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Inhibition of PD-1 protein by the CRISPR-Cas9
method as antitumor therapy of non-small cell lung cancers

Alison Felipe Bordini Biggi' @, Patricia Ucelli Simioni' @

ABSTRACT

Lung carcinoma is the second most common type of tumor in the world. Among them, 85% of the cases are of non-small
cell lung cancer (NSCLC). It is known that, in general, NSCLC tumor cells proliferate due to a reduction in the cytotoxic
T lymphocyte response. In the immune response to tumors, the interaction of the programmed death ligand 1 (PD-L1),
expressed in tumor cells and the programmed cell death protein 1 (PD-1), expressed in cytotoxic T lymphocytes, promotes
suppression of the immune response, leading to inhibition of the activation of cytotoxic T lymphocytes. Despite the
biological therapies that have proven effective for the treatment of lung tumors, studies seek a genetic treatment option,
such as the CRISPR/Cas9 method. This review aims to provide an update of the CRISPR-Cas9 method and its application
as a therapeutic tool in NSCLC to deactivate the gene encoding the PD-1 protein. The genetic alteration of PD-1 protein
by CRISPR-Cas9 can affect the interaction between receptor and ligand, allowing cytotoxic T lymphocytes to recognize
and exert an antitumor response to NSCLC tumors.
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RESUMO

O carcinoma de pulmio € o segundo tipo de tumor de maior incidéncia em todo o mundo, sendo 85% deles carcinomas
de pulm@o de ndo pequenas células (CPNPC). As células tumorais do CPNPC proliferam em razdo de um bloqueio da
resposta de linfécitos T citotoxicos. Na resposta imune a tumores, a interagido do ligante-1 do receptor de morte celular
programada (PD-L1), expresso em células tumorais com a proteina de morte celular programada 1 (PD-1), expressa em
linfécitos T citotdxicos, promove a supressdo da resposta imune, levando a inibi¢ao da ativagdo de linfécitos T citotoxicos.
Apesar de as terapias biologicas mostrarem-se eficazes para o tratamento de tumores pulmonares, estudos buscam uma
op¢do de tratamento genético, como o método CRISPR/Cas9. O objetivo desta revisdo € fornecer uma atualizagdo do
método CRISPR-Cas9 e a aplicagdo dele como ferramenta terapéutica buscando desativar o gene que codifica a proteina
PD-1 em casos de CPNPC. A alteracdo genética da proteina PD-1 pelo CRISPR-Cas9 pode interromper a interacdo
entre receptor e ligante, permitindo que linfécitos T citotoxicos reconhecam e exer¢gam uma resposta antitumoral contra
tumores de CPNPC.

Palavras-chave: carcinoma broncogénico; sistemas CRISPR-Cas; terapia genética.

BACKGROUND

Lung cancer is one of the most aggressive types of neopla-
sia, and its incidence has increased in the world. Its high mor-
tality is due to late diagnosis, since, in general, it does not pres-
ent signs and symptoms in its initial stage. Histological types
of lung cancer are adenocarcinoma, squamous cell carcinoma
(SCC), large cell carcinoma, and small cell carcinoma. Lung

cancer can be classified into small cell lung cancer (SCLC),
and non-small cell lung cancer (NSCLC). Although conven-
tional therapies such as chemotherapy, radiotherapy and lung
resection remain the first line of treatment for NSCLC, new
therapies based on monoclonal antibodies and biological in-
hibitors have been shown to be effective as alternative thera-
pies, generating results with fewer side effects.!
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Among these therapies, anti-PD-1 and anti-PD-L1 mono-
clonal antibodies, such as nivolumab and pembrolizumab,
have shown effective responses in the treatment of NSCLC'.
The programmed cell death protein 1 (PD-1) is an immune sys-
tem inhibitory receptor found primarily in cytotoxic T lympho-
cytes, which interacts with two ligands, the programmed death
ligand 1 (PD-L1) and programmed death ligand 2 (PD- L2), the
former being expressed in tumor cells and the latter in inflam-
matory cells. These interactions between receptors and ligands
are also active forms of control of autoimmune responses by
the inhibition of the activation of cytotoxic T lymphocytes.®®

Experimental studies have shown that increased expres-
sion of PD-L1 results in unfavorable responses in patients
with certain types of tumors, and this expression affects the
T lymphocyte response, resulting in the exhaustion or even
apoptosis of this population.” Therefore, the interaction of
PD-L1 with the PD-1 receptor promotes an escape of the
tumor cells because of the blockade of the T lymphocyte
response. These results enabled the search for strategies for
blocking the PD-1/PD-L1 interaction as an immunological
therapy promising for tumors.5!!!

Clustered regularly-interspaced short palindromic re-
peats (CRISPR) is a system that allows bacteria to recognize
and fight viral infections when combined with CRISPR-asso-
ciated proteins (Cas). The use of the CRISPR method associat-
ed with Cas9 (CRISPR-Cas9) has been shown to be a promis-
ing tool in biomedical and biological research as gene therapy
against infectious, cancerous, and other diseases. This is due to
its ability to correct errors found in the genome, by activating
or deactivating genes, easily and non-expensively.'>!*

Currently, the application of the CRISPR-Cas9 method
to deactivate the gene coding for PD-1 is a therapeutic possi-
bility in the generation of cytotoxic T lymphocytes that can
act on antitumor response to the NSCLC. This work aimed to
perform a literature review on NSCLC, comparing its biolog-
ical treatment with the conventional one, and how the use of
genetic editing using the CRISPR-Cas9 method can serve as
antitumor therapy for this type of tumor.

NON-SMALL-CELL LUNG CANCER

Only about 16% of patients with lung tumors have a
5-year survival rate. Although smoking is one of the major
triggers of lung cancer, carcinogenic and gas emissions from
coal combustion are also considered risk factors for the devel-
opment of this type of tumor, as well as frequent pulmonary
infections, history of tuberculosis and deficiency or excess
of vitamin A. Lung tumors are divided into SCLC and NS-
CLC. NSCLC includes different histological types, in which
the main ones are large cell carcinoma, squamous cell carci-
noma and adenocarcinoma, the latter being responsible for
most cases of NSCLC, and the most common type of lung
carcinoma in women and nonsmokers.*8!518

Oncogenes and tumor suppressor genes (TSGs) that
are overexpressed or containing modifications are the most
common molecular alterations involved in lung carcinomas.
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Some of the most activated oncogenes in NSCLC include
epidermal growth factor receptor (EGRF) and KRAS, while
the most common tumor suppressor genes include TP53, p16,
and TSG of chromosome 3p."

KRAS is an oncogene responsible for signaling the pro-
duction of GTPase transducing proteins, K-ras proteins, involved
in the regulation of cell division. K-ras proteins signal to the cell
nucleus, directing the processes of cell growth, division and dif-
ferentiation. Mutations in the KRAS gene may result in uncon-
trolled proliferation, leading to the formation of cancer cells.’
Mutations in KRAS are common in patients with NSCLC, but
rare in cases of SCLC. These mutations are strongly associated
with smoking and have a worse prognosis in patients with ade-
nocarcinoma, including in cases of resected tumor.”!

Tyrosine kinase receptors, when interacting with its
ligands, trigger various cellular processes mediated by sig-
naling pathways of growth factors important for cell growth
and division, among other functions. EGFR belongs to the
family of tyrosine kinase receptors present in various cellular
processes, such as differentiation and proliferation. These re-
ceptors may be dysregulated due to mutations leading to their
overexpression, or overproduction of the ligands and may
trigger the development of tumor cells.?*?*

PROGRAMMED DEATH RECEPTOR 1/
PROGRAMMED DEATH LIGAND

PD-1 is an immunoinhibitory cellular receptor that belongs
to the CD28 family and is expressed on T lymphocytes, B lym-
phocytes, monocytes, among other cells of the immune system.
The main function of PD-1 is to control autoimmunity during
inflammatory, infectious and carcinogenic processes. It has two
ligands, PD-L1 and PD-L2, which have distinct functions and
are expressed on several different cell types, including tumor
cells. PD-L1 is expressed on T cells, B cells, macrophages, NK
cells, dendritic cells, and in non-hematopoietic tissues such as
lung tissue, while PD-L2 is expressed predominantly in dendrit-
ic cells, macrophages and mast cells. The interaction of PD-1
with its ligands (PD-1/PD-L) controls the peripheral tolerance
of T lymphocytes by different mechanisms, reducing the acti-
vation of these lymphocytes and decreasing the production of
cytokines, thus preventing autoimmunity. However, this has an-
tagonistic response by providing an escape of the tumor cells
against the response of the T cells.

In addition to its expression on immune cells, PD-L1
protein is expressed in several types of tumor cells, including
those of NSCLC, and its high expression on tumor cells may
be related to tumor development, degree of aggressiveness
and patient survival. This is due to the interaction of PD-L1
present in tumor cells with PD-1 present in tumor infiltrating
lymphocytes, resulting in T lymphocyte exhaustion and re-
duced cytokine production against tumor cells. Thus, the use
of monoclonal antibodies (mAbs) to block PD-1/PD-L1 inter-
action has become an option to improve anti-tumor response
of T lymphocytes. Studies using anti-PD-1 and anti-PD-L1
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mAbs have shown that the blockade of this interaction in-
creases T-cell activity and the production of cytokines in the
tumor environment, suggesting that this mechanism may be
efficient in regulating tumor growth.*%3!

GENE THERAPY

With the advancement of gene therapy using vectors,
genetic editing methods have emerged capable of inducing
highly accurate changes in the genome. The use of genetic ed-
iting, in contrast to conventional methods of gene therapy that
are temporary, makes it possible to definitively treat disease
by the induction of molecular alterations. The most common-
ly used methods for genetic editing are Zinc-finger nucleases
(ZFNs), Transcription Activator-like effector-based Nucle-
ases (TALENs) and CRISPR, which uses in vitro modified
nucleases to induce precisely double-stranded breaks (DSBs)
at specific sites in the genome, and trigger repair mechanisms
such as non-homologous end joining (NHEJ) and homolo-
gy-directed repair (HDR). CRISPR differs from ZFNs and
TALENSs because of its simplicity. Furthermore, it can target
low nucleotide sequences, whereas ZFN and TALEN require
large segments of DNA for insertion.?>%

CLUSTERED
REGULARLY-INTERSPACED SHORT
PALINDROMIC REPEATS (CRISPR)/
CRISPR-ASSOCIATED (CAS) 9

CRISPR, when combined with Cas, is a defense sys-
tem found in several species of prokaryotic bacteria that is
used to recognize and fight invasive genetic material, usual-
ly DNA from viral infections. The system has a locus that
contains short repeats of DNA, interspaced with single and
variable sequences called spacers, derived from DNA of bac-
teria-invading viruses, that protects the bacteria against future
infections with that same DNA sequence.* The sequence of
invasive genetic material that corresponds to the sequence of
the spacers in the CRISPR locus is called protospacer and
is adjacent to a sequence called protospacer adjacent motif
(PAM).* The PAM sequence identifies the invading DNA and
signals where the Cas protein must bind to cleave the DNA.
Mutations in the PAM sequence prevent the Cas protein from
cleaving the invading DNA, because without this sequence the
CRISPR system may recognize its own spacer as an invasive
material. Many viruses contain mutations in PAM sequence
as a way of escaping immunity by CRISPR in bacteria.*

When the invasive material is injected into the bacterium,
the CRISPR system transcribes and translates a Cas protein,
and transcribes the DNA sequence that corresponds to the pro-
tospacer creating the CRISPR RNA (crRNA) that fits into a Cas.
Cas binds in the PAM sequence of the invading DNA, which is
after the complementary sequence to the crRNA, and cleaves
the invading DNA into small fragments. If it is a new infection,
CRISPR will transcribe and translate another Cas protein that
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will break the invading DNA and copy its sequence into the
locus of the CRISPR system, creating a new spacer.**3"-

There are three types of CRISPR. CRISPR type I and
IIT have in common the use of a Cas protein complex to rec-
ognize and cleave the target DNA, whereas CRISPR type II
uses only one type of Cas to perform these processes, Cas 9.
In bacteria, Cas 9 uses two RNAs to operate their function,
the crRNA that identifies the target DNA sequence, and
trans-activating crRNA (tracrRNA) that activates the double
strand break (DSB) of the target DNA by the Cas. A group of
scientists were able to create a synthetic RNA by the junction
of the crRNA and tracrRNA, generating a single RNA guide
called single guide RNA (sgRNA) that succeeded in perform-
ing the functions of crRNA and tracrRNA separately, making
CRISPR-Cas9 system even simpler.*

When DSB occurs, cell will trigger its repair mechanisms.
The most common mechanisms are non-homologous end join-
ing (NHEJ) and homologous recombination (HR). In the NHEJ
mechanism, the damaged DNA ends bind together, losing DNA
sequences, deactivating the target gene and generating inser-
tions and/or deletions leading to mutations. In the HR mecha-
nism the repair is done using a DNA sequence that will serve as
a copy to fulfill the space where the damage occurred. In the lat-
ter context, scientists have developed a repair mechanism called
homology-directed repair (HDR) using a donor DNA that will
be inserted into the desired sequence producing precise inser-
tions, deletions, and base substitutions at the DSB site.*

The editions performed by CRISPR-Cas9 can cor-
rect errors in the genome and activate or deactivate genes.*
Despite its accuracy in identifying target sequences, Cas9
tolerates incompatibility of some nucleotides of the desired
sequence, which can generate several off-target mutations,
which can only be identified with whole genome sequencing
(WGS).*” The reasons that can lead Cas9 to cleave off-tar-
get sequences may be the incompatibility of some bases in
off-target sequences that are the same size as the target se-
quence, and/or the off-target sequence has different number
of bases than the target sequence.*' These off-target cleavages
may result in undesired mutations of the genome and in chro-
mosomal changes. Although these effects have raised con-
cerns about the applicability of the system, several advances
have been made to minimize off-target effects, including a
method using a Cas9 variant, SpCas9-HF1, which reduced
off-target changes of the genome to not-detectable levels.*!#?

APPLICATION OF CLUSTERED
REGULARLY-INTERSPACED SHORT
PALINDROMIC REPEATS IN THE
DEVELOPMENT OF TUMOR MODELS

Processes that lead to the development of tumors in hu-
mans are usually caused by genetic alterations, such as trans-
lation, duplication, deletion, or inversions of chromosomes,
and by mutations that inactivate tumor suppressor genes,
activate oncogenes or alter genes due to repair processes.
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The CRIPSR/Cas9 system helps not only to treat tumors but
also to better understand the primary processes that lead to
carcinogenesis by inducing gene alterations using the method
to create tumor models.*

With this approach, scientists succeeded in inactivating
tumor suppressors in rat lungs, obtaining a model like tumors
induced by other methods, injected plasmids that led to the for-
mation of hepatic carcinomas, and injected lentiviral vectors
that resulted in pancreatic adenocarcinoma. The use of CRISPR
to model and test these mutations in vitro and in vivo could pro-
vide information on the consequences of these changes, aiding
in the choice of customized alternative treatments for patients.*

Chimeric antigen receptors (CAR) are synthetic receptors
that redirect the specificity of T lymphocytes. They are current-
ly being used as a form of immunotherapy for various diseases,
including neoplasia. In antitumor therapy, T lymphocytes are
genetically engineered to express specific antigens, the CARs,
against tumor cells with high affinity and without MHC restric-
tion. CAR T lymphocytes may also enhance T lymphocyte ex-
pansion, resistance and activation in the tumor environment,
and may overcome tumor cells escape mechanisms.*34¢

Therapy using CAR T-lymphocytes can become an al-
logeneic T lymphocyte bank of universal donors for patients
who are suited for its use as treatment. It is known that in
transplants, endogenous T cell receptors (TCR) in allogeneic T
lymphocytes can recognize the receptor alloantigen and induce
graft versus host disease (GVHD) and rejection of transplanted
tissue. The use of gene therapy, such as CRISPR/Cas9, can pre-
vent these reactions by promoting deactivation of endogenous
T-cell TCR genes and by decreasing the expression of major
histocompatibility complex (MHC) proteins from T lympho-
cytes derived from donors. In T lymphocytes, CRISPR-Cas9
can also be used to deactivate genes encoding T lymphocyte
inhibitory receptors, such as PD-1, along with endogenous
TCR, as was done in a clinical trial with positive results.*’

CLUSTERED
REGULARLY-INTERSPACED
SHORT PALINDROMIC REPEATS IN
NON-SMALL-CELL LUNG CANCER

In NSCLC, tumor cells escape the immune system due
to PD-1/PD-L1 interaction. Currently, various clinical trials
assess the efficacy of inhibition of this interaction using gene
therapy. A clinical trial using T-lymphocytes from patients
with carcinoma and from healthy donors showed that the ex-
pression of the PD-1 receptor can be effectively deactivated in
T lymphocytes using the CRISPR-Cas9 method without the
proliferation of these cells being altered. T cell cytokine pro-
duction with deactivated PD-1 was also tested, and the results
showed that the deactivation of PD-1 by Cas9 increases cy-
tokine production by T lymphocytes from carcinoma patients
and from healthy donors, increasing antitumor response.*®

Another clinical trial also showed the antitumor effi-
cacy of CAR T lymphocytes, with inhibited PD-1 using the
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CRISPR-Cas9 system. In this study, genetic editing and len-
tiviral vectors was combined to produce PD-1 deficient CAR
T lymphocytes. With this method, the reduction of more than
50% of CAR T-lymphocytes expressing PD-1 was observed.
Deletion of PD-1 did not alter the activation of CAR T lympho-
cytes. The antitumor efficiency of PD-1 CAR T lymphocytes
was also tested in vivo using murine model. The results showed
that mice with initial tumor burden that received the CAR
T-lymphocytes with PD-1 deactivated were free of the tumor.
However, the results were dependent on the number of CAR T
lymphocytes transferred. These results indicated that the deacti-
vation of PD-1 in CAR T lymphocytes using the CRISPR-Cas9
method increases the antitumor response of these cells.*

A group of scientists are performing the first test of
the CRISPR-Cas9 method for the treatment of NSCLC in
humans. Scientists collected T lymphocytes from the patient
with metastatic NSCLC and edited these cells by turning off
the gene encoding the PD-1 protein using the CRISPR-Cas9
method. The lymphocytes were cultured in vitro, injected into
the patient, and monitored for six months for possible side
effects, but there are no sufficient results yet.*

FINAL CONSIDERATIONS

With advances in gene therapy methods, genetic treat-
ment for NSCLC has become a more promising and long-last-
ing option. Based on the knowledge that NSCLC tumor cells
can inhibit the activation of the immune response mediated
by the PD-1/PD-L interaction, clinical trials have been initi-
ated to evaluate the effectiveness of the blocking therapies for
this interaction. Inactivation of the gene encoding the PD-1
protein in T lymphocytes using the CRISPR-Cas9 method is
expected to provide a more efficient therapeutic possibility.

It is expected that, by using T lymphocytes without
the expression of PD-1, tumor cells will not have an escape
mechanism due to PD-1/PD-L interaction, and thus allowing
T lymphocytes to fight tumor cells more efficiently and for a
longer term. Although clinical trial results in humans are still
inconclusive, this is a promising therapeutic possibility, and
further testing should be performed to prove the efficacy of
this therapy in NSCLC.
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