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Diffuse Large B Cell Lymphoma (DLBCL), a sub-species of Non-Hodgkin’s Lymphoma remains
as the most common diagnosis of Lymphoma in western countries. At present, the de facto
pathway of treatment is R-CHOP chemotherapy,and in the case of relapsed or refractory
DLBCL, a second line of chemotherapy is used, along with high dose therapy and autologous
stem cell rescue(HDT/ASCR). Although these treatment pathways serve to be a potential cure
for a good fraction of patients, there still remains a large percentage of patients with whom such
treatments are not applicable. A novel treatment currently used is CAR therapy, where Chimeric
Antigen Receptors(CAR) are attached to lymphocytes to program their targeting specificity and
cytotoxicity. Recent therapies all use autologous T-Cells, however this is a very tedious and
expensive process since the therapy is specialized to the patient(allogeneic T-Cells are very
prone to HLA mismatch, which results in Graft versus. Host Disease(GvHD). Alternatively, by
creating HLA Class I-deficient anti CD19 CAR-NK cells through CRISPR/Cas9 gene editing
technology and using allogeneic NK cells derived from Induced Pluripotent Stem Cells(IPSCs)
as a source, it would be possible to develop an “off-the shelf” CAR-based immunotherapy to
target DLBCL in patients. In this paper, | propose such a CAR-based immunotherapy and
predict that it could potentially be used in cancer therapeutics, as it would bypass the HLA
mismatch restriction, lower risk of cytokine release syndrome, and also minimize the risk of
GvHD in patients, all while eliminating malignant B-cells.
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Introduction

The immune system is the human body’s primary defense system against infections categorized
into 4 groups: Viruses, Intracellular bacteria, Extracellular bacteria, and Parasitic Worms.
Immune cells make distinctions between healthy and unhealthy cells by identifying
stress-induced ligands on the cells. It distinguishes between normal, healthy cells and unhealthy
cells by recognizing a variety of "danger" cues called danger-associated molecular patterns
(DAMPs). Viruses and Bacteria, on the other hand, release pathogen-associated molecular
patterns (PAMPs), which are also recognized by the Immune System. The Immune System can
be divided into two major branches of preventative measures - Adaptive Immunity and Innate

Immunity(1,2).

Innate immunity is one of the two preventative measures that the human body can activate in
order to eliminate a desired pathogen. Unlike the adaptive response, it is a first line defense
against infection and malignancies . The benefit of this is that it eliminates the wait-time
between activation of the adaptive immune system and effectiveness of the cytotoxic measures
applied when a new foreign pathogen is encountered. The cells that are part of the innate
immune system are not specific to particular pathogens like in the Adaptive system. Innate
immunity depends on a set of proteins and phagocytic cells that recognize highly conserved
features in pathogens, which are then quickly activated to eliminate invading cells. Three types
of main innate immune system cells that respond to invading - granulocytes, natural killer cells,
and macrophages(1,2,3). The Innate Immune system is also responsible for the activation of T
cells and coordinating the Adaptive Immune response, through the production of cytokines, and
antigen presentation. Cytokine proteins emitted by innate cells activate nearby immune cells

and recruit them to clear the pathogen or stressed cells. Macrophages and dendritic cells can
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then process and present antigens, a piece of a foreign substance used to instigate an immune

response against that substance, to adaptive cells after the system detects danger(1, 2, 3, 4).

The second preventative measure used by the human body is the adaptive immune system,
which mainly consists of T cell and B cell lymphocytes(1, 2). Adaptive immune cells provide
antigen based immunity that is tailored specifically to the pathogen presented at the time of
infection. The adaptive immune system also serves as a life-long protective measure from
infections that have already been experienced by a patient. The activation of the adaptive
immune response is dependent on the process of antigen presentation. Antigen presentation is
the process by which cells of the innate immune system, including dendritic cells and
macrophages, present antigens to adaptive immune cells resulting in the activation of these
antigen specific cells. Only cells which can recognize the antigen via a T-cell receptor or B cell
receptor are selectively activated and undergo clonal expansion. The activation of adaptive
immune cells is fortified by cytokine proteins that are secreted by innate immune cells during an
immune response(5). The adaptive immune system is split into two broad classes of immune
responses - humoral responses and cell-mediated immune responses. Both classes of immune
responses play critical roles in the overall immune response of the human body, and are antigen
dependent immune responses which provide immunological memory for specific pathogens(1,

2,8, 12).

Immune cells

All lymphocytes including T cells, B cells, and NK cells share a common progenitor that is

abundant in the bone marrow(6, 7). Lymphocytes are a type of white blood cell utilized by the

immune system. Adaptive lymphocytes, as previously mentioned, are generally classified into
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two broad types of cells: T cells and B cells(1,2, 5, 6, 8). On the other hand, NK cells are
classified as cytotoxic effector lymphocytes which means that while they are fully capable of
eliminating foreign pathogens within the human body. NK cells are also capable of presenting
antigens and releasing cytokines to recruit other nearby lymphocytic cells such as T cells or B

cells to induce an antigen specific response(9, 10).

B cells are predominantly responsible for carrying out antibody responses during an immune
response. Activated B cells secrete antibodies or immunoglobulins, which drift through the
human body, and can bind to specific antigens, and inactivating the antigen. After binding to the
antigen, the immunoglobulins are also capable of being secreted and marking antigens for

destruction, in order to aid the phagocytic cells of the innate immune response(2, 8).

T cells are cytotoxic lymphocytes which are responsible for cell mediated immunity during an
immune response. There are two prominent types of T cells: CD8-positive cytotoxic T cells and
CD4-positive helper T cells. Helper T cells rely on antigen-presenting cells that express MHC
Class | proteins on their membrane such as dendritic cells to identify target antigens. Killer T
cells are then activated by Helper T cells. When Helper T cells identify an antigen presenting
cell, they produce cytokines, which in turn activate Killer T cells.The difference between an
antibody-mediated response and a cell mediated response as with T cells is that T cells interact
directly with the stressed cell to conduct cell lysis(2, 6, 8, 9, 12). Helper and Killer T cells are
distinguished through an important factor known as the Cluster of Differentiation. Each unique
group of molecules and other markers on the surface of a cell is designated a different CD
number, allowing for cells to be phenotyped by their expression of these surface markers and
functional markers. CD antigens are the ones that react in response to recognition of some level
of expression of the Cluster of Differentiation it was numbered for(11). Helper T cells have been

designated as CD4+ T cells, whereas killer T cells have been designated as CD8 T cells.
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NK cells are classified as innate cytotoxic effector lymphocytes, which means that NK cells are
both capable of eliminating foreign pathogens within the human body, as well as presenting
antigens and releasing cytokines to recruit local lymphatic cells like T cells or B cells to induce
antigen-specific immune responses. The main qualities of NK cells as compared to T cells and
B cells is that they do not need to be activated by dendritic cells, or other antigen presenting
cells to carry out their primary function(1, 2,3, 4, 10). NK cell cytotoxicity is regulated by the
operation of Activating and Inhibitory receptors. Activating receptors detect the presence of
“stressor” ligands on the surface of a cell in distress. Stress-induced ligands that are produced
by the cell mark the cell as abnormal to the immune system, and these ligands are
consequently recognized by NKG2D, as well as other NK Activating cell Receptors. Activating
Receptors are also capable of recognizing other alert molecules such as infectious allogeneic
ligands like the cytomegalovirus encoded m157 which is recognized by Ly49-H(in the
mouse)(13). Another receptor that is seen to have expression on NK cell surfaces is TLR4
(Toll-Like Receptor 4)which is part of the family of Toll-Like Receptors, which is part of the
pattern recognition receptor family. TLR4 has an important function of recognizing
lipopolysaccharide (LPS), a component that is present in the majority of gram-negative bacteria.
The receptor is also capable of recognizing other ligands and molecules such as polysaccharide
and Palmitic acid, as well as various other viral proteins and endogenous proteins. In essence,
Activating receptors induce cell apoptosis as a result of recognizable stress ligands on the
surface of the cell in question. Once the stress ligand binds with its corresponding receptor, the
NK cell secretes cytotoxic molecules such as granzymes and perforin, which eliminate the

cell(3,13, 14).

Inhibitory receptors, on the other hand, are tasked with preventing the unnecessary killing of

healthy and autologous cells. This is managed through the recognition of low concentrations of
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MHC (Major Histocompatibility Complex) Class | molecules that are present on every cell in the
body. MHC proteins are fundamentally different for all humans, so inhibitory receptors are only
capable of recognizing autologous MHC molecules. When MHC Class | is not presented to the
inhibitory receptors, the inhibitory cell receptor is inactivated, allowing for the activating cell
receptor to behave at full capability. When the activating cell receptor recognizes a stress ligand
in the absence of an inhibitory signal, it will initiate the process of producing cytokines and killing
cells. Rather, when autologous MHC Class | is recognized by the inhibitory receptor, this leads

to an increased inhibitory signal being present which inactivates the NK cell(2, 3, 4,10, 14).

MHC

The Major Histocompatibility Complex is a fundamental part of all human beings, and is unique
to the individual. It can also be referred to as the HLA - Human Leukocyte Antigens. MHC is a
gene locus composed of genes that encode for proteins expressed on cell surfaces. The
surface proteins are correspondingly referred to as MHC molecules. The function of these
molecules is to bind peptide fragments (antigens) which are seen to be expressed in pathogens
to the surface of the cell, and display it to the appropriate T cell for elimination. The uniqueness
of the MHC can be connected back to two important characteristics - the MHC is polygenic, and
is also polymorphic. Because it is polygenic, there exists a wide range of class | and class Il
gene loci that all encode for the same protein(15, 16, 17). As a result of the MHC being
polymorphic, there also exists multiple alleles of each loci. Since there are so many
permutations and combinations possible, it is highly unlikely for two people to have the same set
of MHC molecules. The result of the MHC being unique to each person is that NK cells are only

capable of recognizing autologous MHC molecules(15, 16).

Non-hodgkin’s Lymphoma



Suraj Das 6

Malignant Lymphomas have always been a source of disagreement in regards to subcategories
and classifications, and diagnosis, ever since the original report written by Thomas Hodgkin in
1832. It was only recently in 2001, when the World Health Organization updated and refined the
1994 classification Revised European-American Classification(REAL), finally defining 27 distinct
lymphomas, under which Non-hodgkin’s Lymphoma is classified(18, 19). The classification of
major Lymphomas is generally determined by the type of cell malignantly affected - NK cell, T
cell, or B cell. Non Hodgkin’s Lymphoma mainly arises from B cell lymphocytes, and its
sub-species Diffuse Large B-cell Lymphoma(DLBCL) is the most commonly diagnosed cancer in
Western countries, comprising 30% of new diagnoses(18). Non-Hodgkin’s Lymphoma is
distinguished from Hodgkin’s Lymphoma through the absence of certain malignant B-cells
identified as Reed-Sternberg cells(20). DLBCL is clinically aggressive, and is composed of
various similarly aggressive B-cell Lymphomas. Identification and categorization of DLBCL, as
defined by WHO, was determined through three distinct origin cell types - germinal center
B-cell(GCB), activated B cell(ABC), and primary mediastinal B-cell (PMBL). GLB DLBCL is the
result of malignant B-cells with the germinal center B-cells undergoing somatic hypermutations
and ongoing CD10 expression. ABC DLBCL, which is associated with a poorer prognosis when
treated with standard chemoimmunotherapy, is characterized by the activation of the NF-kB
pathway(21, 22, 23, 24). Finally, PMBL results from a thymic B-cell molecule, and has similar
traits to nodular sclerosing Hodgkin lymphoma (NSHL) including utility of the NF-kB and
JAK-STAT signaling pathways, as well as other genetic modifications that help immune evasion.

There also remains another approximately 20% of DLBCL cases that are uncategorized(21).

Current Treatments and Cures
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DLBCL does not have any guaranteed cure, however patients are treated with the intention to
fully cure, and many patients are also able to achieve a long-term disease free status(18). The
current preferred regimen of treatment is a type of chemotherapy. Chemotherapy is conducted
through the injection of extremely cytotoxic chemicals into the region of the tumor. The most
commonly utilized chemotherapy is a cyclical treatment process consisting of four drugs -
cyclophosphamide, doxorubicin, vincristine, and prednisone(CHOP), along with a CD20

monoclonal antibody rituximab(R-CHOP) - that is administered every 3 weeks(21, 24).

However, there still remains the problem of refractory and relapsing DLBCL. In order to combat
this, a second line of chemotherapy is applied, along with administration of High Dose Therapy
and Autologous Stem cell Rescue(stem cell mobilization)(HDT/ASCR), or autologous bone
marrow transplantation(18, 21). This pathway of treatment offers a possible long-term cure for a
fraction of patients. The final fraction of patients, to whom such treatments are not applicable for
various reasons, have a very poor percentage of positive outcomes. To this extent, a novel cure

must be developed in order to guarantee a long-term disease-free outcome.

A novel treatment comes in the form of CAR-T cell Therapy(Chimeric Antigen Receptor). CAR
Constructs are programmable antigen receptors that allow one to manipulate a T-cell’s targeting
specificity, cytotoxicity, as well as other functions such as inhibition and activation. By
programming autologous T-cells extracted from the patient’s body to direct them towards
malignant B-cells, you are producing a sot of “living drug”, where even after the tumor cells have
been eliminated, the CAR-T cells will continue to persist in the body, allowing for your adaptive
immune system to automatically protect against relapsed and refractory DLBCL for a few years

after the initial injection.
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CAR-T cell Therapy has ultimately been an incredible breakthrough of a treatment for
cancer-based illnesses, but even then there are still problems that remain. Perhaps the most
important problem is that CAR-T cells are extremely expensive due to the exclusivity of the
treatment. Each patient must have CAR-T cells extracted from their own body, and only these
CAR-T cells can be modified. This is due to the recognition system of the immune system - The
immune system recognizes healthy cells if they express low concentrations of MHC molecules
on the surface of their cell membrane. If such molecules are not sensed on the surface of a cell,
the immune system will be activated to eliminate these allogeneic cells, causing the patient to
eliminate the very treatment applied, which can also result in extreme Graft versus. Host
Disease(GvHD), and or Cytokine Release Syndrome(CRS). As a result, doctors must extract
T-cells from the patient, and modify those specific autologous T-cells(26, 27). Such exclusivity
only invites extreme expenses, as well as major resources, and time being spent on a singular
patient’s treatment. Currently, there are two existing CAR-T cell therapies which are being used
commercially: axicabtagene ciloleucel and tisagenlecleucel, both which target CD19, a Cluster
of Differentiation protein that is expressed heavily on the membranes of malignant B cells(30,
31). In a clinical study, approximately 50 to 70% of patients were still alive after 12 months of
treatment, however the fact that multiple other patients succumbed to adverse side-effects such
as CRS and or GvHD should not be ignored(28, 30). Still, studies have shown that CAR-T cell
therapy can be successful for patients on whom R-CHOP chemotherapy failed as such its
shortcomings must be further understood to fully exploit the power of CAR-T cell therapy in the

clinic (24).

Generally speaking, while CAR-T cell therapy has been proven to be a successful treatment, its
feasibility as a treatment option for the general public is quite low, with only a small number of

people being able to afford it, as well as the immense risk of adverse side-effects.
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CRISPR/Cas 9 Gene Editing Technology

In recent years, many breakthroughs in gene editing technologies have been made through a
method known as CRISPR/CAS9, which stands for Clustered regularly interspaced palindromic
repeats, and Cas9 is recognized to be a CRISPR associated protein. Originally, CRISPR and
Cas9 served as a mechanism of immunity in bacteria. When a bacterium detects the presence
of viral DNA within the cell, the bacteria produces two strands of RNA. One of which is the
corresponding RNA strand to the viral DNA strand. The two RNA strands form a complex with
the CRISPR associated protein, known as Cas proteins(32, 33, 34, 35, 36). The Clustered
regularly interspaced palindromic repeats are the second important piece to gene editing
technology. The matter of interest however, is not these palindromic repeats, but rather the DNA
sequences in between each of these repeats, referred to as spacers(32-36, 37). These spacers
were discovered to be highly conserved DNA strands in different pathogens, as well as other
mobile genetic elements. Experimental evidence towards this conclusion came in the form of
trials run by Horvath, depicting that after being challenged by a phage genome, the bacteria
Streptococcus thermophilus had in fact incorporated new spacer sequences which had been
derived from the bacteriophage’s genetic material(32, 34). These spacers specify to the
CRISPR associated protein complex what the target of elimination is. Although the
CRISPR-Cas9 system is the one discussed commonly due to its applications in the fields of
gene editing, there are many more systems of CRISPR-Cas associated proteins that exist.
CRISPR-Cas9 is a Type Il system, and considered to be one of the more simple systems of

adaptive immunity that is utilized by a bacterium(33, 35, 38).

There are two different scenarios under which CRISPR-Cas9 is capable of operating on. The
first is the more common occurrence when the viral DNA inserted by the bacteriophage is

already conserved within a spacer sequence. In this scenario, bacterial microbes capture
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fragments of the viral DNA which was inserted into the bacterium, and process it through all the
spacer sequences until it reaches a spacer sequence which conserves some of that specific
viral phage’s DNA. Transcription of the CRISPR array produces a piece of RNA known as
pre-crRNA which is processed into individual crRNAs with unique specificity. crRNA serves as a
guide for Cas9 protein to a complementary sequence of viral DNA. Cas9 proteins are produced
from an array of genes known as Cas genes. The Cas genes are located upstream of the
Crispr. Cas proteins are helicases which target specific cutting regions to make double stranded

DNA cuts(33, 36).

The second scenario is when the bacterium is challenged by an unrecognized bacteriophage. In
this scenario as well, microbes of the bacterium will capture fragments of the viral DNA, and
process it through the spacer sequences. The fragment of viral DNA will then be integrated into
a new spacer sequence. The rest of the process is the same from the previous scenario, with
the bacterium producing a pre-crRNA through transcription, and consequently forming a

complex with a Cas protein to guide it to the source of infection(35, 36).

Once the pre-cRNA has been produced by RNA polymerase, it is then cleaved into small crRNA
by specific endonucleases. Although crRNA have a variety of functions, one of their most highly
recognized ones is that of a guide RNA. crRNA cleaved from the pre-crRNA is then hybridized
with a tracrRNA, a type of noncoding trans-activating crRNA which is complementary to the
crRNA to form a tracrRna:crRNA complex - a dual guide RNA(35, 36). This allows for bonding
specific to Cas9 nucleases. The complex formed by the dgRNA with the Cas9 helicase is what
allows for the Cas9 helicase to be able to target the viral DNA that infiltrated the bacterium. This
is where the final stage of elimination/interference occurs(37). Directed by the dgRNA complex,
the Cas9 endonuclease traverses the genomic material, scanning for the correct

PAM(proto-spacer adjacent motif sequence) sequence which is located opposite to the target
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strand(33, 36). Once the PAM site is correctly identified, the double stranded DNA is unwinded,
and the Cas9-sgRNA complex binds to the target single strand DNA, and ultimately induces a

blunt double stranded break(40).
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Figure 1. The following are the steps for CRISPR Cas9 Type |l system based immunity. Once viral
DMA has been inserted, spacer acquisition will occur, where the cell integrates a fragment of the viral
DMA into a spacer sequence. Following this, the stage of expression occurs, where the cell
transcribes the viral DNA, and a complex with Cas9 protein is formed. The final stage of interference
occurs when the guide RNA complex has finally directed the Cas9 protein to the viral DNA, where the
Cas9 protein induces a double-stranded break in the DNA.

The importance of this biological system is that scientists were successfully able to implement
Cas9 endonuclease activity within human settings. It was discovered that by fusing the 3’ end

of the crRNA to the 5" end of the tracrRNA, it would be possible to form a single chimeric guide
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RNA(sgRNA), which would be capable of forming a complex with Cas9 to direct it towards viral
target DNA(33, 36, 39) . Such a discovery permitted researchers to be able to modify the
specificity and location of the DNA cleavage that is to be conducted by Cas9. After Cas9
induces the double stranded break, the cell either undergoes NHEJ(non-homologous end
joining), or homologous recombination. Both pathways have their advantages and
disadvantages. In the case of Crispr/Cas9 technology, NHEJ tends to be the more common
pathway of DNA preparation. In this pathway, the DNA repairs itself at the location of the double
stranded break using endogenous repair machinery. This repair mechanism is very error prone,
and oftentimes can result in the addition of small nucleotide insertions or deletions, which
consequently result in various mutations including insertions, deletions, and frameshift
mutations. On the other hand, HEJ(homologous end-joining) is a more precise pathway of
reparation, which allows for researchers to incorporate new DNA sequences into the area where
the DS break occurred. In order for the DNA to undergo this method of preparation, a template
strand of the DNA sequence must be supplied to the cell(33, 41, 42). For the purpose of this

paper, we will induce HEJ in the cell.

CAR Design

In recent years, there have been many breakthroughs in methods of modifying T cells and NK
cells to target specific tumor cells. This was done through the addition of a Chimeric Antigen
Receptor (CAR) to the NK cell. Integration of a CAR in a NK cell allows for an increase in
overall cytotoxicity of the cell, as well as programmable targeting specificity for a desired
antigen. CAR Nk cell history can be summarized over four generations of CAR NK cell. The
fourth generation is the currently used, and most effective type of CAR Nk cell. A fourth
generation CAR designed for integration with an NK cell typically consists of three main parts -

the ectodomain, the transmembrane region, and the endodomain(42).
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The ectodomain is made up of a signal peptide, and an extracellular antigen identification
domain - typically a single chain variable antibody fragment (scFv). The CAR sequence begins
with a short signal peptide, which are short sequences that are located on the N terminus of
proteins, and contain data regarding the protein’s post translational roles and destination. There
is an immense number of variant Signal peptides, which makes its selection process quite
difficult. Currently, CD8a SP is the most commonly used signal peptide, however it has not

actually been scientifically determined as to what the optimal signal peptide is(42, 43).

The single chain fragment variant is a fusion protein composed of the variable regions in the
heavy and light chains of an antibody. It is also known as the tumor antigen binding domain. An
scFv is typically generated to contain an antigen binding site by cloning the heavy and light
chain variable regions of an antibody(Vh and VL). The two chains are consequently linked to a
flexible polypeptide linker, which is normally a multimer of the polypeptide glycine-serine. The
scFv is an artificially created chain, so the orientation has also been artificially determined(44).
At present, most scFvs have been constructed using a VH-VL orientation, as compared to a
VL-VH orientation. In actuality, it has been proven by Fujiwara et. al in a paper regarding the
construction of scFvs that orientation of heavy and light chains, as well as differences in the
linker do not correlate to an alteration in CAR efficacy and function(42, 45). On the other hand,
integrating heavy and light chains from multiple different antibodies can sometimes lead to
increased CAR affinity(42, 46). Finally, there occurs a large number of different scFv chains, and
it is possible for multiple variants of an scFv to attach onto different epitopes of the same
protein. As a result, the scFv determines the targeting specificity of the CAR NK cell, as well its
function. Determining the most appropriate scFv is a difficult process, however, as a large

quantity of tumor-associated antigens are also expressed at lower levels in healthy cells, which
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can possibly lead to self compromisation of healthy cells(CAR NK cells binding to

normal/healthy tissue)(42).

The hinge region, also known as a spacer, is what connects the scFv to the transmembrane
domain.This region serves the purpose of enabling flexibility throughout the chain, easy access
to the target antigen, and ensures CAR stability. Most CAR-NK constructs used in research
have been variants of the CD8a, and CD28, but recent breakthroughs have noted that CD28
has an increased likeliness of promoting dimerization of CAR molecules, which results in a
higher chance of cytokine release syndrome being induced during CAR-NK cell therapy. As a
result, it was also noted that a hybrid version of the CD8a region was capable of increasing the

safety of CAR-NK cell therapy(42, 47, 48) .

The transmembrane(TM) domain of the CAR protein docks the receptor to the NK cell
membrane and connects the ectodomain to the intracellular activation signaling domains which
allows for engagement of signaling cascades that leads to cytotoxic effector function. It has
been proven that choice and modification of the TM domain can result in changes in NK cell
killing capacity(42). Le et al showed that the incorporation of a NKG2D transmembrane domain
into the chimeric antigen receptor resulted in increased cytotoxicity, whereas using another
costimulatory transmembrane domain decreased the rate of cytotoxic granule release(49). As is
evident from this study, it is important to select a transmembrane domain that will be capable of

enhancing CAR NK cell functionality.

The transmembrane has a second function of connecting to the endodomain, which
encompasses the intracellular activating signals(42, 43). As previously mentioned, there are
four generations of CAR constructs, and the generation of a Construct is determined by the

number of intracellular activating signal domains a Construct is composed of. Activating signals
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are what are responsible for the activation of the NK cell upon recognition of the target antigen.
NK cells use a variety of activating receptors, including various different cytokine receptors that
each play fundamental roles in an NK cell’'s growth and development. An important factor to be
considered is that a large number of receptors have common adaptor molecules and signal
pathways. First generation CAR Nk cells consisted of only the CD3( signal molecule, which had
a singular purpose of activating the NK cell to induce cytotoxic functions upon the target
antigen. The second and third generations included the addition of one and two costimulatory
molecules respectively(43). Costimulatory molecules have various functions, and are generally
selected to modify the cell in ways such as improving safety profile, increasing cytotoxic
functionality. Some of the more commonly used costimulatory molecules are derived from
various groups such as the CD28 family, the tumor necrosis factor receptor, and, or the
signaling lymphocytic activation molecule (SLAM)-related receptor family(42). Strong activation
signals are important to induce a strong anti-tumor effect, however this can also result in rapid
consumption of the CAR Nk cells. For this reason, different permutations and combinations of
costimulatory molecules are utilized in order to program the desired immune response.
4-1BB/CD3( signals, for example, induce sustained antitumor activity in vivo, as well as memory

associated genes(50).
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Figure 2

A 4dth generation CAR construct. The single ehain Fragment variable, consisting of a fusion
of the heavy and light variable chains of an antigen, are connacted to the transmembrane
region via a Linker region. The transmembrane region docks the CAR onto the cell, as well
as connecting to the intracellular signaling domains. In a fourth generation CAR construct,

there are 4 signaling domains(42, 43).
Created in BioRender.com bio

Safety mechanisms can also be installed onto these activating domains, allowing for rapid
elimination of CAR modified Nk cells, to prevent adverse reactions such as Cytokine Release
Syndrome. Incorporation of the suicide gene iCasp9, for example, has been shown to be an
effective way to lyse all CAR carrying lymphocytes in the patient should the CAR Cells begin to

mutate or behave abnormally(51).

To this extent, the fourth generation of CAR Nk cells have been further developed to express
strong antitumor functionality, and have also been derived from TRUCKSs(T cells redirected for
antigen unrestricted cytokine initiated killing) (562). In fact, a large majority of the research
conducted on CAR-Nk cells comes from the field of CAR-T cells. This can be attributed to

various reasons, however one important one is that many signaling pathways and activating
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molecules are shared by both Nk cells and T cells. As a result, various discoveries in the CAR-T

cell field can be applied to CAR-NKk cells.(42, 43)

These three parts, along with various other variable regions, allow for the efficacy, cytotoxicity,
and specificity of a CAR-NK cell to be modified to a researcher’s advantage. Expression of a
CAR molecule in a NK cell requires the insertion of a plasmid vector that encodes for a specific
CAR gene. A typical vector backbone generally contains an origin of replication, a selection
marker gene and/or an antibiotic resistance gene, a custom promoter for the desired gene, and
transcriptional regulation fragments. Most commonly, viral vectors such as retroviruses and
lentiviruses are used to introduce plasmids into eukaryotic cells (42). Another technique for
inserting plasmids into human cells is electroporation, which involves placing the cells under an

electrical current causing ion channels to open and inadvertently the uptake of plasmid vectors.

NK cell Sources

One of the problems that arises with an NK cell based treatment is the sourcing of functional NK
cells. It is not possible to extract an adequate amount of NK cells from the patient’s body, since
Nk cells only comprise 10% of all lymphocytes, and a decent majority of Nk cells tend to be
dysfunctional(52). Hence, the only alternative is to extract cells from a healthy donor, and create
a sort of “off-the-shelf Nk cell source”. One commonly used source is the NK-92 cell line. This
NKk-cell Line is the only one out of six other recognized Nk cell lines that has consistently
displayed antitumor functionality and cytotoxicity. Indeed, it is also seen to be the easiest cell to
be able to genetically modify and program cell characteristics, such as targeting specificity,
cytotoxicity, as well as other various roles that an Nk cell may be responsible for(52). Nk-92 cell
Lines have previously been produced by immortalizing clonal Nk cell lines from patients affected

by Nk-cell Lymphoma. The dilemma here is that there are a small number of patients that are
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affected by Nk-cell Lymphoma, and furthermore, the chance of a clonal outgrowth of a cell-line
is also incredibly low, resulting in only a handful of developed clonal Nk-92 cell Lines. On the
other hand, once a cell line has been developed, they are quite easy to maintain and expand:
the doubling time of a culture is 2-4 days, allowing for treatments to be administered on a
flexible schedule. As a result, Nk-92 cell lines are so commonly used because they are the

easiest to maintain, and are also inexpensive(42, 52, 54).

Although they seem to be very advantageous, they also have numerous flaws. Nk cells are
developed from a malignant patient, so it raises the question as to whether it is safe to insert
these cells for treatment purposes. As it turns out, in order to inject these Nk-cells into the
patient, they must be irradiated first in order to prevent uncontrolled proliferation. On the other
hand, by irradiating the cells, you are also reducing the capability of the Nk cell to reproduce in
vivo should there be the need to eliminate more malignant cells, as well as their lifespan(52).
The Nk-92 cell line has also been recognized to contain the Epstein-Barr virus, as well as being

aneuploidy(42, 55).

Another attractive source of NK cells that has gained some traction over the past few years is
deriving NK cells from human induced pluripotent stem cells(IPSCs). By reprogramming adult
somatic cells through inducing genes and other factors that express the necessary properties of
an embryonic stem cell, it is possible to produce a cell that retains an embryonic stem-cell like
state. In order to derive Nk cells from IPSCs, the IPSCs must first be differentiated into CD34+
hematopoietic stem cells. Additional gene expression can be induced in order to further modify

functionalities to resemble that of an NK cell.

Research has shown that NK cells derived from IPSCs have cytotoxic functionality, and are

also capable of targeting tumor cells both in vitro and in vivo - experiments run by Ni et al. show
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data that IPSC-derived NK cells were capable of inhibiting HIV-1 NL4-3 infection of CEM-GFP
cells, and were also able to control/suppress HIV-1 infection CD4+ T-cells through three
functionalities: direct lysis, production of cytokines, and/or antigen dependent cellular
cytotoxicity(42, 55, 56). Furthermore, in another study conducted by Li et al.(2018), CAR
expressing IPSC-derived NK cells displayed increased levels of antitumor functionality as
compared to T-CAR-expressing iPSC-derived NK cells (T-CAR-iPSC-NK cells) and
non-CAR-expressing cells when all three were directed towards the tumor-associated antigen
mesothelin(49). IPSC-based NK cell lines are also advantageous over other primary stem cell
sources as they have a comparably better safety profile than sources such as human embryos
and bone marrow biopsies(42). Additionally, IPSCs are also feasible for clinical applications - as
supported by results from Knorr et al. - they developed a novel method for producing
cytotoxic(expressing CD56, killer immunoglobulin-like receptors (KIRs), CD16, NKp44, NKp46,
and NKG2D) NK cells which would only need fewer than 250,000 input IPSCs to treat a single
patient(55). There are, however, still some potential challenges with IPSCs. IPSC-derived cells
always have the potential to malignantly transform and retain immunogenicity, which would
cause an inflamed cytokine release storm. Such problems have not been seen in studies,
however the problem is undeniably there(42). A possible solution includes attaching a
costimulatory molecule to the CAR receptor that behaves as a “safety switch” in the chances
that the cell starts behaving abnormally. Although IPSC-derived cells do have some minor flaws,

they are apparently more advantageous to use a cell source than NK-92 cells.



Suraj Das 20

HEFZ cally PRMC. Cord blsed COE4* HPCs IPSCs
& s
; = CAR-APSC
[ilfararasation
bl ll:u'lmnlm-\:n
fﬂﬁﬂ-HPﬁ A CAR-HPE
CAR-anpiaisng LV
S GAR-capreasing Lve [aflaraniiation
or iva Iransductio
Illtuuu H"‘\.‘ ‘/ uu wall
|IIHI|I4|IIII|;f ‘ . e CAR-NK oslls
GAR-MK oslls
W Eaparann » 1 |E'"'“'“" ‘ Engansion
—_— - i
- - Infugion lusion
CAR-NEDE eslls
CAR-NERT oells
® Toal Monooyte

* Bosll Ly
W CAR-NEcell @ CAR-MESZ cull

(Reference: 73)

Figure 3: This figure depicts different potential MK cell sources. On
the far-left is the currently most commonly used cell source: the
MNK-92 cell line. The MK-92 cell line simply undergoes introduction
to the CAR vector to successfully integrate the CAR into the
MNK-92 cells, and those cells are used for treatment. Alternatively,
on the far right, a possible cell source is IPSCs, which could go
through two different pathways to differentiate into a CAR-NK cell,
The pathway used for my experimental method is where the CAR
vector is only added to the IPSC after it has gone hematopoietic
differentiation, and further genetic modification to convert it into an
MK cell.

Cell Design & Experimental Method

With the steadily growing popularity of CAR-NK cell based treatments, here | propose a
hypothetical cell design, as well as the experimental method required to create it, that would be

capable of treating DLBCL in patients.

As it is evident from previous studies and papers that the most advantageous cell source to be
used is human IPSCs, from which we will derive our NK cells from this source. To begin, we
must select a process for derivation, as well as a source from which to produce IPSCs. IPSCs

are induced from differentiated adult somatic cells, so hypothetically any cell could be selected,
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but some procedures tend to be more invasive than others(fibroblasts require skin biopsies as
an example), so it would be preferable to select a cell source that does not intrude on the donor
as much as possible. Such a source exists in the form of keratinocytes from human-plucked
hair. Even though there are different types of hair follicles, for establishing a source of
keratinocytes, either fine vellus or thick terminal hair follicles will suffice(57). Once the hair is
plucked, it can be sustained in a DMEM media for multiple days. Such a long time implies more
convenience on all parties involved: donors will not even have to leave their home, and
researchers will not have to worry about being on a time crunch to preserve the hair follicles
before they lose their ability to proliferate(57). After successfully preparing a culture of
keratinocytes, we must induce an embryonic stem-cell state in the cells. This can be done
through the overexpression of four transcription factors: OCT4, SOX2, cMYC, and KLF4(60, 61,
62). Additionally, a clinical study which has been performed showed that as compared to
fibroblasts, keratinocytes have a 100-fold higher efficiency, as well as being two-fold faster to
reprogram(57, 60). Following the completion of reprogramming, it is crucial to maintain the state
of pluripotency, which can be done by using compounds that inhibit glycogen synthase kinase 3,

lysine-specific demethylase 1, or G9a(60).

Once a source of IPSCs have been produced, begin the second step of processing the IPSCs
through hematopoietic differentiation in order to produce a source of CD34+ Hematopoietic
Stem cells. Hematopoietic differentiation can be achieved through a process introduced by
Knorr et al. Differentiation is mediated by stromal cells, and the IPSCs are initially briefly placed
in an RPMI 1640 medium promoting preservation and NK Cell differentiation. After replacing
medium every 3 days for 18-21 days, the cells were placed onto EL08-1D2 stroma with 1 ml of
NK cell differentiation cytokines (IL3, IL15, IL7, Stem cell factor and FLT3L). Mature NK cells will

then arise after 28-35 days of coculture(63).
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Once an NK cell source has successfully been developed, we can begin genetic modification
through CRISPR/Cas9 technologies to modify the NK cell to modify targeting specificity, as well

as some other functions.

One of the main problems currently arising with CAR-T cell therapies, as well as novel CAR-NK
cell therapies is HLA mismatch. As previously mentioned, if autologous HLA molecules are not
recognized on the surface of a cell, the cell will be marked for elimination. In the case of NK
cells, there are slight concentrations of HLA Class | molecules on the cell membrane(1, 2, 3).
These molecules interact with various inhibiting receptors of the NK cell to indicate that the cell
is healthy. Since there are multiple receptors which interact with Class | HLA molecules, it would
be more efficient to simply prevent surface-level expression of HLA Class | molecules. This is
possible through inducing a double stranded break in the B2M gene, which has shown to have
correlation with the rate of surface-level HLA Class | molecule expression on cell
membrane(64). Additionally, by coexpressing a single chain HLA Class E trimer which is
capable of inhibiting NK cell-dependent lysis, we can successfully prevent NK cell fratricide,

which is one of the main dilemmas surrounding CAR-based therapy(65).

To induce a double-stranded break in the B2M gene, a lentiviral CRISPR/Cas9 vector
pLE38-Cas9-sgB2M/gNKG2A must be used. The target sequences for the B2M gene can be
created using an sgRNA designer, and then cloned into the Esp3l sites of the vector using
annealed oligonucleotides(64). Instead of allowing the DNA to repair itself through the
Non-homologous end joining pathway, we will induce homology directed recombination of DNA
by introducing a piece of template DNA into the NK cell. The purpose of this will be to perform a

gene knock-in, where we substitute the CAR gene into the location of double-stranded break.
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As of now, the most commonly utilized CAR vector to combat lymphomas has been the anti
CD19 vector, because of its high expression on the surface of malignant B cells.. To this extent,
I will be modeling this hypothetical CAR receptor to be capable of targeting CD19 in malignant B
cells. The components of the Chimeric Antigen Receptor will be: a single chain fragment
variable FMCG63, which has been proven to exhibit potent targeting ability towards CD19, and
has effectively lysed CD19-positive cell lines when cocultured in vitro with them(the scFv was
incorporated into a basic CAR construct backbone)(66). The hinge region attached to the scFv
will be a CD8a region, which multiple studies have shown to be the most optimal hinge region
for CARs given its high safety profile and reduced chance of inducing cytokine release
storms(42, 47). A transmembrane domain of NKG2D and a costimulatory domain of 4-1BB will
be conjoined onto the other end of the hinge region. These two domains specifically have been
identified to increase anti-tumor activity, as well as promoting antigen-induced NK cell-mediated
cytotoxicity(49, 67),. Finally, a suicide gene known as iCasp9 will be added as a costimulatory
molecule to the CAR vector. The iCasp9 will serve as a safety switch to effectively lyse all CAR
expressing cells from the patient in the case of unexpected mutations or other problems(51).
This CAR gene will be transduced into a retroviral vector, as retroviruses allow for the CAR to be
permanently integrated into the host cell's genome(68). There is also much precedent for
retroviral-based CAR vectors - they are safe and have FDA approved protocols(68). The vector
will additionally include an ampicillin resistance gene, as well as the fluorescent protein marker
AmCyan1. Both of these genes will be important for functional assays at the end of cell

development.

An additional plasmid vector utilizing an Streptomycin antibiotic resistance gene, mCherry
fluorescent protein marker gene, and also containing the single-chain HLA Class E molecule will

be made. The HLA single-chain class E molecule is a hon-polymorphic polypeptide which
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inhibits the capability of the cell to interact with receptors NKG2A and CD94, which prevents NK

cells from initiating cell-dependent lysis, hence successfully preventing NK cell fratricide(65).

The process will begin by utilizing a CRISPR lentiviral vector to target the PD-1 receptor gene in
the NK cell in order to induce a double stranded break. PD-1 is an inhibiting receptor that
studies have shown to have a high correlation with preventing NK cells from eliminating
malignant and unhealthy B cells that express PD-L1(70, 71). By inducing a double stranded
break here, we are preventing PD-1 from playing its role as an inhibiting receptor, and instead
will introduce the broken DNA to the single-chain HLA Class E molecule expressing vector to
induce homologous recombination in the DNA.. This will protect the CAR-NK cells from cell

fratricide.

After this process is conducted, the secondary process of breaking the B2M gene in the
IPSC-derived NK cells will be initiated. Similar to the first process, we will use a lentiviral
CRISPR vector pLE38-Cas9-sgB2M/gNKG2A in order to target the B2M gene. Targeting
specificity will be determined by the sgRNA, which can be created with an sgRNA designer.
Once the double stranded break has been induced, we will coculture the NK cells with our CAR
vectors. Integration of the CAR gene can be checked after a period of time. In order to verify
that both of these genetic modifications were made, we will be conducting a series of functional

assays.

Functional Assays

Before beginning to test whether the cell acquired the desired genetic modifications, it is

important to determine a negative control, which will allow us to be able to determine what

genetic modifications the cell successfully integrated into its own DNA. My negative controls
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would include stained and unstained primary peripheral blood (HLA-positive/CAR-negative) NK
cells and unmodified IPSC derived NK cells. Positive controls would include a known CAR-NK
cell line and a known HLA deficient human cell line.There will also be 2 other negative controls
in the case of only one vector being successfully integrated into the NK cell. The permutations

are hereby described in the table below.

Cell type amCyan1 mCherry Streptomycin Ampicillin
resistance resistance

HLA-, CAR+ + + + +

HLA+, CAR+ + - - +

HLA-, CAR- - + + -

HLA+, CAR- - - - -

An initial functional assay will be performed to verify that the process of converting keratinocytes
into IPSCs, and the consecutive process of IPSCs undergoing hematopoietic differentiation was
successful, and that a population of adult, mature, healthy NK cells has been produced. To
immunophenotype the IPSC populations by flow cytometry, cells will be incubated with
fluorescently labeled antibodies that are specific to keratinocytes, IPSCs, mature and immature
NK cells, and hematopoietic stem cells. Through this method, we will know that an adult, mature
population of NK cells has been developed if the cell only is detected to have fluorescent
antibody that is specific to a receptor expressed by mature NK cells. There are a few
possibilities for different receptors that you could select: NK cells express CD56, and CD16
receptors, while they do not express CD3, CD14, CD19(these are T-cell and B-cell receptors.
Once we have determined that hematopoietic differentiation has successfully occurred, and a
mature, adult, healthy population of NK cells has been developed, we can proceed to the next

set of functional assays.
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The first functional assay for the genetic modifications performed will be through fluorescent
microscopy. We will use fluorescent microscopy to determine whether the exists expression of
the two fluorescent protein marker genes in our NK cell culture. The cell where both cell
modifications successfully happened should express a cherry colored fluorescent

marker(mCherry), as well as cyan colored fluorescent marker(amCyan1).

A secondary functional assay can be performed in vitro, taking the 4 different cell populations,
and exposing them to a Streptomycin-based culture, checking for the deaths of any populations,
and then consequently placing the remaining populations in an Ampicillin -based culture. By this
method, after the duration in both the Streptomycin cultures and Ampicillin cultures, the only

population that should be remaining is the HLA Class | deficient CAR-NK cell one.

Once we have determined that an HLA Class | deficient CAR-NK cell population has been
successfully created, we must use another functional assay to determine the cytotoxic
functionality of the cell, as well as its targeting specificity. This can be analyzed through
conducting a Chromium release assay with malignant B-cells sourced from a patient of DLBCL
being marked with Chromium-51. If the CAR-NK cells successfully recognize the
overexpression of CD-19 on the cells, it will attempt to eliminate these cells through cytotoxic
function such as the release of perforin and granzyme molecules. Once the malignant cells
have been eliminated, only the Chromium-51 marker will remain, which through a centrifuge
machine, can be used to determine the effective cytotoxic potential of the HLA Class | deficient
CAR-NK cells as compared to the other 3 negative control populations we developed. | predict
that there will be a comparably larger concentration of Chromium-51 in the HLA Class | deficient

CAR-NK cell population, as opposed to the other three.
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Another functional assay must be done to determine whether the expression of the single-chain
HLA class E molecule successfully prevents NK cell fratricide in vitro. This can simply be done
through coculturation of the NK cells with HLA Class | deficient CAR-NK cells for a period of
time, and then conducting another round of fluorescence microscopy to determine what
populations of cells are still alive in the culture. My prediction for this assay is that the cells with
no surface-expression of HLA Class | molecules, and coexpression of a single-chain HLA Class
E molecule will be able to successfully bypass the HLA mismatch restriction, and no NK cell
fratricide will occur. Opposing this, the cell populations that do express HLA Class | molecules

on their surface will be eliminated by the “autologous” NK cells.

The final functional assay to be conducted will be to determine the successful lysing of the
CAR-NK cell in vitro through the inducible suicide gene iCasp9. A population of experimental
cells and regular NK cells will be placed together, and then the small molecule dimerizer drug
AP1903 will be injected into the culture. The injection of AP1903 into a culture with cells
expressing the suicide gene should immediately induce apoptotic function, causing rapid lysis of

any cells expressing iCasp9.

Finally, once these functional assays have been conducted to determine the effectiveness and
functionality of HLA Class | deficient CAR-NK cells in vitro, we must determine their success in
vivo. Prior clinical trials with CAR-NK cells and CAR-T cells have been conducted using a
mouse model, so for the purpose of this experiment, we will use one as well. A culture of
malignant B-cells with overexpression of CD-19 and PD-L1 will be fostered in vitro, and then
injected into a mouse, to simulate the formation of a tumor. Once this has been completed, we
will inject our population of experimental cells, and record the cells’ cytotoxic functionality, as
well as targeting specificity and efficiency in vivo, and compare to the other three negative

control populations. Seeing how very few clinical trials have been performed with CAR-NK cells,
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it is a little tough to predict what the outcome may be, but since there exists data on CAR-T
cells, and both of these cells utilize CAR constructs that are very related, | can extrapolate from
data about cytotoxicity of CAR-T cells to determine that the HLA Class | deficient CAR-NK cells
will be capable of successfully eliminating the malignant B-cells, and at a faster and higher
success rate with less adverse side-effects when compared to other CAR-T cell and CAR-NK

cell constructs.

Conclusion

Until now, the prognosis of patients with DLBCL resistant to conventional therapies has been
incredibly poor with little to now hope in becoming better. However, with the innovations of
CRISPR Cas9 gene editing technology, as well as Chimeric Antigen Receptors, alternative
treatments for DLBCL, as well as other lymphomas can only get better. With the introduction of
CAR-T cell therapies into commercial medical-care one might believe that an optimal alternative
treatment has been found, but this is not the case. The CAR-T cells currently used still have
many flaws, such as requirement of autologous T-cells for sourcing to prevent HLA mismatch,
and adverse side-effects of Cytokine Release Syndrome, and Graft versus. Host Disease. With
my proposed cell design of allogeneic IPSC-derived HLA Class | molecule deficient anti CD19
CAR-NK cells, | predict that these constraints that pose problems for the applications of CAR-T
cells in the medical field will be bypassed by my cell treatment. By inhibiting HLA Class |
molecule surface expression, as well as coexpressing a single-chain HLA Class E molecule, the
cell will be able to bypass the NK cell inhibiting receptors that interact with HLA Class |
molecules, and instead recognize the expression of the single-chain HLA Class E molecule,
which will inhibit the NK cell’s ability to induce cell-dependent cytotoxicity. Furthermore, with the
addition of an anti CD19 CAR that also contains a transmembrane domain and costimulatory

domain of NKG2A and 4-1BB respectively as well as the breaking of the PD-1 receptor, the
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cell’s cytotoxic functionality and targeting of CD19 on malignant B-cells will marginally increase.
In the case of mutation of abnormal behavior, the inducible suicide gene iCasp9 can be
activated, causing near-immediate lysis of all the cells contains CARs. Finally, by using an
induced pluripotent stem cell line as a source of NK cells, we are afforded much more freedom

and flexibility with regards to the availability of my treatment commercially.

To summarize, this experimental cell | have proposed here has many prospective applications in
the medical field. It will also possibly serve as a jumping point to advance the current research
there is available on CAR-NK cells. At the current rate technology and science is advancing, |
predict that there will be immense innovation in these two fields, and that the prognosis of

lymphoma patients will increase exponentially.



Suraj Das 30

Bibliography:

1.

Marshall, J.S., Warrington, R., Watson, W. et al. An introduction to immunology and
immunopathology. Allergy Asthma Clin Immunol 14, 49 (2018).
https://doi.org/10.1186/s13223-018-0278-1

Chaplin DD. Overview of the immune response. J Allergy Clin Immunol. 2010 Feb;125(2
Suppl 2):S3-23. doi: 10.1016/j.jaci.2009.12.980. PMID: 20176265; PMCID:
PMC2923430.

Alberts B, Johnson A, Lewis J, et al. Molecular Biology of the Cell. 4th edition. New York:
Garland Science; 2002. Innate Immunity. Available from:
https://www.ncbi.nim.nih.gov/books/NBK26846/

Gasteiger G, D'Osualdo A, Schubert D, A, Weber A, Bruscia E, M, Hartl D: Cellular
Innate Immunity: An Old Game with New Players. J Innate Immun 2017;9:111-125. doi:
10.1159/000453397

Alberts B, Johnson A, Lewis J, et al. Molecular Biology of the Cell. 4th edition. New York:
Garland Science; 2002. Chapter 24, The Adaptive Immune System. Available from:

https://www.ncbi.nlm.nih.gov/books/NBK21070/

Janeway CA Jr, Travers P, Walport M, et al. Inmunobiology: The Immune System in

Health and Disease. 5th edition. New York: Garland Science; 2001. The components of

the immune system. Available from: https://www.ncbi.nlm.nih.gov/books/NBK27092/

Kondo M. Lymphoid and myeloid lineage commitment in multipotent hematopoietic
progenitors. Immunol Rev. 2010 Nov;238(1):37-46. doi:
10.1111/j.1600-065X.2010.00963.x. PMID: 20969583; PMCID: PMC2975965.

Cano RLE, Lopera HDE. Introduction to T and B lymphocytes. In: Anaya JM, Shoenfeld

Y, Rojas-Villarraga A, et al., editors. Autoimmunity: From Bench to Bedside [Internet].


https://doi.org/10.1186/s13223-018-0278-1
https://www.ncbi.nlm.nih.gov/books/NBK26846/
https://www.ncbi.nlm.nih.gov/books/NBK21070/
https://www.ncbi.nlm.nih.gov/books/NBK27092/

Suraj Das 31

10.

1.

12.

13.

14.

15.

Bogota (Colombia): El Rosario University Press; 2013 Jul 18. Chapter 5. Available from:
https://www.ncbi.nim.nih.gov/books/NBK459471/

Groscurth P. Cytotoxic effector cells of the immune system. Anat Embryol (Berl).
1989;180(2):109-19. doi: 10.1007/BF00309762. PMID: 2679226.

Paul Sourav, Lal Girdhari. The Molecular Mechanism of Natural Killer Cells Function and
Its Importance in Cancer Immunotherapy: Frontiers in Immunology. 8. 2017
https://www.frontiersin.org/article/10.3389/fimmu.2017.01124.
10.3389/fimmu.2017.01124 1664-3224

CLUSTER OF DIFFERENTIATION (CD) ANTIGENS. Immunology Guidebook.
2004:47-124. doi: 10.1016/B978-012198382-6/50027-3. Epub 2007 May 9. PMCID:
PMC7158181.

Kumar BV, Connors TJ, Farber DL. Human T Cell Development, Localization, and
Function throughout Life. Immunity. 2018 Feb 20;48(2):202-213. doi:
10.1016/j.immuni.2018.01.007. PMID: 29466753; PMCID: PMC5826622.

Wensveen FM, Jelencic¢ V, Poli¢ B. NKG2D: A Master Regulator of Immune Cell
Responsiveness. Front Immunol. 2018 Mar 8;9:441. doi: 10.3389/fimmu.2018.00441.
PMID: 29568297; PMCID: PMC5852076.

Sivori, S., Vacca, P., Del Zotto, G. et al. Human NK cells: surface receptors, inhibitory

checkpoints, and translational applications. Cell Mol Immunol 16, 430-441 (2019).
https://doi.org/10.1038/s41423-019-0206-4

Cruz-Tapias P, Castiblanco J, Anaya JM. Major histocompatibility complex: Antigen
processing and presentation. In: Anaya JM, Shoenfeld Y, Rojas-Villarraga A, et al.,
editors. Autoimmunity: From Bench to Bedside [Internet]. Bogota (Colombia): El Rosario
University Press; 2013 Jul 18. Chapter 10. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK459467/



https://www.ncbi.nlm.nih.gov/books/NBK459471/
https://doi.org/10.1038/s41423-019-0206-4
https://www.ncbi.nlm.nih.gov/books/NBK459467/

Suraj Das 32

16.

17.

18.

19.

20.

21.

22.

23.

Wieczorek M, Abualrous ET, Sticht J, Alvaro-Benito M, Stolzenberg S, Noé F, Freund C.
Major Histocompatibility Complex (MHC) Class | and MHC Class Il Proteins:
Conformational Plasticity in Antigen Presentation. Front Immunol. 2017 Mar 17;8:292.
doi: 10.3389/fimmu.2017.00292. PMID: 28367149; PMCID: PMC5355494.

Janeway CA Jr, Travers P, Walport M, et al. Inmunobiology: The Immune System in
Health and Disease. 5th edition. New York: Garland Science; 2001. The major
histocompatibility complex and its functions. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK27 156/

Matasar MJ, Zelenetz AD. Overview of lymphoma diagnosis and management. Radiol
Clin North Am. 2008 Mar;46(2):175-98, vii. doi: 10.1016/j.rcl.2008.03.005. PMID:
18619375.

de Leval L, Jaffe ES. Lymphoma Classification. Cancer J. 2020 May/Jun;26(3):176-185.
doi: 10.1097/PP0O.0000000000000451. PMID: 32496451.

Aggarwal P, Limaiem F. Reed Sternberg Cells. [Updated 2021 Jul 26]. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing; 2022 Jan-. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK542333/

Roschewski M, Phelan JD, Wilson WH. Molecular Classification and Treatment of
Diffuse Large B-Cell Lymphoma and Primary Mediastinal B-Cell Lymphoma. Cancer J.
2020 May/Jun;26(3):195-205. doi: 10.1097/PP0O.0000000000000450. PMID: 32496453;
PMCID: PMC7285963.

Bakshi N, Maghfoor I. The current lymphoma classification: new concepts and practical
applications triumphs and woes. Ann Saudi Med. 2012 May-Jun;32(3):296-305. doi:
10.5144/0256-4947.2012.296. PMID: 22588443; PMCID: PMC6081048.

Nowakowski GS, Czuczman MS. ABC, GCB, and Double-Hit Diffuse Large B-Cell
Lymphoma: Does Subtype Make a Difference in Therapy Selection? Am Soc Clin Oncol
Educ Book. 2015:e449-57. doi: 10.14694/EdBook_AM.2015.35.e449. PMID: 25993209.


https://www.ncbi.nlm.nih.gov/books/NBK27156/
https://www.ncbi.nlm.nih.gov/books/NBK542333/

Suraj Das 33

24.

25.

26.

27.

28.

29.

30.

Coiffier B, Sarkozy C. Diffuse large B-cell lymphoma: R-CHOP failure-what to do?
Hematology Am Soc Hematol Educ Program. 2016 Dec 2;2016(1):366-378. doi:
10.1182/asheducation-2016.1.366. PMID: 27913503; PMCID: PMC6142522.

Hopfinger G, Jager U, Worel N. CAR-T Cell Therapy in Diffuse Large B Cell Lymphoma:
Hype and Hope. Hemasphere. 2019 Mar 8;3(2):e185. doi:
10.1097/HS9.0000000000000185. PMID: 31723824, PMCID: PMC6746029.

Lu H, Zhao X, Li Z, Hu Y, Wang H. From CAR-T Cells to CAR-NK Cells: A Developing
Immunotherapy Method for Hematological Malignancies. Front Oncol. 2021 Aug
6;11:720501. doi: 10.3389/fonc.2021.720501. PMID: 34422667; PMCID: PMC8377427

Albinger, N., Hartmann, J. & Ullrich, E. Current status and perspective of CAR-T and
CAR-NK cell therapy trials in Germany. Gene Ther 28, 513-527 (2021).
https://doi.org/10.1038/s41434-021-00246-w

Hopfinger G, Jager U, Worel N. CAR-T Cell Therapy in Diffuse Large B Cell Lymphoma:
Hype and Hope. Hemasphere. 2019 Mar 8;3(2):e185. doi:
10.1097/HS9.0000000000000185. PMID: 31723824; PMCID: PMC6746029.

David Sermer, Connie Batlevi, M. Lia Palomba, Gunjan Shah, Richard J. Lin,
Miguel-Angel Perales, Michael Scordo, Parastoo Dahi, Martina Pennisi, Aishat Afuye,
Mari Lynne Silverberg, Caleb Ho, Jessica Flynn, Sean Devlin, Philip Caron, Audrey
Hamilton, Paul Hamlin, Steven Horwitz, Erel Joffe, Anita Kumar, Matthew Matasar, Ariela
Noy, Colette Owens, Alison Moskowitz, David Straus, Gottfried von Keudell, lldefonso
Rodriguez-Rivera, Lorenzo Falchi, Andrew Zelenetz, Joachim Yahalom, Anas Younes,
Craig Sauter; Outcomes in patients with DLBCL treated with commercial CAR T cells
compared with alternate therapies. Blood Adv 2020; 4 (19): 4669-4678. doi:
https://doi.org/10.1182/bloodadvances.2020002118

Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, Braunschweig
I, Oluwole OO, Siddiqi T, Lin Y, Timmerman JM, Stiff PJ, Friedberg JW, Flinn IW, Goy A,
Hill BT, Smith MR, Deol A, Farooq U, McSweeney P, Munoz J, Avivi |, Castro JE, Westin
JR, Chavez JC, Ghobadi A, Komanduri KV, Levy R, Jacobsen ED, Witzig TE, Reagan P,


https://doi.org/10.1038/s41434-021-00246-w
https://doi.org/10.1182/bloodadvances.2020002118

Suraj Das 34

31.

32.

33.

34.

35.

36.

37.

Bot A, Rossi J, Navale L, Jiang Y, Aycock J, Elias M, Chang D, Wiezorek J, Go WY.
Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N
Engl J Med. 2017 Dec 28;377(26):2531-2544. doi: 10.1056/NEJMoa1707447. Epub
2017 Dec 10. PMID: 29226797; PMCID: PMC5882485.

Kochenderfer JN, Somerville RPT, Lu T, Yang JC, Sherry RM, Feldman SA, Mcintyre L,
Bot A, Rossi J, Lam N, Rosenberg SA. Long-Duration Complete Remissions of Diffuse
Large B Cell Lymphoma after Anti-CD19 Chimeric Antigen Receptor T Cell Therapy. Mol
Ther. 2017 Oct 4;25(10):2245-2253. doi: 10.1016/j.ymthe.2017.07.004. Epub 2017 Jul
13. PMID: 28803861; PMCID: PMC5628864.

Adli, M. The CRISPR tool kit for genome editing and beyond. Nat Commun 9, 1911
(2018). https://doi.org/10.1038/s41467-018-04252-2

Loureiro A, da Silva GJ. CRISPR-Cas: Converting A Bacterial Defense Mechanism into
A State-of-the-Art Genetic Manipulation Tool. Antibiotics (Basel). 2019 Feb 28;8(1):18.
doi: 10.3390/antibiotics8010018. PMID: 30823430; PMCID: PMC6466564.

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, Romero DA,
Horvath P. CRISPR provides acquired resistance against viruses in prokaryotes.
Science. 2007 Mar 23;315(5819):1709-12. doi: 10.1126/science.1138140. PMID:
17379808.

Shabbir, M.A.B., Shabbir, M.Z., Wu, Q. et al. CRISPR-cas system: biological function in

microbes and its use to treat antimicrobial resistant pathogens. Ann Clin Microbiol

Antimicrob 18, 21 (2019). https://doi.org/10.1186/s12941-019-0317-x

Nidhi S, Anand U, Oleksak P, Tripathi P, Lal JA, Thomas G, Kuca K, Tripathi V. Novel
CRISPR-Cas Systems: An Updated Review of the Current Achievements, Applications,
and Future Research Perspectives. Int J Mol Sci. 2021 Mar 24;22(7):3327. doi:
10.3390/ijms22073327. PMID: 33805113; PMCID: PMC8036902.

Rautela |, Uniyal P, Thapliyal P, Chauhan N, Bhushan Sinha V, Dev Sharma M. An

extensive review to facilitate understanding of CRISPR technology as a gene editing


https://doi.org/10.1038/s41467-018-04252-2
https://doi.org/10.1186/s12941-019-0317-x

Suraj Das 35

38.

39.

40.

41.

42.

43.

44,

possibility for enhanced therapeutic applications. Gene. 2021 Jun 15;785:145615. doi:
10.1016/j.gene.2021.145615. Epub 2021 Mar 26. PMID: 33775851.

Allen D, Rosenberg M, Hendel A. Using Synthetically Engineered Guide RNAs to
Enhance CRISPR Genome Editing Systems in Mammalian Cells. Front Genome Ed.
2021 Jan 28;2:617910. doi: 10.3389/fgeed.2020.617910. PMID: 34713240; PMCID:
PMC8525374.

Cui, Y., Xu, J., Cheng, M. et al. Review of CRISPR/Cas9 sgRNA Design Tools.
Interdiscip Sci Comput Life Sci 10, 455-465 (2018).
https://doi.org/10.1007/s12539-018-0298-z

Gleditzsch D, Pausch P, Miiller-Esparza H, Ozcan A, Guo X, Bange G, Randau L. PAM
identification by CRISPR-Cas effector complexes: diversified mechanisms and
structures. RNA Biol. 2019 Apr;16(4):504-517. doi: 10.1080/15476286.2018.1504546.
Epub 2018 Sep 18. PMID: 30109815; PMCID: PMC6546366.

Orii, Kenji E., et al. “Selective Utilization of Nonhomologous End-Joining and
Homologous Recombination DNA Repair Pathways during Nervous System
Development.” Proceedings of the National Academy of Sciences of the United States of
America, vol. 103, no. 26, National Academy of Sciences, 2006, pp. 10017-22,

http://www.jstor.org/stable/30051033.

Gong, Y., Klein Wolterink, R.G.J., Wang, J. et al. Chimeric antigen receptor natural killer
(CAR-NK) cell design and engineering for cancer therapy. J Hematol Oncol 14, 73

(2021). https://doi.org/10.1186/s13045-021-01083-5

Marofi, F., Saleh, M.M., Rahman, H.S. et al. CAR-engineered NK cells; a promising
therapeutic option for treatment of hematological malignancies. Stem Cell Res Ther 12,
374 (2021). https://doi.org/10.1186/s13287-021-02462-y

Khantasup K, Chantima W, Sangma C, Poomputsa K, Dharakul T. Design and
Generation of Humanized Single-chain Fv Derived from Mouse Hybridoma for Potential

Targeting Application. Monoclon Antib Immunodiagn Immunother. 2015


https://doi.org/10.1007/s12539-018-0298-z
http://www.jstor.org/stable/30051033
https://doi.org/10.1186/s13045-021-01083-5
https://doi.org/10.1186/s13287-021-02462-y

Suraj Das 36

45.

46.

47.

48.

49.

50.

Dec;34(6):404-17. doi: 10.1089/mab.2015.0036. PMID: 26683180; PMCID:
PMC4685505.

Fujiwara K, Masutani M, Tachibana M, Okada N. Impact of scFv structure in chimeric
antigen receptor on receptor expression efficiency and antigen recognition properties.
Biochem Biophys Res Commun. 2020 Jun 25;527(2):350-357. doi:
10.1016/j.bbrc.2020.03.071. Epub 2020 Mar 23. PMID: 32216966.

Thokala R, Olivares S, Mi T, Maiti S, Deniger D, Huls H, Torikai H, Singh H, Champlin
RE, Laskowski T, McNamara G, Cooper LJ. Redirecting Specificity of T cells Using the
Sleeping Beauty System to Express Chimeric Antigen Receptors by Mix-and-Matching of
VL and VH Domains Targeting CD123+ Tumors. PLoS One. 2016 Aug
22;11(8):e0159477. doi: 10.1371/journal.pone.0159477. PMID: 27548616; PMCID:
PMC4993583.

Ying, Z., Huang, X.F., Xiang, X. et al. A safe and potent anti-CD19 CAR T cell therapy.
Nat Med 25, 947-953 (2019). https://doi.org/10.1038/s41591-019-0421-7

Alabanza L, Pegues M, Geldres C, Shi V, Wiltzius JJW, Sievers SA, Yang S,
Kochenderfer JN. Function of Novel Anti-CD19 Chimeric Antigen Receptors with Human
Variable Regions Is Affected by Hinge and Transmembrane Domains. Mol Ther. 2017
Nov 1;25(11):2452-2465. doi: 10.1016/j.ymthe.2017.07.013. Epub 2017 Jul 27. PMID:
28807568; PMCID: PMC5675490.

Li Y, Hermanson DL, Moriarity BS, Kaufman DS. Human iPSC-Derived Natural Killer
Cells Engineered with Chimeric Antigen Receptors Enhance Anti-tumor Activity. Cell
Stem Cell. 2018 Aug 2;23(2):181-192.e5. doi: 10.1016/j.stem.2018.06.002. Epub 2018
Jun 28. PMID: 30082067; PMCID: PMC6084450.

Salter Al, lvey RG, Kennedy JJ, Voillet V, Rajan A, Alderman EJ, Voytovich UJ, Lin C,
Sommermeyer D, Liu L, Whiteaker JR, Gottardo R, Paulovich AG, Riddell SR.
Phosphoproteomic analysis of chimeric antigen receptor signaling reveals kinetic and

quantitative differences that affect cell function. Sci Signal. 2018 Aug


https://doi.org/10.1038/s41591-019-0421-7

Suraj Das 37

51.

52.

53.

54.

55.

56.

57.

21;11(544):eaat6753. doi: 10.1126/scisignal.aat6753. PMID: 30131370; PMCID:
PMC6186424.

Gargett T, Brown MP. The inducible caspase-9 suicide gene system as a "safety switch"
to limit on-target, off-tumor toxicities of chimeric antigen receptor T cells. Front
Pharmacol. 2014 Oct 28;5:235. doi: 10.3389/fphar.2014.00235. PMID: 25389405;
PMCID: PMC4211380.

Chmielewski M, Abken H. TRUCKSs: the fourth generation of CARs. Expert Opin Biol
Ther. 2015;15(8):1145-54. doi: 10.1517/14712598.2015.1046430. Epub 2015 May 18.
PMID: 25985798.

Klingemann H, Boissel L, Toneguzzo F. Natural Killer Cells for Immunotherapy -
Advantages of the NK-92 Cell Line over Blood NK Cells. Front Immunol. 2016 Mar
14;7:91. doi: 10.3389/fimmu.2016.00091. PMID: 27014270; PMCID: PMC4789404.

Klingemann HP33. NK-92 cellular immunotherapy as an alternative to donor derived
peripheral blood NK cellsJournal for ImmunoTherapy of Cancer 2014;2:P24. doi:
10.1186/2051-1426-2-S2-P24

David A. Knorr, Zhenya Ni, David Hermanson, Melinda K. Hexum, Laura Bendzick,
Laurence J.N. Cooper, Dean A. Lee, Dan S. Kaufman, Clinical-Scale Derivation of
Natural Killer Cells From Human Pluripotent Stem Cells for Cancer Therapy, Stem Cells
Translational Medicine, Volume 2, Issue 4, April 2013, Pages 274-283,

https://doi.org/10.5966/sctm.2012-0084

Ni Z, Knorr DA, Clouser CL, Hexum MK, Southern P, Mansky LM, Park IH, Kaufman DS.
Human pluripotent stem cells produce natural killer cells that mediate anti-HIV-1 activity
by utilizing diverse cellular mechanisms. J Virol. 2011 Jan;85(1):43-50. doi:
10.1128/JV1.01774-10. Epub 2010 Oct 20. PMID: 20962093; PMCID: PMC3014194.

Stefanie Raab, Moritz Klingenstein, Stefan Liebau, Leonhard Linta, "A Comparative View
on Human Somatic Cell Sources for iPSC Generation", Stem Cells International, vol.
2014, Article ID 768391, 12 pages, 2014. https://doi.org/10.1155/2014/768391



https://doi.org/10.5966/sctm.2012-0084
https://doi.org/10.1155/2014/768391

Suraj Das 38

58.

59.

60.

61.

62.

63.

64.

Itoh M, Kiuru M, Cairo MS, Christiano AM. Generation of keratinocytes from normal and
recessive dystrophic epidermolysis bullosa-induced pluripotent stem cells. Proc Natl
Acad Sci U S A. 2011 May 24;108(21):8797-802. doi: 10.1073/pnas.1100332108. Epub
2011 May 9. PMID: 21555586; PMCID: PMC3102348.

Marofi F, Al-Awad AS, Sulaiman Rahman H, Markov A, Abdelbasset WK, Ivanovna
Enina Y, Mahmoodi M, Hassanzadeh A, Yazdanifar M, Stanley Chartrand M, Jarahian M.
CAR-NK Cell: A New Paradigm in Tumor Immunotherapy. Front Oncol. 2021 Jun
10;11:673276. doi: 10.3389/fonc.2021.673276. PMID: 34178661; PMCID: PMC8223062.

Aasen, T., Raya, A., Barrero, M. et al. Efficient and rapid generation of induced
pluripotent stem cells from human keratinocytes. Nat Biotechnol 26, 1276—-1284 (2008).
https://doi.org/10.1038/nbt.1503

Giorgetti A, Montserrat N, Aasen T, Gonzalez F, Rodriguez-Piza |, Vassena R, Raya A,
Boué S, Barrero MJ, Corbella BA, Torrabadella M, Veiga A, Izpisua Belmonte JC.
Generation of induced pluripotent stem cells from human cord blood using OCT4 and
SOX2. Cell Stem Cell. 2009 Oct 2;5(4):353-7. doi: 10.1016/j.stem.2009.09.008. PMID:
19796614; PMCID: PMC2779776.

Eguizabal C, Zenarruzabeitia O, Monge J, Santos S, Vesga MA, Maruri N, Arrieta A,
RifAén M, Tamayo-Orbegozo E, Amo L, Larrucea S, Borrego F. Natural killer cells for
cancer immunotherapy: pluripotent stem cells-derived NK cells as an immunotherapeutic
perspective. Front Immunol. 2014 Sep 15;5:439. doi: 10.3389/fimmu.2014.00439. PMID:
25309538; PMCID: PMC4164009.

Knorr DA, Ni Z, Hermanson D, Hexum MK, Bendzick L, Cooper LJ, Lee DA, Kaufman
DS. Clinical-scale derivation of natural killer cells from human pluripotent stem cells for
cancer therapy. Stem Cells Transl Med. 2013 Apr;2(4):274-83. doi:
10.5966/sctm.2012-0084. Epub 2013 Mar 20. PMID: 23515118; PMCID: PMC3659832.

Hoerster K, Uhrberg M, Wiek C, Horn PA, Hanenberg H, Heinrichs S. HLA Class |

Knockout Converts Allogeneic Primary NK Cells Into Suitable Effectors for


https://doi.org/10.1038/nbt.1503

Suraj Das 39

"Off-the-Shelf" Immunotherapy. Front Immunol. 2021 Jan 29;11:586168. doi:
10.3389/fimmu.2020.586168. PMID: 33584651; PMCID: PMC7878547.

65. Crew MD, Cannon MJ, Phanavanh B, Garcia-Borges CN. An HLA-E single chain trimer
inhibits human NK cell reactivity towards porcine cells. Mol Immunol. 2005
Jun;42(10):1205-14. doi: 10.1016/j.molimm.2004.11.013. Epub 2005 Jan 8. PMID:
15829309.

66. Kang CH, Kim Y, Lee HK, Lee SM, Jeong HG, Choi SU, Park CH. Identification of Potent
CD19 scFv for CAR T Cells through scFv Screening with NK/T-Cell Line. Int J Mol Sci.
2020 Dec 1;21(23):9163. doi: 10.3390/ijms21239163. PMID: 33271901; PMCID:
PMC7730610.

67. Weinkove R, George P, Dasyam N, McLellan AD. Selecting costimulatory domains for
chimeric antigen receptors: functional and clinical considerations. Clin Transl|
Immunology. 2019 May 11;8(5):e1049. doi: 10.1002/cti2.1049. PMID: 31110702; PMCID:
PMC6511336.

68. Guedan S, Calderon H, Posey AD Jr, Maus MV. Engineering and Design of Chimeric
Antigen Receptors. Mol Ther Methods Clin Dev. 2018 Dec 31;12:145-156. doi:
10.1016/j.omtm.2018.12.009. PMID: 30666307; PMCID: PMC6330382.

69. Tumor cell-intrinsic PD-1 receptor is a tumor suppressor and mediates resistance to
PD-1 blockade therapy

70. Xiaodong Wang, Xiaohui Yang, Chang Zhang, Yang Wang, Tianyou Cheng, Ligiang
Duan, Zhou Tong, Shuguang Tan, Hangjie Zhang, Phei Er Saw, Yinmin Gu, Jinhua
Wang, Yibi Zhang, Lina Shang, Yajuan Liu, Siyuan Jiang, Bingxue Yan, Rong Li, Yue
Yang, Jie Yu, Yunzhao Chen, George Fu Gao, Qinong Ye, Shan Gao: Proceedings of
the National Academy of Sciences Mar 2020, 117 (12) 6640-6650; DOI:
10.1073/pnas.1921445117

71.HanY, Liu D, Li L. PD-1/PD-L1 pathway: current researches in cancer. Am J Cancer
Res. 2020 Mar 1;10(3):727-742. PMID: 32266087; PMCID: PMC7136921.



Suraj Das 40

72. Created with BioRender.com

73. Xie G, Dong H, Liang Y, Ham JD, Rizwan R, Chen J. CAR-NK cells: A promising cellular
immunotherapy for cancer. EBioMedicine. 2020 Sep;59:102975. doi:

10.1016/j.ebiom.2020.102975. Epub 2020 Aug 24. PMID: 32853984; PMCID:
PMC7452675.



