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ABSTRACT

Adoptive transfer of T cells engineered to express synthetic antigen-specific T
cell receptors (TCRs) has provocative therapeutic applications for treating cancer.
However, expressing these synthetic TCRs in a CD4+ T cell line is a challenge. The
CD4+ Jurkat T cell line expresses endogenous TCRs that compete for space, accessory
proteins, and proliferative signaling, and there is the potential for mixed dimer formation
between the o and 3 chains of the endogenous receptor and that of the synthetic cancer-
specific TCRs. To prevent hybridization between the receptors and to ensure the binding
affinity measured with flow cytometry analysis is between the tetramer and the TCR
construct, a CRISPR-Cas9 gene editing pipeline was developed. The guide RNAs
(gRNAs) within the complex were designed to target the constant region of the o and
chains, as they are conserved between TCR clonotypes. To minimize further interference
and confer cytotoxic capabilities, gRNAs were designed to target the CD4 coreceptor,
and the CD8 coreceptor was delivered in a mammalian expression vector. Further,
Golden Gate cloning methods were validated in integrating the gRNAs into a CRISPR-
compatible mammalian expression vector. These constructs were transfected via
electroporation into CD4+ Jurkat T cells to create a CD8+ knockout TCR Jurkat cell line

for broadly applicable uses in T cell immunotherapies.
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INTRODUCTION:

Cancer: Modern Medicine’s Greatest Conundrum

Cancer, one of modern medicine’s most cumbersome conundrums, is the second
leading cause of death worldwide [1]. Due to a variety of subtypes and the rapid
evolution of cancer cells, there is no one-size-fits-all strategy to vanquish cancer in its
entirety. Establishing one course of treatment is made especially hard due to there being
at least six hallmarks of cancer cells [2]. In recent years, two additional hallmarks have
emerged, one being the evasion of immune destruction [2]. Not only does targeting just
one prove to be insufficient for long-term survival and the prevention of treatment
resistance, but there is also the concern that cancer cells evolve the ability to evade the
host’s immune system [3]. Mediating this hallmark by bolstering this immune response
could spell success for cancer treatment. Unfortunately, current standard-of-care practices
include chemotherapy and radiation, which for hard-to-treat subtypes or for late-stage
cancers that have metastasized, don’t work or serve only as a short-term fix, leading

researchers to seek other forms of therapy [4].

Alternative Modes of Therapy

Alternative therapies currently being explored include cancer vaccines,
checkpoint inhibitors, immunoglobulin supplementation, and methods for adjusting the
tumor microenvironment [5]. Amongst some of the more appealing modes of treatment
is adoptive cell transfer, where immune cells are extracted and amplified for re-infusion,
or cell lines are engineered to target cancer cells and promote cell-killing capabilities [6].

These alternative therapies are intended to reduce the toxicity conferred by
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standard-of-care treatments while bolstering one’s immune response, and they can be

utilized as part of combination therapies or in forms of adaptive therapy.

TCR Therapy

Adoptive T cell transfer, a provocative immunotherapy, is being widely pursued
for its specificity and programmability. Amongst adoptive T cell therapy, there is tumor-
infiltrating (TIL) therapy, where pre-existing cytotoxic T cells specific to tumor antigens
are activated and amplified before re-infusion, engineered T cell receptor (TCR) therapy,
where T cell lines are engineered to express antigen-specific TCRs that will guide
immune cells to the tumor site and induce cell killing, chimeric antigen receptor T cell
(CAR T) therapy, where synthetic receptors are assembled at the cell surface to recognize
cancer antigens aren’t presented via an MHC molecule, and natural killer (NK) cell
therapy, which employs the aforementioned strategies but with NK T cells as opposed to
CD8+ cytotoxic T cells [7-10]. Though CAR T therapy is an advantageous mode of
therapy for targeting cancer cells evading immune recognition, and though TIL therapy
involves fewer steps, engineered TCR therapy allows researchers to overcome the ever-
evolving nature of cancer epitopes, preventing treatment resistance and enabling
clinicians to customize the therapy to the stage and nature of patients’ cancer subtype.
Additionally, pre-existing clinical trials have proven more effective against solid tumors
for TCR therapy as opposed to CAR T therapy, which has been primarily catered towards

bloodborne cancers such as lymphoma [11].



Downstream Effects of CTL Infusion

Because the innate and adaptive arms of the immune system inform each other,
boosting T cell response has downstream effects beyond amplified cell killing. CD8+
killer T cells, upon activation, release cytokines to recruit other immune cells or mediate
an inflammatory response to infection [12]. For example, CTLs modulate the release of
IFN-M, TNF-@, and TNF -@ to either promote a pro-inflammatory or anti-inflammatory
response or to indirectly mediate cell killing [13]. However, this could also pose a
problem if the infusion of CTLs initiates a hyperinflammatory environment where DNA
damage and tissue degradation ensue [14]. Researchers and clinicians design T cell
therapies with this in mind. Maintaining the healthy distribution of activated immune
cells between the innate and adaptive arm is critical to developing effective modes of

cancer killing that don’t put patients at risk of other inflammation-related ailments.

T Cell Diversity

Immunology is a burgeoning field with several unanswered questions, leaving
researchers with a high degree of uncertainty in developing immunotherapies. For
example, it is hard to project the correct course of action in designing TCRs due to a
highly diverse T cell repertoire. It is estimated that there are TCR
clonotypes, but there are only 4 x 1011 T cells circulating the human body [15,16].
Beyond projections, the current extent of TCR diversity is unknown, but it is understood
that the process of somatic recombination accounts for this high level of diversity [17].
During somatic recombination, the antigen-recognition site of the T cell receptor is

formed, creating three loops (CDR1, CDR2, and CDR3). The CDR3 region is comprised
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of recombined V(D)J gene segments and makes contact with the peptide presented by
MHC molecules, while the CDR1 and CDR2 loops make contact with the MHC
molecules themselves [18,19]. For this reason, the CDR3 region is of more relevance to
the antigen-presenting cell and accounts for most of the diversity we see in TCRs [18,19].
This variability is responsible for many of the problems that arise in implementing TCR
therapy, where researchers have to determine which TCR will target which antigens and
whether the peptide being presented on the cell surface is immunogenic. Of great clinical
concern is the potential for mistaking foreign antigens for self-antigens, leading to

harmful and oftentimes lethal forms of autoimmunity [20].

The T Cell Type

TCRs are heterodimers composed of either aff chains or yd chains, both made up
of variable regions (V) and constant regions (C) anchored to the membrane by a
transmembrane protein [21]. o T cells, which are structurally similar to afy TCRs, are
typically confined to the gut mucosa and are far less common, making up only 0.5-5% of
T cells [22]. For that reason, a3 TCRs are of more clinical significance in T cell-mediated
immunotherapies, although yd T cells are being explored as candidates for T cell
therapies in light of the fact they are MHC-unrestricted and recognize a variety of cellular
signals [23]. Among types of T cells, there are CD4+ helper T cells, CD8+ cytotoxic T
cells, regulatory T cells, and natural killer T cells [24]. CD8+ T cells use the CD8 co-
receptor to bind to the antigen-presenting cell and trigger the release of cytotoxic
molecules perforin and granzyme to kill infected or cancerous cells, while CD4+ T cells
use the CD4 coreceptor to bind to the APC and release cytokines that either signal for the
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activation of cytotoxic T cells, B cells, or innate immune cells (macrophages and
neutrophils) [25,26]. All T cell types are being explored as potential cancer neutralizers,
but it’s CD8+ T cells that are responsible for direct cell killing, making them the primary
focus in adoptive cell transfer.

Among T cell types, there are naive and memory T cells — naive T cells respond
to antigens never encountered by the immune system while memory T cells recognize
previously encountered antigens and amount a quicker and more effective immune
response [27]. These memory T cells represent a high proportion of the T cell population
but a low proportion of T cell variability, and the TCRs existing on naive T cells have
high variability but are not expressed in high quantities [28]. At the peak of immune
response, antigen-specific T cells can make up about 25 percent of the lymphocyte

population, a proportion that was only recently considered to be so high [28].

Pairing o and B T Cell Chains

The TCR heterodimer is composed of the a and B chain, each with their own
distinct sequence [29]. Pairing these chains to produce a functional TCR is a prominent
challenge in effective cloning and expression — mispairing these separate entities prevents
any level of functionality from the T cell [30]. To overcome this challenge, researchers
have devised both bulk and single-cell sequencing methods. One popular bulk method is
the multiplex primer approach, in which a cDNA sample is tested with a mix of known
variable region primers and constant or joining region primers; however, this is limited to
known TCR sequences [31]. Other bulk methods apply algorithms to bulk sequencing
data to pair a and B chains based on their frequency in a given population [31].
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Single-cell methods utilize cell-based emulsion methods to isolate single T cells in oil
emulsion droplets, in which the a and B chains from a single cell are fused via reverse
transcription [31]. Single cell methods fuse the sequences upstream of cloning, but such
methods are costly. Potential mispairing of the chains would render TCR therapy
unsuccessful or could produce hybridized TCRs targeting the wrong antigens and

potentially killing healthy cells.

Experimental Design for Cloning Functional TCRs

To develop a pipeline for the construction and expression of antigen-specific
TCRs, a variety of stimulation methods, cloning protocols, and characterization strategies
were explored. First, as a proof-of-concept experiment, T cells were stimulated with the
FluM1 peptide. Upon bulk sorting and T cell expansion, RNA was extracted and
converted to cDNA by reverse transcription. Using a multiplex PCR approach, the TCR
sequences were isolated and amplified. On the VDJdb database, in high frequency, TCRa
variable region 17-01, TRAC, TCRJ variable region 19-01, and TRBC were observed.
Upon amplifying these sequences from the cDNA samples, the a and 3 chains were
cloned into expression vectors separately. Gateway cloning and Golden Gate cloning
were both entertained as options in lieu of traditional restriction enzyme cloning.
Gateway cloning was more thoroughly explored due to the fact that it utilizes att sites,
which contain mutations that eliminate stop codons and ensure that the correct orientation
is maintained throughout the cloning process [32]. In the BP reaction, the amplified PCR
products were inserted into a pDONR vector via recombination at the att sites, and in the
subsequent LR reaction, the pENTR vector was recombined with pcDNA3.2
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(a mammalian expression vector) to form the expression clone containing the original
insert. Via electroporation, the expression clone was transfected into HEK293 cells, a
human kidney derivative, and Jurkats, an immortalized CD4+ human T cell line [33,34].
Tetramer staining and subsequent flow cytometry analysis was performed on the final
product; however, conclusions could not be drawn from the results. Because HEK293
cells do not possess the internal machinery of a T cell, which includes the signals for
cytokine release, the mechanics for proliferative signaling, and the accessory proteins
needed for assembly and activation at the membrane, Jurkats were the optimal candidates
for downstream clinical applications. Though HEK293 cells could be utilized to confirm
whether TCRs can assemble at the membrane, there is no way to test functionality or T

cell activation. Jurkat cells, on the other hand, posed a different problem.

The Hybridization Problem

The results of transfection in Jurkat cells were inconclusive. This is due, in part,
to the fact that cloning synthetic TCRs into cell lines possessing endogenous TCRs
results in competition between the receptors for accessory proteins such as CD3 and
stimulatory cytokines [35]. There is also the potential for mixed dimer formation, or
hybridization, between the synthetic TCR and the endogenous TCR, which can lead to
self-reactive or non-functional TCR hybrids [36]. To avoid false positives and to prevent
the chance that the endogenous TCRs would bar functional antigen-specific TCR
formation at the membrane, the genes encoding the heterodimer protein would need to be
knocked out. Prior studies have knocked out this gene or prevented expression through

other methodologies. In one study, the constant domains of the a and 3 chain of the



therapeutic TCRs were swapped to prevent mispairing [37]. Another study utilized yd T
cells as recipients to the therapeutic TCRs because mixed dimerization between o TCRs
and yd TCRs isn’t feasible, though the in vivo capabilities of these cells have not yet been
evaluated [37]. Other studies implemented a knockout or knockdown strategy through
some form of genetic manipulation. For example, one study developed an RNAi-TCR
replacement vector that silenced endogenous TCRs and expressed the therapeutic RNAi-
resistant TCRs [38]. Other knockout strategies employed CRISPR-mediated gene
knockouts, particularly targeting the constant regions of the a and 3 chains [39]. Without
these proteins, there is no component to anchor the receptor to the membrane, and
because the sequence is conserved amongst various antigen-specific receptors, that target
is widely applicable. However, just knocking out the receptor is not enough to induce the
TCR’s cell killing capabilities — the CDS8 coreceptor must be knocked in [40]. Whether
the CD4 coreceptor interferes with TCR assemblage is unknown, but it could be similarly
knocked out utilizing the aforementioned strategies.

It is important to recognize that there are two levels of TCR implementation:
structural and functional. Functionality can only be achieved within a T cell line,
whereas, the structural integrity of the TCR alone can be confirmed via other cell lines
like HEK293. Because there is no immortalized CD8+ T cell line readily available on the
market, the only CTLs that can be procured for research are engineered CD4+ T cells.
These can be modified to be phenotypically similar to CD8+ cells. CD4+ helper T cells
have different functions and thus different signaling capabilities/internal machinery than
CD8+ killer T cells [41]. If one were to express a functional antigen-specific TCR along

with the CD8 coreceptor, there is the chance that cytotoxic particles perforin, granzyme
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B, and the cytokines stimulated from CD8+ T cell activation will not be expressible in
the engineered cell line. Therefore, classic cytotoxic assays will not suffice to evaluate
reactivity or functionality. Jurkat cells do secrete IL-2 upon activation, so measuring its

release via ELISA assays would evaluate the functionality of the T cell receptor [42].

Gene Editing Technology

Gene editing has come a long way since its inception. Amongst the various gene
editing protocols in the works, there are three that are more widely used. Programmable
nucleases, namely zinc-finger nucleases, are made up of a DNA-binding domain, with
two finger-like molecules designed to identify unique DNA hexamers, and a DNA
cleaving domain [43]. When fused together, these essentially serve as molecular scissors,
inducing double-stranded breaks at the targeted site in DNA, which are repaired via error-
prone NHEJ [43]. In the absence of a repair template, this can create a non-missense or a
premature stop codon, rendering the gene knocked out [44]. With a repair template, a
DNA sequence can be inserted at the site of the DSBs [45]. Transcription activator-like
effector nucleases (TALENSs) function under the same principles. TALENS are restriction
enzymes with a DNA-binding domain and a DNA-cleavage domain [46]. Much like the
zinc finger nucleases, TALENSs induce a double stranded break that is repaired via NEHJ
or via a template containing exogenous DNA [46]. The CRISPR-Cas9 system is
predominantly the same, composed of a Cas endonuclease and guide RNAs as part of the
DNA-binding domain [47]. Though similar in theory, the practicality and adaptability of
CRISPR-Cas9 tech make it the optimal candidate for gene knockouts — TALENs and
zinc-finger nucleases require both unique nuclease selection and DNA-binding domain
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designs; whereas, CRISPR-Cas9 requires only a new gRNA design for each target [48].
Additionally, CRISPR-Cas9 has been widely used to knock out endogenous TCRs in the

past, meaning there are resources to draw from in repeating similar experiments [39].

How CRISPR Came About

First defined in 1987 by Yoshizumi Ishino at Osaka University, CRISPR
represents a set of repetitive DNA fragments found in various bacteria species [49].
These fragments function to protect bacteria from invasive nucleic acids, storing short
fragments of foreign phages previously encountered for future exposure, constituting an
acquired form of adaptive immunity [50]. The short, repetitive fragments guide the Cas
endonucleases (as part of the CRISPR complex) to their complementary sequences when
re-exposed to induce double-stranded breaks and prevent their deleterious expression
[51]. Researchers eventually discovered ways to harvest this complex to edit the human
genome. In 2012, researchers observed that CRISPR could be adapted to perform DNA
cleavage with the Cas9 nuclease in vitro, and in 2013, researchers performed genome
editing using CRISPR in a mammalian cell line [47]. Now, CRISPR-mediated gene
editing is considered mainstream, with over 7000 publications citing its use. With
prominent ethical implications and serving as the most advanced form of genome editing,
the first-ever CRISPR babies were brought to term in 2018 [52]. Through CRISPR-
mediated germline editing, He Jiankui knocked out the CCRS5 gene to prevent
susceptibility to smallpox, cholera, and HIV [53]. This brought to light some of the
potential misuses of gene editing while also serving as a testament to how advanced
CRISPR technology has become [54].
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There are two modes of CRISPR gene editing: non-homologous end joining
(NHEJ) and homology directed repair (HDR) [55]. For the former, a double-stranded
break is induced and is repaired via the error-prone NHEJ, where an insertion or deletion
can disrupt the expression of a target gene [56]. With HDR, a repair template is utilized
to add a given insert to the site of the break [55]. The template is composed of the insert
sequence flanked by regions homologous each side of the break [57]. Because the DNA
binding domain doesn’t need to be bound to distinct cleaving nucleases, a testament to its
adaptability, and because the cost is significantly lower, CRISPR has found itself at the

forefront of gene editing.

How CRISPR Works

A CRISPR complex is made up of a guide RNA (gRNA) and an endonuclease
like Cas9 [58]. gRNAs are customizable, with a pre-designed scaffold sequence and a
unique spacer sequence (falling at about 20 nucleotides in length) complementary to the
gene to be knocked out [58]. When the gRNA and endonuclease are joined, a
conformational change takes place, allowing the newly formed ribonucleoprotein
complex to bind to the target sequence [59]. Protospacer adjacent motifs (PAMs), 2-6 bp
long sequences specific to the endonuclease in the complex, are what guide the
ribonucleoprotein complex to the target site, serving as the signal sequence needed for the
complex to bind and induce the DSB [60]. As the complex comes into contact with the
target sequence and the PAM sequence that follows, the seed sequence (at the 3° end of
the spacer) begins to anneal to the target — if enough homology is present, the rest of the

spacer will bind the target sequence, and Cas9 will induce a double-stranded break 3-4
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nucleotides upstream of the PAM [60]. This DSB will be repaired in one of the
aforementioned manners, resulting in an insertion, deletion, or frameshift mutation [55].

This complex can be formed and delivered in a variety of ways. One common
method of accomplishing this involves inserting the custom gRNA into a CRISPR-
compatible vector containing the scaffold and Cas9 nuclease to be transfected or
transduced [61]. An alternative approach to this is to deliver the RNP directly into the cell
[61]. First, the RNP is formed by incubating the nuclease and gRNA together, and then
the RNP is delivered directly via electroporation, via a receptor ligand that triggers
endocytosis once bound to its complementary receptor, or through cationic lipid vesicles
that passively cross the membrane into the cell in vivo [48,62,63]. Though these RNP

delivery methods entail fewer steps, they are early in development.

Downsides of CRISPR

CRISPR holds great promise for gene editing, but the efficacy is clouded by its
off-target effects. When the seed sequence binds to the target sequence, it recognizes
enough homology for the rest of the spacer to bind and induce a DSB [60]. However, if
there is enough homology with other sequences upstream of a PAM sequence in a given
genome, then unintended mutations can take place [64]. This means that in addition to
inducing mutations at the target sequence, a multitude of other sequences could be
mutated, preventing or enabling proteins to be expressed when they shouldn’t [65]. Not
only could this prevent the achieved outcome, but it could also spell danger for ACT
therapies, where cells with unknown mutations are being infused into human patients, or

for germline gene editing, where the off-target effects could result in unintended
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phenotypic consequences. Studies have observed CRISPR RNA-guided endonucleases’

off-target activity in human cells conferred off-target alterations in the genome [64,65].

Experimental Design

For the purposes of this experiment, a CRISPR-Cas9 system was utilized to
eliminate endogenous TCRs for downstream use in cloning antigen-specific CD8+ TCRs.
The knockout was accomplished by designing gRNAs to target the o and § constant
regions of the Jurkat TCR heterodimer, rendering the receptors unable to be expressed.
These gRNAs were separately cloned into mammalian expression vectors with the pre-
existing Cas9 endonuclease and scaffold sequence. Upon confirming the gRNAs were
successfully cloned into the vector via Sanger sequencing, the vectors were to be
transfected via electroporation and validated via antibody staining and subsequent flow
cytometry analysis. Because the Jurtkat cell line is CD4-positive, gRNAs were similarly
designed to knock out the coreceptor, which could interfere with the cytotoxic
capabilities of a synthetic CD8+ TCR. To confer a cytotoxic response, the CD8
coreceptor would similarly be transfected into the cell line in a mammalian expression
vector. Engineering a CD4+ human T cell line to be CD8-positive and free of

endogenous TCRs could have broad applications for ACT therapy.
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METHODS — CLONING FUNCTIONAL ANTIGEN-SPECIFIC TCRS:

Antigen-Specific T Cell Expansion

Primary peripheral blood mononuclear cell (PBMC) lines were obtained from
healthy donors at Baylor College of Medicine. BCP cell lines were cultured in B cell
media (R&D Systems) under standard conditions and passaged prior to confluence. To
promote expansion of desired antigen-specific T cell populations, APC’s were pulsed
with 10 ug FluM1 peptidess-s6 (GILGFVFTL, Prolmmune) overnight with IL-4 (R&D
Systems). The following day, IL-4 medium was removed and PBMCs were co-cultured
with FluM1 peptide pulsed APCs, IL-2 (R&D Systems), and IL-7 (R&D Systems) for 12
consecutive days. 50% of media was replaced on days 5 and 10. Created in collaboration

with Nolan Vale.

Sequencing FluM1-Specific T Cell Receptors from BCP5 Donor Cells

10*106 stimulated BCP PBMCs were lysed and RNA was isolated using
RNAqueous Phenol-Free RNA Isolation Kit (Invitrogen). Purified transcripts were
reverse transcribed with Oligo (dT)1s primers (IDT) using Superscript III Reverse
Transcriptase (Invitrogen). Resultant cDNA was amplified with DreamTaq Hot Start
Polymerase (Thermo Fisher) using gene-specific primers (IDT) located in variable and
constant regions of af transcripts of interest, determined by VDJdb, an online TCR chain
database. Amplifications were verified via gel electrophoresis and Sanger sequencing.

Created in collaboration with Nolan Vale.
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Designing Primers with Site-Specific Attachment Sites

Primers were designed to add attB1 and attB2 site overhangs to the a and 3
FluM1-specific TCR sequences (Invitrogen). Using DreamTaq polymerase (and its
corresponding 1-step PCR protocol), a PCR was conducted to add the attB sites
(TRAV17, TRAC, TRBV19, TRBC) and amplify the sequence. The resulting lengths of
the PCR product were confirmed on a 1% agarose gel and purified (SV Wizard Gel/PCR
Clean-Up Kit) to be verified via Sanger sequencing. Created in collaboration with Nolan

Vale.

Gateway Reaction

To create the pENTR vector, 150 ng of pDONR221 (Invitrogen) (100
ng/microliter) was added to 50 fmol of the purified PCR products, 6 ul of NF water, and
two ul of BP Clonase II (Invitrogen). These solutions were incubated for one hour at 25
degrees Celsius, before the reaction was terminated with 1 microliter of Proteinase K
(Invitrogen). Following termination, the solutions were incubated for 10 minutes at 37
degrees Celsius. To perform a colony screen, the entry vector clones were transformed
into 40 ul of chemically competent DH5a E. coli. Upon completion, 150 ul of the
transformed cells were plated on LB agar with Kanamycin selection (50 mg/ml) and
incubated at 37 degrees Celsius for 16 hours. Three colonies were taken from each plate
and miniprepped via the Plasmid Miniprep Kit (Qiagen) before being verified with
Sanger sequencing. The miniprepped product (pENTR) was diluted to 150 ng/microliter
before being added 150 ng of destination vector pcDNA3.2 (Invitrogen), 6 ul of water,
and 2 ul of LR Clonase II (Invitrogen). These solutions were incubated for one hour at 25
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degrees Celsius, and the reaction was again terminated with 1 microliter of Proteinase K
(Invitrogen). To perform the second colony screen, the destination vector clones
(pDEST) were transformed into 40 ul of chemically competent DH5a E. coli. 150 ul of
these transformed cells were plated on LB agar with Ampicillin selection (50 mg/ml) and
incubated at 37 degrees Celsius for 16 hours. Three colonies were taken from each plate
and purified via the Plasmid Maxiprep Kit (Qiagen) and verified via Sanger sequencing.

Created in collaboration with Nolan Vale.

Transfection of Mammalian Expression Vector:

The purified mammalian expression vector (pcDNA3.2) construct was diluted in a
transfection buffer (RPMI) to bring the concentration of the construct to roughly 1.2
micrograms in 20 ul. Similarly, Jurkat cells were resuspended in RPMI and harvested
for each transfection sample. After placing on ice, these Jurkat cell samples were
transferred to electroporation cuvettes. The constructs were added to the cell solutions
and mixed. The Neon® Transfection System was used to electroporate the cells at

2150V, 20ms, 1 pulse. Created in collaboration with Nolan Vale and Peaches Ulrich.

Tetramer Staining and Flow Cytometry Analysis

In preparation for tetramer staining, 5 ml of H.Serum was added to 45 ml FACs
buffer. To create the dasatinib mixture, 2 ul of dasatinib was added to 10 ml of the
H.Serum/FACs buffer solution. The FluM1 tetramers were spun down in the cold room at
14,000¢g for 5 minutes. Meanwhile, the transfected cell samples were transferred from

their respective wells to labeled Eppendorf tubes and centrifuged at 500 g for 6 min. 1 ml
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of buffer (H.Serum/FACs) was added to each of the wells the cell samples were pulled
from. After centrifugation was complete, the media was aspirated. Then, the Iml of the
H.Serum/FACs buffer that was placed in the wells was extracted, added to each
centrifuged sample, mixed, and centrifuged at 500 g for 5 min. The supernatant was again
aspirated, and 200 ul of dasatinib mix was added to each before incubating for 30 min at
room temperature. The samples were flicked every 10-15 minutes during this period to
ensure sufficient mixing. Following the incubation period, 1 ml of dasatinib mix was
added to the cell samples, which were centrifuged at 500 g for 5 min. The supernatant
was aspirated from these samples to leave only 100 ul of solution in each. 10 ul of the
FluM1 tetramer (Prolmmune) was added to each sample and mixed thoroughly. This mix
was allowed to incubate for 30 minutes at room temperature in the dark (covered in foil),
where they were flicked every 10-15 minutes. The resulting samples were brought up in 1
mL of FACs buffer and centrifuged at 500 g for 5 min. The supernatant was aspirated,
leaving the pellet intact, and 1 ml of PBS was added. The solution was mixed and
centrifuged at 500 g for 5 minutes. The supernatant was again aspirated, and the pellet
was resuspended in 1 ml of PBS. Flow cytometry analysis was conducted with the

tetramer-stained samples. Created in collaboration with Peaches Ulrich.
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METHODS — CRISPR TCR KNOCKOUT:
Guide RNA Design
The CD4+ Jurkat T cell line was gifted from ATCC. The cells were lysed and RNA was
isolated using RNAqueous Phenol-Free RNA Isolation Kit (Invitrogen). Purified
transcripts were reverse transcribed with Oligo (dT)is primers (IDT) using Superscript I11
Reverse Transcriptase (Invitrogen). The resulting cDNA was amplified with DreamTaq
Hot Start Polymerase (Thermo Fisher) using gene-specific primers (IDT) located in
variable and constant regions of af} transcripts of interest. The PCR products were
purified (SV Wizard Gel/PCR Clean-Up Kit) and verified via Sanger sequencing.
Utilizing prior literature, the variable, joining, and constant region of the Jurkat TCR
sequence were annotated. gRNAs were designed to target the constant regions of the a
and [ chain utilizing the IDT Custom Alt-R CRISPR-Cas9 guide RNA design tool. Based
on the off-target and on-target analysis provided, two gRNA designs were chosen for
both the o and B chains. These gRNA designs were used to create complementary oligos
with the necessary typells restriction sites for double-stranded synthesis in the Golden

Gate-compatible PX458 vector.

Phosphorylation of Oligos

Before annealing the oligos, 1 ul of the sense and antisense strands were added to an
Eppendorf tube, followed by 1 ul of 10x ligation buffer, 0.5 ul of PNK (10/microliter)
(New England BioLabs), and 6.5 ul of NF water. The phosphorylated strands were stored

at -20 degrees Celsius.
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Annealing Oligos

The thawed phosphorylated strands were placed in a hot water bath at 95 degrees Celsius
for 5 minutes. The samples were allowed to cool to room temperature before being stored
at -20 Celsius. To confirm that the oligos were effectively annealed, 1 ul of ethidium

bromide was mixed with 4 ul of the annealed oligo sample and run on a 3% agarose gel.

Cultivating Mammalian Expression Vector PX458

The agar stab of the pSpCas9(BB)-2A-GFP (PX458) vector gifted by the Feng Zhang lab
was used to streak three ampicillin agar plates (50 mg/ml). They were incubated at 37
degrees Celsius for 16 hours, and two colonies were chosen from each to inoculate
overnight cultures. To prepare the overnight cultures, a pipette tip with the chosen
colonies were added to 7 ml of LB broth and 7 ul of ampicillin antibiotic. The following
samples were shaken for 17 hours, before a miniprep was performed with the Plasmid
Miniprep Kit (Qiagen). The miniprepped products were confirmed via Sanger sequencing
utilizing the U6 promoter universal primer (LKO.1 5”) (IDT). The overnight cultures
were also used to make glycerol stocks, where 500 ul of culture was added to 500 ul of

80% glycerol solution and stored at -80 degrees Celsius.

Golden Gate Reaction

To integrate the gRNAs into the PX458 vector, 25 nanograms of the purified vector was
added to 1 ul of the annealed oligos (10 micromolar), followed by 1 ul of 10x T4 ligation
butter, 0.5 ul of BbSI restriction enzyme, 0.5 ul of T4 DNA ligase (400 U/microliter), and

7 ul NF water (New England BioLabs). The resulting samples were incubated in a
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thermocycler, alternating between 37 degrees Celsius for 5 minutes and 23 degrees
Celsius for 5 minutes for 25 cycles. These products were transformed into 50 ul of
chemically competent DH5a E. coli, plated on ampicillin agar plates (50 mg/ml), and
incubated at 37 degrees Celsius for 17 hours. A colony PCR using the DreamTaq HS
enzyme was performed with universal U6 promoter primer (LKO.1 5°) and reverse
primers (CS1, CS2) customized to PX458 vector’s BbSI restriction sites (IDT) (Supp.
Table 3, 4). Meanwhile, 2 colonies were chosen from each plate to inoculate overnight
cultures. The cultures, after being incubated and shaken for 17 hours, were utilized to
make glycerol stocks (to be stored at -80 degrees Celsius) and to purify the vector via the

Plasmid Miniprep Kit (Qiagen). The resulting product was sent for Sanger sequencing.

Transfection of PX458 Vector

The purified PX458-gRNA construct was diluted in a transfection buffer (RPMI) to bring
the concentration to roughly 1.2 micrograms in 20 ul of NF water. Similarly, Jurkat
cells were resuspended in RPMI and harvested for each transfection sample. After
placing on ice, these Jurkat cell samples were transferred to electroporation cuvettes. The
constructs were added to the cell solutions and mixed. The Neon® Transfection System

was used to electroporate the cells at 2150V, 20ms, 1 pulse.

Antibody Staining and Flow Cytometry Analysis

In preparation for flow cytometry analysis, the Jurkat antibodies were vortexed and spun
down. The transfected cell samples were transferred from the wells to labeled Eppendorf
tubes and centrifuged at 500 g for 5 min. In the meantime, 1 ml of buffer (FACs/MACs)

20



was added to each well the sample was pulled from. After centrifugation was complete,
the supernatant was aspirated, and the 1ml of buffer that was added to each well was
extracted and added to the cell samples. The samples with the newly-added buffer were
mixed and centrifuged at 500 g for 5 min. While the samples were centrifuging, the
antibody master mix was prepared (1ul CD8PC5/per sample, 1ul CD14-FiTC/per sample,
lul CD19-FiTC/per sample) (Prolmmune). After centrifugation, the supernatant was
aspirated, leaving the pellet undisturbed. Then, the antibody mixture was vortexed, and
100 ul were transferred to each sample. Upon thorough mixing, the samples were allowed
to stain for 30 minutes on ice in the dark (covered in foil), where the samples were
flicked every 10-15 minutes to increase staining efficiency. After the incubation period,
the stained samples were brought up in 1 ml of PBS and centrifuged. After the final
centrifugation was performed, the pellet was resuspended in 600 ul of PBS, and the
samples were placed on ice in the dark until flow cytometry analysis. Finally, flow

cytometry analysis was performed.

MGH CRISPR Sequencing

To prepare samples to be sent to the MGH CRISPR Sequencing core, a number of steps
needed to be completed. Primers were designed to encompass an amplicon within the
Jurkat genome. This amplicon, which needs to fall between 200 and 600 bp long,
includes the CRISPR cut site in the first 100 base pairs along with the target site. To gain
this PCR product post-transfection, RNA was first isolated using a RNAqueous Phenol-
Free RNA Isolation Kit (Invitrogen). The purified transcripts were reverse transcribed
with Oligo (dT)is primers (IDT) using Superscript III Reverse Transcriptase (Invitrogen),
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and the resulting cDNA was amplified with DreamTaq Hot Start Polymerase (Thermo
Fisher) in a PCR reaction using primers designed to amplify and isolate the desired
amplicon (IDT). To characterize the PCR product, a 1% agarose gel was performed. To
remove any contaminants from the product, the PCR products were purified with the SV
Wizard Gel/PCR Clean-Up Kit. Upon confirming the lengths, the samples were
nanodropped to ensure the concentration fell between 10 and 40 ng/microliter. Finally, 35
ul of each sample were aliquoted to be sent to the MGH CRISPR Sequencing Core, along

with a visualization of the gel and the corresponding concentration values.

RESULTS:
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Cloning FluM1-Specific T Cell Receptors

Via Sanger sequencing technology, the homology between the Gateway cloning

intermediates was evaluated for FluM1-specific a and 3 TCR sequences extracted from

donor PBMC:s. Derived from literature and seen in high frequency in TCR database

VDIJdb, the chosen TCRa sequence contained variable region 17-01 (TRAV17*01),

joining region 43-01 (TRAJ43*01), and the a chain constant region (TRAC) (Fig. 1). The

TCRP sequence contained TCRJ variable region 19-01 (TRBV19-01), domain region 2-

02 (TRBD2%*02), joining region 2-1-01 (TRBJ2-1*01), and the beta chain constant region

(TRBC) (Fig. 2). Homology between the TCR sequence in pDONR221, pcDNA3.2, the

maxiprepped destination vector was evaluated to be >90% (Fig. 1, 2).

A

C

GTAAGTATCCCCATACTGGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATGAGCAATGCITTTTTATAATGCCAACTTTGTACAAAAAAGCAGGCTAACCCATGAGTCAACAGGGAGAA
GAGGA’ TTGAGCATCC TGAAAA TGAACTGCAGTTACAAAACTAGTATAAACAATTTACAGTGGTATAGACAAAATTCAGGTAGAGGCCTTGTCCACCTAATTTT
AATACGTTCAAAT! TGGAAGATT) TTGACACTTCCA. AGTTCCTTGTTGATCACGGCTTCCCGGGCAGCAGACACTGCTTCTTACTTCTGTGCTA
CGGACGCGGGGAACAATGACATGCGCTTTGGAGCAGGGACCAGACTGACAGTAAGACCAAATATCCAGAACCCTGACCCTGCCGTGTACCAGCTGAGAGACTCTAAATCCAGTGACAAGTCTGTCTG
CCTATTCACCGATTTTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAAAACTGTGCTAGACATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAG
CAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCGAGAAAAGCTTTGAAACAGATACGAA

CCTAAACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAGCTGAGATCTGCAAGATTGTAAGACAGCCTGTGE
TCCCTCGCTCCTTCCTCTGCATTGCCCCTCTTCTCCTCTCCAAACAGAGGGAACTCTCCCACCCCCAAGGAGTGAAAGCTGCTACCACCTCTGTGCCCCCCGGCATGCACACTGGATCTACCCGAATTTA
TGATAGATGCTGAGAGCTGCAACACTGCTGCACCCCCTCTGTCCTAATGCTGCTGTCACTGCTTGACATTCACGGCAGAGCAAGGCTGCTGCAGCTACTGACTGGTCATTACGTCTGCTCCAGAAGAACTG
CTTCGGGC

TACAATGTCGACAATAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGTTAAGCTATCAACAAGTTTGTACAAAA
AAGCAGGCTAACCCATGAGTCAACAGGGAGAAGAGGATCCTCAGGCCTTGAGCATCCAGGAGGGTGAAAATGCCACCATGAACTGCAGTTACAAAACTAGTATAAACAATTTACAGTGGTATAGACA
AAATTCAGGTAGAGGCCTTGTCCACCTAATTTTAATACGTTCAAATGAAAGAGAGAAACACAGTGGAAGATTAAGAGTCACGCTTGACACTTCCAAGAAAAGCAGTTCCTTGTTGATCACGGCTTCCCG

ACTGCTTCTTACTTCTGTGCT GGGGAACAATGACATGCGCTT CAGACTGACAGTAAGACCAAATATCCAGAACCCTGACCCTGCCGTGTACCAGCTG
AGAGACTCTAAATCCAGTGACAAGTCTGTCTGCCTATTCACCGATTTTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAAAACTGTGCTAGACATGAGGTCTATGG

ACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAG
CTGGTCGAGAAAAGCTTTGAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAG
CTGAGATCTGCAAGATTGTAAGACAGCCTGTGCTCCCTCGCTCCTTCCTCTGCATTGCCCCTCTTCTCCCTCTCCAAACAGAGGGAACTCTCCCACCCCCAAGGAGGTGAAAGCTGCTACCACCTCTGT

GCCCCCCCGGCATGCCACCAACTGGATCCTACCCGAATTTATGATTAGATGCTGAGAGCTGCCAACACTGCTGCCACCCCCCTCTGTTCCTTATTGCTGCTGTCACTGCCTGACATTCACGGCAGAGCAA
GCCTGCTGCAGCCTTCCCTGGCTGGCCATCTCTGCTCCCCTGAGACTGCTTCGGCCCAATCCCCAAGAAT

CGATGGGGGATATTAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGTTAAGCTATCAACAAGTTTGTACAAAAA

AGCAGGCTAACCCATGAGT CTTGAGCATCH TGAAAA \TGAACTGCAGTT, AGTATAAACAATTTACAGTGGTATAGACAA
AATTCAGGTAGAGGCCTTGTCCACCTAATTTTAATACGTTCAAATGAAAGAGAGAAACACAGTGGAAGATTAAGAGTCACGCTTGACACTTCCAAGAAAAGCAGTTCCTTGTTGATCACGGCTTCCCGG
GCTTCTTACTTCTGTGCTACGGA AACAATGACATGCGCTTTGGAGCAGGGACCAGACTGACAGTAAGACCAAATATCCAGAACCCTGACCCTGCCGTGTACCAGCTGA

GAGACTCTAAATCCAGTGACAAGTCTGTCTGCCTATTCACCGATTTTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAAAACTGTGCTAGACATGAGGTCTATGGA
CTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCT
GGTCGAGAAAAGCTTTGAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAGCT
GAGATCTGCAAGATTGTAAGACAGCCTGTGCTCCCTCGCTCCTTCCTCTGCATTGCCCCTCTTCTCCTCTCCAAACAGAGGGAACTCTCCCACCCCCAAGGAGGTGAAAGCTGCTACCACCTCTGTGCC
CCCCCGGCAATGCCACCAACTGGATCCTACCCGAATTTATGATTAAGATTGCTGAGAGCTGCCAAACACTGCTGCCACCCCCCTCTGTTCCCTATTGCTGCTGTCACTGGCTGACATTCACGGCAGAGCAA
GCTGCTGGCAGCTTCCCCTGACTGGTGCACATCCTCTGCTCCCAGAGACTGCTTCGGCATCCAGAGTATGAATCTCAAGTGGGTTCCTTGGACTCTAAGTTCCTGGAAATGTTTGTTGAAGGGCTCCT

Key:
TRAV17*01
TRAJ43*01

TRAC

Figure 1: Annotated Sanger sequencing results for the TCRa sequence in A) pDONR221 B) pcDNA3.2 and C) the
maxiprepped expression vector. The variable region (TRAV17-01), joining region (TRAJ43-01), and constant region (TRAC)
were used to evaluate homology throughout the cloning process. Developed in collaboration with Nolan Vale
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GTATGATGCCAATACTGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATGAGCAATGCTTTTTTATAATGCCAACTTTGTACAAAAAAGCAGGCTACCATGGATGGTGGAATCACTCAGT Key .
CCCCGAAGTACCTGTTCAGAAAGGAAGGACAGAATGTGACCCTGAGTTGTGAACAGAATTTGAACCACGATGCCATGTACTGGTACCGACAGGACCCAGGGCAAGGGCTGAGATTGATCTACTACTC
ACAGATAGTAAATGACTTTCAGAAAGGAGATATAGCTGAAGGGTACAGCGTCTCTCGGGAGAAGAAGGAATCCTTTCCTCTCACTGTGACATCGGCCCAAAAGAACCCGACAGCTTTCTATCTCTGTG

CCAGTAGTATAGAGTT. ,CCCAGTTCTT! TCACCGTGCTAGCCCCATTACCTCTTCCCTTTCC A, TCGCTGTG %
eetaraara = TRBV19*01
GTCCAGT TGTGGCT TTACCAGC
AAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCTTGCT, ACCTTGTATGCCGTGC TCGTGCTGATGGCCAT( T \TTCAGAGCACCAGCTTTC TR B D2*02
TTGTACAAAGTGCAATATAGAAAGCATGCTATCATTTGGTGCAACGACCAGTTCACTATCAGTCAATAATCATACTGGCAATCAGCTGAATTCCGTATAGGTGAGTCGAATACTCCTAGCGTTTCTGCAGCTT

AGTCTGGTTCCTCAAACTC

TCAGTGGGGACTTTAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTATCTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGTTAAGCTATCAACAAGTTTGTACAAAA TR B J 2
AAGCAGGCTACCATGGATGGTGGAATCACTCAGTCCCCGAAGTACCTGTTCAGAAAGGAAGGACAGAATGTGACCCTGAGTTGTGAACAGAATTTGAACCACGATGCCATGTACTGGTACCGACAGGA 1 *01
CCCAGGGCAAGGGCTGAGATTGATCTACTACTCACAGATAGTAAATGACTTTCAGAAAGGAGATATAGCTGAAGGGTACAGCGTCTCTCGGGAGAAGAAGGAATCCTTTCCTCTCACTGTGACATCGG

CCCAAAAGAACCCGACAGCTTTCTATCTCTGTGCCAGTAGTATAGAGTTAGC CCAGTTCT’ CACCGTGCTAGCCCCATTACCTCTTCCCTTTCCAGAGGAC
TGAAAA TGTTTGAGCCA TCT
GGTGGGTGAA T GCCTGAGGGTCTCGGCCACCTTCT TR Bc

(GGCAGAACCCCGCACACTTCGCTGTCAAGTCCAGTTCTACGGGCTCTCGAGATGACGAGTGACCAGATAGGCCAAACTGTCACCAGATCGTCAGCGCCGAGGCCTGGGTAAGCAGACTGTGGCTTCCCT
CCGAGTCTTACAAGCAAGGTCTGTCTGCCACATCTCTCTATAGAATCTGGCTAAGAGCCACCTTGTATGCGTGCTTGTCCATGTGCCTCTGTCGTTGATGGCAATGTCAGAAGGATTCCAGCACTCAGCTCT
TGCAAGTGTATCAGAACGTCAGACATCACTCGCGTATCGACGGGTAT

GCAGGCTACCATGGATGGTGGAATCACTCAGTCCCCGAAGTACCTGTTCAGAAAGGAAGGACAGAATGTGACCCTGAGTTGTGAACAGAATTTGAACCACGATGCCATGTACTGGTACCGACAGGAC

CCATTGGCGCAATAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGTTAAGCTATCAACAAGTTTGTACAAAAAA
C CCAGGGCAAGGGCTGAGATTGATCTACTACTCACAGATAGTAAATGACTTTCAGAAAGGAGATATAGCTGAAGGGTACAGCGTCTCTCGGGAGAAGAAGGAATCCTTTCCTCTCACTGTGACATCGGC

CCAAAAGAACCCGACAGCTTTCTATCTCTGTGCCAGTAGTATAGAGTTAG! CCCAGTTCTTC GGCTCACCGTGCTAGCCCCATTACCTCTTCCCTTTCCAGAGGACC

T T TC TCT
\TGACTCCAGATACTGCCTGAGCAGCCGCCTGAGGGTCTCGGCCACCTTCTG
(GCAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTCTACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAACCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAG
ACTGTGGCTTCACCTCCGAGTCTTACCAGCAAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCGTGCTGGTCAGTGCCCTCGTGCTGATGGCCATGGTCAG
AGAAGGATTCCAGAGCACCCAGCTTTCTGTACAAGTGTGATCTAGAGGGCCGCGTCGAGTAGCTATCCTACCCTCTCTCGTCTCGATCTACGCGTACGTAGTATGAGATCACGGGAAGCTACTGACACGA
GAAACATACGAAGACCCGCGCTATGACGCATAAGACGATAGCAGGTGTGGTCTTGTTCAATAAGCGCGGGTTCGTTCTCAAG

Figure 2: Annotated Sanger sequencing results for the TCRS sequence in A) pDONR221 B) pcDNA3.2 and C) the maxiprepped
expression vector. The variable region (TRBV19-01), domain region (TRBD2-02), joining region (TRBJ21-01), and constant
region (TRBC) were used to evaluate conservation of sequence. Developed in collaboration with Nolan Vale.

Flow Cytometry Analysis of KSA FluM1 Clone in NonA2 Donor PBMCs

As part of a separate venture, the KSA FluM1-
R3 - BCP8 NonA2 2150V KSAabCD8_CD...
specific TCR was cloned, transfected into 10°

-
Q

NonA2 PBMCs, and stained with FluM1

tetramers. To determine proper assembly at the "

membrane and a degree of functionality

-
=]

measured by binding affinity, flow cytometry

FluM1 Tetramer - R-PE-H

-
R

:&‘j""}'}-‘.\*",ﬂ; o
10° T
likely Flu-positive, there would be no way to CD8 - PerCP-Cy5.5-H

analysis was performed. In an A2 donor that is

.. . . Figure 3: Flow cytometry analysis of FluM1
confirm the bll’ldll’lg afﬁnlty exists between the tetramer binding affinity to the FluM1-specific

TCR construct in nonA2 PBMCs. Constructs

tetramer and the synthetic construct. Utilizing a containing the FluM1-specific TCRs were
transfected into NonA2 PBMC donors and

stained for flow cytometry analysis.
non-A2 donor, the FluM1 tetramer’s only

opportunity to bind would be to the FluM1-specific TCR. It was observed that there was
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R3 - FMO No CD8Pcy5.5 binding between the tetramer and the construct
(Fig. 3). Serving as a negative control, the same
was accomplished but in cells without the

coreceptor CD8. There was no binding affinity in

-
o

the absence of CDS8 observed in flow cytometry

FluM1 Tetramer - R-PE-H

analysis (Fig. 4).

-
?

CD8 - PerCP-Cy5.5-H

Figure 4: Flow cytometry analysis of FluM1
tetramer affinity to the FluM1-specific TCR
construct (negative control). Constructs
containing the FluM1-specific TCRs were
transfected into PBMC donors and stained for
flow cytometry analysis.

Annotated Jurkat TCR Sequences:

Using prior studies that characterized and paired high frequency FluM1-specific TCR a
and [ chains, primers were designed to amplify these regions from the cDNA samples in
the immortalized CD4+ Jurkat cell line. The variable (TRAV), joining (TRAJ), and
constant (TRAC) sequence were consistent with the length and nucleotide content found

in past studies (Fig. 5).
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Validated Jurkat TCR Sequence — Alpha Chain

GCCCAGTCGGTGACCCAGCTTGGCAGCCACGTCTCTGTCTCTGAAGGAGCCCTGGTTCTGCTGAGGTGCAACTACTCATCGTCTGTTCCACCATATC
TCTTCTGGTATGTGCAATACCCCAACCAAGGACTCCAGCTTCTCCTGAAGTACACATCAGCGGCCACCCTGGTTAAAGGCATCAACGGTTTTGAGGC
TGAATTTAAGAAGAGTGAAACCTCCTTCCACCTGACGAAACCCTCAGCCCATATGAGCGACGCGGCTGAGTACTTCTGTGCTGTGAGTGAGGGGTA

Key:

CAGCAGTGCTTCCAAGATAATCTTTGGATCAGGGACCAGACTCAGCATCCGGCCAA g g gccgtg g g gtg. TRAV

gieigiels L 9 gty 9 gtgelgigy

9 9 ggtecag 9 gectg TRAJ

cgaatttatgat g gctg gctg g tattg g gcctg. CL] ] gctgcag 99 TRAC

g9 9 999

gag g gctgigigicigg tglatg 9 9

Validated Jurkat TCR Sequence — Beta Chain

GATGCTGGAGTTATCCAGTCACCCCGCCATGAGGTGACAGAGATGGGACAAGAAGTGACTCTGAGATGTAAACCAATTTCAGGCCACAACTCCC
TTTTCTGGTACAGACAGACCATGATGCGGGGACTGGAGTTGCTCATTTACTTTAACAACAACGTTCCGATAGATGATTCAGGGATGCCCGAGGAT
CGATTCTCAGCTAAGATGCCTAATGCATCATTCTCCACTCTGAAGATCCAGCCCTCAGAACCCAGGGACTCAGCTGTGTACTTCTGTGCCAGCAG

TTTAGCCTAACTATGGCTACACCTTCGGTTCGGGGACCAGGTTAACCGTTGTAGgagg tatt gaggtcgcetgtgtttg
cagagatct ggtatgcctgg t 9 gtggagctgagetggtgggtgaatgggaaggaggt tgggg acc
cgcagcccctcaaggagcagcccgecct gatactgcctgag gcctgagggtetegg ttctggcag g ttccgctgtcaagtccagtictacg
ggctctcggagaatgacgagtgg ggatagggcca gtcacccagatcgtcagcgecgaggectggggtag tgtggctt: tccgagtcttaccagcaaggggtect
gtctgccaccatcctctatgagatcttgctagggaaggccaccttgtatgcegtgetggtcagtgecctegtgetgatggecatgg g tccagagg

Key:
TRAV
TRAJ

TRAC

Figure 5: Validated Jurkat TCR sequence for o and B chains. The sequences, derived from prior literature, were annotated to
include the variable region (TRAV), joining region (TRAJ), and the constant region (TRAC), consistent with prior findings.

Guide RNA Design for a Chain

Utilizing designs generated from the IDT Custom Alt-R CRISPR-Cas9 guide RNA

design tool, four gRNAs compatible with the constant region of the a chain were chosen

for further analysis. Two were selected for their high on-target/off-target score to be

utilized for CRISPR-Cas9 knockout system (Fig. 6). Typells restriction sites

complimentary to the PX458 vector were added to the gRNA designs for Golden Gate

cloning (Supp. Table 1).
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gRNA Sequences (Alpha)

(G)AAGTTCCTGTGATGTCAAGC

(G)TTCGGAACCCAATCACTGAC

(G)CTCGACCAGCTTGACATCAC

(G)TCTTCTTCTCAAGACGTGGG

PAM Sequence | On-Target

Score

TGG 78
AGG 80
AGG 63
TGG 63

Off-Target

N

60

77

81

59

Figure 6: gRNA designs curated from the IDT Custom Alt-R CRISPR-Cas9 guide RNA design tool for the constant region of
the a chain of the endogenous Jurkat TCR, the associated PAM signal sequence, and off-target/on-target score. Bolded

sequences were ordered for experimental purposes [104].

There were 100 gRNAs curated by the IDT Custom Alt-R CRISPR-Cas9 guide RNA

design tool for targeting the constant region of the a chain. High off-target risk or low

binding potential classified 89 gRNAs as unlikely to work effectively as part of the

CRISPR-Cas9 system (Fig. 7). Of the 11 that were classified as effective, only four were

Low ,

Off-target risk

High

Number of designs by cluster
May not work
e —

Low

On-target potential

Hi'gh
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chosen due to their placement in the

clustered matrix (Fig. 6). The gRNAs

selected were designed to target the

region 300-400 bp downstream of the

TCR joining region (TRAJ) (Fig. 8).

Figure 7: Designs curated by IDT Custom Alt-R CRISPR-
Cas9 guide RNA design tool ( for the a constant region and
their relative on-target potential and off-target risk. The red
zones indicate gRNA designs that have a higher chance of
not working effectively as part of the CRISP-Cas9 complex

[104].



0 100 200 300 400 500 600 700 800 900
L | | | | | | | | 1
“« « > >« « > €« « >
« > « . « « “« € « « >
« > € « « > « > « >
« > « « > > “ > >
« « « « > > « > >
« « « > « « »> >
« « >« « > > > »>

« « « « €« « >
> « « «
> « «
« >« « «
> « « >
« « >
“« « «
« «

Figure 8: The location and orientation of the customized Jurkat TCR a chain gRNAs curated from the IDT Custom Alt-R
CRISPR-Cas9 guide RNA design tool. 100 gRNAs were designed from the provided constant region. There appeared to be no
correlation between orientation or generalized location and high off-target/on-target score [104].

Guide RNA design for f Chain

Utilizing designs generated from the IDT Custom Alt-R CRISPR-Cas9 guide RNA
design tool, four gRNAs compatible with the constant region of the 3 chain were chosen
for further analysis. Two were selected for their high on-target/off-target score to be
utilized for the CRISPR-Cas9 knockout system (Fig. 9). Typells restriction sites

complimentary to the PX458 vector were added to the gRNA designs for Golden Gate

cloning (Supp. Table 2).
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gRNA Sequences (Beta) PAM Sequence | On-Target | Off-Target
Score Score

1 (G)AGGCTTCTACCCCGACCACG TGG 63 83
2 (G)GACCAGCACGGCATACAAGG TGG 73 74
3 (G)CCGACCACGTGGAGCTGAGC TGG 73 58
4 (G)TCAAACACAGCGACCTCGGG TGG 57 80

Figure 9: gRNA designs curated from the IDT Custom Alt-R CRISPR-Cas9 guide RNA design tool for the constant region of
the B chain of the endogenous Jurkat TCR, the associated PAM signal sequence, and off-target/on-target score. Bolded

sequences were ordered for experimental purposes [104].

There were 100 gRNAs curated by the IDT Custom Alt-R CRISPR-Cas9 guide RNA

design tool for targeting the constant region of the § chain. High off-target risk or low

binding potential classified 84 gRNAs as unlikely to work effectively as part of the

CRISPR-Cas9 system (Fig. 10). Of the 16 that were classified as effective, only four
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were chosen due to their placement
in the clustered matrix (Fig. 9). The
gRNAs selected were designed to
target the region about 100 bp and
450 bp downstream of the TCR

joining region (TRAJ) (Fig. 8).

Figure 11: Designs curated by IDT Custom Alt-R
CRISPR-Cas9 guide RNA design tool for the B
constant region and their relative on-target potential
and off-target risk. The red zones indicate gRNA
designs that have a higher chance of not working
effectively as part of the CRISP-Cas9 complex
[104].
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Figure 12: The location and orientation of the customized Jurkat TCR 3 chain gRNAs curated from the IDT Custom Alt-R
CRISPR-Cas9 guide RNA design tool. 100 gRNAs were designed from the provided constant region. There appeared to be no
correlation between orientation or generalized location and high off-target/on-target score [104].

Confirmation of Double-Stranded Synthesis of
Guide RNAs

To evaluate whether the sense strand and antisense
strand of the complimentary gRNA strands were
phosphorylated and annealed effectively, the

annealed strands and just the sense strand of each

-
-
~
-
-
-
-
-
«

gRNA design were run on a 3% ethidium bromide

gel. Because EtBr has a greater affinity to double-

stranded DNA and because double-stranded DNA

is linearized in PCR reactions, it was expected that

(1 eydje) oBijo asuag
(Z eydie) o3ijo asuag
(1 ©33q) oByjo asuag
(z ®19q) o8ijo asuag

annealed oligos would be brighter and longer

(1 eyde) soBjo pajeauuy
(Z =ydje) soBijo pajeauuy
(1 &3aq) soBijo pajeauuy
(z ©33q) sodijo pajeauuy

(about double in length) than the sense strand. Figure 13: Annealed gRNA oligos relative to the
sense strand of the double-stranded gRNAs run on
a 3% ethidium bromide gel.
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It was observed that the annealed oligos were about double the length of the sense strands

and significantly brighter (Fig. 13).

Confirming Integration of Guide RNAs into PX458

Utilizing Golden Gate cloning, the annealed oligos were integrated into the PX458
vector. To confirm that the gRNA inserts were effectively recombined into the vector, the
universal U6 promoter primer (LKO.1 5°), falling upstream of the first BbSI site, and
custom reverse primers (CS1 and CS2) designed just outside the second BbSI restriction
site were used in a PCR reaction to amplify the gRNA inserts (Supp. Table 3, 4). The
expected lengths of the gRNA inserts were ~180 bp. The actual length of the amplified
gRNA inserts for PCR reactions using the CS2 reverse primer was 180 bp, while there
was no visible band for the gRNA inserts for PCR reaction using the CS1 reverse primer

(Fig. 14).

al al a2 a2 g1 p1 B2 B2 100 bp
€S1 "cS27 €S2 CS28  C51) (€52° ¢S1 - GS2 ladder

Figure 14: Amplification of o and f gRNA inserts in the PX458 vector. The constructs were isolated and
amplified via customized reverse primers (CS1 and CS2) and the universal forward primer for the U6
promoter (LKO.1 5”).
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Validation of Guide RNAs in PX458

The PX458 constructs were sent for Sanger sequencing to confirm that the gRNA inserts
were successfully integrated into the vector. In sequencing the B chain, the gRNA
sequence was only retrieved from sequencing results utilizing the forward U6 promoter
primer (LKO.1 5°) (Fig. 15). Conversely, in sequencing the a chain, results were only
retrieved from sequencing results utilizing the CS2 reverse primer (Fig. 15). There was

100% homology between the original gRNA designs and those in the construct (Fig. 15).

gRNA Alpha Chain (1)
CATGGTTATGTCATATACCTTACTGACTCAAGCTGCAGTTGCAGTTAACGGATCTAGGTGAAATCCCTTCTGGATAATTGCATGAGCAAAAATTCCATAACCGTGAGTTTC Key:
GGTCCAATCGAGGCGTCAGACCCCGTTAGATAAGAATCAAAGATTCTCTTGAGATCCTTTTTTTTCTGCGCGTAATCTGCTGCTTTGCAAACAAAAAAAACCACCGCTACC
CAGCGGTGTTTGTTGCCCGGATCAAGAGCTAACCAACTCCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTA
GGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACT g R NA
CAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGC
GTGAGCTATGAGAAAGCGCCACGCTTCCCGA. AA 'GGACAGGTATCCGGTAAGC! CGGAAC 'GCi TTCC.
AACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGC
GGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATT
GGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATC
ATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTG AAA A TGTCAAGCGTTTAGAGCTAGAAATAGCA
AGTAATAAGCTGGCCCCGTC

gRNA Alpha Chain (2)

GACGTTACAGACCTAGCTTAATTCGATAATACTTAGATTGATTCAAACTTCATTTTAGCTAAACGGAATCTACGTGGCAAGGATTCCTGTTGATATCTCATGGACC
AAAATTCCCTTAAACGTGAGTTTCGTTTCCACTGAGCGTCAGACTCCGTAAGAAAAGGATCAAAGGATCCTCCTTGAGATCCTTTTTTTCTGCGCGTAAATCTGC
TGCTTGCAAACAAAAAAAACCACCCGCTACCAGCGGTGGTTTTGTTTGGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGGTAACTGGCTTCAGCAGAGC
GCAGATACCAAATACTGTCTTATAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTG

GCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACA
CAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTA
TCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACT
TGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCT
CACATGTGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAG
TACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG
ATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTTCGGAACCCAATCACTGACGTCTAGAGCTAGAAATAGCAAGTAAACTAGCCTTCCCCC

gRNA Beta Chain (1) Key:

TTNNTATATCTTGTGGAAGGANGAAACACCGAGGCTTCTACCCCGACCACGNNTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA
GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCGCGTGCGC R NA
CAATTCTGCAGACAAATGGCTCTAGAGGTACCCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATA g
GTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCC
CTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTGTGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCT
ATTACCATGGTCGAGGTGAGCCCCACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCAG
CGAT ATNT! T NA

gRNA Beta Chain (2)

NNNNNNNNNNNNNNGCTTNATATATCTTGTGGAAGGANGAAACACCGGACCAGCACGGCATACAAGGNTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCT
AGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCGCGTGCGC
CAATTCTGCAGACAAATGGCTCTAGAGGTACCCGTTACATAACTTACGGTAAAT! -TGGCTGACCGCCCAACGA ATTGACGTCAATAG
TAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTA
TTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTGTGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTAC
CATGGTCGAGGTGANCCCCACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGG

TGNTNCI A T T

GTNCI T TANNA ANNA T NNNATNTNNAANCA

NNNNNNT ANTTI ANT! T NNNGT.

NT AA \TTI T

Figure 15: Annotated Sanger sequencing results for the PX458 and the a and B chain gRNA inserts. The B chain sequences were

retrieved using the U6 universal forward primer (LKO.1 5) while the a chain sequences were retrieved using the custom reverse
CS2 primer.
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DISCUSSION:

Solving Cancer Through a Modern, Alternative approach

Cancer is the source of profound biological questions, providing insight into how
cells communicate and what happens when they deviate from normal, “healthy” cell
standards. But cancer isn’t just a reflection of biological principles — it’s a leading cause
of death across the globe [66]. Its high incidence and the difficulty in treating it makes it
a prominent point of interest in research. For years, chemotherapy and radiation have
been the standard-of-care treatments, but cancer requires more than one approach. As a
result, researchers and clinicians are learning to see cancer through a new lens. Instead of
fighting it with toxic, foreign agents that simultaneously put patients at risk of other
health complications, they are devising ways to upregulate pre-existing signaling
pathways or engineering cells to better combat cancer growth. Among these strategies,
there is adoptive cell transfer, where immune cells are extracted and amplified or

modified to exhibit more efficient cancer killing capabilities [67].

Adoptive Cell Transfer

Adoptive cell transfer is a promising avenue for cancer therapy, involving either
the expansion of pre-existing antigen-specific immune cells or the engineering of
immune cell lines themselves [6]. Engineering immune cells is meant to bolster a
patients’ response to the cancer cell — this can be accomplished by cloning immune
receptors that will recognize and induce cell killing at the tumor site. This is a lofty goal,
however, as the immune system and its associated cells make up a complex network of
signaling and can be highly specific to the individual [68]. To mediate this understanding,
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the immune system can be split into two interdependent arms: the innate and adaptive
[69]. The innate immune system accounts for any physical barriers (such as skin),
defense mechanisms (such as secretions), and recognition/signaling from innate immune
cells (including macrophages, monocytes, and neutrophils) [70]. These innate immune
mechanisms are functionally the same among subjects, but adaptive immune responses,
which are mediated by B and T cell lymphocytes, are dependent on a person’s exposure
and recognition of specific antigens [71]. Upon recognizing antigens presented on the cell
surface, T and B cells mount an antigen-specific response to clear the body of infection
while conferring long-term immunity through the proliferation of memory B and T cells
[71]. Not only does a person’s exposure to pathogens dictate their unique immune
response, but the receptors responsible for recognizing these antigens, the MHC (or HLA
molecules), are also not conserved amongst individuals, leaving some populations more
susceptible to infections or autoimmune disorders than others [72]. Different individuals
respond to cancer differently for these reasons, so it makes sense to customize the
treatment to the nature of a given patient’s immune system and cancer subtype. The
programmability of adoptive cell transfer is a means to do this. The quantity and type of
immune cell being administered to the patient is in the hands of the clinicians, and though
this can be dangerous if performed wrong, it provides a more adaptable, specific

treatment that the body won’t reject like other highly toxic standard-of-care treatments.

Competing Receptors in TCR Therapy
In designing these engineered immune cell lines, problems are inevitably

encountered, particularly in relation to competition with other immune cells or their
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counterparts. For example, in the study preceding this one, antigen-specific TCRs were
cloned into a mammalian expression vector and transfected via electroporation into a
CD4+ Jurkat T cell line. The problem was: in evaluating whether these TCRs were
functional, it was speculated that the endogenous TCRs competed with the synthetic,
cloned TCRs for accessory proteins and space, potentially hybridizing with the receptor
itself. Because the TCR is composed of two chains that assemble independently, there is
a chance that there will be mismatches in the pairing of the two chains [73].

To mediate this, other studies have cloned TCRs into non-T cells, like HEK293
human kidney derivative cells [74]. Though in doing so, research has shown that
synthetic TCRs can assemble at the membrane of these cells, functionality can not be
determined because they lack the complex network of signals and accessory proteins
responsible for TCR assembly, activation, and downstream cytokine release [75]. A
naturally occurring, functional TCR is accompanied by CD3 molecules, the CD8
costimulatory protein, and ITAMs [76]. The CD3 dimers stabilize the TCR as it is formed
and transported to the cell membrane for assembly, while the CDS8 costimulatory protein
binds to the MHC I molecule, stabilizing the immunologic synapse [77,78]. More
specifically, the a chain interacts with the CD3d:CD3e dimer and a z dimer while the 3
chain interacts with one CD3g: CD3e dimer [79]. The change in charge between these
subunits stabilizes the TCR complex and are responsible for intracellular signaling [77].
Each CD3 subunit has two immunoreceptor tyrosine-based activation motifs (ITAMS),
and each z chain has three, equaling 10 ITAMs per TCR complex [76]. When their
tyrosine residues are phosphorylated upon TCR binding to a ligand, a signaling cascade is
initiated. In addition to increasing affinity at the immunological synapse, CD4 and CDS8
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coreceptors’ intracellular kinase Lck is thought to be responsible for the tyrosine
phosphorylation [80]. ZAP-70 then binds to the phosphorylated ITAMs, becoming
phosphorylated itself [81]. This cascade of phosphorylation continues, ending with the
release of transcription factors NFkB, NFAT, and AP-2, which control cell proliferation
and differentiation [82]. Without these accessory proteins, there is the chance that the
functionality of the TCR will be stifled or unable to bind to the MHC molecule
presenting the antigen to stimulate a cytotoxic response. Because there is extensive
internal and external machinery necessary for TCR assembly and activation, only a T cell
line would suffice for cloning TCRs. However, there is no immortalized CD8+ T cell line
on the market, so for the purposes of engineering a CD8+ cytotoxic T cell line, the CD8
coreceptor has to be integrated into a cell line as well.

Studies have been released attempting to immortalize CD8+ T cells, but none
have been made readily available. One study attempted to immortalize CD8+ T cell
clones by inducing the ectopic expression of the human telomerase reverse transcriptase
(hTERT), but the study indicated prominent limitations [83]. Others have attempted to
develop murine immortalized CD8+ T cell lines; however, these don’t have the clinical
applications of a human T cell line. As a result, pre-existing CD4+ T cell are the only

vessel for hosting CD8+ TCRs.

TCR KSA Clone Transfection Characterization

To establish the same principle this knockout study was based off of, the results
included the flow cytometry results from the transfection and tetramer staining of the
KSA FluM1-specific TCR clone in nonA2 PBMCs (Fig. 3, 4). Because nonA2 donors
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would be Flu-negative, positive results would indicate the presence of the construct at the
membrane and its binding affinity. As seen in the figure, FluM1 tetramer did bind to the
construct (Fig. 3). This figure illustrates the principle this study is working off of — only
in the absence of endogenous receptors or the source of confounding variables could
positive results be used to explain the presence of the synthetic TCR construct (Fig. 3).
The other figure, indicating no binding affinity, serves as a visualization of what we
expect to see in the absence of endogenous T cell receptors (Fig. 4). Ideally, there will be
no binding to the Jurkat TCR antibodies post-transfection, as the CRISPR-Cas9 system

should have knocked it out.

How to Combat Hybridization

To eliminate the potential for hybridization between synthetic and endogenous
TCRs, we devised a pipeline for knocking out the naturally-occurring receptors with a
CRISPR-Cas9 complex, targeting the constant region of the Jurkat TCR a and B constant
region. gRNAs were designed to target sequences within the constant regions that confer
low off-target potential but high binding affinity while occurring upstream of a Cas9-
compatible PAM sequence. These gRNAs were delivered as phosphorylated, bound
oligos with typells restriction sites for Golden Gate cloning into the CRISPR-compatible
PX458 mammalian expression vector. The results indicated that the development of the
delivery system, namely the RNP, was effective, with high levels of homology
throughout the cloning process (Fig. 14, 15). As for the gRNAs, off-target potential was

not tested due to shortened experiment time.
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Guide RNAs and Off-Target Potential

The gRNAs, designed with the IDT Custom Alt-R CRISPR-Cas9 guide RNA
design tool, yielded high off-target scores and on-target scores, indicating high specificity
and binding affinity to the target gene, respectively (Fig. 7, 11). Though these values
were >60 and fell within a region of the matrix where they were classified as effective,
there was a significant margin of error, meaning there was still a chance the gRNAs could
target the wrong genes or fail to bind to the target gene at all (Fig. 7, 11). This lack of
specificity we see so often in designing gRNAs can be attributed to the small amount of
homology needed for binding the Cas9 endonuclease and the wide range of Cas9-
compatible PAM sequences present in a given genome [60]. Because the IDT Custom
Alt-R CRISPR-Cas9 guide RNA design tool only looks at a given portion of the genome,
its capabilities on predicting off-target potential for an entire cell’s genome is limited;
therefore, to evaluate this potential, other methods of design can be utilized where other
portions of the genome are integrated into a predictive approach to reduce off-target

potential (Fig. 8, 12).

Why Golden Gate Cloning

There were a plethora of studies that employed this same vector-based CRISPR-
Cas9 complex delivery system [84]. In a one-pot process, a mix of ligase and restriction
enzymes are added to a linearized vector and a purified product with complementary
typells restriction sites [85]. Recombination of the product with the vector is mediated by
a series of temperature changes. Golden Gate cloning is designed to minimize the

introduction of extraneous sequences in the final product while providing researchers
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with maximum control over the order and orientation of their sequences. Additionally,
typells restriction sites are predetermined, and since the cloning method’s inception, a
wide array of GG-compatible vectors have been developed for a similarly wide range of
purposes, eliminating the need for classic restriction enzyme cloning, which can require a
high degree of customization [84]. One of the most attractive elements of Golden Gate
cloning is the fact that the typells restriction sites are oriented in such a way that various
sequences can be cloned and expressed in one vector [84]. The restriction enzymes cleave
outside their recognition sequence, conserving the overhangs for assembly. Because each
non-palindromic, four-base overhang is unique, their design specifies the order and
orientation of the fragments, making the delivery of multiple sequences seamless [86].
This has been accomplished in lentiviral Golden Gate vectors, with as much as four
sgRNAs being expressed in a single vector with one Cas9 endonuclease [87]. Eventually,
as the pipeline for cloning and expressing gRNAs is optimized, co-expression of gRNAs
for o and B chains could be entertained as a way to minimize reagent use and ensure that
both chains are knocked out in a single transfection. Golden Gate is quickly becoming the
standard for cloning, particularly in delivering CRISPR-Cas9 complexes. This is due to
the fact that the materials needed to accomplish this are readily available and because so
many researchers are familiar with the vector-based cloning protocols from other
projects. However, the efficiency of Golden Gate post-transfection was not evaluated. If
needs be, other cloning methods could be entertained such as Gateway or traditional
restriction enzyme cloning, depending on reagent availability and cost.

In employing Golden Gate cloning, a high degree of homology was noted
between intermediates of the protocol. The oligos containing the typells overhangs were
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effectively phosphorylated and annealed, as illustrated by the EtBr gel (Fig. 13), and the
one-pot protocol yielded a colony PCR with the predicted gRNA inserts (confirmed both

by length and sequencing) (Fig. 14, 15).

Why the PX458 Vector

PX458, a mammalian expression vector supplied by the Feng Zhang lab, has
various advantageous elements. The CRISPR-compatible vector contains a GFP tag for
evaluating transfection efficiency, along with the Cas9 nuclease and scaffold, necessary
to form the RNP within the cell. Encoding ampicillin resistance, the vector is compatible
with the reagents most labs have. As a testament to this, the vector has been utilized in
prior CRISPR-Cas9 studies accomplishing similar goals [88]. The BbslI sites were
designed specifically to include short gRNA inserts, and they were placed so that the
universal U6 promoter (LKO.1 5°) primer could be used for downstream amplification or
sequencing, reducing the need for customized primers. Achieving a high transfection
efficiency through electroporating mammalian expression vectors is not a guarantee, as
low transfection efficiency has been noted in past studies [89]. As a result, lentiviral
vectors have been entertained as highly transfectable alternatives if PX458 does not yield

results, namely pLX304, a Gateway-compatible, CRISPR-compatible vector [90].

What’s the Best RNP Delivery Method
At the present time, transfection is a highly validated protocol. However,
electroporation is considered to be highly toxic to cells and can yield a low transfection

efficiency [89]. To mediate this and to find methods of delivering RNPs directly and
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more rapidly, researchers are developing alternative protocols. That being said, these
methods are early in development and costly to perform without having the right
technology. Microinjections are one form of delivering RNPs in vitro or ex vivo,
performed by injecting nucleic acids containing the gRNA and Cas9 enzyme directly into
the cell cytoplasm or nucleus under a microscope [87]. Widely applicable adeno-
associated virus (AAV) delivery utilizes viral particles to deliver CRISPR complexes into
a cell ex vivo or in vivo [91]. These particles rarely trigger the human immune system as
the virus isn’t known to infect humans [91]. Similarly, lentiviruses and adenoviruses are
utilized to deliver RNPs — they are roughly the same as AAV particles besides being
larger in size [87]. In evaluating non-viral delivery methods, a multitude of studies have
come out. Nucleic acids including Cas9 and the gRNA can also be delivered within lipid
nanoparticles or cationic liposomes, which passively cross the membrane [92]. However,
the cargo has to exit the endosome that forms within the cytoplasm before inducing any
cell editing [87]. Other more recent forms of RNP delivery include lipoplexes, cell-
penetrating peptides, the DNA nanoclew, and gold nanoparticles [87]. All of these
nanoparticle delivery methods utilize the same principle of delivering the CRISPR
complex directly into the cell without a cumbersome viral or bacterial vector. As a
quickly evolving field, the world of CRISPR-Cas9 gene editing will see a multitude of
new delivery methods, and as time passes, it will get easier to perform CRISPR-Cas9
gene editing with greater efficiency. This uptick in the number of delivery methods also
provides researchers with more flexibility in designing experiments based on cost,

accessibility, and the specific end goal of the study. For this study, the streamlined
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transfection protocol and available technology made transfection of a mammalian

expression vector the best fit.

What Makes CRISPR the Best Gene Editing Protocol

Not only are there various delivery methods within CRISPR-Cas9 tech, but there
are also a multitude of gene editing methods that have yet to be explored for the purposes
of this study. All three of the widely used gene editing technologies, zinc finger
nucleases, TALENs, and CRISPR, have been utilized to knock out TCR sequences in
past studies, opening up more avenues for this course of work [93, 94]. In one study,
ZFNs were utilized to knock out HLA molecules and host TCRs to prevent self-reactivity
in CD19+ malignancies [93]. In another study, both TALENs and gRNAs (as part of a
CRISPR-Cas9 complex) were designed to knock out endogenous TCRs [94].
Surprisingly, both the TALENSs and the gRNAs yielded >80% efficiency with low off-
target effects [94]. Although there were successes in these studies, they are few and far
between, due to CRISPR-Cas9 being the new gold standard of gene editing. Although
TALENSs have been around for longer, CRISPR-Cas9 has jumped to the forefront of gene
editing due to its significantly lower cost [95]. In a comparative study, it was found that
CRISPR gene editing was up to 10 times cheaper for all forms of gene editing (gene
knockout or knock-in, gene silencing, and gene upregulation or downregulation) [95].
Other studies cite that it’s more accurate and programmable. However, there are some
drawbacks, such as the limitation of choosing sequences that fall upstream of a PAM
sequence and the large Cas9 nuclease, which is challenging to deliver into cells [96]. That

being said, the fact that Cas9 has predetermined signal sequences reduces the need for a
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customized nuclease, furthering the flexibility of the gene editing technique. For this
knockout experiment, the simplicity in designing targets as well as the low cost make it

the optimal candidate.

Gene Editing Accuracy

CRISPR, despite being the gold standard for gene editing, doesn’t offer the
guarantee that the right gene will be manipulated, nor does it offer the guarantee that the
target gene alone will be manipulated. CRISPR is a feasible option for knocking in or
knocking a gene out, but characterizing whether the complex was effective in doing so is
lengthy, and there may be unknown downstream consequences that are not initially
observable. The off-target effects observed in CRISPR-Cas9 have been widely studied
due to health concerns for in vivo gene editing and in hopes of optimizing the gene
editing technique for ex vivo purposes [65]. During sequence recognition, where the seed
sequence binds to the region adjacent to the PAM, it was found that as much as three to
five base pair mismatches in the ~20 nt sequence permitted enough homology to bind and
induce a double-stranded break [65]. The study, which compiled findings from other
research concluded that the off-target activity of RNA guided endonucleases was >50%
[65]. Methods have been devised to mediate this inaccuracy, however.

Utilizing Cas9 nickase, a D10A mutant of SpCas9, where a nick is generated in
lieu of a double-stranded break, increases specificity because two nicks on
complementary DNA strands are required to induce a double-stranded break — creating
two off-target nicks (to constitute a DSB) in the same location is unlikely [97]. Cytosine

base editors (CBEs) and adenine base editors (ABEs) are other methods devised to
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overcome the inaccuracies of CRISPR-Cas9. By fusing a Cas9 nickase or a deactivated
Cas9 (dCas9) nuclease to a nucleobase deaminase enzyme, specific loci can be targeted
via gRNAs, where cytidine is converted to uridine upon recognition of the PAM site [98].
These variations of the CRISPR-Cas9 complex allow for greater accuracy in gene
editing, and although it’s virtually impossible to eliminate the off-target effects of a

CRISPR complex, as research proceeds, these effects will continue to be minimized.

Developing a Functional CD8+ T Cell Line

Though the results indicate that this project is suited for CRISPR-Cas9 gene
editing, there is the question of whether the end goal of generating a CD8+ T cell line is
possible. Because no immortalized CD8+ T cell line exists, researchers have to work with
CD4+ T cell lines, adding whatever components they need for the immunotherapy they
are pursuing. In theory, this should work — knocking out CD4 coreceptors and adding
CD8+ TCRs should confer a cytotoxic response. However, there is limited information
on whether CD4+ helper T cells can be wholly converted to CD8+ cytotoxic T cells. The
signaling pathways between CD4+ and CD8+ T cells are largely the same with studies
identifying CD4+ cytotoxic T cells in vivo [99]. This suggests that they possess perforin
and granzyme particles for use in cytotoxic responses. However, more research needs to
be done to establish what conditions are needed for the expression of this phenotype.
Current characterization techniques for measuring activation and functionality of the
synthetic CD8+ TCRs in Jurkats are currently limited to measuring cytokine release such
as IL-2 [100]. Jurkats are customarily limited to the release of cytokine IL-2 and the

release of chemokines MCP-1, MIP-1p, IL-8, and MIP-1a [100]. However, in time,
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cytotoxicity assays may be usable to determine whether Jurkats are not only activated,

but also whether they have cell-killing capabilities.

Other Applications of CRISPR

Such an experiment is a testament to the validity of CRISPR-Cas9 gene editing in
practice, but CRISPR gene editing has potential far beyond knocking out immune
receptors. CRISPR germline gene editing could be used to knock out genes coding for
susceptibility to infectious diseases or congenital disorders. This concept has been met
with a high degree of controversy, and only ex vivo CRISPR gene editing has been
mandated as legal or “safe” [103]. Germline gene editing and embryonic gene editing can
alter the expression of inheritable genes and the phenotypes they code for. For example,
CCRS5 encodes susceptibility to cholera, smallpox, and HIV while certain HLA subtypes
confer higher risk or protection to autoimmune disorders and infection [100,101].
Altering these genes to be upregulated or downregulated via CRISPR could confer a
health advantage; however, this form of genomic alteration is far off due to ethical

implications and research restrictions.

A Broadly Applicable KO T Cell Line

The study, in evaluating methods of harnessing CRISPR-Cas9’s abilities to knock out a
given gene, addresses the need for a broadly applicable CD8+ KO TCR T cell line in
developing immunotherapies. These immunotherapies are not confined to treating cancer
alone, nor do the immune receptors cloned in need to be naturally-occurring TCRs. For

any construct expressed on the cell surface, there would no longer be competition for
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space, proliferative signaling, or stabilization from accessory proteins. Developing this
cell line served not only as a way to create a vessel for the antigen-specific TCR

constructs developed for this lab’s T cell immunotherapy project, but it also provides a
reproducible protocol for engineering future CD4+ T cell lines to accomplish the same

goal for future projects.
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Supplementary Table 1: Guide RNA designs targeting o constant region of the Jurkat
TCR sequence. This includes both the sense and antisense strand with the accompanying
Golden Gate typells restriction sites (bolded) as well as the 5° end guanine base (in
parentheses). The U6 promoter requires the first nucleotide of the insert to be guanine.

gRNA Sequence

gRNA a No. 1 CACC(G)AAGTTCCTGTGATGTCAAGC
sense 5°-3’

gRNA a No. 1 AAACGCTTGACATCACAGGAACTT
antisense 5°-3’

gRNA a No. 2 CACC(G)TTCGGAACCCAATCACTGAC
sense 5°-3’

gRNA a No. 2 AAACGTCAGTGATTGGGTTCCGAAC

antisense 5°-3’

Supplementary Table 2: Guide RNA designs targeting £ constant region of the Jurkat
TCR sequence. This includes both the sense and antisense strand with the accompanying
Golden Gate typells restriction sites (bolded) as well as the 5° end guanine base (in
parentheses). The U6 promoter requires the first nucleotide of the insert to be guanine.

gRNA Sequence

gRNA f No. 1 CACC(G)AGGCTTCTACCCCGACCACG
sense 5°-3°

gRNA f No. 1 AAACCGTGGTCGGGGTAGAAGCCTC
antisense 5°-3’

gRNA f§ No. 2 CACC(G)GACCAGCACGGCATACAAGG
sense 5°-3°

gRNA f§ No. 2 AAACCCTTGTATGCCGTGCTGGTCC
antisense 5°-3’
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Supplementary Table 3: Reverse primer designs for guide RNA amplification and
sequencing. The reverse primers (CS1 and CS2) were customized to fall just outside the
second BbSI restriction site, as to encompass and amplify the entire gRNA insert ligated
into the PX458 vector.

gRNA Sequence Tm (Celsius) Length (bp)
PX458 Rev (CS1) TCGGTGCCAACTTTTCA 51.9 19
PX458 Rev (CS2) CGGACTAGCCTTAGC 48.4 15

Supplementary Table 4: One-step PCR protocol for gRNA amplification. DreamTaq HS
polymerase was used (Thermo Fisher).

Temperature Time Cycles
(Celsius)

95 3:00 Hold

95 0:30 30 cycles
48 0:30 30 cycles
72 1:00 30 cycles
72 5:00 Hold

4 Inf. Hold
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