydrostatic pressure. (b) Timeline of the permeability experiment. 3D confocal
images were captured every 5 min for 30 min. (c) Workflow of image analysis to calculate the apparent
permeability. (d) Maximum 2D image projections at two time points. Projections were binarized after thresh-
olding to identify microvascular borders. Then, microvasculature was recognized by segmentation of vascular
borders. Scale bar indicates 50 pm

3.6 Quantification The quantification is based on confocal images of microvasculature
of Microvascular that is perfused with fluorescent-labelled dextran. Image] is used in
Permeability the quantification steps (Fig. 4c).

1. Project a stack of confocal images at time point 1 (#;) into 2D
images based on the maximum intensity projection method.
Duplicate the projected image.

2. Preprocess the duplicated image if necessary. Depending on the
image quality, you may apply preprocessing techniques such as
enhance contrast. You should always preprocess your image as a
whole.

3. Binarize the duplicated image (Fig. 4d).

4. Use the built-in Selection: Create Selection function in Image]
to select the binarized microvasculature as first region of inter-
est (ROI) and add that into the ROI manager.
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3.7 Quantification
of Microvascular
Geometry

5.

. Calculate the apparent permeability P,

Use the built-in Selection: Make Inverse function in Image J to
select the area outside of the microvasculature as second ROI
and add that into the ROI manager.

Select the original projected image so that it is the active
window. Use the Measure function in the ROI manager to
measure the fluorescent intensities of vessels (Iy), fluorescent
intensities of tissue (It), the perimeter of the microvasculature
(P), and lateral tissue area (Ajaceral dssue) at 1 (typically
t; = 0 min).

Repeat steps 1-6 to determine the fluorescent intensities at
time point 2, #, (typically £ = 30 min).

by using the following

: pp
equation:

_ 1 (Iffz - I"lfl) Vtissue
app (Iifl _ Ifrl) At Asurface

P

Vissue 18 the volume of the tissue space and Agyrpice is the
surface area of the microvasculature. Based on the assumption
that the ratio Viigue/ Asurface €an be approximated as Ajqceral tis-
sue/ B, the P, can be calculated as followed:

t2 t1
1 (IT B IT) Alateral_tissue

el A

In order to quantify the microvascular geometry, we recommend
using fluorescently tagged-cells (such as GFP) or labelling the cells
through immunocytochemistry (such as VE-cadherin staining that
is specific to endothelial cells) in situ. The quantification is based on
confocal images of the microvasculature. Image] is used in the
quantification steps.

1.

2.

Project the stacks of confocal images into 2D images based on
the maximum intensity projection method.

Preprocess the images if necessary. Depending on the image
quality, you may reduce noise through despeckle and back-
ground reduction or apply a Gaussian filter to smoothen the
edges and fill up the gaps between the bright signals around the
cell membrane if the endothelial cells are stained for junction
proteins (e.g., VE-cadherin) (se¢ Note 25).

Try all threshold methods on at least three individual projected
images. Choose the method that segments your data best and
produces the closest estimation to the original images. Thresh-
old the preprocessed images to binarize the images.

Use Measure (a built-in function of Image]) on the binarized
images to obtain the area of the images and the area fraction of



3D Self-Organized Human BBB in a Microfluidic Chip 215

Original mm | Skeletonized

Fig. 5 A 3D projection of a stack of confocal images (left) and its corresponding
skeletonized image (right). Scale bar indicates 100 pm

10.

the microvascular network. Multiply the total area by the area
fraction to get lateral vessel area (Aperar) (se¢ Note 26).

. Use Skeletonize (2D/3D) plugin (http://imagej.net/

Skeletonize3D) in Image] to find the centerlines (also known
as skeleton) of objects in the input image as shown in Fig. 5.

. Use AnalyzeSkeleton plugin (http://imagej.net/

AnalyzeSkeleton) in Image] to analyze the skeletons you have
generated. This yields information including the average
branch length and the number of branches. Multiply the aver-
age branch length by the number of branches to get total
branch length (Lyanch)-

. Derive the lateral diameter (Diyera) by dividing the lateral

vessel area by the total branch length.

Alateral

D lateral = m
ranc

. Preprocess the images if necessary. Depending on the image

quality, you may apply preprocessing techniques such as des-
peckle and background subtraction (see Note 27).

Try all threshold methods and choose the method that seg-
ments your data best and produces the closest estimation to the
original images based on at least three individual stacks of
images. Threshold the preprocessed images to binarize the
images.

Use Trainable Weka Segmentation 3D plugin (https: //image;j.
net/Trainable_Weka_Segmentation) in Image] to segment the
duplicated binarized images as obtained from step 5. Briefly,
select representative region of interest (ROI) of the microvas-
cular network and add that as first classifier. The region outside
of microvasculature network is selected as the second classifier.
Train the classifiers and create results afterwards.


http://imagej.net/Skeletonize3D
http://imagej.net/Skeletonize3D
http://imagej.net/AnalyzeSkeleton
http://imagej.net/AnalyzeSkeleton
https://imagej.net/Trainable_Weka_Segmentation
https://imagej.net/Trainable_Weka_Segmentation
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11.
12.

13.

Adjust the segmented image into 8-bit.

Use 3D geometrical measure in 3D Image] Suite (http://
imagejdocu.tudor.lu/doku.php?id=plugin:stacks:3d_ij_suite:
start) to measure the 3D vessel volume (V) and 3D surface area
(Asurfacc)'

Derive the transverse diameter ( Dy ansverse) Dy using the follow-
Ing equations:

Alateral = DlateralLbranch

D? + D}
_ transverse lateral
Asurfacc =7 \/ : b Liranch

T Dlatcral Dtransvcrsc Lbranch
V= 4

Alateral
Dygtera = 2l{major = T
branch

D2

lateral

D transverse —
2

2
surfachlareral _ 1

8V?

14. Compute circularity by dividing the transverse diameter by

the lateral diameter (see Note 28).

Dtransvcrsc

Circularity =
D lateral

4 Notes

. The fibrinogen working solution can be kept in 4 °C for not

more than 2 weeks.

. Water is used instead of PBS to keep the pH at 6.5 which is

optimum to maintain the stability of thrombin.

. The iPSC-EC medium supplement substitutes for the FBS that

comes from the endothelial medium kit.

. Individual cell suspensions are mixed to obtain a master cell

suspension stock. The master stock is then mixed with fibrino-
gen solution in a 1:1 ratio to form fibrin gel. Therefore, the
seeding concentrations are multiplied by the number of cell
types and the dilution factor of two to obtain the concentra-
tions of cell suspensions.

. Prepare fibrin gel that is only sufficient for one experiment at a

time to avoid polymerization from taking place in the
microcentrifuge tube.


http://imagejdocu.tudor.lu/doku.php?id=plugin:stacks:3d_ij_suite:start
http://imagejdocu.tudor.lu/doku.php?id=plugin:stacks:3d_ij_suite:start
http://imagejdocu.tudor.lu/doku.php?id=plugin:stacks:3d_ij_suite:start
http://imagejdocu.tudor.lu/doku.php?id=plugin:stacks:3d_ij_suite:start

10.

11.

12.

13.

14.

15.

16.

17.

18.
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Fibrinogen polymerizes very quickly when it is mixed with
thrombin. This mixing step should be done in less than 10 s.
If unsure, pipette up and down for not more than 15 times.

Limit the volume of fibrin gel to 10 pL to prevent the fibrin gel
from overflowing into media channels.

. Inject the fibrin gel deftly (but not abruptly) to complete the

gel filling step before it polymerizes. If unsure, fill the gel
within 5 s.

Hold the plunger firmly while removing the micropipette from
the inlets, otherwise the negative pressure will suck the gel up.

AIM chips are laminated with a gas-permeable film that enables
gas exchange to take place. The bottom of the chips should
therefore be exposed to allow for air circulation. Custom-made
PDMS chips do not need to be supported to allow air circula-
tion as PDMS is highly gas-permeable.

Chips with unpolymerized gel must be handled with care.
Excessive agitation or impact may cause the unpolymerized
gel to leak out of the gel channel.

Large fibrin fibers may form in the gel and affect the EC cell
alignment due to early polymerization of fibrin gel or old
fibrinogen stock. This can be avoided by not mixing the fibrin
gel for too long before injecting it into the chips and by
preparing a new batch of fibrinogen solution.

Hold the plunger firmly while removing the micropipette from
the inlets, otherwise the negative pressure will suck the
solution up.

Do not inject more than 20 pL of solution at this step or the
high injection pressure may disrupt the fibrin gel.

The differential volumes in the two ports allow the replace-
ment of medium to take place in the channel. The minimum
volume of medium is 30 pL to ensure the inlets are covered and
the troughs are wetted. If less than 30 pL of medium is used,
the surface tension at the inlets will prevent the medium from
flowing through the channel. We recommend using 50 pL of
medium for easier handling.

Do not aspirate medium from inlets to avoid accidental
removal of medium from the channels.

If the microvasculature is too narrow, the seeding density of
endothelial cells should be increased. Similarly, if the microvas-
culature turns into a sheet-like structure, the seeding density of
endothelial cells should be reduced.

Endothelial cells are seeded in the media channels to increase
the cell coverage on the gel interface, to fill gaps at the gel-post
borders and to improve the connections between the micro-
vascular network and media channels.
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19. Do not insert the tip completely into the inlets to avoid intro-
ducing cells into the media channels at a high flow rate. High
flows will not allow cells to settle along the channel, resulting in
uneven distribution.

20. Lay chips on a flat surface while seeding cells into chips. Incli-
nation of the chips affects the cell distribution.

21. Reduce the seeding density if there are too many endothelial
cells in the media channel, and vice versa.

22. Increase the volume of cell suspension to apply greater pressure
head if there are insufficient endothelial cells adhered to the gel
interface.

23. If the chips are supported by spacers or in the dedicated AIM
holder, the surface tension at the ports prevents the medium
from dripping even though the chips are flipped.

24. The surface tension at the media channel inlets prevents the
dextran solution/medium from flowing through the channels
at this step.

25. Optimize the preprocessing steps based on the stained pro-
teins/organelles and the image quality. You should always
preprocess your images as a whole.

26. Select area fraction as one of the measurements and set the scale
according to your images.

27. The confocal images are not projected to 2D images as the 3D
vessel volume, 3D surface area, and transverse diameter will be
determined in the following steps.

28. The circularity of a circle is 1.
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Modeling the Complexity of the Metastatic Niche Ex Vivo

Amanda M. Clark

Abstract

Cancer mortality predominantly results from distant metastases that are undetectable at diagnosis and
escape initial therapies to lie as dormant micrometastases for years. To study the behavior of micrometas-
tases—how they resist initial treatments and then awaken from a dormant state—we utilize the Legacy
LiverChip®, an all-human ex vivo hepatic microphysiological system. The functional liver bioreactor,
comprising hepatocytes and non-parenchymal cells in a 3D microperfused culture format, mimics the
dormant-emergent metastatic progression observed in human patients: (a) a subpopulation of cancer
cells spontaneously enter dormancy, (b) cycling cells are eliminated by standard chemotherapies, while
quiescent dormant cells remain, and (¢) chemoresistant dormant cells can be stimulated to emerge. The
system effluent and tissue can be queried for proteomic and genomic data, immunofluorescent imaging as
well as drug efficacy and metabolism. This microphysiological system continues to provide critical insights
into the biology of dormant and re-emergent micrometastases and serves as an accessible tool to identify
new therapeutic strategies targeting the various stages of metastasis, while concurrently evaluating antineo-
plastic agent efficacy for metastasis, metabolism, and dose-limiting toxicity.

Key words Organ-on-a-chip, Microphysiological system, Model of metastasis, Cancer, Dormancy,
Emergence

1 Introduction

Metastatic disease remains largely incurable and is responsible for
~90% cancer-related deaths. Advances in our abilities to remove or
treat primary tumors have not translated into sustained success
against metastases. It is a dynamic, multistep process whereby
cells within the primary tumor undergo a cancer-associated epithe-
lial to mesenchymal transition, which enables motility to dissemi-
nate into the circulation followed by extravasation into and
colonization of distant organs [1]. The tumor cells that successfully
colonize can either outgrow immediately into metastases or do so
after a period of inactivity (i.e., dormancy). This delayed emergence
arises from a subset of cells that lie dormant for months, years, or
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even decades before re-emerging into clinically detectable
metastases [2].

In late-relapsing patients, the underlying mechanisms of meta-
static dormancy and re-emergence are not well understood. Under-
standing the foundations of this post-dissemination phase is key to
reducing the mortality associated with metastatic cancer. The
mechanisms remain muddled due in no small part to challenges in
creating tractable experimental models that can faithfully recapitu-
late the cellular complexity and microenvironmental dynamics of
metastatic disease. While animal models have been valuable for
dissecting biological mechanisms, they are not fully representative
of the human situation due to issues of interspecies functions (e.g.,
immune and metabolic) [3, 4] and the use of immuno-
compromised mice [5-7]. To address this problem, microphysio-
logical systems—ex vivo models of human tissues and organs—have
been developed; employing 3D tissue engineering approaches with
microfluidic control [8, 9].

One such example is the all-human biologically complex Leg-
acy LiverChip® microphysiological system (technological details
described in Subheading 1.1) which can be used to mimic
dormant-emergent metastatic progression that is physiologically
reflective of the human situation [10-12]. The liver is a highly
relevant organ for deciphering these important questions as it is a
major site of metastasis for a wide range of carcinomas and its
involvement correlates poorly with patient survival [ 13-16]. More-
over, it is the main organ of drug metabolism and dose-limiting
toxicity for most chemotherapies [17].

Metastatic progression is recapitulated by firstly isolating
hepatic cells from therapeutic partial hepatectomies. The hepatic
cells comprise donor-matched parenchymal hepatocytes and an
array of non-parenchymal cells; predominant subtypes include
liver sinusoidal endothelial cells, Kupffer cells, stellate cells, and
lymphocytes [12]. Following isolation they are seeded into the
constructed Legacy LiverChip® microphysiological —system
(Fig. 1, Day 0). Hepatic tissue is given 3 days to establish after
which a limited number of fluorescently labeled cancer cells are
seeded into the system (Fig. 1, Day 3). The cancer cells colonize
and establish as two populations: actively growing and quiescently
dormant. Importantly, they integrate and reside alongside the liver
tissue, and spontaneous attainment of dormancy occurs among a
subpopulation of cancer cells (Fig. 1, Day 7). Following treatment
with chemotherapy, the proliferating cells are eliminated and only
dormant cells remain (Fig. 1, Day 13). Upon exposure to patho-
physiologically relevant inflammatory stimuli, the surviving dor-
mant populations can be induced to outgrow or “emerge” from
dormancy (Fig. 1, Day 15) [10].
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Human liver

(2) Seed hepatic cells into
Legacy LiverChip®

(1) Isolate hepatic cells
hepatocytes +
non-parenchymal cells

Day 3
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cancer cells
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Day 13 Y Cancer
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Fig. 1 Schematic representation of modeling dormant-emergent metastatic progression using the Legacy
LiverChip® microphysiological system. (7) On day 0, hepatic cells (hepatocytes and non-parenchymal cells)
are obtained and isolated from human livers and (2) seeded into the Legacy LiverChip® plate. (3 On day
3, cancer cells are harvested and seeded on top of the hepatic tissue. (4 By day 7, cancer cells have
colonized—the majority establish as actively growing cells (red and yellow cells), while subpopulation
spontaneously enter a dormant state (red and pink cells). Treatment with chemotherapy is given for 72 h
after which (5) only the dormant cells remain. (6) Emergence of the remaining dormant cells is achieved by
adding an inflammatory stimulus on day 13 for 48 h. Immunofluorescent images: red—RFP (cancer cells),
green—EdU (proliferating cells), blue—Hoechst (nucleus). Steps (4-6) adapted from Clark et al. [10] A model
of dormant-emergent metastatic breast cancer progression enabling exploration of biomarker signatures,
Molecular & Cellular Proteomics (17:4) pp. 619-630. Copyright © 2018 (The American Society for Biochem-
istry and Molecular Biology, Inc.). DOI: https:/doi.org/10.1074/mcp.RA117.000370
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1.1 Overview

of Legacy LiverChip®
Microphysiological
System Technology

1.2 Strengths
and Limitations
for Investigating
Metastatic Disease

The Legacy LiverChip® microphysiological system was devised to
recreate a liver microenvironment in terms of cellular composition,
fluid flow, oxygen gradient, and shear stress, and can be maintained
for up to a month [10]. The system is presently commercialized and
available from CN Bio Innovations Ltd., but was originally devel-
oped by Linda Griffith’s laboratory [18, 19]. The Legacy
LiverChip® platform consists of 12 fluidically isolated liver bioreac-
tors. The scaffold enables the formation of an array of 3D micro-
tissues, specifically designed to recreate the architecture of the liver
sinusoid and comprises 301 individual channels (Fig. 2a, b). Each
liver bioreactor has a surface channel that allows for efficient
re-oxygenation of the media by gaseous exchange with the atmo-
sphere (Fig. 2a, ¢). A pneumatic controlled underlay enables
re-oxygenation via continuous perfusion (1 pL/s), and the oxygen
concentrations are similar to that observed in the liver sinusoid
[18]. Additionally, both the flow rate (0.5-5.4 pL/s) and direction
(up or down) can be easily adjusted as needed (Fig. 3). The plat-
form is covered with a single loose lid (as per a standard microtiter
plates) enabling direct access to each of the 12 liver bioreactors for
cell seeding, media changes, and sampling (Fig. 2¢). The system is
housed in a humidified cell culture incubator at 37 °C with 5%
CO,.

With respect to metastasis, a major strength of the Legacy
LiverChip® microphysiological system is that each scaffold can be
processed to collect a wide variety of visual information, including
metastatic phase, cell-cell interactions, as well as tumor burden as a
measure of therapeutic activity or efficacy [10-12, 20-22]. It also
affords real-time, high volume sampling with each well able to hold
up to 2.5 mL. Such specimens can be utilized for elucidation of
communication networks, biomarker discovery [11, 19, 21, 23],
and important pharmacological information such as drug metabo-
lism, toxicity, clearance, efficacy, and interactions [10, 11, 20, 24,
25]. These features are facilitated by a combination of the bioengi-
neering behind the system and the incorporation of a full comple-
ment of donor-matched primary human hepatocytes and
non-parenchymal cells. The latter is a critical feature for accurately
recapitulating the metastatic microenvironment as each of the cel-
lular components of the host organ plays just as much of an impor-
tant role as the tumor cells [10, 12, 21-23, 26, 27].

The Legacy LiverChip® microphysiological system is however
not without limitations. In terms of imaging, the optical windows
of the early interactions [28 ] were traded for enhanced throughput.
As a result, real-time image tracking of cancer cells from coloniza-
tion, during chemotherapy, and onto emergence/recurrence is
presently not possible as scaffolds must be harvested at the time
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Fig. 2 Configuration and perfusion dynamics of the Legacy LiverChip® microphysiological system. (a) An aerial
view of the Legacy LiverChip® plate showing the 12 fluidically isolated wells, also called liver bioreactors. (b)
Each liver bioreactor contains an engineered collagen-coated scaffold (depth of 250 pm) placed atop a filter
and held in place by a retaining ring. Hepatic cells are seeded onto the scaffolds and form microtissues. (c)
Schematic representation of a single liver bioreactor on the Legacy LiverChip® plate. Pneumatically driven
micropumps are embedded within plate and control the direction and speed of medium flow within each well.
The micropumps are set using an electronic controller (see Fig. 3; image courtesy of CN Bio Innovations Ltd.).
Both (a, b) are adapted from Clark et al. [23] Liver metastases: microenvironments and ex vivo models,
Experimental Biology and Medicine (241) pp. 1639-1652. Copyright © 2016 (Society for Experimental Biology
and Medicine). DOI: https:/doi.org/10.1177/1535370216658144

point of interest. Furthermore, although the system affords the
ability to sample sufficient effluent for numerous downstream
assays, it comes at a cost of requiring a considerable number of
hepatocytes per well.
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1.3 Applications
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Fig. 3 Docked Legacy LiverChip® plate and electronic controller. (a) The fully
constructed Legacy LiverChip® plate depicted within its docking station (image
courtesy of CN Bio Innovations Ltd.). (b) Electronic dock controller that controls
the perfusion of the Legacy LiverChip® plate while in the docking station
depicted in (a). Three microprocessors control the movement of the solenoid
valves which drive micropumps in the Legacy LiverChip® perfusion culture and
pneumatic plates. The controller must be used in conjunction with a pneumatic
hookup (not pictured)

The Legacy LiverChip® microphysiological system enables investi-
gations into the post-dissemination stages of metastatic progression
as observed in human patients [10]. The protocol described herein
serves as a canvas for mimicking metastatic progression as modifica-
tions can be made at any time point. This affords the user the ability
to examine any of the individual stages (e.g., colonization, dor-
mancy, and emergence). For example, the system can be used to
discern factors that influence a cancer cell’s ability to colonize a
foreign microenvironment, as well as whether that cancer cell out-
grows immediately or transitions to a dormant state [ 12, 21]. It can
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also investigate the role individual metastatic niche cellular compo-
nents have in regulating emergence [10, 22] and therapeutics to
block this lethal transition [20]. Additionally, by changing the
scaffolding biomaterial, the impact imparted by the biomechanics
of the metastatic microenvironment can be assessed [ 11]. It has also
been extensively characterized in terms of its ability to assess drug
efficacy [10, 11], interactions, and metabolism [10-12, 29].

2 Materials

2.1 Legacy
LiverChip®
Microphysiological
System Setup

and Preparation

1. Legacy LiverChip® hardware system: for information regarding
the purchase and setup of the necessary hardware (e.g., dock-
ing station, controller, pneumatic hook-ups, and setup tools),
contact the manufacturer, CN Bio Innovations Ltd. (https://
cn-bio.com or enquiries@cn-bio.com).

2. Tools: ring pusher, tweezers, automatic torque driver/power
supply/cable /bits (CN Bio Innovations Ltd.).

3. Legacy LiverChip® plates: Legacy LiverChip® perfusion cul-
ture plate, Legacy LiverChip® pneumatic plate, screw pack, and
bevel washer pack (CN Bio Innovations Ltd.).

4. Consumables: Legacy LiverChip® Consumables kit (contains
13 high-impact polystyrene scaffolds (see Note 1), 13 retaining
rings, 13 filters, 1 pump membrane, 24 culture plate lids; CN
Bio Innovations Ltd.). All items are shipped sterilized.

5. Scaffold coating: 1% collagen type I rat tail (Corning™ Fisher
Scientific) in phosphate buffered saline (PBS), 100 mm
Petri dish.

6. Priming solution: 1% bovine serum albumin (BSA) in deio-
nized water filter-sterilized using a 500 mL 0.22 pm vacuum
filter /storage bottle system (Corning™ Fisher Scientific).

7. Hepatic cells: human hepatocytes and non-parenchymal cells
(including Kupfter cells, endothelial cells, and stellate cells) are
isolated from the normal margins of therapeutic partial hepa-
tectomies. Patient donors can include both males and females
as no discernable differences among the genders have been
observed [10]. The normal human hepatic cells can be
obtained through the Liver Tissue Cell Distribution System
(LTCDS), Pittsburgh, Pennsylvania, which is funded by NIH
Contract #HSN276201200017C (see Note 2). Hepatocytes
and non-parenchymal cells are received as separate isolations
with the non-parenchymal fraction further purified via Percoll
gradients as described in Subheading 3.

8. Cancer cells: the triple-negative breast cancer cell line,
MDA-MB-231, can be purchased from ATCC and maintained
in complete RPMI-1640 (seestep 11). It should be modified to
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2.2 Immuno-
fluorescence

10.

11.

12.

13.

14.

S I

express a red fluorescent protein (RFP; described previously
[26]) (see Notes 3-5). Remove the selection antibiotic to
maintain RFP expression approximately 24 h before harvesting
and seeding the cancer cells into the microphysiological system.

. Hepatocyte plating medium: phenol-free William’s E medium

(Gibco™ ThermoFisher Scientific) plus Primary Hepatocyte
Thawing and Plating Supplements (Gibco™ ThermoFisher
Scientific). For these supplements, 25 mL fetal bovine serum
(FBS), 50 pL. dexamethasone, and 18 mL cocktail A are added
to William’s E medium.

Hepatocyte maintenance medium: phenol-free William’s E
medium plus Primary Hepatocyte Maintenance Supplements
(Gibco™ ThermoFisher Scientific). For these supplements,
5 pL dexamethasone and 20 mL cocktail B are added to
William’s E medium.

Complete RPMI-1640: RPMI-1640 (Gibco™ ThermoFisher
Scientific) supplemented with 10% heat-inactivated FBS (Gem-
ini Bio-Products) and 25 IU/mL penicillin and streptomycin
(Gibco™ ThermokFisher Scientific).

Percoll gradients: use Percoll (pH 8.5-9.5; Sigma-Aldrich) and
PBS to make 25% (7.5 mL Percoll + 22.5 mL PBS) and 50%
solutions (15 mL Percoll + 15 mL PRBS).

Cell counting: hemocytometer and 0.4% Trypan Blue Solution
(working solution 0.1% in PBS; Gibco™ ThermokFisher
Scientific).

Treatments: doxorubicin (APP Pharmaceuticals LLC), lipopo-
lysaccharide (LPS; Sigma-Aldrich), mouse epidermal growth
factor (mEGF; Corning™ Fisher Scientific), EAU (see Sub-
heading 2.2, item 5a).

. Consumables: 35 mm glass bottom dish with a 14 mm micro-

well (MatTek Corporation), 24 well plate, tweezers.
Fixation buffer: 2% paraformaldehyde in PBS.
Permeabilization bufter: 0.5% Triton X-100 in PBS.
Blocking buffer: 3% BSA in PBS.

EdU proliferation kit: Click-iT™ Plus EdU Alexa Fluor
488 Imaging Kit (Invitrogen™ ThermokFisher Scientific) (see
Note 6). Prepare each component as follows:

(a) 10 mM solution of EdU (component A): add 2 mL
DMSO (component C) to the component A. Working
solution is 10 pM (1:1000 dilution).

(b) Reaction buffer (component D): add 4 mL component D
bottle to 36 mL deionized water. Store at 4 °C.
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(c) 10x buffer additive (component F): add 2 mL deionized
water to the vial and mix until fully dissolved. Store any
remaining stock solution at < -20 °C. Before use in
detection cocktail, dilute 1:10 using deionized water.

3 Methods

3.1 Legacy
LiverChip®
Microphysiological

System Preparation

3.1.1 Legacy LiverChip®
Plate Assembly

3.1.2  Priming

The methods described for the construction and use of the Legacy
LiverChip® were modified from the manufacturer’s protocols, CN
Bio Innovations Ltd.

1.

Move the sterile pump membrane, perfusion cell culture plate,
lid, and tweezers into the biosafety cabinet (Fig. 3a). Spray the
pneumatic plate with 70% ethanol, place in the biosafety cabi-
net, and wipe dry with a Kimwipe.

. Begin assembly by using the tweezers to place the pump mem-

brane on the pneumatic plate being careful to only let the
bottom side of the membrane come into contact with the
pneumatic plate. The top side must remain sterile. Using the
tweezers, adjust the pump membrane as required to ensure the
holes in the membrane align with the screw holes in the pneu-
matic plate. Place the perfusion plate on top followed by the
sterile lid.

. Turn over the Legacy LiverChip® plate to ensure the pump

membrane is not folded over or obstructing any of the screw
holes.

. While the plate is turned over, add the 43 screws and bevel

washers into the base of the pneumatic plate. Start at the center
and work outwards.

. Screw together using the calibrated torque driver. Again, start

at the center and work outwards. This step can be done outside
the biosafety cabinet. Ensure the unit remains as one.

. Check that each of the screws aligns evenly (see Note 7).

. Move the Legacy LiverChip® plate back into the biosafety

cabinet along with the docking station.

. With the Legacy LiverChip® plate residing within the docking

station (Fig. 3a), add 700 pL 1% BSA priming solution into
each of the 12 reservoirs (Fig. 2a).

. Set the controller to upward flow at a rate of 1 pL /s (Fig. 3b,

left).

. Once the solution is observed in all the wells, stop flow and add

1 mL 1% BSA priming solution to the channel of each liver
bioreactor.
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3.1.3 Coat Scaffolds

3.1.4 Legacy LiverChip®
Plate Construction

3.2 Creating Hepatic
Tissue (Day 0)

. Return the Legacy LiverChip® plate to the incubator and set

the controller to upward flow at a rate of 1 pLL/s for at least 1 h
of priming.

. In the biosafety cabinet, transfer the scaffolds into a 100 mm

Petri dish.

. Add 20 mL cold 1% collagen type I solution. Ensure the scat-

folds are free of bubbles by tapping them with the sterile
tweezers to release any trapped in the channels.

. Incubate at 37 °C for 1 h.
4. Return the dish to the biosafety cabinet, aspirate the collagen

solution, and replace with PBS.

. Move all the required items into the biosafety cabinet (Legacy

LiverChip® plate, filters, retaining rings, coated scaffolds, ring
pusher, and tweezers).

2. Situate the Legacy LiverChip® plate within the docking station.

. Before constructing, check each well of the Legacy LiverChip®

plate for bubbles. If present, use a pipet to dislodge them by
aspirating the medium up and down.

. Using tweezers, sequentially add a filter, scaffold and retaining

ring to each well (Fig. 1a).

. Using the sterile ring pusher, push the retaining ring firmly into

place. This is typically accompanied by a clicking sound. Check
the sides of the perfusion cell culture plate to confirm the
retaining rings have been successfully pushed flush to the
base. Repeat if necessary.

. Return the Legacy LiverChip® plate to the docking station

located in the incubator and set the controller to upward flow
at a rate of 1 plL/s until the hepatic cells are ready for seeding.

Isolation of non-parenchymal cells: calculations and steps are based
on a 40-50 mL specimen of non-parenchymal cells taken from a
human liver isolation (see Note 8).

1. Prepare the Percoll gradients by first dividing 25% Percoll

solution into two 50 mL tubes (15 mL each). Using a 10-mL
serological pipette and the pipet aid set to slow, aspirate up
14.5 mL 50% Percoll solution, place at the bottom of the 25%
Percoll layer and slowly dispense (see Note 9). Place on ice until
the non-parenchymal cells are ready.

. Centrifuge the tube containing non-parenchymal cells at

50 x gtor 5 min at 4 °C (se¢ Note 10).

. Transfer supernatant to a new tube and centrifuge at

350 x g for 10 min at 4 °C.



Seed
Hep/NPC

Cancer
cells

10.

11.

12.

Ex Vivo Metastatic Niche 231

. Aspirate supernatant and resuspend the pellet in 20 mL

cold PBS.

. Layer 10 mL of the non-parenchymal cells on top of each

Percoll gradient.

. Centrifuge at 900 x g for 20 min with no brake at 4 °C.

. Collect the second flocculent layer (i.e., interface between the

50% and 25% layers). This may need to be repeated a few times
until the interface between layers is clear.

. Dilute the cells collected from the flocculent layer 1:2 with PBS

and centrifuge at 900 x g for 10 min on low brake at 4 °C.

. Aspirate supernatant and resuspend in 3-5 mL of cold hepato-

cyte plating medium and store on ice until needed (see
Note 11).

Seeding hepatic cells: On day 0, hepatocytes and
non-parenchymal cells are combined into one tube, seeded
into the Legacy LiverChip® plate, and cultured with downward
flow at 1 pL./s for 8 h to establish the hepatic tissue (Fig. 4).

Count the hepatocytes and non-parenchymal cells using a
hemocytometer and 0.1% Trypan Blue solution.

Make the hepatic cell suspension using cold hepatocyte plating
medium: 6 x 10° hepatocytes and 6 x 10° non-parenchymal
cells per 400 pL (equal to 1.5 x 10°/mL each). Be sure to rock
the conical tube back and forth before transferring cells as the
hepatocytes sediment very quickly. Avoid pipetting the cells to
resuspend where possible and keep on ice until needed.

Warm hepatocyte plating medium.

CHEMOTHERAPY: STIMULATE:
Doxorubicin LPS/EGF

b»)b)ﬁ)b)»bm)_ DI

Metrics Collect effluent | | Collect effluent | = ' Collect effluent
Harvest Harvest Harvest
- Media change GROWING DORMANT EMERGENT
® - Seed cells — hepatic or breast cancer cells scaffolds scaffolds scaffolds

- Sample effluent for downstream assays

® - Add EdU, a proliferation marker

© - Harvest selected scaffolds

® - Treatments — chemotherapy or inflammatory stimulus

Fig. 4 Experimental outline to mimic dormant-emergent metastatic progression using the Legacy LiverChip®
microphysiological system. Adapted from Clark et al. [10] A model of dormant-emergent metastatic breast
cancer progression enabling exploration of biomarker signatures, Molecular & Cellular Proteomics (17:4)
pp. 619-630. Copyright © 2018 (The American Society for Biochemistry and Molecular Biology, Inc.). DOI:
https:/doi.org/10.1074/mcp.RA117.000370
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3.3 Media Change
(Day 1)

13

14.

15.

16.

17.

18.

19.

20.

. Move all the required items into the biosafety cabinet (Legacy
LiverChip®, plate docking station, pipets, pre-warmed media,
hepatic cells, etc.)

Aspirate the 1% BSA priming solution from the wells, channels,
and reservoirs of each liver bioreactor.

Using a swirling motion, ensure the hepatic cell mixture from
step 1 is resuspended homogenously.

Transter 400 pL hepatic cell mixture to each well. Remember
to swirl and keep cells homogenously suspended each time
before transferring. When dispensing cells into the well, do so
in a slow dropwise manner and over different spots of the
scaffold.

Turn on flow by setting the controller to downward flow at a
rate of 1 pL/s.

Aspirate medium from the reservoirs approximately every 30 s
until the meniscus in the well aligns with the top of the retain-
ing ring (~3—4 min).

Stop flow and add 1.4 mL hepatocyte plating medium to the
channel of each liver bioreactor in a dropwise manner being
careful not to disturb the cells that were seeded.

Return the Legacy LiverChip® plate to the docking station
located in the incubator and set the controller to downward
flow at a rate of 1 puL/s for 8 h (Fig. 3b, right; se¢ Note 12).
The system will automatically switch to the standard upward
flow after 8 h (see Note 13).

On day 1, after allowing the hepatic cells to attach to the scaffold
overnight and form tissue, a media change is performed (Fig. 4).
The media is switched from hepatocyte plating medium to hepato-
cyte maintenance medium. Also note, the precise detail of
subsequent media change depends upon the experimental protocol
(see Note 14).

1.
2.

Warm the hepatocyte maintenance medium.

Move the docking station, Legacy LiverChip® plate, and warm
medium into the biosafety cabinet.

. Aspirate approximately half the effluent from each well. Move

the aspirator to the channel and aspirate up and down the sides.
Move the aspirator to the reservoir and aspirate effluent.
Return to the well, place the tip of the aspirator in the groove
located in the top left-hand corner and gently remove media
until the meniscus aligns with the retaining ring (se¢ Note 15).

. Add 400 pL hepatocyte maintenance medium to each well and

aspirate any residual medium from the reservoirs.
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5. Turn on flow by setting the controller to downward flow at a
rate of 1 pL/s.

6. Aspirate medium from the reservoirs approximately every 30 s
until the meniscus in the well aligns with the top of the
retaining ring.

7. Stop flow and add 1.4 mL hepatocyte maintenance medium to
the channel of each liver bioreactors in a dropwise manner.

8. Return the Legacy LiverChip® plate to the docking station
located in the incubator and set the controller to upward flow
at a rate of 1 pL/s.

To create metastatic progression, three different metastatic stages
will be mimicked: growing metastases (hepatic cells + cancer cells),
dormant metastases (hepatic cells + cancer cells + chemotherapy),
and emergent metastases (hepatic cells + cancer cells + chemother-
apy + pathophysiological stimulus). When designing the experi-
ment, each experimental group is performed in duplicate, and a
hepatic niche condition without cancer cells is always included for
baseline. Also, additional scaffolds that extend out to day 15 can be
included for each metastatic group. For the growing and dormant
niches, this will involve media changes with hepatocyte mainte-
nance media for the days that follow-up to day 15 (Fig. 4).

1. On day 3, warm the hepatocyte maintenance medium.

2. Trypsinize MDA-MB-231 cells, centrifuge at 200 x g for
5 min, resuspend in hepatocyte maintenance medium, and
count cells using a hemocytometer and 0.1% Trypan Blue
solution.

3. Prepare MDA-MB-231 cells so that the number needed is per
400 pL (e.g., prepare as 2500 cells/mL if 500 cells per 400 pL
is desired).

4. Move the docking station, Legacy LiverChip® plate, warm
maintenance medium and cells into the biosafety cabinet.

5. Aspirate approximately half the effluent from the wells. Move
the aspirator to the channel and aspirate up and down the sides.
Move the aspirator to the reservoir and aspirate effluent.
Return to the well, place the tip of the aspirator in the groove
located in the top left-hand corner and gently remove media
until the meniscus aligns with the retaining ring.

6. Transfer 400 pL MDA-MB-231 cell suspension to each well.
When dispensing cells into the hepatic tissue, do so in a slow
dropwise manner. For those wells not receiving cancer cells,
add 400 pL hepatocyte maintenance medium.

7. Aspirate any residual media from the reservoirs.
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3.5 Immuno-
fluorescence Staining
and Imaging

10.

11.

12.

13.

14.
15.

16.

17.

18.

. Turn on flow by setting the controller to downward flow at a

rate of 1 pL/s.

. Aspirate medium from the reservoirs approximately every 30 s

until the meniscus aligns with the top of the retaining ring.

Stop flow and add 1.4 mL of hepatocyte maintenance medium
to the channel of each liver bioreactor in a dropwise manner
being careful not to disturb the cancer cells that were seeded.

Return the Legacy LiverChip® plate to the docking station
located in the incubator and set the controller to downward
flow at a rate of 1 pL./s for 8 h.

On day 5, perform a media change as per Subheading 3.3.
Modification—the growing and dormant metastases groups
should receive hepatocyte maintenance medium containing
10 pM EdU solution (1:1000 dilution of component A of
the Click-iT™ Plus EdU Alexa Fluor Imaging kit).

On day 7, harvest and fix two growing metastases scaffolds for
imaging (see Subheading 3.5) and perform a media change on
all other wells as per Subheading 3.3. Modification—the dor-
mant and emergent metastases groups should receive hepato-
cyte maintenance medium containing a clinically relevant
chemotherapeutic (e.g., 1 pM doxorubicin). Follow institu-
tional protocols for the safe use and disposal of chemotherapy
(see Note 16).

On day 9, repeat the media change as per step 13.

On day 10, perform a media change on the wells that received
chemotherapy as per Subheading 3.3.

On day 11, perform a media change on all other wells as per
Subheading 3.3.

On day 13, harvest and fix two dormant metastases scaffolds
for imaging (see Subheading 3.5) and perform a media change
on all other wells as per Subheading 3.3. Modification—the
emergent metastases group should receive hepatocyte mainte-
nance medium containing an inflammatory stimulus (1 pg/mL
LPS and 20 nM mEGF) and 10 pM EdU.

On day 15, place the Legacy LiverChip® plate inside the bio-
safety cabinet and collect effluent from each liver bioreactor
and store at —20 °C for downstream assays (se¢ Note 17).
Harvest and fix two emergent metastases scaffolds for imaging

(see Subheading 3.5).

Immunofluorescence enables quantification and assessment of can-
cer burden. For example, this could be used as a measure of drug
efficacy or the effect molecules have on promoting or inhibiting
colonization or growth of cancer cells.
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. Add 500 pL 2% paraformaldehyde into a 24 well plate (one

scaffold per well). Store at 4 °C for at least 1 h prior to harvest-
ing scaffolds.

. Remove and discard the retaining ring using tweezers.

. Then using the tweezers, transfer each scaffold into a well of a

24 well plate containing 2% paraformaldehyde and incubate for
1 h at 4 °C (see Note 18).

. Remove the fixative and wash each scaffold twice with

500 pL PBS.

. Add 1 mL PBS and store scatfolds at 4 °C, protected from light

until imaging. Image scaffolds within 1 week.

. To image a scaffold, transfer it to the coverslip well of a 35 mm

glass bottom dish and submerge in a small amount of PBS.

. Using a fluorescent microscope equipped with a 2 x objective,

take full-field image of both sides of each scaffold.

. The presence of RFP cells can be quantified using MetaMorph

Image analysis software (Molecular Devices LLC.). The image
of the scaffold is inclusively thresholded and the RFP positive
portion measured as a percentage of total scaffold area.

. Aspirate the PBS and wash each scaffold twice with 500 pL 3%

BSA in PBS.

. Aspirate the wash solution. Add 500 pL 0.5% Triton X-100 in

PBS to each scaffold and incubate in the dark for 20 min at
room temperature.

. Prepare the Click-iT™ EdU cocktail (200 pL/scaffold):

176 pL buffer additive (component D), 4 pL. copper protectant
(component E), 0.48 uL Alexa Fluor® picolyl azide (compo-
nent B), and 20 pL reaction buffer additive (component F).
Prepare this solution fresh and use within 15 min.

. Add 200 pL Click-iT™ EdU cocktail to each scaffold and

incubate in the dark with gentle rocking for 30 min at room
temperature.

. Aspirate the Click-iT™ EdU cocktail and wash each scatfold

once with 500 pl. 3% BSA in PBS.

. Aspirate the wash solution and wash each scaffold once with

500 puL PBS (see Note 19).

7. Dilute the Hoechst®™ 33342 in PBS (1:2000).
. Aspirate PBS and add 500 pL Hoechst® 33342 solution to

each scaffold. Incubate in the dark for 30 min at room
temperature.

. Aspirate the Hoechst® 33342 solution and wash each scaffold

twice in 500 pL PBS.
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10. Add 1 mL PBS and store scaffolds at 4 °C protected from light

11.

until imaging. Image scaffolds within 1 week.

Use a confocal fluorescent microscope to take Z-stacked
images (Fig. 1). To image a scaffold, transfer it to the coverslip
well of a 35 mm glass bottom dish and submerge in a small
amount of PBS.

3.6 Effluent The effluent can be collected and stored at —20 °C for a wide range
Collection, Assays of downstream assays. To date, the following have been performed.
and Analyses 1. Proteomic analyses.

Cytokine, chemokine, and growth factor protein levels
determined by enzyme-linked immunosorbent assays (ELISAs)
or Luminex® multiplexed immunoassays and analyzed using
Ingenuity Pathway Analysis [10-12, 24].

. Genomic analyses.

RNA isolated and sequenced from scaffolds to identify
differentially regulated gene sets using Gene Set Enrichment
Analysis [30].

. Therapeutic agent and metabolism analyses.

The activity of cytochrome P450 enzymes determined by
P450-Glo kit for CYP3A4 (Promega) [24] or multiple cyto-
chrome P450 enzymes using an established liquid chromatog-
raphy—tandem mass spectrometry (LC-MS/MS)
method [12, 31].

Metabolic profiles, clearance correlations, toxicological
responses, and acute phase responses determined using
LC-MS/MS [25].

4 Notes

. Should dormancy be the main focus of a study, the Legacy

LiverChip® plate can be retrofitted with a softer scaffolding
material (PEGDa-SynKRGD hydrogel), which is associated
with a larger proportion of cancer cells spontaneously entering
dormancy as it more closely mimics the biomechanical environ-
ment of liver [11].

. If researchers do not have access to the LTCDS, cryopreserved

vials of hepatocytes, Kupfter cells, liver sinusoidal endothelial
cells, and hepatic stellate cells are available for purchase.
Immortalized cell lines are also available. Both have been
used with success in the Legacy LiverChip® microphysiological
system [22, 24, 25].

. The model is not limited to breast cancer cells. Any carcinoma

that is known to metastasize to the liver is anticipated to work.
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. Cancer cells need to be tagged with a fluorescent protein in

order to easily distinguish them from the hepatic tissue.

. Cancer cells are preferably labeled with RFP as hepatocytes can

autofluoresce green.

. The Click-iT™ EdU kit is available in other fluorophores.

Ensure it is different to the fluorescent label used to track the
cancer cells.

. If' a screw does not align with the others, reverse the direction

of the calibrated torque drive to unscrew and then re-screw.
Should this not rectify the issue, exchange the screw and
washer.

. Increase the number of tubes for each additional 25 mL of

non-parenchymal cell suspension. Lower yield percentages
have been observed when loading cells at high densities.

Ensure to leave ~100 pL in the pipet so as not to release a
bubble which may disrupt the delicate interface between the
two Percoll layers.

This step removes hepatocytes that may be present.

The volume will be determined based on the size of the pellet.
If the pellet forms a bullseye (center is clear), then 3 mL is
recommended, but if the pellet covers the entire base of the
50 mL tube, then 5 mL is suggested.

Based on published calculations [32], a flow rate of 1 pLL/s was
determined to create sheer stress in the scaffold that is physio-
logically reflective of that in the liver sinusoid in vivo [18].

Downward flow is used temporarily for 8 h to allow the cells to
attach and colonize the scaffolding before automatically
returning to physiological upward flow.

Any time a media change is performed, the effluent can be
collected (typically ~1 mL) for downstream assays or experi-
ments (such as proteomic assays, conditioned media, and exo-
some isolation).

A 10 pL pipette tip is added to the end of the glass aspirator to
reduce the suction intensity, which results in better tissue
formation.

To determine the concentration of chemotherapy to use, it is
recommended that a 2D cytotoxicity curve be performed on
the relevant cancer cell line.

For information regarding the disassembly, cleaning, storage,
and maintenance of the Legacy LiverChip® microphysiological
system, contact the manufacturer, CN Bio Innovations Ltd (see
https: //cn-bio.com or enquiries@cn-bio.com).

It is important to do this at 4 °C in order to retain the RFP
within the cancer cells.
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19. If additional antibody labeling is desired, perform at this time.
Following the recommendations from the manufacturer of the
primary and secondary antibody. Ensure the samples are pro-
tected from light during incubations.
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Fabrication Method of a High-Density Co-Culture
Tumor-Stroma Platform to Study Cancer Progression

Harpinder Saini and Mehdi Nikkhah

Abstract

Cancer has now been established as one of the most common chronic diseases due to high mortality rate.
The early stage of non-invasive tumors can now be successfully treated leading to have high survival rates;
however, the late stage invasive and metastatic tumors still suffer from poor treatment outcomes. Among
multiple contributing factors, the role of tumor microenvironment and its complexities has been well
recognized in cancer progression. Stromal cells including cancer-associated fibroblasts (CAFs), endothelial
cells, adipocytes, immune cells as well as extracellular matrix (ECM) continuously interact with malignant
cells and regulate various hallmarks of cancer including tumor growth, invasion, and intravasation. To
better understand the role of the interaction between tumor cells and their surrounding microenvironment,
numerous model systems ranging from two-dimensional (2D) assays to 3D hydrogels and in vivo murine
xenografts have been utilized. While each one of these model systems exhibit certain advantages in studying
biological facets of tumor progression, they are often limited to perform well-controlled mechanistic studies
due to various factors including lack of tumor-stroma organotypic organization and presence of confound-
ing biochemical and biophysical factors within the tumor microenvironment. In this regard, in the past few
years, 3D in vitro microengineered model systems are becoming instrumental to precisely mimic the
complexities of the native tumor microenvironment to conduct fundamental and well-designed studies
for multiple purposes ranging from biological discovery to therapeutic screening. These model systems
include microfluidics, micro-patterned features, and 3D organoids. In this chapter, we will outline the
fabrication strategy of our microengineered 3D co-culture tumor-stromal model which comprises high-
density array of tumor seeded microwells surrounded by stromal cells, such as CAFs encapsulated within
collagen-based hydrogel. The developed platform provides excellent spatial organization of tumor and
stromal entities with designated initial architecture and cellular positioning, therefore enabling to study the
specific role of cell-cell and cell-ECM interaction on tumor proliferation/expansion, cancer cell migration
as well as stromal activation. The developed platform is compatible with standard biological assays enabling
gene and protein expression analyses across different types of cancer and co-culture of tumor and stromal
cells.

Key words Microengineered systems, Tumor-stroma model, Tumor microenvironment, Co-Cul-
ture, Micromolding, Tumor progression
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Abbreviations

2D Two dimensional

3D Three dimensional

AFM Atomic force microscopy

APTMS  (3-Aminopropyl) trimethoxysilane
CAFs Cancer-associated fibroblasts
DCDMS Dichlorodimethylsilane

ECM Extracellular matrix

PDMS Polydimethylsiloxane

TAM Tumor-associated macrophages

1 Introduction

According to the statistics provided by the American Cancer Soci-
ety, about 1.7 million new cancer cases were estimated in United
States alone in the year 2019 [1]. While the enhanced awareness
and advancements in early stage diagnosis of cancer have improved
the outcome of noninvasive tumors, the invasive and metastatic
cancers still suffer from poor therapeutic outcomes and high mor-
tality rates [2]. Multiple studies have underlined the role of ditfer-
ent factors contributing to tumor progression including genetic
and epigenetic changes in cancer cell genome, the presence of
cancer stem cells, and the role of the tumor microenvironment
[3-5]. While numerous early studies focused on understanding
the role of tumor cell genome in cancer progression, recent data
has demonstrated the crucial role of tumor microenvironment
components including stromal cells and extracellular matrix
(ECM) on tumor cell survival and proliferation, invasion and
immune evasion [6-8]. For instance, cancer-associated fibroblasts
(CAFs) have been shown to extensively participate in stromal ECM
remodeling through abundant deposition of matrix components
including collagen I, collagen I11, and fibronectin [9, 10]. Addition-
ally, these cells (CAFs) have been shown to secrete high amounts of
crosslinking enzymes such as lysyl oxidase to upregulate matrix
stiffness leading to enhanced integrin-based mechanotransduction
in both tumor and stromal cells [ 11 ]. Tumor-associated endothelial
cells on the other hand form blood vessels to allow the supply of
nutrients and gas exchange to the tumor cells which have under-
gone hyperproliferation and grown in mass beyond 1-2 mm?
[12, 13]. Due to the imbalance between proangiogenic factors
such as vascular endothelial growth factor, basic fibroblast growth
factor, angiostatin, and anti-angiogenic factors including throm-
bospondin, interferon, and tissue inhibitor of metalloproteinases,
the blood vessels formed in the tumor microenvironment are thin,
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immature, and leaky in nature [14, 15]. The newly formed blood
vessels also have reduced layer of pericytes and basement membrane
around them as compared to normal vasculature which therefore
aids in multiple steps of metastatic cascade including invasion and
intravasation [14, 15]. Recent studies have also shed light on the
role of immune cells such as macrophages within tumor environ-
ment on cancer progression [16, 17]. It has been observed that
macrophages within tumor microenvironment can adopt multiple
phenotypes ranging from classically activated M1-polarized macro-
phages to alternatively activated M2-polarized macrophages
[17]. Since M1 macrophages are associated with secretion of
pro-inflammatory cytokines, they are known to participate in acti-
vating the innate immune response against pathogens and thereby
promoting antitumor immune response [17]. On the other hand,
M2 macrophages promote tissue repair and secrete anti-
inflammatory cytokines and therefore participates in tumor growth,
immunosuppression, matrix remodeling, tumor invasion, and
angiogenesis [ 16, 17]. While our knowledge about various compo-
nents of the tumor microenvironment and their role in tumor
progression has significantly increased in the past few years, there
are still many unknowns about different components and biological
signaling cascades within the complex milieu of the tumor micro-
environment. Multiple attempts are being undertaken to build an
in-depth understanding about the mechanism of action of the cross
talk between cancer cells and the surrounding tumor microenviron-
ment components to develop targeted therapies for treating late-
stage tumors [18].

To date, various model systems have been developed and uti-
lized to identify the mechanism of action for different phenotypic
and genotypic changes within tumor cells due to their cross talk
with specific stromal cells and ECM components. Many early stud-
ies in the past have utilized traditional two-dimensional (2D) assays
since they are easy to develop and provide the capability to perform
functional tests such as proliferation assays, migration assays as well
as gene and protein expression assays [19]. However, it is now
widely accepted that tumors within native conditions exist in
three-dimensional (3D) microenvironment with spatial organiza-
tion that is difficult to mimic within the 2D culture systems
[20]. Such differences in dimensionality lead to significant alter-
ation in phenotypic and genotypic signatures of cancer cells which
can possibly explain failure of multiple drugs in clinical trials that
were found successful in the initial in vitro studies utilizing conven-
tional 2D assays [19, 20]. Animal models, such as murine xeno-
grafts, on the other hand provide tumor cells with accurate
dimensionality and various complexities of the native tumor micro-
environment. Similar to 2D systems, animal models enable visuali-
zation of multiple phenomenon including change in gene and
protein expression, tumor growth, and metastatic burden
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[13]. However, despite significant advantages over 2D conven-
tional systems, animal models also suffer from several limitations.
For instance, animal models exhibit multiple confounding factors,
due to presence of different cell types and ECM components, which
significantly limits the ability to perform cause and effect studies
and dissect the role of a single component of the tumor microenvi-
ronment on cancer progression [ 13]. Additionally, due to inherent
anatomical differences between humans and animals, including
difference in their immune systems and drug permeation, they
provide limited translational values for cancer therapy [21, 22]. In
this regard, researchers have given significant attention toward
development of next-generation 3D in vitro microengineered
model systems that mimic the dimensionality and spatial arrange-
ment of native tumor tissue with high precision and fidelity
[13, 20]. Various components of the tumor microenvironment
including stromal cells, ECM, and vasculature can be established
with appropriate experimental controls within 3D in vitro micro-
engineered models to study their individualistic and synergistic role
on tumor progression [20].

Three-dimensional (3D) models including microscale surface
topographies [23-27 ], organoid-based models [28-31 ], microflui-
dic systems [15, 32-35], and micro-patterned platforms [36-38]
have been fabricated to study cancer cells behavior or establish the
role of tumor microenvironment in cancer progression within both
context of fundamental biological discoveries and therapeutic
developments [13, 20]. For instance, organoid culture has been
adopted by various researchers to study the role of cell-cell and
cell-ECM interaction between tumor cells and stromal cells on
different facets of tumor progression including tumor growth,
tumor migration, and establishing the role of hypoxia on pheno-
typic and genotypic changes within tumor cells [30, 39]. Despite
significant advantages, these models suffer from multiple limita-
tions. Most of the organoid-based models rely on self-organization
capabilities of the tumor and stromal cells and thus do not allow
precise control over spatial arrangement between different cell
types [39]. Additionally, organoid models still suffer from low
reproducibility in terms of spheroid size using current approaches
which can significantly impact tumor metabolism and crucial gene
signatures [39]. Lastly, multiple crucial factors within the tumor
microenvironment are difficult to reproduce within organoid-based
models including mechanical stress and interstitial fluid flow with
well-defined regime [13]. In contrast to organoid-based models,
microfluidic systems, often integrated with hydrogel biomaterials,
have provided unique capabilities to establish well-defined organi-
zation of the tumor and stromal entities and incorporate specific
components of the tumor microenvironment such as vasculature to
establish nutrient gradient and study different steps of the meta-
static cascade (i.e., intravasation, extravasation) [13, 15, 32, 34,
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35]. The tumor microenvironment developed using microfluidic
systems are often within an enclosed setup which may not enable
in-situ probing of the dynamic change in stromal ECM properties
during active tumor cell migration, such as by using atomic force
microscopy (AFM) as was shown in our earlier work [36]. Alterna-
tively, micropatterned 3D tumor models, based on the use of
hydrogel biomaterials [ 37], have provided the ability to incorporate
the complexities of the native tumor microenvironment for defined
biological studies. Such systems primarily provide the advantage of
cell-specific cues by utilizing ECM-derived natural (e.g., collagen)
or synthetic hydrogels with well-tuned properties [40]. In addition,
micropatterning techniques enable spatial localization of target cell
types, with a well-defined tissue architecture, to mechanistically
study various biological processes such as tissue (e.g., mammary,
vascular) morphogenesis, regeneration, stem cell differentiation, or
disease progression [41—47].

Within the same context, our group has also utilized micro-
molding technique, similar to the techniques proposed by previous
groups [37], to fabricate high-density 3D tumor—stroma platform
with the co-culture of tumor and stromal cells (rather than mono-
culture) to perform numerous studies on tumor progression in
response to various stromal cell types and ECM as well as to test
anticancer drug resistance [36]. The platform also enables to study
the specific change in gene and protein expression when tumor cells
are co-cultured with stromal cells and ECM and mechanistically
delineate the role of stromal components on tumor progression
[48]. Notably, as stated earlier, due to the open top nature of the
platform, our model provides the capability to integrate with
nanoindentation techniques such as AFM to study the in-situ
dynamic changes in ECM biophysical properties during active can-
cer cell migration [36, 48]. While our group utilized the tumor-—
stroma platform to study the specific role of CAFs in cancer pro-
gression in the presence of breast tumor cells [48] (i.e., MDA-MB-
231, MCEF7), we envision that the platform can be adapted to
include different types of tumor and stromal cells from other type
of cancers. Herein, we detail out the materials and the fabrication
strategy to encapsulate cells within the collagen hydrogel and
develop the proposed high-density tumor—stromal model.

2 Materials

2.1 Photolithography

1. SU8-2075 (Microchem).
2. Silicon Wafer (University Wafer).
3. Isopropyl alcohol.
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2.2 Soft Lithography

2.3 Surface
Treatment

2.4 3D Coculture of
Tumor-Stroma Sample

2.5 Instruments

2.6 Software

1.
2.

Sylgard-184 PDMS kit (Dow Corning).
Dichlorodimethylsilane (DCDMS, Sigma Aldrich).

. 98% Ethanol

2. 100% Ethanol

ul

O NN O\ Ul oW N

10.

N N T N B N

. (3-Aminopropyl) trimethoxysilane (APTMS 97% solution
( propy y ,

Sigma Aldrich)

. Glutaraldehyde solution (50%, cell culture based, VWR).
. Pluronic F127 (Sigma Aldrich).

. High-concentration Rat Tail Collagen I solution (Corning).
. Sodium hydroxide (Sigma Aldrich).

. Phenol red (Sigma Aldrich).

. 0.5% Trypsin-EDTA (Life Technologies).

. DMEM media (Life Technologies).

. Fetal Bovine Serum (Life Technologies).

. PENSTREP (Life Technologies).

. L-Glutamine (Life Technologies).

. Class 100 cleanroom.

. UV lamp.

. Air-based plasma.

. High-frequency water-based sonicator.
. Plate shaker.

. Vacuum desiccators.

. Vacuum oven.

80 °C oven

. Fluorescent microscope (Confocal or Apotome-based

microscopy).

Cell culture chamber for microscope.

. AutoCAD®.
. Image].

3 Methods

3.1 Photolithography

. In AutoCAD® software prepare 8 cm x 8 cm photomask of an

array of circular microwells with diameter of each microwell set
as 75 pm and center to center distance between each microwell
as 250 pm. The depth of each microwell is defined to be
300 pm to generate thick microtissues.
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3.3 Surface
Treatment of the PDMS
Holders

2.
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Silicon wafer for each design is fabricated in a standard class
100 cleanroom. SU8-2075 is utilized as the photoresist to coat
the wafer which is exposed to UV light to generate the desired
features for both PDMS holders and stamps. The height of the
SUS8 photoresist will be optimized to be 300 pm, based on the
rotational speed of the spinner. This will yield to the develop-
ment of microwells with a depth of 300 pm.

The following steps will be followed to fabricate both PDMS
stamps and PDMS holders.

1.

In a plastic cup first add 10:1 ratio (w/w ratio) of Sylgard
184 PDMS base to the curing agent and mix properly to ensure
equal distribution of all the parts.

. Degas the solution to remove the bubbles formed due to

mixing in a vacuum desiccator.

. Take a new 100 mm plastic dish to secure the silicon wafer

using scotch tape such that the feature side is facing upwards.
See Note 1.

. In a chemical safety cabinet, take a 100 mm glass dish contain-

ing 35 mm dish at the center filled with 0.5-1.5 mL of
DCDMS. See Note 2.

. Invert the plastic dish on top of the glass dish and keep it in

well-ventilated area of the chemical hood for 10 min to allow
vapor-based silanization.

. After silanization is completed, pour the degassed PDMS solu-

tion prepared in step 1 on the silicon wafer as quickly as
possible and degas the assembly in a vacuum desiccator to
remove any bubbles.

. After all the bubbles are removed, keep the assembly of silicon

wafer with PDMS in 80 °C oven overnight.

. While the amount of Sylgard 184 base used for fabricating

PDMS holder was about 30 mg; the amount of Sylgard
184 base solution required for PDMS stamps will be higher
(~60-70 mg) such that the final thickness of the stamps is
higher and therefore be utilized to micromold the collagen
hydrogel.

. Ina chemical safety cabinet, prepare a solution of 2% APTMS in

98% ethanol. See Note 3.

. Cut the PDMS holders and clean them with feature side down

on the sticky side of the scotch tape to take off any dust.

. Next, with features side up, place the clean PDMS holders in a

plasma-compatible dish (35 mm plastic dish) and treat them
with air-based plasma for 4 min 30 secs at high frequency.
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3.4 Surface
Treatment of PDMS
Stamps

3.5 Development of
the 3D Tumor-Stroma
Coculture Model

4.

10.

11.

After completion of the plasma treatment, remove the PDMS
holders and immerse them immediately in already prepared
APTMS solution as prepared in step 1.

. The APTMS solution containing PDMS holders is incubated at

60 °C for 1 h.

. After the silanization treatment, remove the PDMS holders

and sonicate them in a 100% ethanol in a water-based sonicator
at high frequency for 20 min to remove any loosely bound
silane.

. Next, wash the PDMS holders in 100% ethanol at a high-speed

shaker for 5 times at 10-min interval to remove all the excess
APTMS. See Note 4.

. Keep the PDMS holders in 80 °C oven for 30-60 min to

increase the bond strength between hydroxyl group and silane
groups on the holders.

. In a chemical safety cabinet, prepare a 0.1% glutaraldehyde

solution in DI water which are then poured over the silane-
treated PDMS holders for 1 h at room temperature.

Remove the holders from the glutaraldehyde solution and
wash them vigorously on the shaker with DI water for
5 times at 5-min interval.

To ensure complete removal of the excess glutaraldehyde, keep
the PDMS holders exposed to the heat in the 80 °C oven
overnight with the lid of the plastic dish oft. Se¢ Note 5.

. The PDMS stamps are sterilized in a glass Petri dish first using

liquid autoclave cycle followed by dry autoclave cycle. The
stamps are then kept overnight in the 80 °C oven to allow
complete drying of the PDMS stamps.

. Next, 1-2% pluronic F127 solution is prepared in DI water and

incubated the solution at 4 °C for at least 30 min to obtain a
clear solution.

. In a biosafety cabinet, the sterilized PDMS stamps are

immersed into the prepared pluronic F127 solution which is
then kept overnight at 4 °C to make the PDMS surface protein
repellant to ensure easy detachment from the collagen hydrogel
solution.

. The glutaraldehyde-treated PDMS holders are removed from

the oven and then sterilized in 70% ethanol for more than
15 min. See Note 6.

. Using clean sterilized forceps, the PDMS holders are trans-

ferred to a new plastic dish to allow them to dry.

. On an ice bath, collagen-1 hydrogel solution is prepared by

mixing high-concentration rat tail collagen-I stock with 1 N
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Fig. 1 Schematic of the fabrication method of micropatterned high-density tumor—stroma co-culture model.
(a) Prepare a collagen + CAFs cell suspension by gently mixing. (b) Pipette about 50 pL collagen + CAF cell
suspension onto the pluronic-treated PDMS stamp. (¢) Invert the PDMS stamp onto surface-treated PDMS
holder and allow this assembly to incubate at 37 °C for 30 min. (d) After polymerization of collagen hydrogel,
gently remove the PDMS stamp to obtain an array of empty microwells surrounded by CAFs encapsulated
within collagen. (e) Prepare high-density tumor cell suspension in media and break any clumps to obtain
single cell suspension. (f) Seed a high-density drop of tumor cells (50 pL) on the platform, and after 3 min
wash the unpatterned cells to obtain a high-density tumor—stroma model

NaOH, phenol red, and media to get a final concentration of
4 mg/mL. See Note 7.

4. The tumor cells (e.g., MDA-MB-231, MCF7) (purchased
from commercial vendors such as ATCC) and cancer-associated
fibroblasts (CAFs, ATCC) are then trypsinized using 0.05%
Trypsin-EDTA in PBS and counted using hemocytometer
and trypan blue to measure the viability of the cells.

5. CAFs are centrifuged and mixed gently with collagen hydrogel
solution prepared above at a final density of 2 x 10° cells/mL
(Fig. 1a). Avoid bubbles during mixing.

6. The PDMS stamps are removed from pluronic solution and
then washed three times with PBS to remove any remaining
pluronic solution.

7. About 50-70 pL of the CAF-embedded collagen-1 hydrogel
solution is pipetted onto the PDMS stamp and gently spread
using pipette tip (Fig. 1b). See Note 8.
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3.6 Microscopy for
Subsequent Studies on
Tumor Cell Behavior
(e.g., Migration)

8.

9.

10.

11.

12.

13.

1.

The cell solution-coated PDMS stamp is then inverted on top
of the PDMS holder, and this assembly is incubated at 37 °C
for 30 min to allow polymerization of the cell-embedded col-
lagen-I hydrogel (Fig. 1c). See Note 9.

After polymerization of the hydrogel, the PDMS stamp is
picked up gently using forceps in the upward direction to
avoid the shearing of the microwells and distortion of the
pattern (Fig. 1d).

The tumor cells are now centrifuged and resuspended in the
media at a final cell density of 7-10 x 10° cells/mL (Fig. le).

About 50 pL of the tumor cell suspension solution is then
pipetted onto the 3D culture sample for about 3 min and
monitored under the microscope to observe filling of the
microwells with the tumor cells (to enable easy distinction
between tumor cells and stromal cells, tumor cells were trans-
duced with mCherry protein). It is noteworthy to mention that
this method is written for a micro-well diameter of 75 pm for
proper positioning of the cells into the micro-wells. In case of
larger micro-wells, further optimization may be required to
avoid dislodging of the cells upon washing.

To remove the excessive tumor cells from the unpatterned
regions upon seeding (in between micro-wells), the sample is
tilted at 45° and then washed gently 2—-3 times with 450 pL cell
culture media. In between consecutive washes, it is crucial to
check for cells in the unpatterned regions using a fluorescent
microscope to ensure optimal washing and minimal dislodging
of the tumor cells from the microwells (Fig. 1f).

Each sample can then be immersed in a well of 24-well plate
with 500-pL media. See Note 10.

In order to visualize and quantify the tumor cell migration in
the presence and absence of stromal cells such as CAFs as
demonstrated in this work, the samples are imaged using a
fluorescent microscope with Z-stack imaging modality every
alternate day (Fig. 2a, b).

Since tumor cells are transduced to express mCherry protein, it
is essential to image each sample separately from others to avoid
the overexposure of the cells by fluorescent light that can lead
to cell death due to high energy of the light.

The samples are placed in a plastic dish and then imaged in the
environmental chamber. Z-stack images are taken from three
random locations of each sample to average the cell migration
parameters. See Note 11.
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Day 0 Day 4
. — B S A

Fig. 2 (a) Representative phase contrast and fluorescent images of tumor—stroma model for mono-culture and
co-culture groups of MDA-MB-231 and MCF7 cells (DsRed) along with CAFs at day 0. (b) MDA-MB-231 tumor
cell migration and clustering of MCF7 cells can be visualized in mono-culture and co-culture groups at day
4. Scale bar represents 100 pm

4. Images should be taken from multiple replicates to allow quan-
tification of cell migration parameters from a large dataset and
for subsequent statistical analyses.

5. To perform live cell migration, each sample should be placed in
a small size plastic dish filled with media in a chamber filled with
5% CO; at 33-34 °C for 14-16 h. Z-stack images are acquired
from multiple locations of the samples at a frequency of
40-60 min within different regions of interest (ROIs) of each
sample to accurately quantify parameters including cell speed,
persistence, and directionality using various established

software.

4 Notes

1. The silicon wafer is secured to the plastic dish using scotch tape
over the edges. However, care should be taken that for gen-
erating PDMS mold the feature side of the wafer is free of any
scotch tape.

2. The amount of DCDMS used for vapor-based silanization of
the silicon wafer greatly depends on the humidity in the air. The
amount of silane needed for successful silanization should be
tested by the researcher. Along with the volume of the silane,
researchers can also vary the amount of the time required for
vapor deposition of the silane on the wafer. In order to check
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for successful silanization, a clear DCDMS deposition can be
seen on the scotch tape when smeared by a spatula. Overdepo-
sition of silane vapors should also be avoided as this can lead to
byproduct formation with PDMS when kept at high
temperatures.

. In order to ensure successful surface treatment of the PDMS

holders, APTMS solution needs some amount of water for
silane bond formation. Therefore, do not use 100% ethanol.
Using lower percentage of ethanol such as 70% can lead to
formation of various byproducts. Researchers need to optimize
the amount of ethanol percentage for successful silanization of
the PDMS holders. A good starting range of ethanol is about
97-98%.

. It is important to remove any excess APTMS from the PDMS

holders due to its nature to form orange-based fluorescent
byproduct with glutaraldehyde solution which can later inter-
tere with any fluorescent microscopy. In case any byproduct is
formed, optimize the percentage of both APTMS and glutaral-
dehyde solutions along with rigorous washing at a plate shaker
with high speed.

. Do not use PDMS holders without overnight evaporation of

glutaraldehyde as excess glutaraldehyde can lead to fixation of
stromal cells embedded in the collagen hydrogel.

. Surface-treated PDMS holders usually stick to the plastic dish.

During ethanol sterilization, do not aspirate the ethanol solu-
tion, rather use the forceps for easy removal of these holders to
a new Petri dish.

. Always prepare the collagen hydrogel solution by mixing all the

described components as per the manufacturer’s instruction in
an Eppendorf tube kept on an ice bath. The solution should be
prepared by gentle mixing to avoid any bubble formation as
this can interfere in micromolding of the hydrogel.

. During pipetting of the cell-embedded hydrogel solution on

top of the PDMS stamps, make sure that no bubbles are
formed as they can lead to formation of microwells with dis-
torted dimensions. Most of the bubbles formed at this step can
be due to rigorous mixing of collagen solution and improper
surface treatment of the PDMS stamps.

. In order to obtain a homogenous distribution of the cells

encapsulated within the collagen hydrogel solution, the dish
containing PDMS stamp-collagen-holder assembly can be
flipped every minute. At higher concentration of collagen
such as 4 mg/mL, the need to flip is minimal since the hydrogel
polymerization is very quick. However, if lower concentration
of the collagen is used, then flipping the dish becomes more
necessary and frequency needs to be varied.
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10. The hydrogel-immobilized PDMS holders can float in the

11.

media within 24-well plate due to the hydrophobic nature of
the PDMS. However, a gentle push by forceps in the down-
ward direction will ensure their complete immersion in the
media.

In order to avoid overexposure of the transduced cells within
the 3D tumor—-stroma samples, it is essential to minimize the
number of Z-stacks. To ensure imaging of entire thickness of
the sample, increase the optimal distance between two Z-stack
slices to as high as 10 pm. In case exposure time for the
transduced cells is high, it is better to re-transduce the cells to

increase their brightness.
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A Method for Organoid Transplantation and Whole-Mount
Visualization of Post-Engraftment Vascularization

Amy E. Emerson, Emily M. Slaby, and Jessica D. Weaver

Abstract

As the field of organoid development matures, the need to transplant organoids to evaluate and characterize
their functionality grows. Decades of research developing islet organoid transplantation for the treatment
of type 1 diabetes can contribute substantially to accelerating diverse tissue organoid transplantation.
Biomaterials-based organoid delivery methods offer the potential to maximize organoid survival and
engraftment. In this protocol, we describe a vasculogenic degradable hydrogel vehicle and a method to
deliver organoids to intraperitoneal tissue. Further, we describe a method to fluorescently label and image
functional vasculature within the graft as a tool to investigate organoid engraftment.

Key words Organoids, Transplantation, Vascularization, Engraftment

1 Introduction

Organoid development is an emergent field in regenerative medi-
cine as a means to study and model tissue-level development and
disease, as well as a means to potentially replace dysfunctional tissue
[1]. As fields such as liver [2, 3], kidney [2, 4], intestinal [5, 6], and
cancer [7] organoid development mature, the need to transplant
organoids to evaluate and characterize their functionality grows.
Many organoid models seek to study tissue development or use
organoids wholly as in vitro assays; however, for organoids devel-
oped as a regenerative medicine application, transplantation of
organoids in preclinical models to assess function is a crucial step
toward clinical translation [2]. For example, cancer organoid trans-
plantation enables the better understanding and evaluation of
in vivo tumor dynamics, whereas organoids such as liver, kidney,
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1. Organoid
transplantation

and intestinal organoids have therapeutic potential if they can
adequately engraft and function.

Four decades of research into islet organoid transplantation for
the treatment of type 1 diabetes can contribute substantially to
accelerating diverse tissue organoid transplantation [8-11]. For
example, we have learned that a key factor influencing islet orga-
noid engraftment and function is tissue injury and inflammation
during the transplantation procedure [9, 11]. One way this has
been mitigated is through organoid delivery to the surface of
intraperitoneal tissue such as the omentum (human, primate, rat)
[2, 12-14] or murine equivalent, the epididymal fat pad (EFP)
[15-17]. Transplantation to these sites requires some form of
biomaterial vehicle that can deliver and physically localize islets to
the transplant site. The past two decades have seen the develop-
ment of delivery methods ranging from nondegradable scatfolds
[18, 19] and hydrogels [12, 16] to degradable matrices from
natural [13] or synthetic [15] sources.

In this protocol, we describe the use of a synthetic degradable
hydrogel system [15] to deliver organoids to diverse tissue sites
(Fig. 1). This system consists of a four-arm poly(ethylene glycol)
(PEG) macromer functionalized with maleimide reactive groups.
The maleimide functional groups react via Michael-type addition
with free thiols, such as on the amino acid cysteine. As such, the
hydrogel macromer can be readily functionalized with any bioactive
proteins containing a terminal cysteine, thus enabling tailored,
instructive signaling. For example, we incorporate the adhesive
ligand RGD to promote cell adhesion and accelerate degradation
of the hydrogel, as well as vascular endothelial growth factor
(VEGEF) to accelerate organoid engraftment and vascularization.
To generate a gel, the macromer can be crosslinked with bifunc-
tional thiol-containing reagents; in this case, we use a protease-

Remodeling 2. Lectin 3. Whole mount
(2-4 weeks) injection graft imaging

>

N

Fig. 1 Schematic illustrating the critical steps described in this protocol, including organoid delivery via a
degradable synthetic hydrogel and intravenous lectin injection and whole-mount imaging to confirm organoid

engraftment
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Fig. 2 Schematic illustrating the fabrication of degradable vasculogenic gels
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Fig. 3 Organoid transplantation in the rat omentum (a) or mouse EFP (b). (/) Surgical area preparation prior to
midline incision, including shaving the surgical area and swabbing with chlorhexidine solution prior to applying
a sterile drape. (i)) Midline incision through skin. (iii) Peritoneum wall incision. (i) Exteriorized omentum (a)
and EFP (b) laid on sterile, pre-wet gauze. (1) Omentum (a) and EFP (b) spread with saline solution. (vj)
Magnified image demonstrating translucent nature of the tissue, and large blood vessels (white arrows)

sensitive peptide linker (VPM) to generate a gel that degrades in
response to localized remodeling (Fig. 2).

Following transplantation (Figs. 3 and 4), organoid engraft-
ment can be characterized by evaluating the degree of organoid
vascularization and integration with host tissue. In this protocol,
we describe the use of lectin labeling to visualize functional vascu-
lature (Fig. 5) and a method of graft whole-mount imaging (Fig. 6)
to evaluate three-dimensional organoid vasculature (Fig. 7).

1.1 Methodological This strategy of organoid delivery to intraperitoneal vascular tissue
Strengths is a facile method to transplant organoids in rodents with minimal
and Weaknesses manipulation and stress on the cells. Organoids are delivered via a

synthetic hydrogel that crosslinks in situ at the tissue site under
physiological conditions. Crosslinking on the surface of tissue,



262 Amy E. Emerson et al.

Fig. 4 Organoid delivery via degradable synthetic vasculogenic hydrogel to the rat omentum (a) and mouse
EFP (b). Gel is delivered via separate pipettes (i), dripped directly on the surface of the tissue by alternating
PEG+organoids and crosslinker. Allow a few seconds for gelation prior folding excess tissue around the gel
starting with either the left or right side (i), followed by the opposing side (i), and last the third side opposing
the omentum/EFP pedicle (i)

Pectoral ™
muscle

Fig. 5 Lectin injection to visualize functional vasculature and organoid engraftment. (a) First, a skin flap may
be removed to visualize the carotid artery. Lectin is injected via insulin syringe after confirmation of successful
puncture (presence of blood when plunger is extracted). (b) Sever the vena cava, the lighter vessel dorsal to
the aorta, an obviously blood-filled vessel. (¢) Puncture the left ventricle with a large-gauge needle attached to
a syringe containing 10+ mL of saline. Blood should exit the severed vena cava and the organs should
gradually blanche (note color difference of heart and liver between b and c)



Fig. 6 Whole-mount imaging sample preparation. Example slide and coverslip assembly for whole-mount
imaging of EFP (a) and liver (b) tissue samples. Note in (ii) that the EFP (a) compresses more easily than lobe of
liver (b), which influences imaging depth and penetration

Fig. 7 Whole-mount imaging of transplanted organoids and functional vasculature to evaluate engraftment. (a)
A mixture of wild-type and transgenic GFP-expressing islet organoids is visualized after lectin injection and
whole-mount imaging. White arrows indicate GFP+ islets, and blue arrows indicate wild-type engrafted islets.
(b) A magnified image of GFP-expressing islet integration with lectin-labeled vasculature. Images were
acquired on a confocal microscope and are projections of z-stacks taken at 10-50 pm intervals to the extent
of the objective working distance. Scale bars = 200 pm
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1.2 Applications

rather than via injection, minimizes tissue damage and subsequent
immune response. Localized VEGF delivery encourages organoid
vascularization to maximize organoid survival, typically occurring
within 2—4 weeks via this method, depending on transplantation
site [12, 15]. Theoretically, any bioactive proteins of choice that
possess a terminal cysteine resulting in a free thiol can be
incorporated within the hydrogel matrix to undergo Michael-type
addition with the maleimide moiety. Lectin injection and whole-
mount imaging enables visualization of functional vasculature,
which enables characterization and confirmation of organoid
engraftment. Secondary staining of whole grafts can also be per-
formed for confirmation of organoid presence and viability.

A potential disadvantage of this technique is that organoid
engraftment and function within intraperitoneal vascular tissue
may be limited by the organoid tissue type. For example, functional
engraftment of intestinal or liver organoids within the omentum
may be difficult to assess and impractical for clinical applications.
Alternatively, this degradable hydrogel could be used to deliver
organoids to matched tissue (i.e., intestinal or liver surface). Visu-
alization of whole-mounted grafts from tissues with lower optical
clarity than the EFP/omentum may be reduced, particularly if
organoids are embedded deeply within the tissue. Methods to
address this issue are discussed in the Notes section.

A multitude of emerging applications for organoid transplantation
exist in the research field of tissue engineering. Organoid transplan-
tation was first pioneered for primary islet organoid transplantation
for the treatment of type 1 diabetes in the 1970s,/1980s [8, 10, 20,
21]. The traditional intrahepatic infusion method destroys ~60% of
the transplanted cells immediately upon infusion [11], and we now
recognize that inflammation generated during transplantation plays
an outsized role in acute islet organoid death posttransplantation
[9, 13, 22]. It was not until this past decade that bioengineering
strategies enabled translatable, biomaterials-based methods to
deliver islets in a way that preserved organoid viability and function
[12, 15-17, 23]. Now, techniques developed for islet transplanta-
tion, such as delivery via synthetic degradable hydrogels [15], can
be utilized in the emergent field of regenerative medicine, where
organoids are being developed for applications in intestinal [5, 6],
kidney [2, 4], and liver [2, 3] regeneration.

This degradable hydrogel delivery method has been used to
deliver organoids to diverse transplant sites (e.g., subcutaneous,
epididymal fat pad (EFP), omentum, small bowel mesentery).
This protocol describes organoid transplantation within intraperi-
toneal tissue (EFP, omentum) as previous research indicates that
this location results in minimal inflammatory cell infiltration and
maximal vascularization [15]. However, this organoid delivery and
imaging method is not limited to these sites and is versatile for
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delivery to just about any tissue and location. The transplantation
site should be tailored to, and optimized for, the organoid and
application.

2 Materials

2.1 Vasculogenic
Hydrogel Preparation

2.2 Transplantation
Materials

Table 1

. Hydrogel buffer solution: 1 x PBS (without calcium or magne-
sium), 20 mM HEPES.

. PEG component of hydrogel: 5% (w/v) 20 kDa 4-arm PEG

maleimide (Laysan Bio), 1 mM adhesive ligand (RGD,
sequence: GRGDSPC, Genscript), 10 pg/mL recombinant
human vascular endothelial growth factor (thVEGEF, Thermo
Fisher). All powders (PEG, peptides) solubilized in hydrogel
buffer. VEGF is reconstituted according to manufacturer’s
instructions at a stock concentration of 1 mg/mL.

. Hydrogel crosslinking solution: Degradable crosslinking pep-

tide (VPM, sequence: GCRDVPMSMRGGDRCG, Genscript)
dissolved in hydrogel buffer at concentration calculated
according to Methods and Table 1.

. COSTAR Spin-X 0.2 pm and 0.45 pm centrifuge tube filters

(Cole Parmer).

. Prepare surgical materials: Degradable sutures, sterile gauze,

sterile drapes, sterile gloves, tools (forceps, surgical scissors,
hemostat/needle holders, rodent surgical staples, stapler),
tips, pipettors, scale, razor, heating pad, absorbent paper, saline
to moisten tissue. Appropriate personal protective equipment

Example calculations to generate 10 gels at a volume of 15 uL each

Final volume needed
150 pL + 15% = 172.5 pL

PEG PEG-mal
component  (5%)
RGD
VEGF

Crosslinker VPM

MW Concentration Maleimide Component  Buffer/
(g/mol)  (mM) remaining (mg) component
(mM) (kL)
22,000 2.27 9.09 8.625 42.26
690.74 1 8.09 0.12 42.26
40,000 0.00025 8.09 1.73
1697 4.045 0 1.18 86.25
Total (pL) 172.5

To ensure adequate gel amounts for transplantation, we add a 15% buffer to our gel volume, resulting in a total required

gel volume of 172.5 pL
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2.3 Lectin Perfusion 1.
and Whole-Mount
Imaging Materials

should be used, including shoe covers, head coverings, surgical
masks, surgical gowns, and sterile gloves for surgeons.

. Prepare anesthesia: isoflurane (or alternative ketamine/xyla-

zine cocktail), and analgesic (buprenorphine sustained release
is reccommended).

. Chlorhexidine Solution: Use sterile water to dilute chlorhexi-

dine stock solution to 4%. Cover with aluminum foil to protect
from light.

Assemble tools for procedure and imaging: Large-gauge nee-
dles (18-23 gauge), 10 mL syringes, insulin syringes, saline to
flush recipients (10 mL per mouse, 30 mL per rat), isoflurane
for anesthesia, CO, for euthanasia, absorbent pads, forceps,
scissors, slides and coverslips, laboratory tape, and PBS.

. 10% formalin for explanted graft fixation.
. Tomato lectin DyLight 649 (Vector labs).

. Confocal microscope.

2
3
4
3 Methods
3.1 Vasculogenic 1.
Hydrogel Preparation
(Fig. 2)

Hydrogel Component Calculations: the concentration of PEG
and PEG-bound bioactive agents (e.g., VEGF, RGD) should
be decided upon first. Our standard parameters for these com-
ponents are a final gel composition of 1 mM RGD, 10 pg/mL
VEGEF, and 5% (w/v) PEG maleimide. We first convert these to
mM as shown in Table 1. From the PEG concentration in
Table 1, we can calculate the moles of maleimide available
(4 mol maleimide: 1 mol 4-arm PEG). To calculate the con-
centration of crosslinker required, we need to know the avail-
able number of maleimides after tethering RGD and VEGEF.
Once the moles of RGD and VEGEF are subtracted as shown in
column 5 of Table 1, we can calculate the needed concentration
of our crosslinker VPM, keeping in mind that there are 2 mol of
thiol per 1 mol VPM.

. Prepare sterilized PEG, ligand, crosslinking peptides, and orga-

noids (e.g., primary islets or organoids generated in-house) in
advance of the surgical procedure (see Note 1). Determine the
amount of PEG, VEGEF, crosslinking peptide, and adhesive
ligand that is needed based on total gel number and volume
(see Table 1 for example calculations).

. Weigh out PEG, peptide, and ligand quantities in individual

0.5-1.0 mL tubes and solubilize in hydrogel buffer at the
calculated concentrations.

. pH each component and correct using very small volumes of

concentrated acid or base until pH is in the 7.0-7.5 range (see
Note 2).
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Transplantation

(Fig. 3)
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. Sterilize PEG, adhesive ligand, and peptide components

through individual COSTAR Spin-X 0.2 pm or 0.45 pm cen-
trifuge tube filters by spinning at high g/rpm (>1000 rpm)
until reagents have passed through the filter (see Note 3).

. PEG Component: Combine PEG, adhesive ligand (RGD), and

VEGEF volumes according to the calculator. The calculations as
shown in Table 1 result in equal volume PEG and crosslinking
solutions to form the final gel (i.e., for a total gel volume of
15 pL, mix 7.5 pLL PEG component and 7.5 pL crosslinking
solution).

. Keep crosslinker separate from PEG mixture until gel is ready

to be formed. Gel polymerizes very rapidly, on the order of
seconds (see Note 4).

. Organoid preparation: Organoids should be aliquoted per

recipient/transplant site in conical tube (e.g., 0.5 mL Eppen-
dorf tube in 20-30 pL of media) to allow pelleting. Just prior
to delivery, excess media is removed without disturbing the
pellet.

. Prepare Surgical Area: All surgeons should scrub in and wear

sterile surgical gloves. All personnel in the surgery room should
wear surgical gowns, face masks, hair nets, gloves, and shoe
covers. The surgical table bench is sterilized with 70% ethanol
solution. Absorbent paper and a heating pad are placed in the
area prepped for sterile surgery. Sterile instruments are
arranged in a sterile field.

. Weigh the animal to be operated on for a preoperative weight.

. Anesthetize the animal with 5% isoflurane anesthesia in an

induction chamber.

. Inject one dose of sustained release buprenorphine subcutane-

ously (1 mg/kg) to provide 72 continuous h of pain relief (see
Note 5).

. Shave peritoneal area of animal. Shaved peritoneal area should

be prepped with chlorhexidine solution or equivalent antiseptic
solution.

. Transfer the animal to the heating pad in the sterile field.

Maintain anesthesia with 1.25-3% isoflurane delivered by
nose cone. The animal should be unresponsive to external
stimuli such as a toe pinch before and during surgery. Monitor
animal breathing to ensure depth of anesthesia is not too great.

. Place sterile drapes over animal abdominal region to isolate

incision area. If using gauze as a sterile surgical drape, a liberal
application of saline will aid drape adherence to the skin and
prevent exteriorized tissue from sticking to the gauze (Fig. 37).
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9. Perform a midline incision through the skin using surgical
scissors. Clear connective tissue between skin and peritoneal
wall to ease the suturing process at the end of the procedure.
Next create a midline incision through the peritoneal wall to
access the peritoneal cavity and identify the fat pad/omentum
(see Note 6), taking care not to puncture organs by lifting the
peritoneal wall away from abdominal organs with a pair of

10. Gently exteriorize and spread wide the fat pad/omentum via
saline wash (see Note 7, Fig. 3iv, v).

11. Deliver organoids to tissue surface via the degradable hydrogel
(total volume 15-30 pL depending on number of organoids
and tissue area available). The PEG component of the hydrogel
is mixed evenly with the organoid pellet to suspend cells and
ensure maximal homogeneity. The organoid /PEG mixture is
delivered to the tissue surface simultaneously with the cross-
linking component (Fig. 47).

12. After allowing a few seconds for gelation, excess tissue can be
folded gently over the gel/organoid mixture as demonstrated
in Fig. 44i—iv.

13. Gently replace the fat pad/omentum and in the peritoneal
cavity, either using forceps or allowing the tissue to naturally
retract into the cavity when the peritoneal wall is lifted.

14. Suture incision of the muscle/fascia and close the skin with
surgical staples. The staples should be close enough together to
prevent the animal from reopening the wound.

15. Administer additional analgesic(s) after surgery for pain relief
during recovery, where appropriate.

16. Monitor animal’s weight for 3-5 days posttransplantation to
verify stable recovery.

17. Remove surgical staples 10-14 days after the operation.

3.3 Lectin Injection 1. Anesthetize the animal with isoflurane. NOTE: alternative
for Vascular Labeling anesthesia methods are acceptable, e.g., ketamine/xylazine
(Fig. 5) cocktail.

2. Lectin solution (no dilution) is injected with an insulin syringe
via tail vein or carotid artery. We recommend the carotid artery,
as it is easiest to access. As this is a terminal procedure, remov-
ing a skin flap at the neck allows visualization of the carotid
artery (Fig. 5a). The needle of the insulin syringe is inserted at
an angle almost parallel to the artery (see Note 8). Placement in
the artery should be confirmed by easy blood flow into the
syringe when the plunger is extracted gently. The lectin (mouse
100-200 pL, rat 250-450 pL) is then injected and allowed to
circulate for 5-15 min under anesthesia (se¢ Note 9).
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. (OPTIONAL) Open the animal via midline incision to exam-

ine or photograph implants prior to saline flush (se¢ Note 10).

. Sacrifice the animal by CO, inhalation, and open the thoracic

cavity by carefully cutting away rib cage, without cutting heart.

. Sever the vena cava. This vessel descends from the heart and

runs alongside, lateral and dorsal to the aorta, which should be
readily identifiable by its dark red color. The vena cava,
depleted of oxygen, will likely present as white or lighter col-
ored as pictured in Fig. 5b.

. Insert a large-gauge needle (18-23 gauge) with a syringe con-

taining saline (10 mL mouse, 30 mL rat) into the apex of heart
in the LEFT ventricle (se¢e Note 11, Fig. 5c¢), and flush the
animal’s circulation with saline to eliminate blood and excess
lectin (clotted blood or lectin can make vessel visualization
difficult). Liver and blood vessels will “blanche” as blood drains
from vena cava (Fig. 5¢), stop flushing when the fluid flow
becomes clearer.

. Implants are collected in labeled vials containing 10% formalin.

. Grafts can be processed for histology or imaged “whole

mount” on a confocal microscope.

. Rinse fixed, lectin-labeled tissue in PBS and mount on a stan-

dard microscope slide as shown in Fig. 6.

. Using laboratory tape, secure a thin coverslip over the sample,

securing it firmly to minimize tissue thickness, but without
causing damage to the tissue. PBS can be applied around the
sample to keep it moist (see Note 12). Refresh PBS often for
long imaging periods to keep tissue hydrated.

. For best results with dense tissue (e.g., skin, liver), compress

tissue as much as possible between two glass slides and use a
lectin at the farthest red that can be detected in range on your
microscope (see Note 13).

. Using a confocal microscope (see Note 14), locate clusters of

blood vessels, which indicate the presence of organoids. To
confirm organoid presence, a secondary stain for the tissue of
interest can validate organoid presence. Example images of
GEFP-expressing and wild-type islets engrafted within an EFP
are exhibited in Fig. 7.

4 Notes

. Store PEG and peptides in a sealed container with desiccant.

Gel components must be prepared fresh the day of the proce-
dure but will maintain integrity and crosslinking ability up to
8 h if necessary due to length of surgical procedures.
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2.

pH of all gel components has a huge influence on crosslinking
time, gel heterogeneity, and gel stability. Final solutions should
be made including an allowance volume for pH solutions and
to correct the pH to the 7-7.5 range.

. Costar spin column sterile filtration: all components except for

PEG can be sterilized using Costar filters with 0.2 pm pore size.
0.45 pm should be used with the PEG component to ensure no
loss in PEG macromer.

. If the user experiences crosslinking kinetics that are too fast or

too slow: kinetics of PEG maleimide crosslinking can be stud-
ied in-depth with this valuable manuscript [24]. Briefly, stron-
ger buffers and isotonicity of the buffer results in faster
crosslinking time. Additionally, pH can be used to modulate
crosslinking time, with more acidic components (e.g., pH 5-6)
slowing reaction time.

. May use institutionally approved alternative analgesic.

6. Vascularization time is transplant site-dependent. For orga-

10.

11.

12.

13.

14.

noids with high oxygen consumption rates, such as islets,
shorter times to vascularization are preferred [15], as observed
in more vascularized intraperitoneal tissue (EFP/omentum).
Tissue with lower degrees of vascularization, such as the sub-
cutaneous site, result in poor islet engraftment, but may work
depending on the cell type.

. Be careful not to induce trauma in the tissue (e.g., cause bleeds

or bruising) in order to minimize localized inflammation.

. To make carotid injection easier, place a 1-mL syringe behind

the animal’s neck to help expose the carotid. In mice, in partic-
ular, angling the syringe needle through the pectoral muscle
can ensure correct placement of the needle within the vessel.

. If you see a bubble forming at the site of injection, and face any

resistance, the needle is no longer in the artery.

Do not open the thoracic cavity prior to this step, the animal
will die prematurely.

Puncturing the right ventricle will send fluid into lungs, result-
ing in noticeable lung distention; simply reposition the needle
into the left ventricle if this occurs.

Capillary action should keep fluid between the slides and sam-
ple moist, for long imaging sessions replenish with PBS occa-
sionally to prevent sample drying.

Can use other fluorescent colors, but whole-mount images
should ideally use a far-red dye for optimal tissue penetration.

Beware that the mounted sample is lower than typical slide
mounts on the stage. Focal plane will be lower than typical.
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High-Throughput Production of Platelet-Like Particles

Kylie M. Persson, Pauline V. Kneller, Mark W. Livingston, Lucas M. Bush,
and Tara L. Deans

Abstract

The in vitro production of platelets could provide a life-saving intervention for patients that would
otherwise require donor-derived platelets. Producing large numbers of platelets in vitro from their progen-
itor cells, megakaryocytes, remains remarkably difficult and inefficient. Here, a human megakaryoblast
leukemia cell line (MEG-01) was used to assess the maturation of megakaryocytes and to develop a new
methodology for producing high numbers of platelet-like particles from mature MEG-01 cells in vitro.

Key words Platelet-like particle production, Megakaryocytes, MEG-01 cell line, Proplatelet

1 Introduction

Platelets are small anucleate blood cells that circulate throughout
the body and play an important role in hemostasis, wound healing,
angiogenesis, inflammation, and clot formation [1]. In the bone
marrow, platelets are derived from the process of hematopoiesis,
the differentiation of hematopoietic stem cells (HSCs) into
specialized blood and immune cells [1-4]. Platelets circulate in
large numbers with an average lifespan of approximately
9-10 days. The source of this large cell population is from their
progenitor cells, megakaryocytes (MXKs), which are capable of pro-
ducing 10" platelets per day in adult humans [5, 6].
Megakaryocytes account for only 0.01% of the total bone mar-
row cells, making it difficult to study how they develop and mature,
and how their development impacts the production of platelets
[3, 7]. For this reason, MEG-01 cells, a human megakaryoblast
leukemia cell line, is a popular cell line used for studying megakar-
yocyte maturation and platelet-like particle formation [8-11]. Sim-
ilar to natural MK development and maturation, MEG-01 cells
display phenotypic properties that closely resemble their natural
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counterparts as they mature including increasing in size, producing
membranous extensions, increasing DNA content, and the produc-
tion of functional platelet-like particles [12-16].

Studies have shown that the growth factors thrombopoietin
(TPO) and phorbol myristate acetate (PMA) can independently
enhance the differentiation and maturation of MEG-01 cells
in vitro, increasing the production of platelet-like particles from
MEG-01 cells [17-19]. Here we utilized current approaches for
culturing and maturing MEG-01 cells in vitro and implemented a
new method for obtaining large numbers of platelet-like particles.
This approach utilizes the application of constant pressure on
MEG-01 cells through a filter which enables the high-throughput
production of platelet-like particles in vitro.

Here we describe a simple and efficient protocol developed in
our laboratory for the high-throughput production of platelet-like
particles. While this protocol was developed with MEG-01 cells, it
can easily be adapted for the efficient and high-throughput produc-
tion of platelets and platelet-like particles from mouse and human
megakaryocytes.

2 Materials
2.1 Cell Gulture for

MEG-01 Cells (ATCC®
CRL-2021™)

2.2 Flow Cytometry

1. MEG-01 culture medium: RPMI medium (Gibco, 11875-
093) contains 10% Fetal Bovine Serum (FBS) (Gibco, 10437-
028).

2. MEG-01 maturing medium: Add 100 ng/mL of recombinant
human thrombopoietin (TPO) (PeproTech, 300-18) and/or
5 nM phorbol myristate acetate (PMA) (Millipore Sigma,
524400) to the culture medium.

. T25 flasks.
. Cell scrapers.
. 15 mL conical tubes.

. Hemocytometer.

N N U W

. Cell culture incubator capable of regulating temperature,
humidity, and carbon dioxide.

8. Centrifuge.

1. PBS.
2. 3% BSA made in PBS.

3. Antibodies used for labeling: CD41a APC (BD Biosciences,
14-0419-80).
4. Hoechst 33342 nuclei stain (BD Biosciences, BDB561908).

5. 7-AAD cell viability staining solution (ThermokFisher,
00-6993-50).



2.3 Imaging

2.4 Making Platelet-
Like Particles
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. Calcein AM cell viability assay (ThermoFisher, C3099).
. Flow cytometry: Beckman Coulter Life Sciences CytoFLEX.

. 48-Well tissue culture-treated plates.

PBS.

. 4% formaldehyde (ThermoFisher, FB002).
. Blocking solution: 5% donkey serum, and 1% BSA in PBS.
. Antibodies used for labeling: mouse anti-human CD4la

(ThermoFisher, 14-0419-80) goat anti-mouse Alexa Fluor
Plus 488 (ThermoFisher, A32723).

. Hoechst 33342 nuclei stain (BD Biosciences, BDB561908).
. Olympus IX73 inverted microscope with Olympus XMI10

camera.

PBS.

. 5 mL syringes (BD, 309646).

. Tubing to fit on syringe filters.

. 5.0 pm syringe filters (Millipore Sigma, SLSV025LS).
. KD Scientific Legato 180 syringe pump.

3 Methods

3.1 Cell Culture

. Grow MEG-01 cellsin a 37 °C, 5% CO, humidified incubator.

Pass cells or change medium 2 or 3 times/week, ensuring that
cell density does not exceed 1 x 10 cells/mL.

. When changing the medium, care must be taken to not lose the

semi-adherent cells.
(a) Remove the medium containing the semi-adherent cells
from the culture flask and place in a 15-mL conical tube.

(b) Centrifuge the cell suspension at 300 x g4 for 5 min,
aspirate the supernatant and resuspend in 1 mL of fresh
medium.

(c) While the cell suspension is spinning, add 4 mL of growth
medium to the flask of cells to prevent the adherent cells
from drying out.

(d) Return the 1 mL of semi-adherent cells to the appropriate
plate of cells.

. When passing MEG-01 cells, use a cell scraper to gently dis-

lodge the adherent cells into the medium and transfer cell
suspension to a 15-mL conical tube.

. Take a 10-pL sample to measure the cell density using a

hemocytometer.
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5. Centrifuge at 300 x g for 5 min and discard the supernatant.

6. Resuspend the cells in culture medium to plate MEG-01 cells
at 35 x 10° cells/cm?.

7. If maturing MEG-01 cells, add TPO and/or PMA (see Sub-
heading 2.1, item 2) and grow for 72 h before harvesting and
analyzing cells. Perform medium changes every 24 h for cul-
tures that contain PMA.

3.2 Making Platelet- 1. Obtain 2 mL of PBS in a 5-mL syringe. Attach syringe filter and
Like Particles tubing.

2. Place the syringe on the syringe pump and secure the apparatus.
3. Set up conical tubes for sample and waste collection.

4. Adjust the setting of the syringe pump according to the para-
meters of the syringe being used.

5. To prime the filter and tubing, begin infusing 2 mL of PBS
through the syringe filter and tubing at 5 mL /min, direct flow-
through into the waste collection tube.

6. After culturing MEG-01 cells in growth or maturing medium
for 72 h, scrape the bottom of the culture flask with a cell
scraper.

7. Take a 10-pL. sample to measure the cell density using a
hemocytometer.

8. Collect cell suspension in a 5-mL syringe.

9. Preserving the same syringe filter and tubing from step 5,
carefully replace the empty PBS syringe with the syringe con-
taining the cell suspension.

10. Begin infusing the cell suspension through the syringe filter
and tubing at 5 mL/min (Fig. 1). Collect flow-through con-
taining the platelet-like particles in the sample collection tube
(see Note 1).

Platelet-like
particles

Immature Mature

Meg-01 cell Meg-01 cell waste/sample

collection tube

Fig. 1 Procedure for the production of platelet-like particles. MEG-01 cells are cultured in (a) growth medium
or in (b) maturing medium for 72 h. () Cells are then placed in a syringe and pushed through a 5 pm filter, and
the flow-through is collected in a collection tube. (d) Platelet-like particles are collected and analyzed
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3.3.1 Whole Cells

3.3.2 Platelet-Like
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. After 72-h culture in growth or maturing medium, remove

flask from incubator and scrape with a cell scraper.

. Take a 10-pL sample to measure the cell density using a

hemocytometer.

. Centrifuge cells at 300 x g for 5 min. Aspirate the supernatant.

. Resuspend the cell pellet to a concentration of 1 x 10° cells in

100 pL PBS containing 3% BSA.

. For each desired sample, aliquot 100 pL of the cell suspension

into an Eppendorf tube.

. Add 1 pL of Hoechst 33342 and 1 pL of CD41a antibody to

each sample.

. Incubate at 37 °C in a 5% CO, humidified incubator for 20 min

(see Note 2).

. Add 1 mL of PBS to each sample.

. Centrifuge at 300 x g for 5 min and aspirate the supernatant.

Resuspend the cell pellet in 200 pL of PBS.

Add 2 pL of 7-AAD cell viability dye per 200 pL of cell
suspension.

Analyze MEG-01 cells on the flow cytometer (Fig. 2) (see
Note 3).

. After infusing the MEG-01 cells through the syringe filter and

Particles collecting the platelet-like particles in a 15-mL conical tube,
centrifuge the sample at 800 x g for 15 min. Aspirate the
supernatant.

2. Resuspend the pellet in 100 pLL PBS containing 3% BSA per
sample (see Note 4) and transfer to an Eppendorf tube.
A. B. c. 100 ng/mLTPO D.
100 ng/mLTPO 5 nM PMA 5 nM PMA 2 X100
100 1004 100 G18
] T 16

«w | 80 804 T 14

€ i <12

5 | 60 604 1

S { 8 08

40 405 c 06
1 o
. " 5o
| E 0
MEG-01 TPO PMA TPO

10* 10° 10107

10 10°10°107

10° 10° 10° 107

PMA

CD41a

Fig. 2 MEG-01 cells grown in various media conditions. (a) MEG-01 cells matured with 100 ng/mL of TPO for
72 h (green) overlaid on MEG-01 cells grown in growth medium (gray). (b) MEG-01 cells matured with 5 nM
PMA for 72 h (orange) overlaid on MEG-01 cells grown in growth medium (gray). (¢) MEG-01 cells matured
with 100 ng/mL TPO and 5 nM PMA (purple) overlaid on MEG-01 cells grown in growth medium (gray). (d)
Median Hoechst intensity for growth and maturing conditions after 72 h. Note that the expression of CD41a
and the DNA content increases when matured in either TPO or PMA
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3. Add calcein AM to reach a final concentration of 2 pg,/mL per
sample.

4. Incubate at 37 °C in a 5% CO, humidified incubator for
10 min, then add 1 pL of CD41a to each sample and continue
incubating at 37 °C for 20 min for a total incubation time of
30 min (see Notes 5).

5. Add 1 mL of PBS to each sample.

6. Centrifuge samples at 800 x g for 15 min and aspirate the
supernatant.

7. Resuspend the platelet-like particles in 200 pL of PBS.
8. Analyze the samples on the flow cytometer (Fig. 3).

—

3.4 Imaging MEG-01 . Plate MEG-01 cells at 35 x 10 cells/cm? (see Note 6).
Cells from Plates 2. Grow the cells in either growth or maturing medium for 72 h.

3. Carefully aspirate the medium off the cells and gently wash with
500 puL PBS (see Note 7).

4. Add 100 pL of 4% formaldehyde and incubate at room temper-
ature for 10 min.

5. Carefully aspirate and gently wash with 500 pL PBS (see Note
7).

6. Add 100 pL of blocking solution and incubate at room tem-
perature for 10 min.

7. Carefully aspirate the blocking solution.

8. Add 100 pL of blocking solution containing the primary anti-
body CD41a and incubate at room temperature for approxi-
mately one hour (se¢ Note 8).

9. Carefully aspirate the antibody solution off of the cells and
gently wash with 500 pL. PBS.

10. Add 100 pL of blocking solution containing the secondary
antibody and Hoechst 33342, incubate for approximately
one hour (see Note 9).

11. Wash with 500 pL PBS, aspirate, then add another 500 pL
PBS, so the cells do not dry out when imaging. Image imme-
diately (see Note 10).

12. Images were acquired using an Olympus IX73 microscope and
Olympus XM10 camera. Images were processed using Olym-
pus cellSens Standard software. Figures were created with
Adobe Illustrator (Fig. 4).
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Fig. 3 Platelet-like particle viability. (@) Flow-through from MEG-01 cells in growth medium stained with
calcein for cell viability and CD41a primary antibody. (b) Flow-through from MEG-01 cells matured with
100 ng/mL TPO for 72 h was stained with calcein for cell viability and CD41a primary antibody. (c) Flow-
through from MEG-01 cells matured with 5 nM PMA for 72 h was stained with calcein for cell viability and
CD41a primary antibody. (d) Flow-through from MEG-01 cells matured with 100 ng/mL TPO and 5 nM PMA for
72 h was stained with calcein for cell viability and CD41a primary antibody. Note that the number of CD41-
positive cells increases in the viable platelet-like particles in the presence of PMA and PMA + TPO
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Bright field Fluorescent Merged

MEG-01

10um

MEG-01
TPO

10um

MEG-01
PMA

10um

MEG-01 &
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10um

Fig. 4 Representative images of MEG-01 cells grown in various media conditions. Blue fluorescence indicates
nuclei stained with Hoechst 33342, and green fluorescence indicates the presence of CD41a surface
receptors. All images were taken at 10x magnification. Note that cells matured with TPO and PMA display
ruffled cell membranes and cytoplasmic extensions
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4 Notes

1. When finished making platelet-like particles, some cell

suspension/flow-through will be left in the tube after the
syringe is empty. Replace the syringe with one that contains
PBS to finish flushing out the filter /tubing for optimal platelet
yields.

. When incubating the cells with antibodies, place a piece of foil

over the top of the samples to protect from light.

. When running MEG-01 cells on the flow cytometer, the fol-

lowing gating strategy was used: An unstained population of
MEG-01 cells was run through the flow cytometer to observe
the forward versus side scatter (FSC vs. SSC) plot. A gate was
drawn to exclude debris. Next, the live cells were identified in
the far-red spectrum, and a gate was drawn to include the live
cells. From this gate, the Hoechst-positive cells were identified,
and finally the CD41a APC-positive cells were analyzed. The
platelet-like particles were gated based on calcein-positive par-
ticles, which were compared to an unstained sample of platelet-
like particles with calcein-negative particles. From here, the
calcein-positive  particles were gated to analyze CD4la
APC-positive platelet-like particles.

. In the described protocol, a T25 flask of MEG-01 cells were

infused through the device. The resulting platelet-like particles
were spun down, and the supernatant aspirated. At this point,
the pellet can be resuspended in 100 pL. multiples, depending
on how many samples are desired (each sample should be
resuspended in 100 pL).

. Platelet-like particles may experience activation when subjected

to cold temperatures. Refrain from using ice during antibody
incubation steps to reduce chances of activation.

. When plating cells for imaging, 48-well plates were used and

cells were grown for 72 h in either growth or maturation
medium.

. It is important to be gentle when washing the cells to not

disturb their adherence and morphology.

. The CD41a primary antibody was used at a 1:100 dilution in

blocking solution.

. The secondary antibody was diluted 1:1500 in blocking solu-

tion and Hoechst was added at 1 pL./mL dilution. For exam-
ple, if making a 750-pL secondary antibody solution then add
0.5 pL of the secondary antibody and 0.75 pL of Hoechst to
750 pL blocking solution.
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10. The cells should be imaged within a few hours after completing
the antibody labeling. Over time, the cells will dislodge from
the plate.
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