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ABSTRACT

LENTIVIRAL GENE THERAPY PROVIDES ROBUST PROTECTION AGAINST
PANCYTOPENIA IN AN INDUCIBLE CODANIN-1 KNOCKOUT MOUSE MODEL

Perry Demsko
Stefano Rivella

The Congenital Dyserythropoietic Anemias (CDAs) are a diverse group of rare heritable
blood disorders characterized by anomalies in erythroid maturation and red blood cell
production. Mechanistically varied, CDAs have lacked suitable animal models which has
inhibited development of tractable therapies. CDAla is a macrocytic CDA caused by biallelic
hypofunctional mutations in Codanin-1, an enigmatic protein whose precise function has not
been conclusively established. CDAla causes morbidity and mortality though moderate to
severe anemia and concurrent iron overload. We sought to rectify the lack of animal model by
producing a suitable inducible Codanin-1 knockout mouse line with two disparate mechanisms
of cre-based deletion, allowing for assessment of treatments for CDAla. Using our model, we
found that deletion of Codanin-1 is incompatible with life with death invariably resulting upon
induction. Seeking to take advantage of this opportunity we utilized lentiviral gene therapy to
restore Codanin-1 functionality, thereby establishing the ability to use gene therapy to correct
CDA1la. Using our model and lentiviral system, we sought to explore human Conanin-1
mutations for better understanding of the disease pathology of CDAla. We found that human
Codanin-1 mutations do not cause disease in mice, allowing us to hypothesize about fundamental
differences between human and mouse erythropoiesis. Finally, we deployed machine learning to
interrogate in silico the functionality of Codanin-1 and uncovered a putative disease mechanism

for CDAla.
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CHAPTER 1 - INTRODUCTION

Hematopoiesis

The mammalian blood system is an intricate milieu of numerous cell types with essential
functions varying from oxygen transport, tissue maintenance, and both innate and adaptive
immunity. A majority of blood cell lineages are short-lived, necessitating constant replenishment
from progenitor cell lineages, which themselves are replenished by hematopoietic stem and
progenitor cells (HSPCs).! At the apex of this hierarchy resides the long term hematopoietic
stem cell (LT-HSC), capable of repopulating the entire hematopoietic compartment via a capacity
for self-renewal and asymmetrical multilineage differentiation.? Indeed, it has been
demonstrated that a single transplanted LT-HSC can regenerate the entire blood system in mice
when provided with sufficient supporting cells and transplantation has been the experimental
gold standard for confirmation of LT-HSC identity and function with utility well beyond cell-
surface markers.>® After the LT-HSC, short-term HSCs (ST-HSC) are a more active and less
quiescent population, handling much of the requirements of hematopoiesis in the immediate
term. Multipotent progenitors (MPPs) are a heterogenous population produced via asymmetrical
division by HSCs, characterized by specific lineage biases that influence downstream cell type
production. Two subsets, MPP2 and MPP3, are myeloid biased, with MPP4s exhibiting a
preference for lymphoid biased cell production.” There is some evidence for lineage bias derived

from specific HSC clones as well.®

Perhaps the most incredible subset of hematopoiesis in terms of raw cell count is

erythropoiesis, the generation of red blood cells (RBCs). In the adult human steady-state



erythropoietic output is legion, generating approximately 2.5 million RBCs every second.’ This
process continues indefinitely for decades of adult life resulting in quadrillions of cells over the
human lifespan. Erythropoiesis in adults under physiologically normal conditions is performed
in the bone marrow within erythroblastic islands, clusters of erythroid precursors around a
central nurse macrophage.'®!® This clustering maintains essential cell-cell contacts that enforce
cellular fate and proliferation and down-regulate apoptosis of the developing erythroblasts as the
erythroblasts mature into reticulocytes and ultimately RBCs.'*!¢ Beginning with erythroid-
committed progenitors that arise from HSPCs, erythropoiesis can be broadly bifurcated into three
general stages, early phase, late/terminal phase, and lastly reticulocyte maturation, inclusive of

many steps within each.!’

Within the early phase of erythropoiesis burst-forming unit-erythroid (BFU-E) cells, so
named because of their explosive growth curve that leaves characteristically large colonies,
establish themselves then mature into colony forming unit erythroid (CFU-E) cells, which begin
the association with the nurse macrophage.'® These two populations, while utilized for
convenience of classification, are highly heterogenous and much overlap exists between BFU-Es
and CFU-Es." During the early stage extrinsic factors regulate the proliferation and
differentiation programming of BFU-Es and CFU-Es. Early erythroid progenitor proliferation
has been shown to be advanced by IL-3, with most of the effect seen at the BFU-E stage.”* Stem
cell factor (SCF) is also an essential early phase cytokine that acts on both BFU-Es and CFU-Es,
despite its receptor, CD117, having extensive functionality in total hematopoiesis and beyond.?!"
24 Erythropoietin (EPO) is perhaps the hormone most associated with erythropoiesis. Generated
in the kidney and upregulated by hypoxic stress, EPO upregulates RBC generation and

angiogenesis.”>*¢ Indeed, recombinant forms of EPO are used both as a treatment for anemia
2



and abused as a sports doping agent.>’?° The Erythropoietin receptor (EPO-R) is found at low
levels on BFU-Es, with much higher levels of expression subsequently found on CFU-Es.*® At
the CFU-e stage erythroid precursors are dependent on EPO for survival, providing the organism
with a high degree of control over RBC production in response to environmental and

physiological conditions.?*

Late or terminal phase erythropoiesis features cells with much more distinct, identifiable
morphologies, leading to more convenient classifications.** It should be noted however, as with
much of hematopoiesis, there remains a continuum of differentiation resulting in a blurring of
cell types when interrogated beyond physical attributes.>* At this stage the erythroblastic island
finalizes its formation, with a central nurse macrophage interacting with over two dozen
erythroblasts. Late phase begins with the proerythroblast, then proceeds through basophilic,
polychromatic, and orthochromatic before finally producing the reticulocyte, an immature stage
immediately before a true RBC.*> Each stage progressively accumulates hemoglobin, decreases
cell volume, and prepares for enucleation by reducing the size of the nucleus and undergoing
chromatin condensation.*® By the end of the orthochromatic stage the nucleus has been
compacted by an order of magnitude and is subsequently ejected as a so-called pyrenocyte,
which is phagocytosed by the nurse macrophage.” Once an enucleated reticulocyte is
established, it enters into peripheral blood circulation and undergoes external and internal

membrane remodeling plus a loss of mitochondria and organelles, at last becoming an RBC 3%+

As with the early phase, many intrinsic and extrinsic factors contribute to the process of
late-stage erythropoiesis. EPO-R levels begin to decrease as the late phase proceeds, leading to

what is termed EPO-independent erythropoiesis, where the erythroblasts are not dependent on



the presence of EPO to survive and proliferate.** During late-phase erythropoiesis, the central
nurse macrophage maintains essential cell-cell contacts and further assists by consuming nuclei
as they are ejected from developing erythroblasts. The transferrin receptor-1 (CD71) is highly
expressed at this stage, importing iron from circulation for use in hemoglobin production and is
furthermore a useful marker for experimental analysis of erythropoiesis.***> At this stage,
erythroblasts signal the liver via erythroferrone to increase the available iron in circulation.*® As
iron is an essential co-factor of hemoglobin, the regulation and cross-talk between erythropoiesis
and iron homeostasis is not surprising. In fact, erythropoiesis is the largest single metabolic iron
sink in humans and jawed vertebrates, but the intricacies of iron metabolism are beyond the

scope of this dissertation.

Genetic Diseases of the Hematopoietic Lineage

Given the importance of hematopoiesis to sustaining life, it is not surprising to find
numerous disorders arising from mutations in cell types emerging from this compartment.
Severe combined immunodeficiency (SCID) manifests with a failure of maturation, function or
maintenance of multiple leukocyte lineages, including T-cells, B-cells, NK-cells and others.*’*3
SCID can arise from numerous molecular mechanisms, including loss of the common gamma
chain in x-linked SCID, and defects in purine metabolism as seen in Adenosine deaminase
deficiency SCID.*° Sickle cell disease (SCD) is perhaps the hematopoietic disorder most well
known in the public consciousness. Caused by a mutation in beta-globin that replaces a
hydrophilic glutamic acid residue with a hydrophobic valine, leading to aggregation of the
hemoglobin heterotetramer in RBCs and subsequent, characteristic RBC sickling and rigidity.>!

Presenting with high morbidity, SCD creates an untold economic and personal burden.> Patients



can suffer from strokes along with debilitating and painful vaso-occlusive crises, depriving them
of many life opportunities.> The thalassemias are caused by the absence of, or significant
reduction in, production of hemoglobin. Alpha thalassemia is caused by deficiencies in the alpha
globin component of hemoglobin, whereas beta thalassemia corresponds to the absence or
reduction of beta-globin.>*>> Both of these conditions are the cause of much economic cost and
morbidity. Many patients are dependent on blood transfusions and can develop iron overload
due to dysregulation of iron metabolism caused by chronic anemia and transfusions.*®
Additional diseases have further, disparate molecular mechanisms. Dyskeratosis congenita is
caused by mutations in components related to telomere maintenance, including TERC, an
IncRNA and essential cofactor of Telomerase reverse transcriptase.’’*® The failure of telomere
maintenance eventually results in bone marrow failure, essentially from early aging of the
marrow. Fanconi anemia is a family bone marrow failure disorders, arising from errors of DNA
repair within the FA/BRCA pathway, with at least 21 proteins implicated.”® Over time, DNA
damage accumulates, leading to bone marrow failure. Both Dyskeratosis congenita and Fanconi
anemia have drastically increased instances of cancer as an additional complication.®*®! The

disease focus of this dissertation will be on the Congenital Dyserythropoietic Anemias (CDAs),

with an emphasis on CDAla, so these will be discussed in depth in chapter 2.

Gene Therapy

Gene therapy is a uniquely powerful and curative treatment paradigm wherein a deficient,
disease-causing gene is replaced with a functional, therapeutic copy.®?> The technologies used to
introduce therapeutic genetic material into patient’s cells are referred to as vectors and are often

based on viruses found in nature.%*** Utilizing recombinant DNA technology, molecular biology



has the ability to adapt viruses to deliver designer cargos, such as therapeutic genes. Viruses
have been finely crafted by evolution and natural selection to deliver their genetic material into
cells, having billions of years to solve the puzzle of cellular entry and heterologous gene
expression. Many viral vectors have been deployed in gene therapy. The most common vector
deployed in approved gene therapies is the Adeno-associated virus (AAV), having a good safety
profile and modest immunogenic potential.®>¢ Unfortunately, its packaging capacity is limited
at 4.7 kb and it delivers a non-integrating cassette, a limitation that will be discussed in a later
section.®” Adenoviral vectors and gammaretroviral vectors have been deployed in a clinical
context, but have fallen out of favor due to poor safety.®®% After AAV, the most commonly
utilized viral vector is the lentiviral vector, which will form the crux of this dissertation and will
be expanded upon later. Additional viral vectors have found utility in a basic research context,
for example baculovirus, capable of handling large, polycistronic transfer cassettes.’” Non-viral
vectors such as Lipid Nanoparticles (LNPs) are on the horizon, accelerated by their use for
vaccination in response to the COVID-19 pandemic.”"”* Gene therapy as a treatment paradigm
is poised to completely resolve the underlying mechanisms of disease, rather than treating

emerging symptoms.’*7®

Lentivirus Biology and Lifecycle

Lentiviruses belong to the genus Lentivirus, within the Retroviridiae family. The
Retroviridiae are eponymic with their lifecycle requirement of reverse transcription, wherein the
ssRNA viral genome is converted to dsDNA via a conserved reverse transcriptase and integrated
into the host genome to form the provirus.” This strategy benefits the virus in multiple ways,

firstly by removing the viral genome from innate immune nucleic acid sensors, and by allowing



the virus to propagate into daughter cells within mitotic cell types, ensuring higher numbers of
viral progeny.®® To wit: Human immunodeficiency virus (HIV), the causative agent of acquired
immunodeficiency syndrome (AIDS), can avoid immune surveillance for years while
simultaneously targeting CD4 " T-cells, further inhibiting immunity and resulting in a failure of
cellular immunity.®! This immunocompromised state results in death from opportunistic

infections.

The lentiviral genome is simple and compact, generally ranging from 7-12 kbp,
depending on species. For the sake of simplicity, HIV-1 will be used in this discussion as it is the
most well characterized lentivirus. Flanked by long-terminal repeats (LTRs), the quintessential
lentivirus encodes three structural protein coding genes, gag, pol, and env, and numerous
additional accessory genes that aid in virion assembly, maturation, and immune evasion.®?> A
small recognition motif, psi, is present on the viral genome and targets it for packaging within
assembling particles. Encoding the main elements constituting the viral structure is gag,
expressing a sophisticated polyprotein that is proteolytically processed into the p17 matrix
protein, the p24 capsid protein, the NC nucleocapsid zinc-finger protein, and finally p6. A
second polyprotein, pol, encodes the machinery required to perform reverse transcription of the
viral genome, integration into the host genome, and maturation of the virion via proteolytic
cleavage both of gag and pol itself. Intriguingly, pol utilizes a ribosomal frameshift to generate
alternative transcripts in a 20:1 stoichiometric ratio to facilitate faithful virion assembly. Env

encodes the gp141 fusogen protein, responsible for cellular attachment and entry.

To establish infection of a host cell, the virus first attaches itself to a cell surface receptor,

in the case of HIV-1, this receptor is CD4, along with CCRS5 or CXCR4 as a coreceptor



depending on strain.®® Once the viral fusogen binds the receptor and co-receptor, a tremendous
structural change occurs in the fusogen, providing the energy needed to merge the viral envelope
with the cell membrane, depositing the viral core within and completing cellular entry.®* Now
exposed to the cytoplasm, the viral core begins the process of uncoating while simultaneously
translocating to the nucleus and beginning the process of reverse transcription, forming the
reverse transcription complex.®® To convert the ssRNA viral genome into dsDNA ready to be
integrated, the virus utilizes a host tRNA as a primer to initiate DNA polymerase activity of the
reverse transcriptase (RT) with the ssSRNA as a template, starting at the tRNA binding site and
proceeding towards the 5 end. As the RT proceeds, the ssSRNA template is degraded by the RT’s
RNAse H activity, leaving a negative-sense ssDNA intermediate. Once the RT reaches the 5’ end
of the ssSRNA template, it translocates to the 3’ end, using the nascent ssDNA strand generated
from the 5’ end to bind, taking advantage of the complementary nature of the 5’ and 3’ LTRs.
The generation of the full minus strand then proceeds as previously performed, with RNAse H
activity removing the ssSRNA template as the RT proceeds. Two purine-rich tracts on the ssRNA
template preserve these sections of RNA, which are used as primers for the final round of reverse
transcription, forming the full dsDNA proviral genome ready for integration as part of the pre-
integration complex (PIC).%¢ This entire process occurs within the viral capsid, obscuring the
reverse transcription process from innate immune pattern recognition while the capsid traffics to
the nucleus, exploiting host active-transport machinery. Once passed through the nuclear pore
complex, the PIC undergoes partial disassembly and integrates the viral payload into the host
genome, forming the provirus. To complete the viral lifecycle, the 5’LTR acts as a promoter,
simultaneously producing transcripts of the ssSRNA genome and expressing the proteins
necessary for the production of new virions. Newly assembled virions bud from the cell

8



membrane, enveloping themselves in the lipid bilayer as they egress, further reducing immune

interrogation and completing the viral life cycle.’

The Lentivirus as a Gene Therapy Vector

The unique features of the lentivirus make it an ideal gene therapy vector for diseases of
the hematopoietic compartment. Firstly, the ability to integrate genetic cargo is necessary to
sustain fidelity of treatment in hematopoiesis as non-integrative therapeutic cargos, as found in
AAVs and similar, would be diluted out over the continuous rounds of cell division that occur in
hematopoiesis, eventually rendering the therapy ineffective. Secondly, lentiviruses can
effectively transduce non-dividing cells, such as quiescent HSCs, unlike many retroviruses which
require dissolution of the nuclear envelope as encountered in cells within the cell cycle.®® Lastly,
and perhaps most importantly, lentiviral integration patterns have been established to be within
the bodies of genes, away from promoter or enhancer elements, significantly reducing the risk of

insertion-based oncogenesis, a known issue with early gammaretroviral vectors.*

Conversion of the lentivirus into a gene therapy vector is straightforward. Current third
generation lentiviral systems utilize four plasmids co-transfected into producer cell lines.”® The
essential viral elements are split up into multiple plasmids, with gag and pol on one plasmid; and
rev, an essential packaging accessory, on a second. Two additional plasmids complete the set,
with env (or more often, a heterologous envelope fusogen, such as the G-protein of Vesicular
stomatitis virus, VSV-G) on its own, then finally the transfer cassette on the fourth. The transfer
cassette contains the therapeutic gene of interest to be transduced under control of its own
promoter and flanked by so-called self-inactivating LTRs that upon integration as a provirus lack

promoter activity, improving the safety profile. Due to the lentivirus’ genome size, the transfer

9



cassette can be modestly large, in excess of 9kb, nearly twice the size of AAV. In fact, transfer
cassettes as large as 12 kb have been experimentally deployed, but vector production efficiency

is low enough to leave this as an experimental curiosity.”!

A limitation of lentiviral vectors is their reduced efficacy when deployed in vivo, in
contrast to AAV which is extensively deployed clinically in the human body. Most lentiviral
vectors are pseudotyped with VSV-G, which binds the LDL receptor (LDL-R), which is
ubiquitously expressed, preventing tissue targeting. Furthermore, due to an evolutionary arms
race between mammals and Rhabdoviridae, VSV-G is inactivated by the compliment system.”?
While extensive work has been performed on alternative pseudotypes, including by this author,
much refinement is still required in this space. Clinical application of lentiviral vectors in the
present day utilize ex vivo transduction protocols. Briefly, patient cells are removed from the
body, transduced in culture, then returned after extensive quality assurance checks.”> In the
human hematopoietic context, the cell type of interest is the CD34" HSC, which is obtained

either from bone marrow aspirate, or by leukapheresis of cytokine mobilized peripheral blood.”*

Flow Cytometry

Flow cytometry is an essential cellular and molecular biology technique for the
assessment of biological samples.” Individual cells are decorated with fluorescent markers,
either chemical dyes, modified amino acids, expressed fluorescent proteins, or most commonly,
fluorophore-tagged antibodies specific for proteins of interest. The labeled cells are then
suspended in a buffered solution and passed via a fluidic system past multiple sets of lasers
producing discreet wavelengths of light. The laser light sources interact with each cell and the

fluorescent markers, exciting the fluorescent tags to readmit light in a specific manner based on

10



the laser light frequency and the excitation and emission properties of the tag. Additionally, light
scatter is measured both straight on, revealing front-scatter or the relative size of the cell, and at
90 degrees revealing side scatter or the internal complexity/granularity of the cell. A partial
limitation of flow cytometry is the possibility of crossover of emission spectra between two or
more tags, leading to noisy signals with uncertain sources. For example, APC and PE, two
common fluorophore tags both demonstrate partial emission overlap at between 600 and 650 nm.
To remedy this phenomenon, flow cytometry utilizes a technique called compensation that, in
conjunction of different laser wavelengths and bandpass filters, allows for signal processing
techniques to remove the errant crossover signal, revealing each marker independently and
faithfully. With an up-to-date flow cytometer, it is possible to perform experiments containing in
excess of two dozen individual markers, allowing for intensive and robust exploration of
biological systems. Certain tags can never be utilized together, even with compensation. For
example, 7-AAD, a marker for differentiating between live or dead cells, is indistinguishable
from mCherry, a red fluorescent protein. Coupled with charged electrodes, one can even
physically sort cells into different collection receptacles, allowing for isolation of discreet cell

types for downstream experimentation.

Many fields of study utilize flow cytometry, including immunology, cancer biology, and
infectious disease research. In chapter 2, this dissertation makes extensive use of
immunophenotyping, the interrogation of heterogenous cell populations via flow cytometry
utilizing fluorescent antibodies specific for discrete cell markers. For a general example, T-cells
can be assessed by detecting which cells express CD45 and CD3 simultaneously, then further
divided into helper or cytotoxic sub-populations depending on whether they also express CD4 or

CDS. Indeed, a full Treg panel contains approximately 15 different markers.
11



Immunophenotyping of the Hematopoietic Lineage

An application of immunophenotyping germane to this dissertation is its ability to assess
fundamental hematopoietic processes, including the presence of hematopoietic stem cells and the
performance of erythropoiesis. Identification of murine HSCs is relatively straight forward. The
schema is as follows: after identification of the appropriate single cell population, live cells not
expressing any differentiated hematopoietic lineage marker (eg: CD3¢, Ly-6G/Ly-6C, CD11b,
B220, Ter119) are placed on a gate with Sca-1 and CD117 on individual axes. Cells double
positive for these markers are drilled down to as a lower gate, and within this gate cells not
expressing CD48, but positive for CD150 are canonical murine LT-HSCs. Erythropoiesis is
observed utilizing a similar, but distinct gating logic. After selecting for viable single cells, the
erythroid compartment is identified based on expression of CD71, the transferrin receptor, and
Ter119, a marker enriched in late-stage erythroblasts. Through this gate, cells are shown with
CD44 vs. front scatter, or size. As an erythroblast matures, levels of CD44 drop, along with
overall size. Across this gate five different puncta of cell populations can be assessed as
individual erythroblast populations, referred to as P1-P5. P1+P2 are proerythroblasts and
basophilic erythroblasts, P3 are polychromatic erythroblasts; P4 are orthochromatic erythroblasts
and reticulocytes, and lastly P5 are mature RBCs. The presence and relative proportions of these
populations can give insight as to the state of erythropoiesis in the organism and reveal potential
deviations from steady state. Furthermore, the presence of increased amounts of P1-P4
populations in the spleen can indicate extramedullary hematopoiesis as a response to anemic

stress.
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Complete Blood Counts

The collective assessment of multiple peripheral blood parameters is referred to as a
complete blood count (CBCs) and provides insights into the state of hematopoiesis in the body
and the overall health of the organism. Conveniently, unlike immunopathology of the spleen or
marrow, CBCs can be measured repeatedly over the life of a mouse model organism. Collected
generally via insertion of a heparinized glass capillary into the retroorbital sinus or via puncture
of the skin via a sterile lance, CBCs can indicate the number of RBCs in circulation, the quantity
of hemoglobin in the blood, the presence of white blood cells, etc. In general, it is good practice

to keep the site of blood collection consistent across an experiment to achieve quality results.

The Goals of this Dissertation

The exploration and treatment of rare diseases is often confounded via the absence of
viable animal models, either due to difficulties deploying the disease mechanism in animals or
lack of attention from the scientific community. Clearly, developing treatments for rare human
conditions can be hamstrung by a lack of experimental models to validate them in a pre-clinical
setting. Generally speaking, knock-out and knock-in models have been the experimental
standard for decades, but given the enormous differences between human and animal physiology

the fact that certain diseases cannot be readily modeled via animal models is not surprising.

The goals setting this dissertation in motion can be divided into two primary
experimental aims. In the first portion of chapter two we explore the attempted generation of a
mouse model of CDAla via inducible knock-out of Cdan utilizing a pair of disparate Cre

recombination methodologies. We characterize the non-viability of inducible Cdanl knock-out
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in adult mice. In the second portion of chapter 2 we demonstrate rescue of the Cdanl knock-out
mouse models via lentiviral gene therapy delivering the human Cdan! orthologue. In chapter 3
we discuss the implications of the work moving forward and indicate a potential CDAla disease
mechanism informed in part by artificial intelligence. We further discuss the implications of

Cdanl as a central regulator of cell fate and division.

In totality, this dissertation demonstrates the power of gene therapy, along with the
insufficiency of knock-out animal models in certain contexts, how animal models can be poor
facsimiles of human physiology, and how artificial intelligence is poised to revolutionize

fundamental biological research.
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Figures
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Figure 1.1. Simplified diagram of hematopoiesis. The hematopoietic stem cell (HSC)
produces daughter cells that differentiate in a progressive manner. As these cells progress, they
become progressively restricted in their ability to adopt different lineages, becoming committed
to a single lineage type. Further differentiation steps beyond committed progenitors are
simplified as dashed lines. Recursive arrow at HSC stage indicates the self-maintenance

function of these essential stem cells. HSC: hematopoietic stem cell, MPP: multipotent
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progenitor, CMP: common myeloid progenitor, LMPP: lymphoid primed multipotent progenitor,
MEP: megakaryocyte-erythrocyte progenitor, GMP: granulocyte-macrophage progenitor, CLP:
common lymphoid progenitor, EP: erythropcyte progenitor, MkP: megakaryocyte progenitor,
GP: granulocyte progenitor, MacP: macrophage progenitor, Pro-B: B cell committed progenitor,
Pro-T: T cell committed progenitor, Pro-NK: natural-killer committed progenitor. Adapted from

Cedar and Bergman, 2011°¢
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Figure 1.2. Simplified diagram of erythropoiesis. Erythropoiesis begins with the
hematopoietic stem cell (HSC) then progressively moves through multiple steps of sequential
differentiation and expansion starting at BFU-Es, and ending with the mature erythrocyte in
circulation. Erythroblasts associate with the erythroblastic island macrophage (EBI) as they
mature. Ejection of the nucleus as a pyrenocyte leads to the maturing reticulocyte that undergoes
extensive membrane and organelle remodeling to become a mature erythrocyte. BFU-E: burst-
forming unit-erythroid, CFU-E: colony-forming unit-erythroid, ProE: proerythroblast, BasoE:
basophilic erythroblast, PolyE: polychromatic erythroblast, OrthoE: orthochromatic erythroblast.

Adapted from Ginzburg, et al. 2023."7
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Figure 1.3. Graphical overview of factors involved in regulation of erythropoiesis. Multiple

signaling molecules, miRNAs, and transcription factors function at each step to induce sequential

differentiation programming. Cytokines are indicated in blue, miRNAs are indicated in red, and

transcription factors are indicated in black. Horizontal arrows indicate approximate timeline for

a given step. Adapted from Hattangadi, et al. 201
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Reverse transcription
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Figure 1.4. Graphical representation of steps involved in lentiviral reverse transcription
converting the ssSDNA genome into dsDNA for integration into the infected cell’s genome.
DNA is indicated in yellow, RNA is indicated in red. 1. The tRNA primer is based paired to the
primer-binding site (PBS). 2. Initiation of reverse transcription by the reverse transcriptase (RT)
indicated as a purple ellipse, begins at the tRNA primer, replicating the 5’ end of the genome
complete with the U5 and R sequences. This produces an RNA/DNA duplex. RNase-H activity
removes the RNA template as the RT progresses. 3. Transferring the minus-strand to the 3’ end,
DNA synthesis continues. 4. Reverse transcription process continues to the remainder of the
genome, with purine-rich tracts (PPT) of RNA left intact. 5. The PPTs act as primers for plus

strand DNA synthesis. 6. Both plus and minus strands of DNA are elongated and completed,
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leaving a central flap (cFLAP) which is essential in integrating the genome subsequently.

Adapted from Milone and O’Doherty, 2018.%8
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CHAPTER 2 — LENTIVIRAL GENE THERAPY PROVIDES ROBUST PROTECTION
AGAINST PANCYTOPENIA IN AN INDUCIBLE CODANIN-1 KNOCKOUT MODEL

Chapter 2 is adapted from a manuscript with the same title in preparation by Perry Demsko,

Carlo Castruccio Castracani, Lucas Tricoli, Amaliris Guerra, Laura Breda, Pankaj Sharma, Ariel

Rivera, Megan Fedorky, Naoto Tanaka, Tyler Papp, Yink Tam, Barbara Mui, Hamideh Parhiz,

and Stefano Rivella. I contributed to this work by formulating experiments, performing

experiments, soliciting feedback, analyzing data, composing the initial draft, and performing

project management.

Abstract

Congenital Dyserythropoietic Anemia la (CDAla) is a macrocytic anemia caused by
biallelic mutations in Codanin-1 (CDANT), a putative regulator of chromatin assembly. The present
treatment paradigm for CDAla is limited to blood transfusions, with allogeneic hematopoietic
stem cell (HSC) transplant being the only curative option. Because of embryonic lethality in Cdanl
knockout mice, the lack of a CDAla model has limited the development of novel therapies. Here,
we report an inducible Cdan """ mouse model for the study of CDAla and the development of
gene therapies. Deletion of Cdanl in adult animals was achieved via a dSRNA analog, poly(I:C),
administered to Cdan™" Mx-Cre mice (Cdanl*™). Upon induction with poly(I:C), Cdanl*™*
animals developed an aplastic bone-marrow phenotype by 7-10 days post-treatment. As an
alternative approach, we delivered Cre-encoding mRNA via targeted lipid-nanoparticles (LNPs)
to Cdan """ HSCs as part of an ex vivo transplant (Cdan1?*"F). Cdan1#*F HSCs failed to engraft.

However, pre-treatment of Cdanl*** HSC with a lentiviral vector expressing human CDANI

under the control of a constitutive promoter led to the complete rescue of Cdanl**" animals.
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These observations indicate an essential role of Cdanl in HSC survival and provide evidence of a

potential therapy for patients with CDA1a.

Introduction

The Congenital Dyserythropoietic Anemias (CDAs) are a group of disorders characterized
by ineffective erythropoiesis characterized by anomalous erythroid differentiation and replication
pathways.””!1% CDAs represent a large group of mechanistically diverse, hypoplastic anemias
divided into several categories: (1) CDA types I-III, (2) transcription factor-related CDAs, and (3)
CDA variants.'°! The lack of suitable animal models for CDAs has limited the development of
novel treatments, including gene therapies.

Mutations in CDAla account for approximately 12% of all CDA cases caused by biallelic
hypofunctional mutations in CDANI.'%2 CDANI1 is thought to negatively regulate chromatin
deposition during S-phase, but full elucidation of its functions is not understood.!?® Patients with
CDAla present with moderate to severe macrocytic anemia, insufficient reticulocyte response,
and assorted skeletal and limb deformities.!® Their bone marrow exhibits erythroid hyperplasia,
replete with up to 10% erythroblasts with characteristic binucleation or internuclear chromatin and
cytoplasmic bridging between cells.!% Treatment options for patients with CDAla are very
limited, often restricted to blood transfusions and management of iron overload caused by
ineffective erythropoiesis and chronic transfusions.'® Al