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Abstract

Targeted cell ablation is a powerful approach for studying the role of specific cell populations in a
variety of organotypic functions, including cell differentiation, and organ generation and
regeneration. Emerging tools for permanently or conditionally ablating targeted cell populations
and transiently inhibiting neuronal activities exhibit a diversity of application and utility. Each tool
has distinct features, and none can be universally applied to study different cell types in various
tissue compartments. Although these tools have been developed for over 30 years, they require
additional improvement. Currently, there is no consensus on how to select the tools to answer the
specific scientific questions of interest. Selecting the appropriate cell ablation technique to study
the function of a targeted cell population is less straightforward than selecting the method to study
a gene’s functions. In this review, we discuss the features of the various tools for targeted cell
ablation and provide recommendations for optimal application of specific approaches.
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Introduction

Targeted cell ablation is a powerful approach for studying cell type specific functions in
tissues, cell differentiation, and tissue regeneration in vivol=10 Investigation of these
fundamental processes has benefited greatly from the development of a wide array of
technologies and reagents. Molecular engineering tools to effect targeted gene knockout and
gene over-expression methods have been developed over 30 years for studying the function
of individual and multiple genes /n vivo. Importantly, CRISPR/Cas9 technology has rapidly
augmented existing tools and significantly accelerated our understanding of gene functions
across multiple species. For loss of function (LOF) studies of individual cell populations and
cell-to-cell interactions, we need methods for the /n vivo elimination of targeted cell
populations or inhibition of their activities. As compared to techniques for studying /n vivo
gene functionality, the tools for studying cell functionalities are disparate and technically
complex. Table 1 shows the distinct features of the methods that have been developed over
the past 30 years. Due to the complexity of the methods used for targeted cell ablation, and
the accessibility and intrinsic properties of the targeted cell populations, none of these
methods can be universally applied for studying all cell types in the context of tissue
compartments /n vivo. Importantly, the method best suited for a particular biological
question, for example, investigating the role of specific cell type in disease pathogenesis, in
regeneration, or in development, may be very different. To facilitate the selection of a cell
ablation tool best suited for studying the scientific question at hand, we will review the
features of the various tools for targeted cell ablation and neuronal activity inhibition and
make recommendations on how best to apply these tools.

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal. Page 3

Versatile cell ablation tools

1. Laser ablation

Laser ablation is one of the earliest approaches used for killing cells of interest. The intense
light produced by a laser is absorbed within a short time period and converted into heat,
which damages cellular proteins and other macromolecules and leads to cell death within
seconds!L. Laser pulses can damage the biological material on different scales. The power,
repetition rate, and duration of the pulses will determine the extent of the damage2. The
main advantage of laser-mediated cell ablation over the chemical and genetic cell ablation
methods described below is flexibility; a laser can eliminate every kind of cell in any
physiological statel3. Laser ablation allows for a precise control over the time of ablation
and the ability to ablate cells at any stage of development, which are less feasible with
chemical or genetic cell ablation!2: 14 The technique has been employed extensively in
developmental model systems like C. efegans and zebrafish151617 However, it has its
limitations; it is time consuming, labor-intensive, and requires expensive equipment!2,
Because it needs to be combined with microscopic techniques, only targeted cell groups that
can be visualized by microscopy are amenable to ablation 18 Development of vital
fluorescent imaging systems in the past two decades has increased its efficiency and
versatilityl8: 19 The most significant and obvious limitation of laser ablation is unavoidable
damage to adjacent cells due to cytoplasmic boiling and gas bubbles generated by the high
energy laser power!2, Second, ablating multiple cells in an individual animal is a tedious,
time-consuming and labor-intensive task. Third, ablation of multiple cells can be inefficient
since there are significant differences of laser light absorbance levels among cell types??,
and ablation of cells in deep locations requires higher levels of laser power than
superficially-located cells 12 For these reasons, laser ablation has been seldom applied to
studying cell function in adult animals, but is still utilized for addressing fundamental
questions in early development and in in vitro organ culture 20 21,

2. Optogenetic ablation

Optogenetic or photo-inducible cell ablation has been developed recently by combining
genetic and laser ablation methods (Fig. 1) 1. This technique often uses genetically encoded
photosensitizers, which produce reactive oxygen species (ROS) upon light excitation (Fig.
1A and 1B) 1122 photosensitizers, which include a red fluorescent KillerRed (Fig. 1A) 2324
and a green fluorescent mini singlet oxygen generator (miniSOG) (Fig. 1B)25, transmit
energy from the absorbed green or blue lights to activate molecules in the acute cell
necrosis'l. Precise photo-inducible ablation of cells such as neurons /n vivo can also be
achieved through cell-specific expression of a light-activated caspase-3, engineered by
exploiting its spring-loaded activation mechanism through insertion of the light-sensitive
protein (LOV2) domain that expands upon blue light exposure (Fig. 1C)28. Optogenetic cell
ablation methods are effective at single-cell resolution, with precise temporal control 11, and
have minimal off-target/non-specific cell death since they utilize a lower intensity of light
than the laser ablation method. These optogenetic methods allow for selective ablation of
cells in a temporally and spatially precise manner, facilitating the study of cell function in
different tissues and developmental stages in various model systems, including vertebrates.
However, the ability to photo-ablate cells is also limited by the accessibility and
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transparency of tissues for focused illumination of a region of interest. Optogenetics can be
used for cell ablation by combining genetics and light stimulation, enabling the execution of
well-defined events within genetically defined populations of cells, with precise temporal
and spatial resolution.

3. Optogenetic and chemogenetic approaches for transient inhibition or activation of the
neuronal activity

Optogenetic approaches can be used for manipulating neuronal excitability transiently,
which is an efficient way to probe causal relationships between specific neuronal cells and
behavior. Chemogenetic tools have also been developed for this purpose. Both techniques
have been widely used in the central nervous system (CNS) and peripheral sensory ganglia
to manipulate neuronal activity in a cell-type-specific fashion both /n vitroand in vivo, to
determine functions of specific neuronal populations?7-32. Although these tools do not
ablate neurons, they can rapidly silence them. Therefore, we will briefly discuss these two
methods.

Optogenetically-mediated neuronal inhibition or activation—A major contributing
factor to the development of optogenetics was the discovery of microbial opsins, which act
as membrane-bound light-driven ion pumps. Microbial opsin expression in mammalian CNS
neurons can effectively regulate membrane potentials and action potential firing in response
to light illumination, enabling light-mediated control of neuronal excitability. In neurons,
light activation of archaerhodopsin or halorhodopsin promptly hyperpolarizes the cell
membrane and eliminates action potentials, leading to neuronal inhibition. Blue light
activation of channelrhodopsin in CNS neurons, on the other hand, depolarizes membrane
and dramatically increases action potentials2®: 33. 34 leading to neuronal activation.

Chemogenetically mediated neuronal inhibition or activation—Chemogenetics
combines genetics and pharmacology to manipulate the cell’s hehavior. It can be used to
control neuronal function using small molecules that activate engineered receptors that can
be genetically targeted to specific cell types. These engineered receptors include nucleic acid
hybrids, a variety of metabolic enzymes, ion channels and G-protein coupled receptors
(GPCRs)%: 35

Designer receptors exclusively activated by designer drugs (DREADDS) is a chemogenetic
technique that has been widely used to manipulate genetically defined subsets of neurons
through engineered GPCRs that can activate or silence neuronal firing?8. DREADD
technology has emerged as a powerful tool to study function of genetically defined cell
populations /n vitroand in vivo. The excitatory G-protein (Gq)-DREADD (hM3Dq) is a
mutated muscarinic acetylcholine receptor that initiates Gq signaling cascades upon
activation. Activation of the inhibitory G-protein (Gi)-DREADD (hM4Di) initiates Gi-
protein signaling cascades, leading to inhibition of adenylyl cyclase and voltage-gated Ca?*
channels (VGCCs), and activation of Gi-protein regulated K* channels (GIRKSs). Both
hM3Dg and hM4Di receptors are exclusively controlled by the biologically inert compound
CNO and are unresponsive to endogenous acetylcholine?’, and devoid of constitutive
activity36.
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Although chemogenetic and optogenetic techniques can both be used to selectively
manipulate cellular functions in a genetically defined cell population, there are major
differences that can dictate the method of choice for particular experiments. First,
optogenetics, which directly affects the region illuminated by light (i.e., a restricted area),
chemogenetics uses genetically engineered receptors and exogenous molecules specific for
those receptors, affecting the activity of cells in a large area. Therefore, chemogenetics is
advantageous for studying functions of neurons that are diffusely scattered?’: 28 Second,
while optogenetics allows rapid and reversible control of neuronal activity within
milliseconds, CNO activation of hM3Dg and hM4Di receptors affects neuronal activity over
a long period of time (around 1 to 10 hours)36: 37 Third, chemogenetics provides
considerably more accessibility and flexibility than optogenetic, in which the animal
typically has a tethered implant, which may restrict measurement of certain behaviors.
Fourth, optogenetic studies require specialized light equipment, including waveform
generators, optic fibers, and other devices38. While chemogenetic studies are easier to
implement and require no light usage. Furthermore, chemogenetic ligands can be
administered via several routes (injection, food, water, or pump). Therefore, both
chemogenetics and optogenetics have inherent advantages and disadvantages. The
experimental question and the available resources decide which technology should be used
or if both techniques can be used within the same experimental design.

4. Chemical-mediated ablation models

Some cell populations are especially vulnerable to specific chemical agents, which therefore
can be used as toxins to target and eliminate those cells. We will briefly discuss some of
these tools in the context of some of the diseases and/or cell types in which they have been
applied.

Chemical-mediated Parkinson’s disease model—Parkinson’s disease results
primarily from the gradual loss of dopaminergic neurons (DN) in the substantia nigra3®, but
the causes of the initiation and progression of the dopaminergic neurodegeneration are
unknown. A better understanding of the underlying molecular mechanisms requires use of
animal models in which dopaminergic neurons are specifically destroyed i vivo 40
Neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), paraquat, 6-
hydroxydopamine (6-OHDA), and rotenone eliminate dopaminergic neurons by creating
toxic metabolites?! 42 and remain the most popular tools for producing selective neuronal
death in both /n vitroand in vivo systems*2.

Clodronate-liposome (CL)-mediated monocyte ablation—Liposome-mediated
intracellular delivery of clodronate to phagocytes is a powerful tool to deplete monocytes/
macrophages /1 vivo. Clodronate-liposomes (CLs) are artificially prepared lipid vesicles,
which consist of concentric phospholipid bilayers encapsulating clodronate, a non-toxic
bisphosphonate®3. After injection, CLs are selectively taken up by monocytes/macrophages
via endocytosis; digested and released as free clodronate within the cells. Accumulation of
clodronate above a threshold concentration induces apoptosis**. Therefore CLs administered
by different routes can efficiently eliminate monocytes and macrophages in such organs as
liver, spleen, lung, and peritoneum 4° Intravenous injection of CLs can deplete peripheral
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monocytes by 24 hours post-treatment, but regeneration begins by 2 days; multiple
injections are therefore needed to maintain effective ablation?®. Since neutrophils and
lymphocytes will not ingest CLs, the ablation is specific for monocytes** 4> CLs greatly
facilitate loss-of-function studies of monocytes/macrophages, but their toxic effects are a
cause for concern. One study reported a 33.3% mortality rate after multiple injections of
CLs in mice*8, Also, because CL cannot penetrate vascular barriers, intravenous delivery of
CLs does not adequately deplete macrophages residing in tissue compartments 42 50 L_ocal
injection has been employed to reach these cells, but procedures like intranasal injection
require special skills, which hinder their widespread use. Moreover, because the working
dose of CL varies among different administration routes, careful titrations are needed.
Lastly, CL-induced cell apoptosis usually requires days to achieve efficient ablation,
resulting in cell injury and regeneration occurring at the same time#>: 51, Therefore, it is
difficult to use this strategy to investigate the dynamic response to acute cellular loss.

PHZ and BE-mediated hemolytic anemia—Phenylhydrazine (PHZ) has been used in
rats and 2-butoxyethanol (BE) in mice to induce hemolysis®2-54. PHZ destroys red blood
cells by increasing production of ROS, which induces oxidative stress and the multiple
cellular reactions that cause hemolytic anemia®*. BE’s metabolites, including butoxyacetic
acid (BAA), can also induce hemolysis®®. Erythrocyte ablation by either method requires
repeated injections °* However, PHZ can also act as a mitogen, stimulating lymphocytes and
monocytes following multiple injections®6: 57 PHZ-treated mouse erythrocytes can be used
to model cell deformation, but their aggregation is inhibited, whereas aggregation is
markedly increased in patients with thalassemia®* 58 The response to BE in rats is delayed,
variable, and age-dependent; younger rats exhibit resistance to hemolysis 2°. Therefore,
there is a need for a more precisely targeted agent which can specifically ablate erythrocytes
in a rapid manner that more closely models red blood cell diseases®*. As noted previously,
the specific mechanisms of action of chemical-mediated cell ablation agents limit their
applicability to specific cell populations.

5. Targeted recombination between inverted loxP sites (TRIP)

Cre-mediated recombination of molecularly engineered /oxPsites in animals has been
widely used to generate a variety of targeted genomic rearrangements. Cre-mediated
recombination with inverted /oxPsites, which causes chromosomal loss and triggers
apoptosis, is known as the targeted recombination between inverted /oxPsites (TRIP)
method of cell ablation®®. The targeted cell population is defined by both transgenic Cre-
expression and the knock-in of inverted /oxPsites in an animal’s genome. TRIP-mediated
cell ablation is useful to investigate the function of a large variety of proliferating cell
populations in a whole organism®2. Although this technique is promising, it has not yet been
used widely. Limitations include: 1) its ability to only target proliferating cell populations,
and 2) the potential for lethality if Cre is expressed constitutively or leaky in early stages of
development.

6. Caspase-mediated cell ablation

Apoptosis is a morphologically distinct form of programmed cell death. It occurs in a wide
range of mammalian cell types and plays important roles in both physiological and
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pathological conditions®0. Since apoptosis is an intrinsic process involving controlled
dismantling of intracellular components while avoiding inflammation and damage to
surrounding cells, manipulating it by targeting its central components, caspases, can provide
an ideal approach to induce “suicide” of target cells with few bystander effects51. Caspases
that are initially synthesized as inactive monomeric zymogens (pro-caspases) induce cell
apoptosis after the pro-caspases are activated through dimerization and often
oligomerization®2. Taking advantage of cell killing by pro-caspase dimerization, several
groups constructed pro-caspases fused to FK506-binding protein (FKBP), a chemically
induced dimerization (CID)-binding site. Addition of FK506 (or its homodimer, FK1012), a
nontoxic and lipid-permeable dimerizer, then aggregates and activates the pro-caspases 61 63
Several groups have successfully used this method to deplete hepatocytes®4, adipocytes®,
pancreatic B-cells®®, retinal ganglion cells®”, and mixed populations of specific cell types®.
However, this tool can be affected by antiapoptotic factors in vivo. For example, adiponectin
decreases caspase-8-mediated death of cardiac myocytes and pancreatic p-cells, whereas
genetic ablation of adiponectin enhances caspase-8-induced apoptosis 77 vive?®. FK506 is
also a potent immunosuppressive agent with significant nephrotoxic properties’?. Finally,
FKBPs are involved in regulating a wide range of biological and pathological processes in
mammals without the binding of FK50671. These intrinsic features have the potential to
confound experimental results.

7. Antibody (Ab)-mediated cell ablation

Antibody (Ab)-mediated cell ablation based on targeting specific antigens expressed on
immune cells has been used to deplete cells, including neutrophils, B cells, and T cells, in
mice. The most commonly used antibody for neutrophil ablation is anti-Ly6G mAb, clone
1A8. In contrast to clone RB6-8C5, which cross-reacts with Ly6C, a receptor also present
on other myeloid cells and lymphocytes’2 73, clone 1A8 specifically recognizes and depletes
Ly6G+ neutrophils, but not other cells’4. Anti-ly6G-mediated depletion of neutrophils 77
vivo depends on the function of macrophages but not the activation of complement 7.
Therapeutic B cell depletion by targeting CD20 has significantly improved treatment
outcomes of non-Hodgkin’s lymphoma in humans’. Anti-mouse CD20 mAb is also widely
used to eliminate B cells in mice’’; a single dose depletes >95% of mature B cells in
circulation and tissue by monocyte-mediated cellular cytotoxicity’’: 78 Like B cells, CD4+
and CD8+ T cells can be eliminated /n vivo by injection of CD4 or CD8 mAD, respectively,
but the mechanisms responsible remain unknown’® 80 The available data indicates that,
although antibody-mediated ablation is efficient, only cells expressing specific surface
markers can be targeted. This strategy therefore cannot be applied to most myeloid cells,
including dendritic cells and monocytes, because they lack appropriate antigens, and it is
also limited by the availability of specific antibodies. Furthermore, because different
antibodies Kill cells by different mechanisms, it can be problematic to compare the functions
of two distinct cell populations based on LOF studies with two different antibodies.

8. Herpes simplex virus thymidine kinase (HSV-TK)-mediated cell ablation

Application of the HSV-TK method to study the function of targeted cell populations
evolved from anti-cancer therapy using the suicide gene HSV-TK8L, HSV-TK
phosphorylates nucleoside analogs into nucleotides. It phosphorylates the human nucleoside
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analog, ganciclovir (GCV), to form deoxythymidine triphosphate82, which is incorporated
into the genome and causes cell death by inhibiting DNA synthesis only in proliferative cells
(Fig. 2) 83 HSV-TK cell ablation is achieved by oral administration of GCV to an animal,
usually mice, engineered to express HSV-1-TK in a specific cell population (Fig. 2) 83 84
This strategy will eliminate only cells that actively synthesize DNA and can therefore be
used to ablate dividing, but not quiescent, cells. Also, this strategy has following limitations:
1) the toxic side effects of GCV on bone marrow cells; and 2) the off target effect on
adjacent cells through transporting the metabolite triphosphate to nearby cells® (Fig. 2).

9. Bacterial nitroreductase (NTR)/pro-drug-mediated cell ablation

Bacterial nitroreductase (NTR)-induced cell ablation kills both actively dividing cells and
nondividing cells. Bacterial NTR can activate the pro-drug CB1954 (5-aziridin-1 -yl-2—4-
dinitrobezamide) into two DNA-damaging, cytotoxic metabolites, 2-hydroxylamine and 4-
hydroxylamine® that can kill dividing and non-dividing cells8”. Various NTRs are found in
nature. The most commonly used NTR is obtained from £. co/f” NTR/prodrug CB1954-
mediated cell ablation uses a transgenic strategy to express NTR in a specific cell population
with administration of the pro-drug Metronidazole and CB195488 This method has been
used to ablate post-mitotic cells such as neurons, astrocytes and adipocytes8®- 91, Its main
limitations come from the effects of the toxic metabolites8®. 2-hydroxylamine can cause
unavoidable bystander effects by entering adjacent non-targeted cell populations through gap
junctions 92. 93

10. Diphtheria toxin-mediated cell ablation

Diphtheria toxin (DT) is a 535 amino acid polyprotein that is cleaved into to two fragments,
Aand B 1. The A fragment is the amino terminal 190 amino acids containing the
catalytically active toxin domain, whereas the B fragment (345 amino acids) contains the
domain interacting with the cell surface receptor for DT. DT-mediated cell ablation model is
generated by either transgenic expression of the DT-receptor (DTR) in the targeted cell
population coupled with injection of DT to the animal (DT/DTR-mediated cell ablation) or
by expressing active A fragment within cell populations 2 94, in the absence of the B
fragment (DTA expressing cell ablation) (Fig. 3). Mice are not normally sensitive to DT
since the Epithelial Growth Factor Receptor in mice does not bind DT as it does in other
species 1. In susceptible hosts, B fragment binding to the receptor causes the internalization
and cleavage of A fragment (Fig. 3A)L. The A fragment is internalized and binds to protein
synthesis machinery, inhibiting protein synthesis leading to cell death via apoptotic
pathway!. Because the B fragment is inactive in rodents, researchers have primarily used the
selective expression of DT-A chain to accomplish cell ablation in mice(Fig. 3A). Although
the D7/DTR cell ablation model has been used to study cellular functionalities /n vivo for
more than 30 years® 2, it has limitations. It has a narrow pharmacological window, which
prohibits dose dependent studies. This narrow range is primarily due to the extreme toxicity
of DT, where even a single molecule may kill a cell®®. Several groups have recently reported
that DT administration of only 2- to 3-fold higher doses than the effective dose results in
significant off-target effects, including local lung and renal toxicity and significant weight
loss, resulting in morbidity and mortality independent of the DTR97 The narrow
pharmacological window and off-target effects of the DT-mediated cell-ablation model often
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make it difficult to distinguish target dependent effects from off-target effects upon DT
delivery in DTR transgenic mice. This method cannot be used in intermediate- to large-sized
animals such as rabbits, sheep, or pigs, because in these animals, endogenous DTR binds to
DT, causing apoptosis independently of transgene expressionl: 2 98 These facts underscore
an unmet need to develop a new model that specifically ablates cells /n vivo with higher
efficiency and fewer off-target effects.

Transgenic expression of the diphtheria toxin fragment A (DT-A) subunit driven by a cell
specific promoter is another useful cell ablation method (Fig. 3B)2% Since DT-A directly
inhibits protein synthesis, DT-A within a cell will lead to cell death via apoptotic pathway,
and no further activation steps are needed(Fig. 3B). This makes DT-A an attractive tool for
the specific ablation of cells. The DT-A gene used for eliminating cells is engineered so that
the protein product will be retained within the cytoplasm. In the absence of DT-B, any DT-A
released from dying cells does not affect neighboring cells. By this method, groups have
successfully killed pancreatic cells (Fig. 3B)%°, growth hormone-expressing cells® and
brown adipose tissuel91. However, this method easily causes lethality when the promoter
driving DT-A is active in multiple cell types or in cell types that are essential for embryo
viability192, In addition, because of the extreme toxicity of DT-A, lethality or side effects
may occur if the so-called tissue- or cell-specific promoter has any ectopic DT-A gene
expression outside the intended lineagel®3, In order to improve this method, researchers
have tried to generate attenuated DT-A. Attenuated DT-A requires a substantially higher
level of expression than its nonattenuated form to produce a lethal event 194 Generation of
the conditional expression of DT-A mice employing Cre recombinase and Cre/ER system
can tightly control the expression of DT-A in target cells at specific life stage (Fig.
3B)103,105-107 By genetic modulation, DT-A mediated cell ablation has been successfully
applied in depleting T cells18, retinal pigment epithelium1%7 and myogenic cell
populations19.

Except for the laser-mediated technique, all of the methods so far discussed produce cell
ablation that occurs relatively slowly, from several hours up to a day19. This is a
disadvantage when studying relatively rapid cellular events occurring over a time course of
seconds to minutes during development or normal physiological function. We next describe
a novel method for mediating rapid cell ablation.

Intermedilysin (ILY)/human CD59 (hCD59)-mediated rapid cell ablation:

We recently created a new method of conditional and rapid cell ablation®. This model is
based on findings that intermedilysin (ILY)111, exclusively lyses human cells but not cells
from any other species through binding to the human complement regulatory protein CD59
(hCD59). ILY is a cholesterol-dependent cytolysin that is secreted by Streptococcus
intermedius. ILY specifically lyse human cells by binding to hCD59 and forming a pore
(Fig. 4). The C-terminus of ILY domain 4 (D4) encounters the membrane first!12 113 The
binding of D4 triggers a structural rearrangement in which ILY monomers oligomerize and
form a pre-pore complex that causes lysis of the cells12, ILY oligomerizes with as many as
50 other ILY molecules to form large diameter pores!12: 113 through which ILY rapidly lyses
the cells by necrosis (Fig. 4) 112 Interestingly, ILY does not lyse CD59 positive (CD59+)
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cells from 9 other animal species (cat, chicken, cow, dog, horse, rabbit, sheep, rat, and
mouse) that were tested because it does not bind to the CD59 protein of these species1!: 112
Additionally, we have documented that human serum contains ILY-specific neutralizing
antibodies not found in any other animal species®8. Another exciting characteristic of ILY is
its large pharmacological window®8. No cell lysis was observed even when the ILY
concentration was 5,000-fold greater than the dose that is required to lyse 50% of human
erythrocytes®.

We have taken advantage of ILY’s unique binding to hCD59 as well as the absence of the
neutralizing Ab against ILY in any other animal species and developed an ILY- mediated
hCD59-expressing cell ablation model in mice %8 (Fig. 4). Recently, we also confirmed its
effectiveness by generating hCD59 transgenic rats that specifically express hCD59 only on
the surface of their red blood cells under the control of the hemoglobin promoter>* 98 CD59
is a glycosylphosphatidylinositol-linked (GPI-linked) membrane protein that inhibits
formation of the membrane attack complex (MAC) in the complement system by binding to
complement (C) proteins C8 and C9, preventing C9 incorporation and polymerization114.
Over the past fifteen years, our group has focused on generating CD59 knockout15-118 gnqd
hCD59transgenic mice to investigate the role of CD59 in the pathogenesis of human
diseases'19-122_ |mportantly, over-expression of CD59 does not cause any abnormalities i
vitro or in vivo®8: 116 122-127

To increase the usefulness of ILY/hCD59 cell ablation, we have explored the potentially
broad application of the ILY-mediated cell-ablation model by generating Cre- inducible
hCD59 transgenic mice (Fig. 4) 128 Specifically, we generated a line of Cre- inducible
floxed STOP-hCD59 transgenic mice, where specific hCD59 expression occurs following
Cre-mediated recombination (ihCD59). By crossing ihCD59 transgenic mice with transgenic
mice that express Cre in a cell-specific manner or after delivery of an adenovirus expressing
Cre, we obtained several lines that specifically expressed ihCD59 in a spatially regulated
manner on the surface of immune, epithelial, or neuronal cells128, ILY injection resulted in
conditionally specific ablation of various types of cells without detectable off-target effects,
including on evidence of lysis to cells in adjacent tissues 128 Moreover, we tested this
ablation technique in diverse disease models and found it valuable for the study of cellular
functions, regeneration, and neuronal and tissue injury28,

Together, in the section, we have reviewed versatile tools for ablating the targeted cell
populations including the neuronal cells and discussed their features (Table 1). In the next,
we will discuss how to apply these tools for the studies.

Application of cell ablation tools

Selection of the appropriate cell ablation tool for studying function of a targeted cell
population is less straightforward than selection of a tool for studying gene function. As
discussed above, each method can be applied to study diverse cells in different tissue
compartments with varying efficacies, mechanisms, and off-target effects. The following
elements are crucial for selecting the best strategy: (1) The specific scientific question. Does
the scientific question relate to the development, regeneration, and/or pathogenesis of human

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

1.

Page 11

diseases? (2) The location of the cells of interest. Are they in the CNS or peripheral cells?
Avre they circulating cells or cells found in solid organs? (3) Whether the targeted cells are
proliferative and to what degree. (4) The properties of the candidate technique. Does the
technique ablate the targeted cells conditionally or continually? What is the duration of
ablation? Are there any off-target effects? Is a Cre line necessary and how specific is its
expression for the cells of interest? Based on these elements, we will make some general
recommendations in the following sections for selecting techniques to study targeted cell
populations under physiological and pathological conditions, in microenvironment for
tumorigenesis, during regeneration and development, as well as to generate the disease
models in multiple species including not only rodents but also large animal species.

Physiological and pathological conditions

Dissecting normal cell function and normal cellular interactions is fundamental to
understanding multi-cellular life. Thorough characterization of a targeted cell population’s
function under physiological conditions also facilitates understanding of its pathogenic role
and of how to cause it to regenerate after ablation. The LOF approach is essential for
achieving these goals.

For cells in the CNS—CNS consists of a network of neurons and a large number of
additional types of cells, including oligodendrocytes, microglia, astrocytes, and ependymal
cells. The blood brain barrier (BBB) is a highly selective, semi-permeable membrane that is
a significant determent for selecting the most suitable ablation method for the CNS. Formed
by brain endothelial cells and astrocytes, it allows selective passage of water, some gases,
and lipid-soluble molecules by passive diffusion, in addition to selective transport of
molecules, such as glucose and amino acids, that are crucial for neuronal functionl2®, The
selectivity of the BBB is maintained by tight junctions between capillary cells that do not
exist in normal circulationl29, This barrier also includes a thick basement membrane and
astrocytic endfeet30 Biological toxins such as ILY cannot easily pass the BBB to access
neurons and other type of cells that may be targeted in the CNS128, Ablation of CNS cells
may require systemic injections of higher doses of biological toxins, including DT, than
ablation of peripheral cells. However, since DT has a narrow pharmaceutical window %697, a
higher dose may cause off-target effects that can confound interpretation of results. Local
injections of these toxins to the CNS may provide an alternative strategy to overcome this
problem. Other strategies using administration of small molecules, including ganciclovir
(GCV) for HSV-1-TK and NTR/pro-drug-mediated cell ablation, are well-established
techniques for ablating post-mitotic cells such as neurons and astrocytes89-91, 131132
Additional considerations include the minimal capacity of neurons to regenerate their axons
and their unique feature of propagating electrical signals (action potentials) along their
axons. For these reasons, chemogenetic or optogenetic techniques are the best choice for
transient inhibition of neuronal activity, as we discussed above. Optogenetics-mediated cell
ablation can be used to further study the function of neuronal cells and circuitry. HSV-1-TK,
NTR/pro-drug and caspase-mediated cell ablation can also be used for dissecting the
function of proliferative cells such as glial cells. Finally, toxin-based approaches can serve as
an alternative to confirm the phenotypes of targeted CNS neurons and glial cells obtained by
these techniques.
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For the cell populations in the circulation—Numerous tools are available to ablate
targeted cell populations in the circulation or peripheral organs. Circulatory cells include
immune cells, erythrocytes and endothelial cells. Immune cells are more easily accessed by
all of the tools listed in Table 1 than the cells in the peripheral organs. Therefore, almost all
techniques listed in Table 1, except the laser-mediated cell ablation model can be considered
to ablate immune cells. In contrast, most of these techniques, except the ILY-hCD59 method,
are not suitable to ablate erythrocytes which do not actively synthesize DNA and protein
(Fig. 4) 9812254

ILY-mediated cell ablation is one current strategy to destroy endothelial cells%. A
continuous monolayer of vascular endothelial cells (VECSs) protects blood vessels from
uncontrolled paracellular permeability!33: 134 and vital organs from invasion by
micropathogens such as HIV1 virus13® 136 This endothelium participates in diverse
homeostatic and cellular functions essential to its own and systemic integrity. For example,
the endothelium controls leukocyte adhesion, platelet reactivity, capillary permeability, the
regulation of vascular smooth muscle cells, and blood clotting 98 In addition, VECs actively
and reactively participate in hemostasis and immune and inflammatory reactions. They are
involved in the manifestations of atherogenesis, autoimmune diseases, and infectious
processes. They produce and react to various cytokines and adhesion molecules and mount
anti- and pro-inflammatory responses as the key immunoreactive cells13’.

Available evidence indicates that hematopoietic stem cells (HSCs) are the source of both
blood cells and VECs138, Studies of embryonic stem cells /7 vitro demonstrate that a
bipotential progenitor cell, or hemangioblast, differentiates into endothelium and cells of the
hematopoietic lineages!39: 140 Thus these investigations show that VECs are an intrinsic
component of myeloid lineage differentiation and underscore the close functional
relationship between the hematopoietic and vascular systems?41,

As stated previously, we have been crossing /A/CD59with transgenic mice that express Cre
in a cell-specific manner or by delivering an adenovirus expressing Cre to obtain lines of
mice in which /ACD59 s specifically expressed in a spatially regulated manner on the
surface of immune cells, epithelial cells, or neural cells (Step 1 in Fig. 4) 128, However,
because VECs differentiate from common myeloid and granulocyte/macrophage
progenitors, it is a challenge to use the same protocol to generate a VEC ablation model.
Crossing Tek-Cre mice with /ACD59 mice to generate compound mice (/ACD59*/~/Tek-Cre
*/~ hemizygous for each transgene), in which Cre is under the control of Tek promoter. In
the compound mice, the Cre-mediated expression results in /CD59 expression in endothelial
cells. However, because Cre expression would occur prior to differentiation of VECs and
immune cells from the progenitor cells common to VECs and blood cells, the transgene
would be introduced into both hematopoietic and endothelial cells in transgenic ihCD59+/-/
Tek-Cre+/- mice. To preclude this problem, we have included additional steps to obtain an
ILY-hCD59 VEC-ablation model: the ihCD59+/-/Tek-Cre+/— mice are irradiated and then
receive a bone marrow transplantation (BMT) from wild type micel42, Thorough
investigations have confirmed that this strategy provides the first specific VEC ablation
model.
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For cells in peripheral organs—The selection of an appropriate method for ablating
cells in peripheral organs is more complicated than for ablating circulating cells. The blood
vascular barrier is also the key determinant for selecting a strategy for ablating cells in
peripheral organs. These barriers control the trafficking of plasma contents, including water,
vitamins, ions, and proteins143. Structural differences in the extent to which they are
continuous, fenestrated, or sinusoidal cause the properties of blood vessels in different
tissues to vary 143 In general, the permeability of the blood vessels in various tissues ranges
from high to low in the following order: sinusoidal in liver and spleen > fenestrated open
pore without diaphragm in kidney > fenestrated with diaphragm in skin, gut, and lymph
nodes > continuous in thymus, skin, adipose tissue and lungl43. We have demonstrated that
ILY cell ablation is effective for targeted cells in liver and spleen 128, kidney (unpublished
data), and adipocytes44, but not in other tissues such as thymus?28,

Because specific characteristics of liver sinusoidal endothelial cells, such as the presence of
fenestrae and absence of diaphragm and basement membrane, make them the most
permeable endothelial cells in mammals, drugs and toxins (e.g., ILY and DT) easily reach
hepatocytes, biliary epithelial cells, and hepatic stellate cells. Indeed, injection of ILY
rapidly and efficiently injures hepatocytes and biliary epithelial cells in several strains of Cre
+ihCD59 mice 128 This strategy therefore provides an excellent model in which to study
hepatocyte and biliary epithelial cell regeneration after acute injury. Lack of a specific Cre
for hepatic stellate cells prevented us from specifically deleting them in ihCD59 mice. It has
been documented that expressing Cre under control of the Lrat gene promoter (Lrat-Cre) can
be used to delete the floxed gene in hepatic stellate cells 145, but also deletes the floxed gene
in the lungs and many additional tissues (Feng et al. unpublished data). We have generated
LratCre+ihCD59 mice via crossing Lrat-Cre with ihCD59 mice. Treatment with ILY rapidly
and efficiently killed hepatic stellate cells isolated from the LratCre+ihCD59 mice, but
injection of ILY rapidly killed LratCre+ihCD59 mice, probably because of respiratory
failure (Feng et al., unpublished data). It will be necessary to cross ihCD59 mice with a
more specific Cre-expressing transgenic strain in order to generate hepatic stellate cell-
specific hCD59 transgenic mice. We also recently applied ILY-mediated cell ablation to
generate an acute, selective adipocyte death model and demonstrated that rapid adipocyte
death preferentially induces liver injury and inflammation by activating CCR2+
macrophages and lipolysis44 This new finding and the newly generated adipocyte damage
model will stimulate further studies of adipocyte death and lipolysis in patients with
nonalcoholic steatohepatitis (NASH) 144

ILY-mediated cell ablation can be used to kill cells in the liver, spleen 128, and kidney (Liu et
al, unpublished data) and adipocytes44, but not in thymus and certain other tissues 128
These compartmental issues are related to the distribution of toxins such as DT and ILY
within these tissues. For example, in skin and thymus, in which impermeable vasculature
precludes use of DT and ILY, methods such as HSV-1-TK, NTR/pro-drug and caspase-
mediated cell ablation can be considered, because they do not require the blood vessels to be
permeable to a toxin (as shown in Table 1).

Importantly, the timing of cell ablation depends on the specific research goals. For example,
to examine the role of immune cells in the pathogenesis of mouse models of human
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diseases, these cells should be ablated before the disease is established, whereas determining
their therapeutic value is likely to require ablation after the diseases are established.

Microenvironment for tumorigenesis

Cell ablation tools are also powerful for studying the role of the microenvironment in
tumorigenesis. Tumorigenesis, also called oncogenesis is the process that transforms normal
cells into malignant cancer cells. This intricate process is associated with cellular, genetic,
and epigenetic changes and abnormal cell division146, The role of the microenvironment in
tumor survival, progression, metastasis, immune evasion, and therapy resistance is only
recently beginning to be better appreciated. Tumors are complex cellular structures that
incorporate cancer cells, host cells of various lineages, and stroma. Host cells in tumors
include endothelial cells that form blood and lymphatic vessels, tumor-associated
macrophages (TAMs), fibroblasts, circulating blood cells, extravasated white blood cells,
and platelets. The microenvironment is essential for tumor establishment, growth, infiltration
of neighboring tissues, immune evasion, and metastasis. Without blood vessels the
maximum volume that can be attained by a tumor is ~Lmm3; recruitment of new blood
vessels through angiogenesis and/or vasculogenesis is therefore essential for tumor growth.
It is now evident that these new blood vessels are formed by activation and proliferation of
vessel wall stem/progenitor cells (VWSPC) or mature endothelial cells, both derived from
local blood vessels, rather than by cells originating in bone marrow (references).

Understanding the contribution of various cellular components to tumor establishment,
growth, invasion, and metastasis will require development of tools that can specifically
ablate each of the cell types /in vivoor in an ex vivo organ culture model. ILY-mediated cell
ablation can be applied to both situations, particularly to an ex vivo organ culture model of
new blood vessel formation. In the ex vivo aortic ring organ culture model, for example,
abdominal aorta from mice is cut into ~1mm thick circular pieces and embedded into
collagen in endothelial cell growth media with or without serum growth factors such
vascular endothelial growth factors (VEGF). The aortic ring contains all layers of a large
blood vessel, including endothelium, intima, smooth muscle, and adventitia, which acts as a
reservoir of diverse types of cells, including VWSPC cells and tissue resident macrophages.
Collagen-embedded aortic rings can sprout cells and form capillary-like structures when
stimulated with growth factors and/or in the presence of appropriately sized tumor
organoids. Formation of new capillaries begins with cell sprouting from the aortic rings
within the first 24-48 hours. These cells then organize into capillary-like structures that can
branch into a capillary network. It is likely that not only VWSPC and/or endothelial cells but
also cells in the intima and particularly in the adventia play important roles in capillary
formation. Deployment of rapid, inducible, and cell-type specific cell ablation can facilitate
understanding of the role that each of these cell types plays in the formation of new blood
vessels. The speed of ablation is important because the first stage of new capillary
formation, activation of VWSPC or endothelial cells, occurs within 24-48 hours of culture.
Techniques that require prolonged incubation of the inducer will therefore not be useful.
Diphtheria toxin-based cell ablation, for example, cannot be used because it requires nearly
three days, when capillary formation in aortic ring organ culture model is already well
established
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3. Regeneration and Development

Cell ablation has been used extensively to investigate processes related to development and
regeneration in several model systems from worm to mice (Table 1). Before the advent of
genetic cell ablation methods, laser ablation was used to examine the role of the anchor cell
in vulval induction and uterine development in C. efegans 147: 148149 and of floor plate cells
and motor neurons in neural patterning in the zebrafish embryo 150151152 \oreover,
optogenetic cell ablation is the preferred method for transecting axons in axon regeneration
studies in worms and zebrafish (Table 1 and Fig. 1) 153154155156157 Genetically-mediated
cell ablation has been used extensively in zebrafish in several contexts: 1) to ablate putative
stem cells and study their roles in the spinal cord and fins 198159; 2) to ablate endothelial
cells and study their role in regenerating cardiac tissue 88 160: and 3) to ablate motor neurons
and evaluate their contribution to specific behaviors 1° In Drosophila, genetically-mediated
cell ablation has been employed to study neuronal circuits 1126 The various chemical-
genetic ablation methods used in these studies require several hours to be fully effective and
therefore are not suited for investigating dynamic events like cell matility and neuronal
activity. Due to its rapid action, ILY-hCD59 mediated cell death represents a powerful
alternative approach to generating fundamental insights into dynamic cellular processes and
functions (Fig. 4).

4. Generation of models of human disease

Cell ablation tools are not normally used to create mouse models of human diseases because
only a few are caused by deficiency of a single cell lineage. Examples include type |
diabetes, which results from loss of pancreatic p-cells; Parkinson’s disease, from loss of
dopaminergic neurons; hemolytic anemia, from loss of mature erythrocytes;
ribosomopathies such Diamond-Blackfan anemia, from loss of myelogenic progenitors.
Streptozotocin (STZ)-induced type | diabetes'61 and chemically induced Parkinson’s disease
41,42 have been extensively used to study the pathogenesis of these diseases. STZ
specifically targets and damages pancreatic p-cells by interaction with the GLUT2
receptor®2, which is abundant on p-cell plasma membranes, but also expressed in liver and
kidney to a lesser extent62, Caspase-mediated cell ablation has generated an animal model
of inducible B-cell destruction, which is potentially useful in many areas of diabetes research
(Wang ZV et al., 2008). As discussed earlier, injection of MPTP, paraquat, 6-OHDA or
rotenone to mammalian CNS eliminates dopaminergic neurons and provides animal models
of Parkinson’s disease*!: 42

Generation of a model of intravascular hemolysis in mouse is important for better
understanding the pathogenesis of the sequelae of intravascular hemolysis in human
hematological diseases. These sequelae include such important clinical manifestations as
abdominal pain, dysphasia, erectile and endothelial dysfunction, pulmonary arterial
hypertension (PAH), renal failure, platelet activation/thrombosis 163, and even unexpected
sudden death164-167 This accounts for 12—26% of all deaths in sickle cell disease
(SCD)168-172 and occurs frequently in other acute and chronic hemolytic diseases, such as
thalassemia, hemolytic uremic syndrome (HUS), paroxysmal nocturnal hemoglobinuria
(PNH), ABO mismatch transfusion reaction, malaria, and autoimmune hemolytic
anemial”3-177_pulmonary arterial hypertension (PAH) is suspected to be a strong
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determinant of mortality in hemolytic disorders1’8-180  although high mortality with only
mild-to-moderate increases in systolic pulmonary artery pressure remains an unresolved
paradox181. Acute hemolytic disorders such as ABO mismatch transfusion reaction and
HUS associated with escherichia coli O157:H7 infection are less commonly seen in clinic
than chronic hemolytic disorders, but also are associated with sudden death174-177 The
underlying mechanism by which hemolysis contributes to the development of PAH in SCD
and other hemolytic disorders still remains unclear'82 183 Additionally, the risk factors for a
fatal attack are poorly defined due to the lack of a rapid, conditional hemolysis model52: 53
To address these questions, we developed an unique hemolysis model, in which sudden
death and varying degrees of hemolysis can be conditionally induced in the 7THCD597EC¢ by
administration of ILY to mice®8 and rats 54 We used this approach to demonstrate the critical
roles of NO insufficiency and platelet activation in the pathogenesis of PAH and sudden
death in the acute massive hemolytic model 122 These results also show that ILY-mediated
rapid erythrocyte damage model is very useful for dissecting the pathogenesis of hemolysis-
associated complications.

5. Tools used in large animal species

Most of the cell ablation techniques, except DT/DT-A, can be applied to study the function
of targeted cell populations in large animal species such as monkey, pig, and rabbit. The
DT/DT-A method cannot be used in animals other than mice and rats because other species
express an endogenous DT receptor that makes their cells sensitive to DT-mediated cell
apoptosis. The ILY-induced technique, however, can be used to generate cell ablation models
in a large animal species % Broad use of this strategy in species besides mice and rats is
achievable due to the following specific features®: (1) ILY does not damage cells in animals
other than humans! and (2) Absence of ILY-neutralizing antibodies (Abs) in species other
than humans allows it to be used in transgenic animals such as mice, rats, and pigs®8.

Importantly, hCD59 overexpression caused no obvious abnormalities in ACD59 transgenic
ip 98,122
mice ¢

Conclusions and future directions

Emerging tools for permanently or conditionally ablating targeted cell populations and
transiently inhibiting neuronal activities have varied and distinct features. None of the
present cell ablation models can be universally applied to study different cell types in
various tissue compartments /n vivo. All of them require further development and
improvement to meet the urgent need for better understanding of the mechanisms underlying
normal cell and tissue regeneration and development and the pathogenesis of human
diseases. Each strategy has advantages and disadvantages. Selection of the best technique for
the particular question of interest should be based on the specific question, the anatomic
location and proliferative status of the targeted cell population, whether ablation is to be
conditional or permanent, rapid or slow, the pharmacological window and off-target effects
of the various methods, the mechanism by which the method causes cell death, and whether
there is leaky expression in non-targeted cell populations. Some of these cell ablation
methods will be more suitable for studying certain cell populations or specific questions than
others.

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liu etal. Page 17

Acknowledgements

Funding/Supporting: This work was supported by R210D024931 (XQ), R21AA024984 (SLC and XQ), R21
DA043448 (SLC and XQ), R01 HL130233 (XQ), R0O1HL141132 (XQ) and P40 OD011062 (ECB).

References

1. Buch T et al. A Cre-inducible diphtheria toxin receptor mediates cell lineage ablation after toxin
administration. Nature methods 2, 419-426 (2005). [PubMed: 15908920]

2. Saito M et al. Diphtheria toxin receptor-mediated conditional and targeted cell ablation in transgenic
mice. Nature biotechnology 19, 746—750 (2001).

3. Luquet S, Perez FA, Hnasko TS & Palmiter RD NPY/AgRP neurons are essential for feeding in
adult mice but can be ablated in neonates. Science 310, 683-685 (2005). [PubMed: 16254186]

4. Lahl K et al. Selective depletion of Foxp3+ regulatory T cells induces a scurfy-like disease. The
Journal of experimental medicine (2007).

5. Kendall SK et al. Targeted ablation of pituitary gonadotropes in transgenic mice. Molecular
endocrinology (Baltimore, Md 5, 2025-2036 (1991).

6. Wada T et al. Selective ablation of basophils in mice reveals their nonredundant role in acquired
immunity against ticks. The Journal of clinical investigation 120, 2867-2875 (2010). [PubMed:
20664169]

7. Thorel F et al. Conversion of adult pancreatic alpha-cells to beta-cells after extreme beta-cell loss.
Nature 464, 1149-1154 (2010). [PubMed: 20364121]

8. Swiecki M, Gilfillan S, Vermi W, Wang Y & Colonna M Plasmacytoid dendritic cell ablation
impacts early interferon responses and antiviral NK and CD8(+) T cell accrual. Immunity 33, 955—
966 (2010). [PubMed: 21130004]

9. Karam SM Mouse models demonstrating the role of stem/progenitor cells in gastric carcinogenesis.
Front Biosci 15, 595-603 (2010).

10. Swiecki M, Gilfillan S, Vermi W, Wang Y & Colonna M Plasmacytoid dendritic cell ablation
impacts early interferon responses and antiviral NK and CD8(+) T cell accrual. Immunity 33,
955966.

11. Makhijani K et al. Precision Optogenetic Tool for Selective Single- and Multiple-Cell Ablation in a
Live Animal Model System. Cell chemical biology 24, 110-119 (2017). [PubMed: 28065655]

12. Sweeney ST, Hidalgo A, de Belle JS & Keshishian H Setup for functional cell ablation with lasers:
coupling of a laser to a microscope. Cold Spring Harbor protocols 2012, 726-732 (2012).
[PubMed: 22661442]

13. Sweeney ST, Hidalgo A, de Belle JS & Keshishian H Embryonic cell ablation in Drosophila using
lasers. Cold Spring Harbor protocols 2012, 691-693 (2012). [PubMed: 22661443]

14. O’Kane CJ & Moffat KG Selective cell ablation and genetic surgery. Curr Opin Genet Dev 2, 602—
607 (1992). [PubMed: 1525514]

15. Allen JR et al. Role of branchiomotor neurons in controlling food intake of zebrafish larvae. J
Neurogenet 31, 128-137 (2017). [PubMed: 28812416]

16. Fang-Yen C, Gabel CV, Samuel AD, Bargmann CI & Avery L Laser microsurgery in
Caenorhabditis elegans. Methods Cell Biol 107, 177-206 (2012). [PubMed: 22226524]

17. Pike SH & Eisen JS Identified primary motoneurons in embryonic zebrafish select appropriate
pathways in the absence of other primary motoneurons. J Neurosci 10, 44-49 (1990). [PubMed:
2299400]

18. Soustelle L, Aigouy B, Asensio ML & Giangrande A UV laser mediated cell selective destruction
by confocal microscopy. Neural Dev 3, 11 (2008). [PubMed: 18442390]

19. Pavlova | et al. Microanatomical and biochemical origins of normal and precancerous cervical
autofluorescence using laser-scanning fluorescence confocal microscopy. Photochem Photobiol
77, 550-555 (2003). [PubMed: 12812299]

20. Tanaka N, Takeuchi T, Neri QV, Sills ES & Palermo GD Laser-assisted blastocyst dissection and
subsequent cultivation of embryonic stem cells in a serum/cell free culture system: applications

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 18

and preliminary results in a murine model. Journal of translational medicine 4, 20 (2006)
[PubMed: 16681851]

Cortes JL et al. Whole-blastocyst culture followed by laser drilling technology enhances the
efficiency of inner cell mass isolation and embryonic stem cell derivation from good- and poor-
quality mouse embryos: new insights for derivation of human embryonic stem cell lines. Stem
cells and development 17, 255-267 (2008). [PubMed: 18447641]

Sano Y, Watanabe W & Matsunaga S Chromophore-assisted laser inactivation--towards a
spatiotemporal-functional analysis of proteins, and the ablation of chromatin, organelle and cell
function. Journal of cell science 127, 1621-1629 (2014). [PubMed: 24737873]

Kobayashi J et al. A method for selective ablation of neurons in C. elegans using the phototoxic
fluorescent protein, KillerRed. Neuroscience letters 548, 261-264 (2013). [PubMed: 23748043]
Williams DC et al. Rapid and permanent neuronal inactivation in vivo via subcellular generation of
reactive oxygen with the use of KillerRed. Cell reports 5, 553-563 (2013). [PubMed: 24209746]
Qi YB, Garren EJ, Shu X, Tsien RY & Jin Y Photo-inducible cell ablation in Caenorhabditis
elegans using the genetically encoded singlet oxygen generating protein miniSOG. Proceedings of
the National Academy of Sciences of the United States of America 109, 7499-7504 (2012).
[PubMed: 22532663]

Smart AD et al. Engineering a light-activated caspase-3 for precise ablation of neurons in vivo.
Proceedings of the National Academy of Sciences of the United States of America 114, E8174—
E8183 (2017). [PubMed: 28893998]

Whissell PD, Tohyama S & Martin LJ The Use of DREADDs to Deconstruct Behavior. Front
Genet 7, 70 (2016). [PubMed: 27242888]

Sternson SM & Roth BL Chemogenetic tools to interrogate brain functions. Annu Rev Neurosci
37, 387-407 (2014). [PubMed: 25002280]

Boyden ES, Zhang F, Bamberg E, Nagel G & Deisseroth K Millisecond-timescale, genetically
targeted optical control of neural activity. Nature neuroscience 8, 1263-1268 (2005). [PubMed:
16116447]

Adamantidis AR, Zhang F, de Lecea L & Deisseroth K Optogenetics: opsins and optical interfaces
in neuroscience. Cold Spring Harbor protocols 2014, 815-822 (2014). [PubMed: 25086025]
Yizhar O, Fenno LE, Davidson TJ, Mogri M & Deisseroth K Optogenetics in neural systems.
Neuron 71, 9-34 (2011). [PubMed: 21745635]

Li X et al. Fast noninvasive activation and inhibition of neural and network activity by vertebrate
rhodopsin and green algae channelrhodopsin. Proceedings of the National Academy of Sciences of
the United States of America 102, 17816-17821 (2005). [PubMed: 16306259]

Zhang F et al. Multimodal fast optical interrogation of neural circuitry. Nature 446, 633-639
(2007). [PubMed: 17410168]

Han X & Boyden ES Multiple-color optical activation, silencing, and desynchronization of neural
activity, with single-spike temporal resolution. PloS one 2, €299 (2007). [PubMed: 17375185]
Magnus CJ et al. Chemical and genetic engineering of selective ion channel-ligand interactions.
Science 333, 1292-1296 (2011). [PubMed: 21885782]

Armbruster BN, Li X, Pausch MH, Herlitze S & Roth BL Evolving the lock to fit the key to create
a family of G protein-coupled receptors potently activated by an inert ligand. Proceedings of the
National Academy of Sciences of the United States of America 104, 5163-5168 (2007). [PubMed:
17360345]

Nichols CD & Roth BL Engineered G-protein Coupled Receptors are Powerful Tools to Investigate
Biological Processes and Behaviors. Front Mol Neurosci 2, 16 (2009). [PubMed: 19893765]
Zhang F et al. Optogenetic interrogation of neural circuits: technology for probing mammalian
brain structures. Nature protocols 5, 439-456 (2010). [PubMed: 20203662]

Terzioglu M & Galter D Parkinson’s disease: genetic versus toxin-induced rodent models. FEBS J
275, 1384-1391 (2008). [PubMed: 18279376]

Hisahara S & Shimohama S Toxin-induced and genetic animal models of Parkinson’s disease.
Parkinsons Dis 2011, 951709 (2010). [PubMed: 21234368]

Schober A Classic toxin-induced animal models of Parkinson’s disease: 6-OHDA and MPTP. Cell
and tissue research 318, 215-224 (2004). [PubMed: 15503155]

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 19

Bove J, Prou D, Perier C & Przedborski S Toxin-induced models of Parkinson’s disease. NeuroRx
2, 484494 (2005). [PubMed: 16389312]

Van Rooijen N The liposome-mediated macrophage ‘suicide’ technique. Journal of immunological
methods 124, 1-6 (1989). [PubMed: 2530286]

Van Rooijen N & Sanders A Liposome mediated depletion of macrophages: mechanism of action,
preparation of liposomes and applications. Journal of immunological methods 174, 83-93 (1994).
[PubMed: 8083541]

van Rooijen N & Hendrikx E Liposomes for specific depletion of macrophages from organs and
tissues. Methods in molecular biology (Clifton, N.J 605, 189-203 (2010).

Sunderkotter C et al. Subpopulations of mouse blood monocytes differ in maturation stage and
inflammatory response. J Immunol 172, 4410-4417 (2004). [PubMed: 15034056]

Auffray C et al. Monitoring of blood vessels and tissues by a population of monocytes with
patrolling behavior. Science 317, 666—670 (2007). [PubMed: 17673663]

Li Z, Xu X, Feng X & Murphy PM The Macrophage-depleting Agent Godronate Promotes
Durable Hematopoietic Chimerism and Donor-specific Skin Allograft Tolerance in Mice.
Scientific reports 6, 22143 (2016). [PubMed: 26917238]

Van Rooijen N & Sanders A Kupffer cell depletion by liposome-delivered drugs: comparative
activity of intracellular clodronate, propamidine, and ethylenediaminetetraacetic acid. Hepatology
(Baltimore, Md 23, 1239-1243 (1996).

Su D & Van Rooijen N The role of macrophages in the immunoadjuvant action of liposomes:
effects of elimination of splenic macrophages on the immune response against intravenously
injected liposome-associated albumin antigen. Immunology 66, 466-470 (1989). [PubMed:
2703258]

van Rooijen N, Sanders A & van den Berg TK Apoptosis of macrophages induced by liposome-
mediated intracellular delivery of clodronate and propamidine. Journal of immunological methods
193, 93-99 (1996). [PubMed: 8690935]

Bauer A et al. The glucocorticoid receptor is required for stress erythropoiesis. Genes &
development 13, 2996-3002 (1999). [PubMed: 10580006]

Diwan A et al. Targeting erythroblast-specific apoptosis in experimental anemia. Apoptosis : an
international journal on programmed cell death 13, 1022-1030 (2008). [PubMed: 18584327]

Hanson MM et al. Rapid conditional targeted ablation model for hemolytic anemia in the rat.
Physiological genomics 48, 626—632 (2016). [PubMed: 27368711]

Ramot Y et al. Age and dose sensitivities in the 2-butoxyethanol F344 rat model of hemolytic
anemia and disseminated thrombosis. Experimental and toxicologic pathology : official journal of
the Gesellschaft fur Toxikologische Pathologie 58, 311-322 (2007). [PubMed: 17261363]

Dornfest BS et al. Phenylhydrazine is a mitogen and activator of lymphoid cells. Annals of clinical
and laboratory science 20, 353-370 (1990). [PubMed: 2256665]

Klinken SP, Holmes KL, Fredrickson TN, Erner SM & Morse HC 3rd Phenylhydrazine stimulates
lymphopoiesis and accelerates Abelson murine leukemia virus-induced pre-B cell lymphomas. J
Immunol 139, 3091-3098 (1987). [PubMed: 2822804]

Ramot Y, Koshkaryev A, Goldfarb A, Yedgar S & Barshtein G Phenylhydrazine as a partial model
for beta-thalassaemia red blood cell hemodynamic properties. Br J Haematol 140, 692—700 (2008).
[PubMed: 18302715]

Gregoire D & Kmita M Recombination between inverted loxP sites is cytotoxic for proliferating
cells and provides a simple tool for conditional cell ablation. Proceedings of the National
Academy of Sciences of the United States of America 105, 14492-14496 (2008). [PubMed:
18787116]

Steller H Mechanisms and genes of cellular suicide. Science 267, 1445-1449 (1995). [PubMed:
7878463]

MacCorkle RA, Freeman KW & Spencer DM Synthetic activation of caspases: artificial death
switches. Proceedings of the National Academy of Sciences of the United States of America 95,
3655-3660 (1998). [PubMed: 9520421]

Fan TJ, Han LH, Cong RS & Liang J Caspase family proteases and apoptosis. Acta biochimica et
biophysica Sinica 37, 719-727 (2005). [PubMed: 16270150]

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 20

Steller H Artificial death switches: induction of apoptosis by chemically induced caspase
multimerization. Proceedings of the National Academy of Sciences of the United States of
America 95, 5421-5422 (1998). [PubMed: 9576895]

Mallet VO et al. Conditional cell ablation by tight control of caspase-3 dimerization in transgenic
mice. Nature biotechnology 20, 1234-1239 (2002).

Pajvani UB et al. Fat apoptosis through targeted activation of caspase 8: a new mouse model of
inducible and reversible lipoatrophy. Nat Med 11, 797-803 (2005). [PubMed: 15965483]

Wang Z et al. Phospholipase C beta3 deficiency leads to macrophage hypersensitivity to apoptotic
induction and reduction of atherosclerosis in mice. The Journal of clinical investigation 118, 195—
204 (2008). [PubMed: 18079968]

Cho JH, Mu X, Wang SW & Klein WH Retinal ganglion cell death and optic nerve degeneration
by genetic ablation in adult mice. Experimental eye research 88, 542-552 (2009). [PubMed:
19109949]

Fujioka M, Tokano H, Fujioka KS, Okano H & Edge AS Generating mouse models of degenerative
diseases using Cre/lox-mediated in vivo mosaic cell ablation. The Journal of clinical investigation
121, 2462-2469 (2011). [PubMed: 21576819]

Holland WL et al. Receptor-mediated activation of ceramidase activity initiates the pleiotropic
actions of adiponectin. Nat Med 17, 55-63 (2011). [PubMed: 21186369]

Finn WF FK506 nephrotoxicity. Renal failure 21, 319-329 (1999). [PubMed: 10416209]

Solassol J, Mange A & Maudelonde T FKBP family proteins as promising new biomarkers for
cancer. Curr Opin Pharmacol 11, 320-325 (2011). [PubMed: 21514221]

Czuprynski CJ, Brown JF, Maroushek N, Wagner RD & Steinberg H Administration of
antigranulocyte mAb RB6-8C5 impairs the resistance of mice to Listeria monocytogenes
infection. J Immunol 152, 1836-1846 (1994). [PubMed: 8120393]

Fleming TJ, Fleming ML & Malek TR Selective expression of Ly-6G on myeloid lineage cells in
mouse bone marrow. RB6-8C5 mAb to granulocyte-differentiation antigen (Gr-1) detects
members of the Ly-6 family. J Immunol 151, 2399-2408 (1993). [PubMed: 8360469]

Daley JM, Thomay AA, Connolly MD, Reichner JS & Albina JE Use of Ly6G-specific
monoclonal antibody to deplete neutrophils in mice. Journal of leukocyte biology 83, 64-70
(2008). [PubMed: 17884993]

Bruhn KW, Dekitani K, Nielsen TB, Pantapalangkoor P & Spellberg B Ly6G-mediated depletion
of neutrophils is dependent on macrophages. Results Immunol 6, 5-7 (2016). [PubMed:
26870635]

Zhou X, Hu W & Qin X The role of complement in the mechanism of action of rituximab for B-
cell lymphoma: implications for therapy. The oncologist 13, 954-966 (2008). [PubMed:
18779537]

Uchida J et al. The innate mononuclear phagocyte network depletes B lymphocytes through Fc
receptor-dependent mechanisms during anti-CD20 antibody immunotherapy. The Journal of
experimental medicine 199, 1659-1669 (2004). [PubMed: 15210744]

Hamaguchi Y, Xiu Y, Komura K, Nimmerjahn F & Tedder TF Antibody isotype-specific
engagement of Fcgamma receptors regulates B lymphocyte depletion during CD20
immunotherapy. The Journal of experimental medicine 203, 743-753 (2006). [PubMed:
16520392]

Cobbold SP, Jayasuriya A, Nash A, Prospero TD & Waldmann H Therapy with monoclonal
antibodies by elimination of T-cell subsets in vivo. Nature 312, 548-551 (1984). [PubMed:
6150440]

Grcevic D, Lee SK, Marusic A & Lorenzo JA Depletion of CD4 and CD8 T lymphocytes in mice
in vivo enhances 1,25-dihydroxyvitamin D3-stimulated osteoclast-like cell formation in vitro by a
mechanism that is dependent on prostaglandin synthesis. J Immunol 165, 4231-4238 (2000).
[PubMed: 11035056]

Fillat C, Carrio M, Cascante A & Sangro B Suicide gene therapy mediated by the Herpes Simplex
virus thymidine kinase gene/Ganciclovir system: fifteen years of application. Curr Gene Ther 3,
13-26 (2003). [PubMed: 12553532]

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 21

Shen Y & Nemunaitis J Herpes simplex virus 1 (HSV-1) for cancer treatment. Cancer gene therapy
13, 975-992 (2006). [PubMed: 16604059]

Salama SA et al. Gene therapy of uterine leiomyoma: adenovirus-mediated herpes simplex virus
thymidine kinase/ganciclovir treatment inhibits growth of human and rat leiomyoma cells in vitro
and in a nude mouse model. Gynecol Obstet Invest 63, 61-70 (2007). [PubMed: 16954695]

Barese CN et al. Thymidine kinase suicide gene-mediated ganciclovir ablation of autologous gene-
modified rhesus hematopoiesis. Mol Ther 20, 1932-1943 (2012). [PubMed: 22910293]

Jimenez T, Fox WP, Naus CC, Galipeau J & Belliveau DJ Connexin over-expression differentially
suppresses glioma growth and contributes to the bystander effect following HSV- thymidine kinase
gene therapy. Cell Commun Adhes 13, 79-92 (2006). [PubMed: 16613782]

Williams EM et al. Nitroreductase gene-directed enzyme prodrug therapy: insights and advances
toward clinical utility. The Biochemical journal 471, 131-153 (2015). [PubMed: 26431849]

Djeha AH et al. Expression of Escherichia coli B nitroreductase in established human tumor
xenografts in mice results in potent antitumoral and bystander effects upon systemic
administration of the prodrug CB1954. Cancer gene therapy 7, 721-731 (2000). [PubMed:
10830719]

Curado S et al. Conditional targeted cell ablation in zebrafish: a new tool for regeneration studies.
Developmental dynamics : an official publication of the American Association of Anatomists 236,
1025-1035 (2007). [PubMed: 17326133]

Isles AR et al. Conditional ablation of neurones in transgenic mice. Journal of neurobiology 47,
183-193 (2001). [PubMed: 11333400]

Cui W, Allen ND, Skynner M, Gusterson B & Clark AJ Inducible ablation of astrocytes shows that
these cells are required for neuronal survival in the adult brain. Glia 34, 272-282 (2001).
[PubMed: 11360300]

Felmer R, Cui W & Clark AJ Inducible ablation of adipocytes in adult transgenic mice expressing
the E. coli nitroreductase gene. The Journal of endocrinology 175, 487-498 (2002). [PubMed:
12429046]

Helsby NA, Ferry DM, Patterson AV, Pullen SM & Wilson WR 2-Amino metabolites are key
mediators of CB 1954 and SN 23862 bystander effects in nitroreductase GDEPT. British journal of
cancer 90, 1084-1092 (2004). [PubMed: 14997211]

Westphal EM, Ge J, Catchpole JR, Ford M & Kenney SC The nitroreductase/CB1954 combination
in Epstein-Barr virus-positive B-cell lines: induction of bystander killing in vitro and in vivo.
Cancer gene therapy 7, 97-106 (2000). [PubMed: 10678362]

Plummer NW, Ungewitter EK, Smith KG, Yao HH & Jensen P A new mouse line for cell ablation
by diphtheria toxin subunit A controlled by a Cre-dependent FLEX switch. Genesis 55 (2017).

Yamaizumi M, Mekada E, Uchida T & Okada Y One molecule of diphtheria toxin fragment A
introduced into a cell can kill the cell. Cell 15, 245-250 (1978). [PubMed: 699044]

Christiaansen AF, Boggiatto PM & Varga SM Limitations of Foxp3(+) Treg depletion following
viral infection in DEREG mice. Journal of immunological methods 406, 58-65 (2014). [PubMed:
24642426]

Goldwich A, Steinkasserer A, Gessner A & Amann K Impairment of podocyte function by
diphtheria toxin--a new reversible proteinuria model in mice. Laboratory investigation; a journal of
technical methods and pathology 92, 1674-1685 (2012). [PubMed: 23007132]

Hu W et al. Rapid conditional targeted ablation of cells expressing human CD59 in transgenic mice
by intermedilysin. Nat Med 14, 98-103 (2008). [PubMed: 18157141]

Palmiter RD et al. Cell lineage ablation in transgenic mice by cell-specific expression of a toxin
gene. Cell 50, 435-443 (1987). [PubMed: 3649277]

100. Behringer RR, Mathews LS, Palmiter RD & Brinster RL Dwarf mice produced by genetic

ablation of growth hormone-expressing cells. Genes & development 2, 453—-461 (1988).
[PubMed: 3286373]

101. Lowell BB et al. Development of obesity in transgenic mice after genetic ablation of brown

adipose tissue. Nature 366, 740-742 (1993). [PubMed: 8264795]

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Page 22

Ross SR, Graves RA & Spiegelman BM Targeted expression of a toxin gene to adipose tissue:
transgenic mice resistant to obesity. Genes & development 7, 1318-1324 (1993). [PubMed:
8330737]

Brockschnieder D, Pechmann Y, Sonnenberg-Riethmacher E & Riethmacher D An improved
mouse line for Cre-induced cell ablation due to diphtheria toxin A, expressed from the Rosa26
locus. Genesis 44, 322-327 (2006). [PubMed: 16791847]

Breitman ML, Rombola H, Maxwell IH, Klintworth GK & Bernstein A Genetic ablation in
transgenic mice with an attenuated diphtheria toxin A gene. Molecular and cellular biology 10,
474-479 (1990). [PubMed: 2300048]

Brockschnieder D et al. Cell depletion due to diphtheria toxin fragment A after Cre-mediated
recombination. Molecular and cellular biology 24, 7636—7642 (2004). [PubMed: 15314171]

Ivanova A et al. In vivo genetic ablation by Cre-mediated expression of diphtheria toxin fragment
A. Genesis 43, 129-135 (2005). [PubMed: 16267821]

Longbottom R et al. Genetic ablation of retinal pigment epithelial cells reveals the adaptive
response of the epithelium and impact on photoreceptors. Proceedings of the National Academy
of Sciences of the United States of America 106, 18728-18733 (2009). [PubMed: 19850870]
Voehringer D, Liang HE & Locksley RM Homeostasis and effector function of lymphopenia-
induced “memory-like” T cells in constitutively T cell-depleted mice. J Immunol 180, 4742—
4753 (2008). [PubMed: 18354198]

Comai G, Sambasivan R, Gopalakrishnan S & Tajbakhsh S Variations in the efficiency of lineage
marking and ablation confound distinctions between myogenic cell populations. Dev Cell 31,
654-667 (2014). [PubMed: 25490270]

Gregoire D & Kmita M Genetic cell ablation. Methods in molecular biology (Clifton, N.J 1092,
421-436 (2014).

Nagamune H et al. Intermedilysin, a novel cytotoxin specific for human cells secreted by
Streptococcus intermedius UNS46 isolated from a human liver abscess. Infection and immunity
64, 3093-3100 (1996). [PubMed: 8757839]

Giddings KS, Zhao J, Sims PJ & Tweten RK Human CD59 is a receptor for the cholesterol-
dependent cytolysin intermedilysin. Nat Struct Mol Biol 11, 1173-1178 (2004). [PubMed:
15543155]

Johnson S, Brooks NJ, Smith RA, Lea SM & Bubeck D Structural basis for recognition of the
pore-forming toxin intermedilysin by human complement receptor CD59. Cell reports 3, 1369—
1377 (2013). [PubMed: 23665225]

Lautenschlager I, Hockerstedt K & Meri S Complement membrane attack complex and protectin
(CD59) in liver allografts during acute rejection. J Hepatol 31, 537-541 (1999). [PubMed:
10488715]

Qian YM et al. Identification and functional characterization of a new gene encoding the mouse
terminal complement inhibitor CD59. J Immunol 165, 2528-2534 (2000). [PubMed: 10946279]
Qin X et al. Genomic structure, functional comparison, and tissue distribution of mouse Cd59a
and Cd59b. Mamm Genome 12, 582-589 (2001). [PubMed: 11471050]

Qin X et al. Deficiency of the mouse complement regulatory protein mCd59b results in
spontaneous hemolytic anemia with platelet activation and progressive male infertility. Immunity
18, 217-227 (2003). [PubMed: 12594949]

Qin X et al. Generation and phenotyping of mCd59a and mCd59b double-knockout mice.
American journal of hematology 84, 65-70 (2009). [PubMed: 19051264]

Qin X & Gao B The complement system in liver diseases. Cellular & molecular immunology 3,
333-340 (2006). [PubMed: 17092430]

Wu G et al. Complement regulator CD59 protects against atherosclerosis by restricting the
formation of complement membrane attack complex. Circulation research 104, 550-558 (2009).
[PubMed: 19131645]

Wu G et al. Complement regulator CD59 protects against angiotensin Il-induced abdominal aortic
aneurysms in mice. Circulation 121, 1338-1346 (2010). [PubMed: 20212283]

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Page 23

Hu W et al. The critical roles of platelet activation and reduced NO bioavailability in fatal
pulmonary arterial hypertension in a murine hemolysis model. Blood 116, 1613-1622 (2010).
[PubMed: 20511540]

McCurry KR et al. Human complement regulatory proteins protect swine-to-primate cardiac
xenografts from humoral injury. Nat Med 1, 423-427 (1995). [PubMed: 7585088]

Cowan PJ et al. Knock out of alphal,3-galactosyltransferase or expression of alphal,2-
fucosyltransferase further protects CD55- and CD59-expressing mouse hearts in an ex vivo
model of xenograft rejection. Transplantation 65, 1599-1604. (1998). [PubMed: 9665076]

Cowan PJ et al. Renal xenografts from triple-transgenic pigs are not hyperacutely rejected but
cause coagulopathy in non-immunosuppressed baboons. Transplantation 69, 2504-2515. (2000).
[PubMed: 10910270]

Huang J et al. Protection of xenogeneic cells from human complement-mediated lysis by the
expression of human DAF, CD59 and MCP. FEMS immunology and medical microbiology 31,
203209 (2001).

Niemann H et al. Cytomegalovirus early promoter induced expression of hCD59 in porcine
organs provides protection against hyperacute rejection. Transplantation 72, 1898-1906 (2001).
[PubMed: 11773886]

Feng D et al. Cre-inducible human CD59 mediates rapid cell ablation after intermedilysin
administration. J Clin Invest 126, 2321-2333 (2016). [PubMed: 27159394]

Johansen A et al. The importance of small polar radiometabolites in molecular neuroimaging: A
PET study with [(11)C]Cimbi-36 labeled in two positions. Journal of cerebral blood flow and
metabolism : official journal of the International Society of Cerebral Blood Flow and Metabolism
38, 659-668 (2018).

Ballabh P, Braun A & Nedergaard M The blood-brain barrier: an overview: structure, regulation,
and clinical implications. Neurobiology of disease 16, 1-13 (2004). [PubMed: 15207256]

Bush TG et al. Fulminant jejuno-ileitis following ablation of enteric glia in adult transgenic mice.
Cell 93, 189-201 (1998). [PubMed: 9568712]

Bush TG et al. Leukocyte infiltration, neuronal degeneration, and neurite outgrowth after ablation
of scar-forming, reactive astrocytes in adult transgenic mice. Neuron 23, 297-308 (1999).
[PubMed: 10399936]

Rubin LL & Staddon JM The cell biology of the blood-brain barrier. Annu Rev Neurosci 22, 1128
(1999).

Rodrigues SF & Granger DN Blood cells and endothelial barrier function. Tissue Barriers 3,
€978720 (2015). [PubMed: 25838983]

Zietz C et al. Aortic endothelium in HIV-1 infection: chronic injury, activation, and increased
leukocyte adherence. The American journal of pathology 149, 1887-1898 (1996). [PubMed:
8952525]

Nottet HS Interactions between macrophages and brain microvascular endothelial cells: role in
pathogenesis of HIV-1 infection and blood - brain barrier function. Journal of neurovirology 5,
659-669 (1999). [PubMed: 10602406]

Galley H & Webster NR Physiology of the endothelium, Vol. 93 (2004).

Bailey AS et al. Transplanted adult hematopoietic stems cells differentiate into functional
endothelial cells. Blood 103, 13-19 (2004). [PubMed: 12958072]

Robertson S, Kennedy M & Keller G Hematopoietic commitment during embryogenesis. Annals
of the New York Academy of Sciences 872, 9-15; discussion 15-16 (1999). [PubMed:
10372106]

Choi K, Kennedy M, Kazarov A, Papadimitriou JC & Keller G A common precursor for
hematopoietic and endothelial cells. Development (Cambridge, England) 125, 725 (1998).
Bailey AS et al. Myeloid lineage progenitors give rise to vascular endothelium. Proceedings of the
National Academy of Sciences 103, 13156 (2006).

Huang W. 41st Annual Research Society on Alcoholism Scientific Meeting; San Diego, CA.
2018.

Ono S, Egawa G & Kabashima K Regulation of blood vascular permeability in the skin. Inflamm
Regen 37, 11 (2017). [PubMed: 29259710]

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Page 24

Kim SJ et al. Adipocyte death preferentially induces liver injury and inflammation via the
activation of CCR2(+) macrophages and lipolysis. Hepatology (Baltimore, Md (2019).
Mederacke | et al. Fate tracing reveals hepatic stellate cells as dominant contributors to liver
fibrosis independent of its aetiology. Nature communications 4, 2823 (2013).

Balani S, Nguyen LV & Eaves CJ Modeling the process of human tumorigenesis. Nature
communications 8, 15422 (2017).

Seydoux G & Greenwald I Cell autonomy of lin-12 function in a cell fate decision in C. elegans.
Cell 57, 1237-1245 (1989). [PubMed: 2736627]

Seydoux G, Savage C & Greenwald | Isolation and characterization of mutations causing
abnormal eversion of the vulva in Caenorhabditis elegans. Developmental biology 157, 423-436
(1993). [PubMed: 8500652]

Ghosh S & Sternberg PW Spatial and molecular cues for cell outgrowth during C. elegans uterine
development. Developmental biology 396, 121-135 (2014). [PubMed: 25281934]

Eisen JS, Pike SH & Debu B The growth cones of identified motoneurons in embryonic zebrafish
select appropriate pathways in the absence of specific cellular interactions. Neuron 2, 1097-1104
(1989). [PubMed: 2624743]

Eisen JS, Pike SH & Romancier B An identified motoneuron with variable fates in embryonic
zebrafish. J Neurosci 10, 34-43 (1990). [PubMed: 2299397]

Bernhardt RR, Nguyen N & Kuwada JY Growth cone guidance by floor plate cells in the spinal
cord of zebrafish embryos. Neuron 8, 869-882 (1992). [PubMed: 1586486]

Bhatt DH, Otto SJ, Depoister B & Fetcho JR Cyclic AMP-induced repair of zebrafish spinal
circuits. Science 305, 254-258 (2004). [PubMed: 15247482]

Martin SM, O’Brien GS, Portera-Cailliau C & Sagasti A Wallerian degeneration of zebrafish
trigeminal axons in the skin is required for regeneration and developmental pruning.
Development (Cambridge, England) 137, 3985-3994 (2010).

Yanik MF et al. Neurosurgery: functional regeneration after laser axotomy. Nature 432, 822
(2004). [PubMed: 15602545]

Byrne AB, Edwards TJ & Hammarlund M In vivo laser axotomy in C. elegans. Journal of
visualized experiments : JOVE (2011).

Gokce SK et al. A fully automated microfluidic femtosecond laser axotomy platform for nerve
regeneration studies in C. elegans. PloS one 9, 113917 (2014). [PubMed: 25470130]

Johnson K et al. Gfap-positive radial glial cells are an essential progenitor population for later-
born neurons and glia in the zebrafish spinal cord. Glia 64, 1170-1189 (2016). [PubMed:
27100776]

Singh SP, Holdway JE & Poss KD Regeneration of amputated zebrafish fin rays from de novo
osteoblasts. Dev Cell 22, 879-886 (2012). [PubMed: 22516203]

Wang J, Cao J, Dickson AL & Poss KD Epicardial regeneration is guided by cardiac outflow tract
and Hedgehog signalling. Nature 522, 226-230 (2015). [PubMed: 25938716]

Liu F et al. Deficiency of the complement regulatory protein CD59 accelerates the development
of diabetes-induced atherosclerosis in mice. Journal of diabetes and its complications 31, 311317
(2017).

Wu J & Yan LJ Streptozotocin-induced type 1 diabetes in rodents as a model for studying
mitochondrial mechanisms of diabetic beta cell glucotoxicity. Diabetes Metab Syndr Obes 8,
181-188 (2015). [PubMed: 25897251]

Rother RP, Bell L, Hillmen P & Gladwin MT The clinical sequelae of intravascular hemolysis and
extracellular plasma hemoglobin: a novel mechanism of human disease. Jama 293, 16531662
(2005).

Liesner RJ & Vandenberghe EA Sudden death in sickle cell disease. Journal of the Royal Society
of Medicine 86, 484-485 (1993). [PubMed: 8078054]

Haque AK et al. Pulmonary hypertension in sickle cell hemoglobinopathy: a clinicopathologic
study of 20 cases. Human pathology 33, 1037-1043 (2002). [PubMed: 12395378]

Gladwin MT et al. Pulmonary hypertension as a risk factor for death in patients with sickle cell
disease. The New England journal of medicine 350, 886-895 (2004). [PubMed: 14985486]

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Page 25

El-Beshlawy A et al. Pulmonary hypertension in beta-thalassemia major and the role of L-
carnitine therapy. Pediatric hematology and oncology 25, 734-743 (2008). [PubMed: 19065439]
Escoffery CT & Shirley SE Causes of sudden natural death in Jamaica: a medicolegal (coroner’s)
autopsy study from the University Hospital of the West Indies. Forensic science international
129, 116-121 (2002). [PubMed: 12243880]

Castro O, Hoque M & Brown BD Pulmonary hypertension in sickle cell disease: cardiac
catheterization results and survival. Blood 101, 1257-1261 (2003). [PubMed: 12393669]

Machado RF et al. Severity of pulmonary hypertension during vaso-occlusive pain crisis and
exercise in patients with sickle cell disease. Br J Haematol 136, 319-325 (2007). [PubMed:
17156401]

Patel MM, Modi JP, Patel SM & Patel RD Vasoocclusion by sickled RBCs in 5 autopsy cases of
sudden death. Indian J Pathol Microbiol 50, 914-916 (2007). [PubMed: 18306604]

Manci EA et al. Causes of death in sickle cell disease: an autopsy study. Br J Haematol 123, 359—
365 (2003). [PubMed: 14531921]

Hutchins KD, Ballas SK, Phatak D & Natarajan GA Sudden unexpected death in a patient with
splenic sequestration and sickle cell-beta+-thalassemia syndrome. J Forensic Sci 46, 412414
(2001).

Gajic O, Gropper MA & Hubmayr RD Pulmonary edema after transfusion: how to differentiate
transfusion-associated circulatory overload from transfusion-related acute lung injury. Critical
care medicine 34, S109-113 (2006). [PubMed: 16617253]

Skeate RC & Eastlund T Distinguishing between transfusion related acute lung injury and
transfusion associated circulatory overload. Current opinion in hematology 14, 682—-687 (2007).
[PubMed: 17898575]

Oakes RS, Siegler RL, McReynolds MA, Pysher T & Pavia AT Predictors of fatality in
postdiarrheal hemolytic uremic syndrome. Pediatrics 117, 1656-1662 (2006). [PubMed:
16651320]

Gould LH et al. Hemolytic uremic syndrome and death in persons with Escherichia coli 0157:H7
infection, foodborne diseases active surveillance network sites, 2000—2006. Clin Infect Dis 49,
1480-1485 (2009). [PubMed: 19827953]

Machado RF & Gladwin MT Chronic sickle cell lung disease: new insights into the diagnosis,
pathogenesis and treatment of pulmonary hypertension. Br J Haematol 129, 449-464 (2005).
[PubMed: 15877728]

Machado RF et al. Sildenafil therapy in patients with sickle cell disease and pulmonary
hypertension. Br J Haematol 130, 445-453 (2005). [PubMed: 16042696]

Littera R et al. Long-term treatment with sildenafil in a thalassemic patient with pulmonary
hypertension. Blood 100, 1516-1517 (2002). [PubMed: 12184280]

Gladwin MT & Vichinsky E Pulmonary complications of sickle cell disease. The New England
journal of medicine 359, 2254-2265 (2008). [PubMed: 19020327]

Bunn HF et al. Pulmonary hypertension and nitric oxide depletion in sickle cell disease. Blood
(2010).

Parent F et al. A hemodynamic study of pulmonary hypertension in sickle cell disease. The New
England journal of medicine 365, 44-53 (2011). [PubMed: 21732836]

Cell Mol Life Sci. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liu et al. Page 26
A Light
- 30, O,"
KillerRed . oy S
- z Sk
»
- . ,
Type I ROS ;
B oQ-\é
o .
20, . 10, necrosis
7
MiniSOG ’
Type I
Nl
(@ Light inactive active Caspase3 \) |
- <.1 \ l '
= - 1
®(» slow \ -
)* - <.) o’ L
Caspase-LOV apoptosis

e KillerRed ROS ® MiniSOG & Caspase-LOV

Figure 1: Optogenetic cell ablation.
A. lllumination with green light causes the rapid necrosis or death of cells expressing

KillerRed on plasma membrane or mitochondria via the production of reactive oxygen
species (ROS) by Type | photoreaction. B. Illumination with blue light causes the rapid
necrosis or death of cells expressing mini singlet oxygen generator (miniSOG) on
mitochondria via the production of ROS by Type Il photoreaction. C. Illumination with blue
light causes the apoptosis of the cells expressing a light-activated human caspase-3
(Caspase-LOV). Upon illumination, the rational insertion of the light- sensitive LOV2
domain expands the spring to activate pro-caspase 3 to active caspase 3, thereby leading to
caspase-induced cell death.
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Figure 2: HSV-TK-mediated cell ablation:
GCV administration to /SK-TK transgenic mice induces death of target cells (red cycle)

expressing HSK-TK proteins (target effect) as well as death of the adjacent cells (bystander
effect). In the cell (red cycle) expressing HSK-TK, HSK-TK phosphorylates the human
nucleoside analog, ganciclovir (GCV), to form deoxythymidine triphosphate, which is
incorporated into the genome and causes proliferative cell death by inhibiting DNA
synthesis. The deoxythymidine triphosphate causes the death on adjacent cells (green cycle)

through transporting the metabolite triphosphate to nearby cells.
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Figure 3: Diphtheria toxin-mediated cell ablation.
A. DT/DTR-mediated cell ablation. DT: Diphtheria toxin, A: fragment A, and B: fragment

B. B. Transgenic expression of the diphtheria toxin fragment A (DT-A) mediates cell
ablation.
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Figure. 4: Schematic of stepsfor ILY-mediated rapid cell ablation:
Step 1: ILY isadministered to the transgenic mice expressing hCD59 on specific cell

populations (hCD59-expressing specific line). These animals are generated by crossing Cre-
inducible floxed STOP-hCD59 transgenic mice (ihCD59) with specific Cre mice. Step 2:
ILY binds to cells expressing hCD59 on their surface, leading to initiation of ILY interaction
and prepore formation. Step 3: Polymerization of ILY (n > 50) results in the pore formation
in the hCD59 expressing cells. Step 4. Influx of iron and water into the cell induces rapid
cell lysis.
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