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Immune Checkpoint Inhibitors represent a paradigm shift in cancer therapy, providing significant treatment benefits for patients.
These drugs target immune checkpoints, regulatory proteins that dampen T cell activity. Research has led to its various subtypes,
with PD-1 and CTLA-4 blockades among the most prominent. However, clinical studies indicate their association with numerous
immune-related adverse events, including autoimmunity, resistance to treatment, and tumor escape, affecting several organs and
causing issues like diarrhea and pyrexia. Adoptive cellular therapy has also emerged as a key approach in cancer treatment,
particularly for hematological malignancies, utilizing modified T cells such as T cell–receptor transgenic T cells and chimeric
antigen receptor cells. However, barriers to its success remain, with the tumor microenvironment being a major factor responsible
for inhibiting T cell activity and causing cellular exhaustion. This highlights the need for further research to understand the
mechanisms behind the side effects of these novel approaches and explore new combination therapies. The synergy of immune
checkpoint inhibitors and adoptive cell therapies, like CAR-T therapy with PD-1 drugs, has proven effective in addressing
various adverse events, mainly due to personalized treatment strategies tailored for patients. This paper discusses the major
advancements to Active and Passive Immunotherapy of Cancer, involving their mechanistic study, assessment of the U.S Food
and Drug Administration (FDA) approved drugs, and effectiveness evaluation based on clinical trial response rates. Additionally,
it offers a comprehensive review of the synergy between immune checkpoint inhibition and adoptive cell therapy, highlighting
significantly enhanced response rates. This conclusion was based on an analysis of clinical trials involving 15 different cancer
types. Lastly, the role of predictive biomarkers and gut microbiome modulation in addressing these side effects is explored, along
with the potential of organoids and nanoparticles for future implications.

Introduction

Cancer stands among the most terminal diseases worldwide.
With over 20 million new global cases annually according to
GLOBOCAN, it is proving fatal for a significant portion of
our population with a mortality rate of 9.6 million deaths per
year. Cancer treatments are often systemic immunosuppressant
which then increases a patient’s susceptibility to bacterial, viral
and fungal infections; it often intensifies existing chronic condi-
tions1. Given its devastating consequences, effective remedies
are crucial. Hence, extensive research aims to combat these can-
cerous effects. On this note, a primary strategy for the treatment
of cancer is the surgical removal of tumors from the patient.
However, as the tumor metastasis occurs before their detection,
the surgical excision often requires the resection of the whole
organ, a major complication. Other than surgery, chemother-
apy is another widely used approach for cancer treatment. The
mechanism for early therapeutic agents in this treatment, like
antimetabolites and platinum compounds, involves directly tar-
geting DNA strands, resulting in DNA damage and replication

inhibition. While, the target for the later generation chemother-
apeutic agents, such as camptothecin, vincristine and topoiso-
merase inhibitors (e.g., irinotecan, topotecan, etoposide, and
doxorubicin) centered on inhibiting enzymes which were asso-
ciated with DNA replication. Despite its efficacy, chemotherapy
causes immunosuppression, leading to cytotoxic effects and a
weakened anti-tumor response2.

In order to tackle the challenges in the pre-existing therapies,
the modulation of the patient’s immune system to fight cancer
(Immunotherapy) has emerged as a promising approach. Al-
though enhancing the immune system to treat tumors is not new,
it has proven effective for many cancer types, largely due to
numerous treatment agents discovered by past research3. This
has led to the enhancement of clinical response rates, survival
durations, personalized treatment strategies, and overcoming
side effects associated with the other therapies mentioned prior4.
Hence, it is not much of a surprise to see that immunotherapy
was recognized as the 2013 science breakthrough of the year,
offering new hope to patients affected by the global epidemic of
cancer5. The broad spectrum of immunotherapeutic treatment
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is majorly classified into 3 main categories. Adjuvant therapies
include drugs like cytokines which promote the proliferation of
the immune cells such as dendritic cells, macrophages (a type of
phagocyte derived from monocytes) and natural killer (NK) cells
that work to destroy the cancer cells. Targeted therapies include
monoclonal antibodies (mABs) that target specific antigens in
cancer cells and inhibit signals promoting the tumor growth
and invasion. This approach includes three key mechanisms:
mABs that mark cancerous cells for destruction by immune cells,
mABs that deliver therapeutic drugs or toxins directly to these
cancer cells, and mABs that block tumor signaling networks,
thereby inhibiting tumor growth and proliferation. Vaccines of-
fer another promising treatment, as they contain cancer-specific
antigens, which are injected into the body, allowing the im-
mune system to recognize and target those antigens in the future
and destroy them through antibodies5. Immune Checkpoint
Inhibitors are a prominent strategy within this paradigm of ther-
apeutic agents, and have proved to be the cornerstone of cancer
immunotherapy6. Their function is to block T cell regulatory
proteins (checkpoints) allowing the immune cells to attack the
cancer cells. Adoptive cell therapy (ACT) is another forefront
immunotherapy involving the collection and modification of
a patient’s immune cells, typically T cells, outside the body
and re-infusing them to fight cancer. This approach empowers
the immune cells to better recognize and destroy cancer cells,
offering tailored and targeted patient care7.

Despite their individual successes, there has been limited
research into the mechanistic synergy between Immune Check-
point Inhibitors (ICIs) and Adoptive Cell Therapy. This is
mainly due to the complex interactions taking place in the
Tumor Microenvironment (TME) and the absence of reliable
representative models to mimic the TME. Additionally, tumor
heterogeneity and variation in immune profiles of patients leads
to diversity in patient responses to ICI and ACT combination
treatment. This paper seeks to address these gaps by providing a
detailed mechanistic analysis of ICI-ACT synergy and exploring
engineered T-cells as Checkpoint Inhibitors. This is extremely
important as lack of mechanistic insights limits rational drug
designing and preparation of personalized treatment approaches.
Additionally, robust strategies to implement the Checkpoint In-
hibitor and Adoptive Cell Therapy synergy are discussed with a
comparative analysis showing trends and limitations. Moreover,
the role of predictive biomarkers is discussed in detail to offer
personalized targeted therapies and tackle tumor heterogeneity.
Hence by discussing these aspects, this paper aims to optimize
cancer treatment strategies. For clarity, cancer refers to a general
category of neoplastic growths and specific narrower types of
cancer are addressed where relevant.

Methodology

Literature Search

An initial outline was formulated, which included all the key
topics that were to be held under study during the review. A
literature search was conducted specifically through Google
Scholar and Pubmed search engines, chosen for their extensive
access to peer reviewed biomedical literature. Rather than rely-
ing on predefined keywords, a flexible approach to search terms
was employed, allowing adjustments based on emerging results
during the search process.

Article Selection

Majority of the articles under review were from 2010-2024, to
analyse UpToDate research. However, some articles from the
previous decades are also included in the review, which was
done to trace the evolution of new treatment strategies as the
time progressed. Article selection was carried out on the basis
of relevance and validity, which was assessed through the peer
reviewed status and the impact factor of the journals. Articles
were included only if they are published in Journals with an
impact factor of 3.0 or higher, based on the recent Clarivate
Journal Citations Reports.

Data Extraction

Data from the selected studies was extracted and categorized
into major findings, research designs used, clinical trial results,
research gaps and future implications. A thematic analysis
was conducted to identify recurring patterns and themes across
the studies, such as treatment efficacy, immune-related adverse
events, and challenges in the tumor microenvironment, in order
to ensure credibility. These themes were then summarized and
contextualized to provide a cohesive and comprehensive review.

Figure Creation

Fig1 and 3 were generated using LaTex Overleaf. Fig2 was
designed on Microsoft PowerPoint (v16.0). Fig4 was generated
using Matplotlib (Python 3.9).

Discussion

The emergence of several new immunotherapeutic agents has
enhanced efficacy of the clinical outcomes in cancer treatment.
The immunotherapy of cancer is implemented in two different
modes: active immunotherapy and passive immunotherapy8.
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Active Immunotherapy

Active immunotherapy involves manipulation of the patient’s im-
mune system to recognize and destroy the tumor cells and other
pathogens. The effective eradication of tumor cells achieved
through this therapy makes it a novel approach in cancer treat-
ment. Without reliance on external agents, it provides prolonged
protection due to immunological memory, thus reducing the risk
of tumor relapse8.

Cancer Vaccine Therapy

Cancer vaccines which primarily target the tumor associated
antigens (TAAs) have been used to destroy the malignant tu-
mor cells expressing such antigens9. An exciting strategy cul-
tured the immune cells (extracted through leukapheresis) with a
protein complex incorporating Prostatic Acid Phosphatase and
granulocyte-macrophage colony-stimulating factor (GM-CSF),
which was then reinfused back to the patient. This vaccine,
called Sipuleucel-T (Provenge), was consequently granted clear-
ance by the U.S Food and Drug Administration (FDA) as the
first cancer vaccine for prostate cancer10.

Oncolytic Virus Therapy

Some viruses, referred to as oncolytic viruses (OVs) selectively
replicate within cancer cells inducing tumor lysis. For exam-
ple, Talimogene laherparepvec (T-VEC), which is designed to
produce the human granulocyte-macrophage colony-stimulating
factor (GM-CSF), has gained FDA approval for IIIB/C–IVM1a
melanoma11,12. However, the complex tumor microenvironment
(TME) contributing to increased acidity, hypoxia and tumor
heterogeneity reduces the efficacy of oncolytic viruses (OVs).
Therefore, researchers have manipulated the genomes of the
OVs through genetic engineering to overcome these limiting
factors, utilizing diverse techniques. One of them was demon-
strated by Ju et al. who made use of OVs expressing PD-1
inhibitors, resulting in increased T-cell proliferation in mice13.

Cytokine Therapy

Cytokines are a large group of signaling proteins which have
exhibited a dual nature in the TME, either inhibiting or promot-
ing the tumors. On the basis of their structures, they have been
divided into 6 classes. Chemokines guide the cell migration
during the immune responses and the growth-promoting fac-
tors promote cell proliferation and tissue repair. Interleukins
(ILs) are responsible for regulating the communication between
the cells and interferons (IFNs) are pivotal for defense against
viruses. Tumor necrosis factors (TNFs) and colony-stimulating
factors (CSFs) are responsible for inflammation and production
of blood cells respectively. In 1986, Interferon alpha received
approval by the FDA for hairy cell leukemia (HCL) making

it the first cytokine therapy to be approved for cancer. More-
over, many other cytokines have gained approval, including
metastatic renal cell carcinoma, metastatic melanoma, chronic
myelogenous leukemia (CML), Hodgkin Lymphoma, and Ka-
posi’s sarcoma14.

Limitations and ethical concerns

Although Active Immunotherapy has shown some therapeutic
potential as shown by Fig 1, there are certain limitations to
its clinical effectiveness. According to a study by Micheal A
Morse et al., many cancer vaccine trials utilized target antigens
that lacked the necessary immunogenicity to provoke effective
clinical responses15. Likewise, limited efficacy was reported
in oncolytic virus therapy as mentioned in a study by Shang
Jiang et al. and the overall survival varied significantly from
3.25 to 20.2 months. Moreover, the challenges of delivering
oncolytic viruses across the blood-brain barrier limited their
potential. Trials involving oncolytic viruses present challenges
in obtaining informed consent due the uncertain nature of the
outcome of this therapy16. Similarly, a study by Yi Qiu et
al. analysed 2630 clinical trials on application of cytokines
in cancer treatment. They highlighted that the short half-life
of cytokines in the bloodstream necessitates frequent dosing
which can lead to greater patient risks17. These limitations
are significant research gaps in the current landscape if Cancer
Immunotherapy.

Passive Immunotherapy of Cancer

While Active Immunotherapy has shown promising results in
some cases, its difficulty in generating robust immune responses
underscore the need of complementary therapeutic strategies
such as passive Immunotherapy. Other than stimulation of the
immune system, researchers have successfully implemented
the strategy of providing patients with pre-modified immune
components to fight infections18. This has opened the doors to
more personalized treatment strategies, along with enabling re-
searchers to implement diverse techniques19. But, unlike active
immunotherapy, this will result in exclusion of immunological
memory, posing risks of tumor relapse19. Later sections of
this paper will explain these side effects and ongoing research
towards their management.

Monoclonal Antibody Therapy

Monoclonal antibodies (mAbs) are a class of immunoglobulins,
cloned by a single B cell. They work through recognizing unique
molecules for example, HER2, CD20, or PD-L1. Afterwards,
the mABs bind to specific sections on these antigens (epitopes)
and block the binding function of the target molecules, leading
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Fig. 1 shows a clinical trial analysis of the 3 types of Active Immunotherapies understudy. The Clinical trials were taken from ClinicalTrials.gov
database.

to its neutralization. Researchers utilized biotechnological meth-
ods e.g (Hybridoma Technology) to produce lab-made mABs,
which resulted in its large-scale manufacturing, along with speci-
ficity to alter different molecular pathways20. This accuracy
makes mAbs a form of targeted therapy, mitigating damage to
surrounding healthy tissues which often result in chemo and
radiation therapy that rapidly kill all dividing cells21,22.

Mechanistic study

Growth factor receptors are proteins located on cell surfaces,
which upon binding to their ligands trigger initiate a cascade of
intracellular signals. Blockage of growth factor receptor signal-
ing is the primary mode of action by which tumor cell death is
stimulated by antibodies. But, mutations in the growth factor
receptors or their overexpression contributes to uncontrolled
cell signaling leading to a multitude of cell divisions, more than
required (metastasis) leading to cancer. The monoclonal antibod-
ies bind to these growth factor receptors and alter the activation
sites, prohibiting the uncontrolled tumor development23.

Clinical Applications

As of 2024, over 30 mABs have gained approval by the FDA
for a range of cancers. Rituximab, a genetically engineered
chimeric (composed of both mouse and human components)

monoclonal antibody, targets CD 20 protein on B cell surfaces.
Upon this binding an intracellular signaling cascade is trig-
gered, by rituximab which kills the targeted B cell. Moreover,
Hervé T. S. Cartron et al. in their study introduced a technique,
called Antibody-dependent Cellular Cytotoxicity, that made use
of mABs as markers for recognition by immunological cells.
It was demonstrated that the Fc region of rituximab binds to
certain immune cells, such as the Natural killer (NK), which
then destroys the target antigens bound to rituximab. Following
the success of this clinical study, it has been approved by the
FDA for patients with relapsed low-grade or follicular B-cell
non-Hodgkin’s lymphoma (NHL), and relapsed stage III/IV fol-
licular lymphoma24. This ADCC implies that rituximab can
also play a complementary role in combination with other direct
cancer cell killing treatments e.g chemotherapy and radiother-
apy and enhance the therapeutic efficacy25. A phase II clinical
trial of rituximab in 166 patients with non-hodgkin’s lymphoma
resulted in a 48% objective response rate26.

Trastuzumab is another FDA approved mAB which inhibits
human epidermal growth factor receptor 2 (HER 2) and is a vital
component for cancer treatment. The function of trastuzumab is
to bind to the HER 2 on the cell surface of the tumor, thereby
preventing cancer cells from proliferating. This is achieved
through the induction of antibody-dependent cell-mediated im-
mune response27.
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Limitations

However, the exact mechanisms behind trastuzumab-induced
cytotoxicity remain poorly understood, with oxidative stress
being a significant factor leading to cellular damage for HER2-
amplified breast cancer28.

Adoptive Cell Therapy

Mechanistic study

Adoptive cell therapy utilizes T lymphocytes (with antitumor
activity) derived from the patient, which are then modified in
vitro through gene engineering and reinfused into the cancer
patient. It encompasses various immunotherapy strategies aimed
at harnessing cytotoxic T cells, but only two will be discussed in
this review. T cells are core agents of adaptive immune systems
and induce a cytotoxic response against viral infections and
diseases. Each T cell is equipped with a protein complex called
T cell receptor, which recognizes foreign agents loaded onto the
Major Histocompatibility Complex of the Antigen Presenting
Cells (APCs)29. Due to some intracellular infections like a
virus, peptides of viral proteins are displayed by the class I of
Major Histocompatibility Complex (MHC). This presentation
enables the cytotoxic CD8+ T cells to recognize and attack these
abnormal proteins. However, extracellular peptides require the
Major Histocompatibility Complex to be expressed on antigen
presenting cells (APCs), which classifies the MHC as MHC
class II. These antigen presenting cells activate the CD4+ helper
T cells, which further secrete cytokines and trigger B cells30.

Clinical effectiveness

This therapy has shown great efficacy in the treatment of
metastatic melanoma. According to a clinical trial mentioned
by Yinqi li et al. approximately 50% of the patients showed
an objective response (OR) whereas 15% of the patients ob-
tained a durable complete response (CR) through adoptive cell
therapy31.

Adoptive Cell Therapy using TCR-T cells

Mechanistic study

A major breakthrough in immunology came through the dis-
covery of alpha and beta chain heterodimer on T cell receptors,
by Bojan Dembić et al. in the 1980s32. The alpha and beta
chains each are composed of a variable and a constant region,
where the variable region (CD23) forms the antigen–binding site.
However, due to a short intracellular domain (part of a protein
receptor inside the cell), the TCR lacks the signaling capacity to
activate the T cells. To tackle this, the conformational change
in the shape of the receptor upon binding the antigen–MHC

complex activities CD3 (which is a protein in the intracellular
domain of the CAR that initiates T cell activation) subunits
which are complexed with the TCR. The CD3 subunits con-
tain immunoreceptor tyrosine-based activation motifs (ITAMs)
which are short amino acid sequences found in the cytoplas-
mic tails of certain cell surface receptors. There are tyrosine
residues present in these ITAMs, which become phosphorylated
upon the engagement with TCRs. This phosphorylation creates
binding sites for ZAP-70 kinase, which triggers all the major
signaling pathways i.e. MAPK Pathway and AP-1 Activation,
Calcium Influx and NFAT Activation. The MAPK pathway,
AP-1, and NFAT collectively coordinate cellular responses to
external stimuli, such as activation signals in immune cells. The
MAPK pathway transduces signals that lead to the activation of
AP-1, a transcription factor that regulates genes involved in cell
proliferation and differentiation. Concurrently, NFAT (Nuclear
Factor of Activated T-cells) is activated in response to calcium
signaling and works together with AP-1 to regulate genes criti-
cal for immune cell activation, cytokine production, and T cell
differentiation. This collective signaling network plays a central
role in immune responses, particularly in T cell activation and
function. As a result of this process, T cell function is boosted in
three primary ways; T cells proliferate rapidly through multiple
clonal expansions. Moreover, these T cells differentiate into
two further classes; cytotoxic T lymphocytes (CD8+) which
kill the antigen binded to the MHC by releasing toxins, and
helper T (CD4+) cells which aid the process through secreting
cytokines31.

Clinical applications

Naturally present T cell receptors face significant limitations,
including weak affinity to bind with the tumor antigens and
their dependence on presentation by the Major Histocompat-
ibility Complex27. To address this, researchers made use of
genetic engineering to further modify these T cell receptors in
vitro (experiments done in a lab), enhancing its binding affinity
with antigens. Clinical studies have revealed positive results
of this treatment modality, which can be evaluated by a phase
II clinical trial conducted by Robbins et al. in which TCR ex-
pressing T cells targeting the New York esophageal squamous
cell carcinoma (NY-ESO)-1 antigen in patients through a retro-
virus vector. The objective survival rate in response (ORR) was
57.9%, including 5 complete and 17 partial responses. Addi-
tionally, no adverse effects were reported from the trial which
showcase an effective and on target immune response33. Nu-
merous clinical trials showcased the therapeutic effectiveness
of TCR–T cell-based ACT across multiple solid tumor types.
The melanoma-associated antigen (MAGE) gene expressed on
melanoma cells encodes cancer testis antigens (CTA), a group of
tumors associated antigen expressed in many cancers i.e breast
cancer, ovarian cancer, melanoma. A clinical study by Rosen-
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burg et al. focused on treating patients with metastatic cancers
expressing the MAGE-A3 antigen. The treatment involved a
lymphodepleting conditioning regimen followed by HLA-DP
0401/0402-restricted-anti-MAGE-A3 T cell receptor along with
aldesleukin admininstration. Two partial responses and a single
complete response was observed during the study34.

Limitations and Future Perspectives

From the results, we can deduce that although the therapy has
shown mild efficacy, there is a need for further strategies to
improve its functionality and accuracy. Additionally, focus is
being laid to make a bank of healthy donor cells which can
be engineered to express the efficient T cell receptors, which
will reduce the extensive time taken by taking cells from the pa-
tient itself. Currently ongoing trials include the TCRs targeting
MAGE-A3/A6, MAGE-C2, MAGEA4/8 among others31.

Chimeric Antigen Receptor-T cell therapy (CAR-
T)

Mechanistic study

Chimeric antigen receptor T cell therapy also involves the ge-
netic modification of a patients’ T cells, but this time to express
the chimeric antigen receptor (CAR). It is different from the
TCR therapy as it induces tumor lysis (tumor destruction) in-
dependent of the MHC, and is for hematological malignancies
(blood cancers)31. In similarity with the TCR-T cell therapy, the
patients’ T cells are separated from their blood through leuka-
pheresis (A procedure to separate white blood cells from the
patients’ blood). Afterwards they are engineered genetically in
the lab to express the chimeric antigen receptor (CAR) and then
reinfused to the patient through viral vectors (modified viruses
to deliver genetic material into T cells). The structure of this
chimeric antigen receptor consists of three primary sections.
The first is the extracellular domain, encompassing an antigen
binding scaffold which consists of a single chain variable frag-
ment (ScFv) which is a fusion protein of the variable regions of
both the heavy (VH) and light chains (VL) of immunoglobulins,
connected with a short linker peptide of ten to about 25 amino
acids. This ScFv aids the binding of the CAR–T cells to the
targeted antigens, offering two benefits; each ScFv is engineered
to recognize a specific epitope (sites recognized by antibodies),
enabling specificity in antigen recognition. The other is versa-
tility, which is achieved by a flexible segment called the hinge
region which is a flexible segment that connects the antigen-
binding domain to the transmembrane domain, allowing better
orientation of the CAR to target epitopes on tumors. Longer
hinges provide greater flexibility, as it allows better orientation
of the CAR to target the epitopes on tumors35. The next is
the transmembrane domain which is characterized by a single

traversal of the membrane, meaning that it spans the membrane
only once, forming an alpha-helical structure that is lipophilic.
It enables CARs to be attached onto the plasma membrane of
T cells. Furthermore, it ensures correct positioning of the ex-
tracellular domain (part of the CAR that extends out of the T
cell for antigen binding). In the interior of CARs lies the intra-
cellular signaling domain, which integrates signals to activate
the T cells upon antigen–binding. This process is triggered by a
CD3ζ chain co-receptor. Afterwards the intracellular signalling
pathways are initiated as detailed in the prior section.

Generational modifications to CAR-T cell therapy

Multiple modifications have been introduced to this therapy,
leading to what we now classify as the generations of CAR-T
cell therapy. The first generation of CAR-T therapy was in-
troduced in the early 1990s which involved the incorporation
of the CD3ζ into the CAR construct. But a single CD3ζ is
not efficient in creating a robust immune response, as this ther-
apy showed limited efficacy in clinical trial testing36. This
was because T cells required a second signal (co-simulation)
to become fully optimized rather than only a primary signal
received by binding to the antigen. This signal is provided by
the co-stimulatory molecules (molecules on the T cell surface
that provide additional signals to enhance T cell activation and
persistence) on the T cell surface by binding to their ligands on
the APCs (e.g B7-1). Hence, the second generation of CAR-T
cell therapy incorporated these co-stimulatory molecules such
as CD28 and 4-1BB(CD137). Aaron J. Harrison et al. in their
review mention a clinical trial of a patient of advanced follicular
lymphoma, whose cancerous B cells were destroyed through the
CAR with CD28 (co stimulatory molecule), making its efficacy
evident37. Researchers are currently working to integrate other
co-stimulatory domains, which has led to further generations
of the CAR-T cell therapy. In 2012, the third generation of the
CAR-T therapy was introduced, which involved the combina-
tion of CD3ζ and two co-stimulatory molecules (CMs). This
led to the development of various CAR-T cell constructs, in-
cluding combinations of CD3ζ with costimulatory molecules
such as OX40, CD27, ICOS, and 4-1BB, to optimize T cell
activation and persistence in immunotherapeutic applications.
The third generational CAR therapy involved a combination of
two co-stimulatory molecules in addition to the primary CD3ζ

signaling domain. The inclusion of two co-stimulatory domains
promotes additional signaling which enhances T cell expansion.
For instance, pairing of CD28 with OX40 or 4-1BB with ICOS
(examples of co-stimulatory molecules) creates a dual signal-
ing mechanism that generates a more robust immune response.
Theoretically, the third generational CAR therapy should have
superior efficacy to the first38. However, a contrast is seen in
the studies of Ramos et al. and Abate-Daga D et al. who have
demonstrated a clearly greater and a variable immune response
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respectively upon the third generational CAR treatment38,39.
The heterogeneity observed in these results could be largely
due to the difference in study design and focus. Ramos et al.
focused on hematological malignancies, which have a less im-
munosuppressive environment compared to the solid tumors
studied by Abate-Daga D et al. In the fourth generational CAR-
T cell therapy also known as universal cytokine mediated killing
(TRUCK) or universal CAR-T (UniCAR-T), the nuclear factor
of activated T cells (NFAT) is incorporated through genetic en-
gineering to enhance functionality. It is translocated on T cell
surfaces and initiates the gene transcription for the production
of cytokines. This mechanism enables precise control over cy-
tokine release, ensuring that they will only be released when the
T cell has binded to the antigen. The UniCAR-T cells have led
to enhanced T cell expansion and effective anti tumor activity by
the production of these cytokines, but have shown less efficacy
against solid tumors37.

Clinical applications

Additionally, the CD-19 targeted autologous (involving extrac-
tion of the patient’s own cells) CAR-T cell therapies have mani-
fested great efficacy in treatment of B–cell malignancies which
can be seen in the following clinical results. In an ELARA
phase II global trial Tisagenlecleucel was administered in 97 pa-
tients with Refractory Lymphoma40. The results demonstrated
an objective response rate (ORR) of 86% and a complete re-
sponse rate (CRR) of 69%. Moreover, Axicabtagene ciloleucel
(Yescarta) was approved by the FDA in October 2017, for the
treatment of refractory large B-cell lymphoma (DLBCL). Fur-
thermore, it was approved for refractory follicular lymphoma
in 2021 based on the positive results on the ZUMA-5 clinical
trial31. Although the immense potential of the CAR-T cell ther-
apy is demonstrated from the above results, this treatment comes
with several limitations including the cytokine release syndrome
leading to systemic inflammation, and tumor antigen escape
leading to loss of recognition by the CAR-T cells. Additionally,
the environment surrounding a tumor, known as immunosup-
pressive tumor microenvironment (TME) includes factors like
checkpoints, regulatory T cells, myeloid-derived suppressor
cells which actively inhibit the immune response. As a result of
this CAR-T cells may face difficulty infiltrating tumors. Hence,
overcoming tumor heterogeneity (diverse genetic, phenotypic,
and molecular differences) and reducing tumor suppression may
lead to a significantly enhanced CAR-T cell therapy response.

Future directions

Contemporary studies on CAR-T cell therapy are focused on its
5th generation, making use of more advanced and sophisticated
techniques. One of them is to make use of cytokine receptors
(cell surface proteins for binding to cytokines e.g IL-2R chain

fragment) to incorporate multiple intracellular signal domains.
These are designed to simultaneously attack multiple antigens
on tumor cells, reducing the risk of tumor escape (ability of
cancer cells to evade destruction). Another exciting strategy
to enhance the CAR cell precision is to use CRISPR/Cas9 that
allows precise modification of DNA within living organisms39.

Immune checkpoint Inhibitors

Among all the treatment strategies mentioned earlier, Immune
checkpoint Inhibitors (ICIs) stand among the most significant
advancements in cancer immunotherapy. Over the previous
decade, the number of FDA approvals for these checkpoint
blockade drugs has increased significantly, revolutionizing the
landscape of cancer therapy.

Mechanistic detail of Immune checkpoints

As discussed in detail above, the activation of T cells and their
complete proliferation requires a costimulatory or a two-signal
process. When the pathogen enters the body, the dendritic cells
engulf it through phagocytosis, in a process known as antigen
capturing. The antigen is then broken down into fragments and
loaded onto the major histocompatibility complex (MHC) for
antigen presentation. The variable region of the TCR recognizes
and binds to the MHC originating the first signal. The second
signal comes from the binding of the co-stimulatory molecule
(mainly CD28) to the B-7 ligand on the APCs (CD80, CD86).
This binding to the ligand invokes a signaling relay which leads
to complete T cell expansion. However, excessive increase of
these T cells may result in autoimmune disorders such as tissue
damage and inflammation, thyroiditis, hypophysitis. Hence, to
regulate this excessive T cell expansion, inhibitory molecules
known as immune checkpoints found on T cell surfaces down-
regulate the activation signals. Upon their interaction with their
specific ligands, these immune checkpoints deliver an inhibitory
signal (also referred to as negative signal) that suppresses the T
cell activation. Hence, they play a vital role in the prevention
of autoimmune disorders. Despite this, these checkpoints have
consequences as far as cancer is concerned, as the tumors escape
the T cell attack. ICIs are a class of monoclonal antibodies that
block these inhibitory signaling pathways and reinvigorate the
immune-mediated response41. The below section contains a
review of two novel immune checkpoint inhibition therapies, re-
stricting the cytotoxic t-Lymphocyte antigen-4, and programmed
cell death-1 checkpoints.
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Fig. 2 The figure shows the interaction of the T cell, Antigen
Presenting Cells and the Tumor cell. Immune checkpoint molecules
are seen to be expressed on the T cells. TIM3, CD47, and TIGIT are
also immune checkpoint molecules which bind to galectin 9, sirp-α ,
and CD155 respectively. The upper image shows an inactive T cell,
which has been restricted by the checkpoint molecules, upon binding
to their ligands. These ligands are expressed on the antigen presenting
cells, which in this case is a dendritic cell. The attachment of
checkpoint monoclonal antibodies blocks the dampening of the T cell,
which can now effectively destroy the cancerous tumors.

Cytotoxic T Lymphocyte Associated Antigen-4

Historical Context

Brunet et al. in 1987 discovered the cytotoxic T lymphocyte
antigen-4 (CTLA-4) during his functional studies in mice, which
was then cloned next year41. Subsequently, a landmark research
was carried out by James Allison et al. who discovered that
CTLA-4 is a co–inhibitory receptor that competes with CD28
on binding to the co-stimulatory ligands (i.e B7-1 and B7-2)
won the antigen presenting cells.

Mechanism of action

CTLA-4 and CD28 are both homodimers (two identical protein
subunits joined), but bind to the ligands with different affinities.
CTLA-4 having greater affinity to bind with B7-1 and B7-2,
sequesters the ligand towards itself, binds to it, and dampens
the T cell activation as shown in Fig2. Moreover, the engage-
ment of CTLA-4 reduces interleukin-2 (IL2) production, which
is critical for an effective T cell function42. A groundbreak-
ing discovery which truly revolutionized cancer research came
through the research of Allison et al. which showed that block-
ing the interaction of CTLA-4 with the ligands (B7-1 and B7-2)
resulted in a significantly enhanced immune response. Other ex-
tensive studies of CTLA-4 blockade conducted in animal-based
models, showed enhanced clinical responses to prostrate, breast,

lymphoma and other cancers43.

Clinical application

Results of a phase III clinical trial demonstrated that patients
receiving Ipilimumab (anti CTLA–4 mAB) had a median overall
survival of 10.1 months (ORR of 10.3%). Hence, Ipilimumab
was granted clearance by the FDA as an igG1 mAB for the
blockade of CTLA-444.

Programmed Cell Death Protein-1 (PD-1)

Historical Context

Programmed Cell Death Protein-1 (PD-1), discovered by Honjo
et al. at Kyoto University in 1992, is classified within the same
structural family of proteins as the CD28 and CTLA-4 immune
checkpoints45. PD-1, just like CTLA-4, is a receptor present
on various immune cell surfaces such as those of T cells and
myeloid cells as depicted in Fig2.

Mechanistic study

In the Tumor Microenvironment, PD-L1, a ligand expressed
on tumor cells and antigen presenting cells binds to the PD-1
receptor on T cells as shown in Fig2. This interaction suppresses
the T cell activity, which allows the tumors to evade immune
surveillance. Upon this binding, the intracellular domain of
PD–1 becomes tyrosine phosphorylated. This phosphorylation
occurs in specific regions of its intracellular domain, including
immunoreceptor tyrosine based inhibitory motifs (ITIM) and
immunoreceptor tyrosine based switch motifs (ITSM). The phos-
phate group added to the tyrosine residues is critical in activating
the signaling pathways as we saw in earlier sections. However,
binding of SHP-1 to the ITSM leads to the dephosphorylation
which inhibits all the necessary signaling pathways, including
PI3K/Akt pathway and the stimulation of PTEN phosphatase ac-
tivity. The suppression of these crucial signaling pathways leads
to decrease in the T cell proliferation and expansion. Immune
checkpoint inhibition drugs inhibiting the PD-1 and PDL-1 in-
teractions have been at the forefront of cancer immunotherapy.

Clinical applications

PD-1 inhibition has shown efficient immune responses to
melanoma, colon cancer, non–small lung cancer, Hodgkin lym-
phoma, and many other cancer types42. Nivolumab, an igG4
mAB, was the first PD-1 inhibitor was tested in clinical trials for
refractory solid tumors, and subsequently gained approval by the
FDA for metastatic melanoma in December 2014. A landmark
clinical trial (CheckMate 037) demonstrated nivolumab’s greater
efficiency, than the chemotherapy (dacarbazine orcarboplatin) as
nivolumab showed an objective response rate of 31.7%, which
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was higher than that of dacarbazine orcarboplatin which was
10.6%. This study laid the foundation for further research on
PD-1, leading to its FDA approvals for 12 different types of can-
cers46. Pembrolizumab is another anti PD-1 humanized igG4
mAB, which was approved by the FDA in September 2014 to
treat metastatic melanoma. Clinical studies of pembrolizumab
demonstrated an ORR of greater than 30% in the patients with
advanced melanoma47. It has been approved by the FDA for
Melanoma, MSI-H solid tumors, urothelial carcinoma where
immune checkpoint pathways play a crucial role. Cemiplimab,
another igG4 mAB, was approved by the FDA in 2018 for the
treatment of cutaneous squamous cell carcinoma (CSCC) due
to its ability to counteract PD-1 mediated immune suppression.
Additionally, Atezolizumab, Durvalumab, along with Avelumab
have also received approval by the FDA as PD-L1 inhibitors.

Challenges and Limitations

The extensive range of the FDA approved checkpoint blockade
drugs mentioned above showcases the success of the therapy,
but comes with certain limitations which are being explored by
current research. In this view, a prominent study by Filleron et
al. demonstrated that only 20-30% patients showed a clinical
response after receiving ICI therapy, through their flexible para-
metric cure model trial48. Immune checkpoints as discussed
above play a crucial role in immune tolerance, however their
blockage may result in overactivation of the immune system.
This leads to a number of immune-mediated toxicities, jointly
referred to as immune related adverse events (irAEs). These
may occur through the following mode of actions: Autoreactive
CD4+ T cells, Cytotoxic CD8+T cells, release of self-antigens,
autoreactive B cells, and pro-inflammatory mediators like cy-
tokines49. A recent retrospective study conducted by Guihong
Wan et al. showed the statistics of the patients receiving check-
point blockade therapy. According to it, immune related ad-
verse events were present in 37.7% of the 15,246 recipients in
the MGBD cohort and 30.5% of the 50,503 recipients in the
TriNetX network. Additionally, seven patient clusters were iden-
tified based on organ-specific irAEs, including those affecting
the endocrine system, skin, respiratory tract, gastrointestinal
tract, musculoskeletal system, liver and neurological system50.
Along with it, there was a lack of response to ICI therapy in
glioblastoma, pancreatic cancer, ovarian cancer51. Another ma-
jor problem faced in this view was the complexity of the Tumor
Microenvironment (TME) which not only suppressed immune
cell infiltration, but their heterogeneity makes the testing and un-
derstanding of the mechanisms complicated. In the light of these
challenges, careful monitoring of these side effects in patients
has become a dire need.

Predictive biomarker development

Predictive biomarker development is of immense importance
to minimize these side effects in the early and later stages of
ICI therapy. In this regard, PDL-1 expression is a promising
biomarker which is assessed in patients through histochemical
staining. Studies demonstrate a correlation of PDL-1 expression
and enhanced response to ICI therapy. However, the sensi-
tivity and specificity of PDL-1 expression vary significantly
across cancer types and testing platforms52. Tumor Mutational
Burden is the number of mutations per megabase in a tumor,
which has a direct correlation with the number of neoantigens.
Hence, high TMB has been associated as a predictive biomarker,
producing more neoantigens which can be recognized by the im-
mune system. However, TMB lacks thresholds for defining high
mutational burden across tumor types and sequencing methods
affecting its predictive accuracy. Microsatellite instability (MSI),
another biomarker produced by the defective DNA mismatch
repair (dMMP) increases the immune cell infiltration, enhancing
the susceptibility of tumors to the ICIs. The FDA has approved
several therapies incorporating MSI as a response biomarker,
including Pembrolizumab for MSI-H colorectal cancer in 2017
and Dostarlimab for MSI-Endometrial cancer in 2021. Yet, MSI
is rare in many cancer types limiting its broader application as a
predictive biomarker53.

Gut Microbiome Modulation

The modulation of immunotherapy through the gut microbiome
has also been persistently linked with better clinical outcomes
associated with checkpoint blockade therapy. The fundamental
clinical model for the implication of this strategy makes use of
metabolites which spread out from the gut and influences the
working of ICIs, thereby increasing their efficiency54. However,
in their systematic review, Anjali Bhatt et al. demonstrated a
lack of significant experimental evidence for the microbiome
suggesting the need for better-designed and more randomized
clinical trials55. Although these approaches have resulted in
significant increase in efficacy, further understanding of the
mechanisms underlying these adverse effects and the complex-
ities of the TME is the need of the hour for better therapeutic
regimens.

Synergistic Combination of Immune Checkpoint
Inhibition and Adoptive Cell Therapy

Combination therapies exploit the complementary mechanisms
of action of diverse agents to enhance anti-tumor efficacy, mit-
igate resistance, and improve clinical outcomes, thereby rep-
resenting a transformative approach in cancer management56.
This can be judged by a landmark clinical trial Check-Mate 67
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(NCT01844505) which demonstrated that ipilimumab (origi-
nally having a 5-year OS rate) showed an OS-rate of 46% in
combination with nivolumab57. Synergy is a type of combina-
tion therapy in which the interaction of two or multiple drugs
yields better efficacy compared to their individual outcomes.
The synergistic combination of adoptive cell therapy and Check-
point Blockade is a novel therapeutic with multiple clinical
benefits. This section will present the two novel approaches
for implementing this synergy to address the challenges of their
monotherapies such as irAes, T cell exhaustion, tumor escape,
cytokine release syndrome (associated with CAR-T therapy).

Rationale for Synergism of CAR-T therapy with Checkpoint
Blockade

The administration of genetically engineered T cells like CAR-T
cells followed by the infusion of checkpoint blockade antibodies
(cell-extrinsic strategy) has shown promising results in clinical
studies. A prerequisite for the effective functioning of ICIs is
a hot tumor microenvironment (TME) (infiltrated by a signifi-
cant number of immune cells). In contrast, a cold TME lacking
effector T cells leads to several immune evasion mechanisms.
One of them is the reduced expression of tumor associated anti-
gens, which limits the immune system’s ability to recognize
the cancer cells. Moreover, the MHC downregulation occurs
(which hampers the antigen presentation) along with resistance
to IFN- signaling (which is an essential signaling pathway to
activate the immune system)58. The CAR-T cells combined
with the checkpoint inhibitors can provide such T cell infiltrates
for the immune-inactive tumors, regulating T cell proliferation.
In parallel, persistent exposure to antigen presenting cells leads
to functional impairment of T cells in the CAR-T therapy, which
is also referred to as T cell exhaustion. When PD-1 binds to its
ligand PD-L1, SHP-2 Phosphatase is recruited which leads to
dephosphorylation of ZAP-70 and CD3ζ , which reduces the T
cell receptor signalling. PD-1 inhibition reverses T cell exhaus-
tion by inhibiting the PD1/PDL-1 signaling pathways, which
typically transmits negative signals through the SHP-2 Phos-
phatase. By blocking the PD-1, inhibition on TCR signalling is
lifted, which then reactivates T cell proliferation. Additionally, a
study by Songnan Sui et al. revealed that T cell exhaustion exists
with distinct subpopulations with a varying extent of dysfunc-
tion. Notably, the progenitor exhausted CD8+ T cells expressing
markers such as TC57 and IL7R, retain responsiveness to PD-1
inhibition. This finding also suggests ICIs can partially reverse
the T cell exhaustion59. Moreover, the addition of ICIs helps to
inhibit excessive cytokine release, thereby tackling the challenge
of cytokine release syndrome (CRS) which is commonly faced
in CAR-T therapy60.

Comparative Insights from key studies

In this view, a prominent investigation was done by Chong EA et
al. on the effects of pembrolizumab administered 26 days post-
infusion of CD19 targeted CAR-T cells. This was carried out in
a patient with diffuse large B-cell lymphoma (DLBCL). Positive
results were extracted from the study including an enhanced
number of CAR-T cells, along with elevated serum IL-6 concen-
trations60,61. Another study in a breast cancer model by John et
al. in 2013 investigated the synergistic combination of HER-2
targeted CAR-T cells and PD-1 blockade. This combination
therapy enhanced CAR-T cell functionality effectively, through
increase in IFN- production, along with granzyme B expres-
sion58. Both studies highlight the critical role that PD-1 inhibi-
tion plays in improving CAR-T therapy. However, according
to the emphasis by James Allison and Padmanee Sharma, this
combination should involve the targeting of multiple inhibitors
so that the resistive effects to a single ICI can be overcomed62.
Ongoing trials are exploring the synergistic effect of CAR-T
cells and other checkpoint inhibitors such as LAG-3 and TIM-3,
which can lead to further optimization of this therapy.

Rationale for Engineering T cells as Intrinsic Checkpoint
Blockade agents: Long-term use of many pharmacological ICIs
can result in immune related adverse events (irAes) which lead
to long term complications and increased healthcare costs. To
overcome this challenge, T cells (CAR-T or TCR-T) are engi-
neered to downregulate the inhibitory receptor signaling, thus,
functioning as a checkpoint inhibitor58. This further engineer-
ing of T cells to provide the patient with a continuous source of
ICI is known as a cell-intrinsic model60.

Comparative analysis of mechanistic approaches

The studies of Suarez et al. (2020), Tanoue et al. (2021), and
(Rupp et al. 2022) all highlight strategies to enhance the efficacy
of CAR-T cell therapies by targeting immune checkpoints. In
their study Suarez et al. designed a novel strategy by using
CAR-T cells to target carbonic anhydrase IX (CAIX) through
CD28 signaling. The modification of these CAR-T cells was
done through a bicistronic lentiviral vector. This enabled them to
release anti PD-L1 antibodies in the TME. According to clinical
studies investigating the effect of these antibodies in human-
ized mice models, tumor growth was reduced by five times63.
Building on this concept of targeted ICI delivery, Tanoue et al.
introduced an innovative approach for treating prostate cancer
that combines an oncolytic adenovirus (Onc.Ad), which was
engineered to replicate and lyse the cancer cells, and a helper-
dependent adenovirus (HDAd), which was specifically engi-
neered to express a single-domain antibody that blocks PD-L1.
This was administered alongside intravenous HER2-targeted
CAR-T cells utilizing the CD28 costimulatory domain58. The
results showed that tumor cells had 50% lower PD-L1 expres-
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Fig. 3 Summary of the recent studies on innovative cancer treatment approaches, utilizing engineering of T cells to function as Checkpoint
Blockade.

sion, whereas a 30% reduced PD-1 expression on CAR-T cells
was reported. Diarrhea was reported in some mice which were
infused with anti-PD-L1 IgG. However, no irAe was reported in
the ones infused with CAR-T cells supplemented by oncolytic
adenovirus and a helper-dependent viral vector58. Hence this
approach focused more on safety, highlighting a shift towards
tolerability of the therapy alongside its effectiveness. Another
exciting approach presented by Rupp et al. is to use gene editing
methods such as CRISPR/Cas9 to resist PD-1 inhibition (also
known as PD-1 knockout). Ren et al. investigated the antitumor
activity in prostate-specific cancer antigen (PSCA) provoked by
using modified CAR-T cells through CRISPR/Cas9 to deacti-
vate PD-1. This gene editing approach resulted in an increase
in the fraction of CAR-T cells lacking PD-1 expression, rising
from 8.1% in the control group to 59.1%. Across these studies,
it was found that the engineering of CAR-T cells to function as
Checkpoint Inhibitors is crucial for improving the safety and
efficiency of cancer Immunotherapy64. These innovative ap-
proaches not only present effective solutions, but also set the
ground for future research in immunotherapy.

Clinical trial analysis

This clinical trial analysis shown in Fig4 compares the response
and survival rates of the monotherapies of ICI and the ACT to
their combination therapies. Clinical trial studies of 15 cancers
were assessed in the study on the basis of their objective response

rates, survival rates, and the percentage of grade 3+ adverse
events after receiving the treatment regimen. A broad variety
of combination treatments were used in these clinical trials
which have been broadly classified as adoptive cell therapy and
Immune checkpoint Inhibitor therapy for easy understanding.
The study results revealed a substantial increase in objective
response rate for all the 15 cancers upon the ICI and ACT
combination therapy, compared to their monotherapies. For
instance, the objective response rate in neuroblastoma rose from
25% and 30% in ICI and ACT therapy respectively to 65% in
the combination therapy. Additionally, the patients receiving the
combination therapy showed remarkably increased progression-
free survival and objective survival durations, which is indicative
that the mechanism is effective in dealing with the associated
adverse events. These results show the effectiveness of this
synergistic approach across multiple tumor types.

Confounding factors and inter-study heterogeneity

Despite the promising survival outcomes in the 15 referenced
trials, several confounding factors and inter-study heterogeneity
limit the interpretation of efficacy. Variability was seen in tumor
types, for example the NCT04162158 trial on melanoma and
the NCT02823197 trial on renal cell carcinoma involved tumors
with high baseline immunogenicity, which is more likely to
respond to ICI and ACT therapy. In contrast, the NCT03267842
trial on pancreatic cancer targets cold tumors which are typically
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more resistant to therapy. Additionally, diversity was seen in
trial design and ACT engineering approaches.

Adverse event analysis

Across the referenced trials in Fig4, combination therapies gener-
ally showed higher rates of Grade ≥ 3 adverse events compared
to the monotherapies. These adverse events included numer-
ous toxicities such as cytokine release syndrome, neurotoxicity,
auto-immune related colitis, pneumonitis, and endocrinopathies.
Management strategies reported in the literature, including cor-
ticosteroids and ICU support for cytokine release syndrome,
anti-leptics for neurotoxicity, and dosing modifications and pre-
medication as preventive measures. While the ICI and ACT
combination therapy enhances anti-tumor activity, it comes with
a greater overall percentage of adverse events compared to the
monotherapies. This highlights the importance of improved
biomarker-based patient selection and early adverse event pre-
diction models.

Conclusion and Future Perspectives

This paper provided a comprehensive review of the evolving
landscape of cancer Immunotherapy by highlighting the mech-
anisms, clinical applications, and comparative effectiveness of
key treatment strategies. The review bridges the mechanis-
tic understanding of ACT/ICI synergy with clinical response
data across diverse cancer types – a perspective lacking in cur-
rent literature. Through the analysis of 15 clinical trials it was
demonstrated that ACT and ICI combination led to markedly
improved progression-free survival and objective response rates.
Although this synergistic approach of ICI and ACT has shown
great efficacy in cancer therapy, challenges such as resistance to
treatment and less response rates in patients remain. On this note,
there is robust ongoing research and new experimental-designs
are being evaluated. However, the complexity of the TME in-
volving innate myeloid and lymphoid cells, cancer-associated
fibroblasts, and the tumor vasculature (contributing to tumor
escape) as discussed above, pose a challenge in the efficient
testing for these experimental-models. This indicates the need
for better clinical models to recapitulate the TME, other than
the pre-existing mouse models. In this view, the use of 3D
organoid cultures which mimic the structure and function of
organs is a very promising approach. These organoid cultures
are capable of an enhanced replication of the TME as they main-
tain the diversity of including malignant cells, stromal cells
(like cancer-associated fibroblasts), endothelial cells, and other
immune cells. Moreover, their 3-D structures allow better un-
derstanding of the spatial interactions between different cells in
the TME. Other than that, the organoids derived from human
cells avoid the species-related discrepancies, which are often
found in mouse models. Recent studies have investigated the

Fig. 4 This figure shows a graphical representation of the statistics
from 15 clinical trials, focusing on the ICI and ACT combination
treatment. These graphs were created using Matplotlib software.
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combination of organoid cultures with organ-on-a-chip models
for better functionality of such laboratory models. The organ-on-
a-chip models make use of microfluidics to mimic the fluid flow
in organs and make spatial gradients, for example, a hypoxic
gradient (lower oxygen levels in specific areas) can be created
to simulate the conditions in a tumor’s core65. Moreover, these
organ-on-a-chip models can involve transparent materials for
real-time imaging, leading to effective TME monitoring. In
addition to the precision-oncology achieved due to these factors,
organoids can lead to more personalized therapeutic regimens
for patients through their biopsies66. Along with it, a novel
and effective delivery approach of the ICIs to the infected site
is essential for accurate tumor targeting. Nanoparticles have
emerged as effective delivery agents of the ICIs, resulting in
their targeted delivery and overall modulation of the immune
response. Study conducted by Song W et al. showed that the use
of lipid-protamine-DNA (LPD) nanoparticles (carrying PD-L1
plasmid) to disrupt PD-L1 signaling works synergistically to
inhibit tumor growth, and reduce toxicity67. Further research on
the customization and scalability of nanoparticles could enable a
more tailored immune response to tumors. Moreover, the utiliza-
tion of machine learning and deep learning methods can result in
robust Artificial Intelligence models. These models can increase
our understanding of immune related adverse events through the
simulation of tumor-immune interactions. Additionally, certain
AI algorithms can mine genomic, transcriptomic, and proteomic
data to predict the response rate of patients with ICI and ACT
therapies.
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