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Abstract: The immune system presents significant obstacles to gene therapy, which has limited
its use in treating many illnesses. New approaches are needed to overcome these problems and im-
prove the effectiveness of gene therapy. This study explores several techniques to immune regula-
tion within gene therapy, a cutting-edge discipline that aims to optimise results by fine-tuning the
immune response. We cover new ways to control the immune system and deliver therapeutic
genes just where they are needed, including influencing immunological checkpoints, causing im-
munotolerance, and making smart use of immunomodulatory drugs. In addition, the study pro-
vides insight into new developments in the design of less immunogenic gene delivery vectors,
which allow for the extension of transgene expression with minimal adverse immune reactions. In
order to maximise the efficacy of gene-based therapies, this review analyses these novel approach-
es and gives a thorough overview of the present state of the art by addressing obstacles and point-
ing the way toward future developments in immune regulation. Not only does their integration pro-
vide new opportunities for the creation of safer and more effective gene treatments, but it also con-
tains the key to overcome current obstacles.
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1. INTRODUCTION

Gene therapy, which uses genetic modification to re-
place or fix defective genes, has great potential for treating a
wide range of inherited and acquired illnesses. The complex
and dynamic immune system, which may establish strong de-
fences against therapeutic vectors, transgene products, and
even modified cells, poses a serious obstacle to the practical
translation of gene treatments [1]. The attainment of thera-
peutic effectiveness while avoiding immune identification is
a significant obstacle to the effective use of gene treatments.
This study explores the complex interactions between gene
therapy and the immune system, with a particular emphasis
on the tactics used to influence immune responses and im-
prove the general effectiveness of gene-based therapies. By
analysing the many immunological barriers that stand in the
way of effective gene delivery and expression, along with
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the possible negative consequences of immune responses,
our goal is to provide insight into novel strategies intended
to overcome these obstacles [2]. The immune system's in-
nate and adaptive components are essential for identifying
and combating foreign substances, such as the viral vectors
often used in gene therapy. Thus, understanding the process-
es through which the immune system identifies and eradi-
cates these vectors is essential for formulating tactics that
might maximise treatment results. Furthermore, it's critical
to investigate all immune modulation strategies in order to
prevent undesirable immune responses, since transgenic
products have the potential to trigger immunological respons-
es and have unintended consequences. In this thorough
overview, we will examine current developments in immune
modulation techniques, from creating viral vectors that
elude immune detection to creating immunomodulatory med-
ications that may reduce immunological responses [3].

We will also go over the importance of personalized
medicine in adjusting gene therapy strategies to each patien-
t's unique immunological profile in order to maximize thera-
peutic advantages and reduce the possibility of unfavourable
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outcomes. This study attempts to provide a critical synthesis
of the status of immune modulation tactics at the moment,
providing insights into the difficulties encountered by both
researchers and physicians as the field of gene therapy quick-
ly advances [4]. We can create safer, more efficient, and
broadly applicable gene-based medicines for a wide range of
disorders by comprehending the complex dance between
gene therapies and the immune system. In the end, this infor-
mation will transform the medical industry and enhance the
lives of countless people. In the end, this information will
transform the medical industry and enhance the lives of
countless people by revolutionizing treatment options and
improving patient outcomes [5]. Additionally, understanding
the interplay between gene therapies and the immune system
can help researchers address the potential side effects and ad-
verse reactions that can arise from these treatments. By un-
ravelling the intricate relationship between gene therapies
and the immune response, researchers can develop strategies
to minimize immune rejection and optimise the effective-
ness of gene-based medicines [6]. This knowledge will not
only pave the way for more successful gene therapy interven-
tions but also open doors for innovative approaches in perso-
nalized medicine and targeted therapies. Ultimately, the ad-
vancements in this field have the potential to revolutionize
healthcare and provide hope for individuals suffering from
currently incurable diseases [7].

2. CHALLENGES IN ACHIEVING LONG-TERM
GENE EXPRESSION: FOCUS ON IMMUNE CLEAR-
ANCE

In gene therapy, immune clearance is a major obstacle
that must be overcome to achieve long-term gene expres-
sion. When it comes to gene therapy, the immune system's
function is to identify and get rid of foreign materials, which
include the transformed cells or vectors that are injected into
the body [8]. The following are some major obstacles to im-
mune clearance in the context of maintaining gene expres-
sion:

2.1. Immunogenicity of Viral Vectors

In the field of gene therapy, the immunogenicity of viral
vectors is a crucial consideration. Viral vectors are often
used to transfer therapeutic genes into target cells. The im-
munogenicity of viral gene transfer can stimulate an im-
mune response against the therapeutic transgene product.
This response may occur because of the specific type of
gene mutation present, making patients with null mutations
more likely to identify the transgene product as a foreign
antigen. Although there are shared characteristics in the im-
mune response to several viruses, each vector has its own ar-
ray of activation signals, which are also influenced by the in-
dividual tissue's environment [9]. However, the immune sys-
tem's response to these vectors may impact the efficacy and
safety of gene therapy. Immunogenicity is the term used to
describe the capacity of viral vectors used in gene therapy to
provoke an immune response in the recipient. Viral vectors
used for delivering therapeutic genes might potentially elicit
both innate and adaptive immune responses. The adaptive
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immune system produces antibodies and cytotoxic T cells,
whereas the innate immune system detects viral compo-
nents, leading to inflammation. The capsid proteins of the
vector are often targeted by the immune system for identifi-
cation. The effectiveness of treatment may be hindered by
pre-existing immunity resulting from prior exposure to the
vector or closely similar viruses [10]. Methods to reduce the
likelihood of an immune response include modifying the pro-
tein coat of the virus [11], using drugs that suppress the im-
mune system [12], using different types of viruses [13], in-
ducing immune tolerance [14], and investigating different
ways of administering the treatment [15]. The goal is to
achieve effective delivery of the therapeutic genes while
minimising the immune system's clearance of the treatment,
thus ensuring long-term gene expression in gene therapy ap-
plications [16].

2.2. Innate Immune Activation

One of the main components of the body's nonspecific,
immediate defence systems against infections is innate im-
mune activation. Immune cells' pattern recognition receptors
(PRRs) identify conserved molecular patterns linked to for-
eign invaders like viruses and bacteria when the innate im-
mune system identifies them. The initiation and regulation
of innate immune responses are controlled by various types
of genectically determined pattern-recognition receptors
(PRRs), such as Toll-like receptors (TLRs), RIG-I-like recep-
tors (RLRs), Nod-like receptors (NLRs), AIM2-like recep-
tors (ALRs), C-type lectin receptors (CLRs), and other DNA
sensors [17]. When a pathogen invades, these pattern recog-
nition receptors (PRRs) initiate the activation of NF-«B,
type I interferon (IFN), or other inflammasome signalling
pathways. This, in turn, results in the production of various
proinflammatory and antiviral cytokines and chemokines,
which subsequently induce adaptive immune responses.
However, excessive innate immune activation can cause in-
flammation and the clearance of therapeutic drugs in the sett-
ing of gene therapy or the introduction of foreign materials,
which presents difficulties for prolonged gene expression.
The activation of the innate immune system facilitates the
initiation of adaptive immunity by promoting the prolifera-
tion, differentiation, and survival of lymphocytes via the sti-
mulation of cellular components of the innate immune sys-
tem, such as dendritic cells and cytokines [18].

2.3. Adaptive Immune Responses to AAV Vectors

Adeno-associated virus (AAV) vectors are commonly
used in gene therapy due to their ability to deliver genetic
material to target cells with minimal immunogenicity. How-
ever, the host's adaptive immune system can still mount a re-
sponse against AAV vectors, particularly through the recog-
nition of AAV capsids and transgene-encoded proteins.
When an AAV vector transduces a dendritic cell, the viral
capsid proteins and transgene-encoded proteins can be pro-
cessed and presented to the immune system. This process be-
gins with the degradation of AAV capsids and transgene pro-
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teins by the proteasome within the transduced dendritic cell.
The proteasome degrades unneeded or damaged proteins in-
to peptides, which are then transported into the endoplasmic
reticulum and bind to major histocompatibility complex
(MHC) molecules [19].

There are two classes of MHC molecules involved in
antigen presentation: MHC class I and MHC class II. Pep-
tides derived from the proteasome degradation of proteins
are typically presented on MHC class I molecules, which are
recognized by CD8" T cells (cytotoxic T lymphocytes).
When a CD8" T cell receptor (TCR) recognizes a pep-
tide-MHC class I complex, the CD8" T cell becomes activat-
ed, proliferates, and differentiates into effector cells that can
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kill infected or transduced cells displaying the same antigen
[20].

Understanding these immune responses is crucial for im-
proving the efficacy and safety of AAV-mediated gene thera-
pies. Strategies to mitigate these responses include immuno-
suppressive regimens, capsid engineering to evade immune
detection, and transient modulation of the immune system
[21]. The overview of the adaptive immune responses AAV
vectors is shown in Fig. (1). AAV capsids and transgene-en-
coded proteins within a transduced dendritic cell can be de-
graded by the proteosome and the resulting peptides are pre-
sented on MHCs leading to activation and proliferation of
CD4" and CD8' T cells (Fig. 1).
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Fig. (1). Overview of the adaptive immune responses AAV vectors. (4 higher resolution / colour version of this figure is available in the

electronic copy of the article).
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2.4. Immune Memory and Repeat Administrations

Exploring immunological memory experimentally has
shown to be challenging. While the ancient Greeks were the
first to document this phenomenon, it has been regularly
utilised in vaccination programmes for more than two cen-
turies. However, it is only recently that we are beginning to
understand that memory is maintained by a distinct popula-
tion of specialised memory cells, which exist separately
from the original antigen that triggered their formation. This
memory maintenance mechanism aligns with the observa-
tion that only individuals who have been previously exposed
to a specific infectious agent develop immunity, and that me-
mory is not contingent on repeated exposure to infection
through contact with other sick persons [22]. This pheno-
menon was deduced from studies conducted on isolated is-
land populations, when a viral pathogen like measles might
trigger an epidemic, affecting the whole resident population,
only to thereafter vanish for an extended period. Upon rein-
troduction from external sources, the virus does not impact
the original population but induces illness in individuals
born after the initial outbreak. Therefore, it is not necessary
to repeatedly expose oneself to the infectious virus in order
to maintain immunological memory. Instead, it is most prob-
able that memory is maintained by durable antigen-specific
lymphocytes that were generated after the initial exposure
and continue to exist until a subsequent encounter with the
pathogen [23]. Previous beliefs suggested that the presence
of antigen, which is trapped in immune complexes on follicu-
lar dendritic cells, played a vital role in the survival of these
cells. However, current research indicate differently. Al-
though the majority of memory cells remain in a quiescent
state, meticulous research has revealed that a small fraction
undergoes division at any given moment [24]. The factors
that trigger this sporadic cell division remain uncertain. How-
ever, cytokines, whether produced constantly or throughout
the progression of immune responses targeted at noncross-re-
active antigens, may be accountable [25]. IL-15, a specific
type of cytokine, has been found to play a role in preserving
CD8 memory T cells. The amount of memory cells specific
to a particular antigen is tightly controlled and remains
rather stable during the memory phase, irrespective of cell di-
vision. A secondary immunological response will occur
when the same antigen is encountered again. This has resem-
blance to the primordial immune response, wherein B cells
and T cells undergo early growth at the interface between
the T- and B-cell zones. The secondary reaction is distin-
guished by the prompt and robust development of plasma
cells, which explains the early and abundant synthesis of
IgG antibodies [26]. Undifferentiated B cells have the ability
to move to the follicle and transform into germinal centre B
cells. At this stage, the B cells experience a second phase of
rapid growth, during which the DNA that encodes their im-
munoglobulin V domains undergoes somatic hypermutation.
After this, the B cells develop into plasma cells that secrete
antibodies. The antibodies generated by plasma cells during
the initial and early subsequent immune responses play a cru-
cial function in promoting the refinement of affinity during
the subsequent immune response. During secondary and sub-
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sequent immune reactions, the B cells that developed in the
first response produce persistent antibodies that can readily
attach to the freshly introduced antigen [27]. Certain anti-
bodies facilitate the redirection of antigens to phagocytes for
the purpose of breaking them down and eliminating them. If
there is an enough amount of preexisting antibody to elimi-
nate or neutralise the pathogen, it is plausible that no im-
mune response will occur. Nevertheless, in the presence of a
small amount of antigen, B cells that have receptors capable
of binding the antigen strongly enough to outcompete the ex-
isting antibody will capture the unbound antigen. They will
then break it down into smaller peptide fragments and pre-
sent these fragments, attached to MHC class II molecules, to
activated helper T cells that are located in the germinal cen-
tres [28]. The interaction between B cells displaying anti-
genic peptides and armed helper T cells that are specific to
the same peptide results in the exchange of activating sig-
nals and the fast multiplication of both activated antigen-spe-
cific B cells and helper T cells. Therefore, only the memory
B cells with a stronger binding capacity are effectively acti-
vated during the secondary immune response. Thus, the anti-
body's affinity increases gradually because only B cells with
high-affinity antigen receptors are capable of efficiently
binding the antigen and being stimulated to multiply by anti-
gen-specific helper T cells [29].

2.5. Limited Tissue Specificity, Risk of Insertional Muta-
genesis and Pre-existing Immunity

One barrier in gene therapy is limited tissue specificity,
which refers to the difficulty of accurately directing and re-
stricting therapeutic gene expression to particular tissues.
Gene therapy should ideally target the damaged tissues spe-
cifically, with the least amount of effect on healthy tissues.
However, achieving this specificity can be challenging.
Non-targeted expression in non-diseased tissues may trigger
unintended immune responses, leading to the clearance of
modified cells and potentially compromising the safety and
efficacy of the therapy [30]. Researchers are investigating
the use of tissue-specific promoters, which predominantly
stimulate gene expression in the appropriate tissues, as a so-
lution to this problem. Ensuring that the therapeutic effects
are concentrated in the desired target tissues, efforts are be-
ing made to improve the safety and precision of gene thera-
py by fine-tuning the control over where therapeutic genes
are produced [31].

When integrating vectors are employed in gene therapy,
there is a risk of insertional mutagenesis. The process of inte-
grating the therapeutic gene into the host genome, known as
insertional mutagenesis, may cause unexpected genetic
changes and interfere with normal gene function. Even
while this integration is necessary for ongoing gene expres-
sion, the therapeutic gene's random insertion could damage
important genes or regulatory components, which could
have negative consequences including unchecked cell divi-
sion or disruption of biological functions [32]. To reduce
this risk, scientists are creating safer vector systems that al-
low for site-specific integration and reduce the possibility of
harmful genetic changes. The objective is to guarantee the
safety and long-term stability of gene therapy treatments by
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mitigating the danger of insertional mutagenesis, hence de-
creasing the probability of inadvertent outcomes linked to ge-
nomic integration [33].

One important aspect affecting the effectiveness of gene
therapy is pre-existing immunity, which is the existence of
immune responses in people as a result of previous exposure
to particular viral vectors or related viruses. Natural infec-
tions, immunizations, or contact with the same or closely re-
lated viral vectors used in gene therapy can all contribute to
this pre-existing immunity [34]. Gene therapy outcomes can
be greatly impacted by the presence of preexisting anti-
bodies or memory T cells that are capable of recognizing th-
ese vectors in a person. After being administered, these im-
munological components can quickly destroy the viral vec-
tors, preventing them from delivering therapeutic genes to
the intended cells. This recognition can also lead to a height-
ened immune response, potentially causing inflammation
and clearance of the modified cells (Table 1) [35].

3. STRATEGIES FOR IMMUNE EVASION IN GENE
THERAPY

Immune evasion techniques are essential in gene therapy
to get over the obstacles presented by the immune system in
identifying and eliminating therapeutic vectors and altered
cells [36]. Various strategies have been investigated to im-
prove the efficacy of gene therapy through immune response
evasion:

3.1. Capsid Engineering

Capsid engineering is used to specifically direct the cell
surface with the aim of altering or broadening the tropism.
Additionally, it is used to enhance the internal cellular pro-
cessing and to detect and modify immunogenic epitopes. En-
gineering focuses on well-founded assumptions or methodi-
cal design when there is available knowledge on how to ad-
dress the challenge. In all other cases, it is more advanta-
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geous to apply changes to the capsid in a random way, and
then employ high throughput selection screens on capsid li-
braries. Both methods need the use of appropriate assay
equipment, and it is recommended to give priority to in vivo
models [37]. In this specific situation, the mice models that
have been modified to resemble humans seem to be the most
effective choice for improving AAV vectors for liver diseas-
es in people. Nevertheless, it is crucial to acknowledge that
these models do not provide a comprehensive comprehen-
sion of the host's response to AAV. Hence, more work is re-
quired to develop enhanced animal models. An essential
strategy in the domain of gene therapy is capsid engineering,
which alters the outer shell or capsid of viral vectors to en-
hance their effectiveness and evade immune detection. The
capsid is both a significant target for the host immune sys-
tem and a crucial vehicle for delivering therapeutic genes to
target cells. Scientists can reduce the immunogenicity of the
capsid, meaning they can make it less recognisable to the im-
mune system, by modifying certain regions of the worm
[38].

This process involves identifying and modifying certain
regions on the outer surface of the capsid that are often
recognised by neutralising antibodies. Antibodies bind to cer-
tain regions called epitopes. Through the use of genetic engi-
neering, researchers may meticulously alter these epitopes to
create capsids that have a reduced likelihood of being detect-
ed by antibodies. This will enhance the viral vector's ability
to evade immune detection [39]. Capsid engineering is cru-
cial in order to surmount immunological obstacles that
would otherwise hinder the efficacy of gene therapy. Further-
more, this strategy not only reduces the likelihood of neutral-
ising antibody responses, but also enhances the stability of
the vector and augments its potential to deliver therapeutic
genes to specific cells. Ongoing advancements in capsid en-
gineering permit the development of more potent and im-
munologically stealthy viral vectors, ultimately enhancing
the safety and efficacy of gene therapy treatments [40].

Table 1. Summarizing challenges in achieving long-term gene expression with a focus on immune clearance.

Challenge

Description

Immunogenicity of Viral Vectors

Viral vectors used for gene delivery can trigger immune responses, leading to the clearance of transduced cells and

limiting gene expression.

Host Immune Response

The host's immune system can recognize and eliminate transgene-expressing cells, hindering sustained gene expression.

Innate Immune Activation

Activation of innate immune responses, such as interferon pathways, can lead to rapid clearance of transduced cells.

Adaptive Immune Memory

Memory T cells may form against viral vectors or transgene products, resulting in a faster and more robust immune

response upon re-exposure.

Antibody Neutralization

Pre-existing or developed antibodies against viral vectors can neutralize them, reducing the effectiveness and longevity of]

gene expression.

Inflammatory Reactions

Inflammation at the injection site or in transduced tissues can contribute to immune cell infiltration and clearance of

gene-modified cells.

Tissue-Specific Immune Responses

Immune responses may vary in different tissues, with some being more prone to inflammation and immune-mediated

clearance.

Integration Site Effects

Random integration of viral vectors into the host genome may lead to unintended consequences, including activation of

nearby immune genes.

Dosing and Vector Selection

Optimal dosing and choosing appropriate vectors are critical for minimizing immune responses and achieving sustained

gene expression.

Gene Silencing Mechanisms

Cellular mechanisms like RNA interference may downregulate transgene expression over time, reducing long-term

efficacy.

Re-administration Challenges

Re-administering gene therapy may be challenging due to the development of anti-vector immunity, limiting the potential

for repeat treatments.
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3.2. Immunosuppression

In the context of gene therapy, immunosuppression is a
therapeutic tactic used to temporarily reduce or modify the
immune response. This strategy seeks to lessen the immune
system's ability to identify and eliminate therapeutic vectors
or altered cells, so fostering an environment that will sup-
port the success of gene therapy. Gene therapy may be used
in conjunction with immunosuppressive medications, such
as corticosteroids or other immunomodulatory medicines, to
reduce the activity of immune cells [41]. Immunosuppres-
sion aims to extend the duration of therapeutic vectors and
the expression of transgenes within target cells by inhibiting
the immune response. This is especially important when
working with viral vectors since, after repeated exposure,
the immune system can establish powerful and quick de-
fences against them. The use of immunosuppression, howev-
er, must be carefully considered as it may impair immuno-
logical function overall, making a person more vulnerable to
infections or other immune-related problems [42]. Immuno-
suppression, despite its possible advantages, is frequently a
temporary solution meant to open a window of time for gene
therapy's therapeutic effects to manifest before the immune
response resurfaces. Optimizing the safety and efficacy of
gene therapy interventions requires striking the correct bal-
ance between attaining efficient immune evasion and pre-
serving the body's defences against infections. Research is
still being done to improve immunosuppressive tactics so
that side effects are reduced and long-term gene therapy out-
comes are better accommodated [43].

3.3. Immune Tolerance

To mitigate the immunological reaction against therapeu-
tic molecules, one strategic approach in gene therapy is the
establishment of immune tolerance. In the context of gene
therapy, promoting immunological tolerance aims to desensi-
tize the immune system to inserted vectors or transgenic
products, which the immune system may perceive as for-
eign. This entails using a variety of strategies to encourage
immune cells to become indifferent to or accepting of the
therapeutic components. The primary role of the immune
system is to identify and eradicate foreign antigens and can-
cerous cells, while simultaneously preserving immunologi-
cal tolerance towards its own constituents [44]. Neverthe-
less, uncontrolled activation of the immune system can re-
sult in various clinical problems such as autoimmune diseas-
es, solid organ transplantation (SOT), hematopoietic stem
cell transplantation (HSCT), and allergy diseases. By elicit-
ing immunological tolerance, specifically establishing toler-
ances to pathogenic immune cells, the body can prevent in-
flammation while maintaining its typical immune response
to foreign substances. Immunological tolerance is estab-
lished through the regulation of self-reactive T cells in both
the thymus and the periphery. This regulation is referred to
as central immunological tolerance and peripheral immune
tolerance, respectively. During the process of positive selec-
tion in T cell development in the thymus, T cells that can
recognise their own major histocompatibility complex
(MHC) molecules are retained, while T cells with a high
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affinity for self-peptides are subsequently eliminated
through negative selection [45]. Nevertheless, certain self-re-
active T cells have the ability to evade the process of nega-
tive selection, hence posing a possible threat of autoimmune
response. Peripheral immunological tolerance is necessary
to restrict the reaction of these self-reactive T cells and pre-
vent inappropriate activation of the immune system. Chronic
exposure to antigens is necessary to control self-reactive T
cells by rendering them functionally inactive (T cell incom-
petence and T cell deficiency) and promoting the develop-
ment of regulatory T cells (Tregs). This process is crucial
for establishing peripheral T cell tolerance. Dendritic cells
(DCs) play a crucial role in the process of immunological tol-
erance by integrating different immune signals within the
body [46]. They achieve immunological homeostasis restora-
tion by triggering programmed cell death in inflammatory T
cells, regulating both pro- and anti-inflammatory reactions,
and promoting the expansion of immunomodulatory Tregs.
In order to effectively treat diseases caused by excessive acti-
vation, it is crucial to promptly implement measures that pre-
serve the dynamic equilibrium and functionality of the im-
mune system. Immunosuppressive medicines are commonly
employed to treat autoimmune illnesses and transplantation.
However, it is important to note that these drugs necessitate
long-term usage and do not provide a cure for the disease.
Furthermore, prolonged use of immunosuppressive medica-
tions can lead to neurological, haematological, renal, gas-
trointestinal, and immunological damage [47]. Additionally,
these side effects have the potential to compromise the
body's innate immune response and heighten susceptibility
to cancer and infection. Consequently, scientists are direct-
ing their attention towards treatments that promote immuno-
logical tolerance by specifically targeting immune cells. Im-
munotherapies can induce antigen-specific immunological
tolerance without affecting other immune functions, leading
to symptom relief and even disease cure [48]. Regulatory T
cells (Tregs) are a useful tool for inducing immunological
tolerance since they are essential in dampening hyperbolic
immune responses. Regulatory T-cell administration or subs-
tances that increase their activity are examples of strategies
that can be used to create an environment where the immune
system is less prone to initiate aggressive responses against
expressed transgenes or therapeutic vectors [49].

In order to allow for prolonged gene expression and per-
sistent therapeutic benefits, researchers hope to lower the
risk of immune-mediated clearance of therapeutic drugs by
developing immunological tolerance. This strategy is espe-
cially crucial when administering gene therapy repeatedly be-
cause of the possibility of immunological memory and faster
clearance. To maximize the safety and effectiveness of gene
therapy interventions, induction of immunological tolerance
presents a viable path—current research endeavours to im-
prove and create novel approaches for accomplishing effi-
cient and focused immune regulation [50].

3.4. Local Delivery

In contrast to systemic distribution, which distributes
therapeutic medicines throughout the entire organism, local
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delivery in gene therapy refers to the administration of thera-
peutic chemicals locally to a specific target tissue or region
within the body. This strategy is used to reduce exposure to
the immune system in circulation and to improve the accura-
cy of gene therapy in focusing on particular organs or tis-
sues [51]. Local gene therapy administration concentrates
therapeutic vectors and transgenic products in the targeted re-
gion, decreasing the possibility of systemic immune detec-
tion and clearance. Targeting specific tissues or organs im-
pacted by a genetic abnormality or disease is especially bene-
ficial with this approach since it enables more targeted and
effective administration of therapeutic medicines [52]. Us-
ing devices made to release therapeutic vectors at the de-
sired location, introducing gene-modified cells into the tar-
get tissue, or injecting directly into the tissue are examples
of local delivery techniques. With systemic delivery, there is
less chance of off-target immune reactions, and this strategy
not only enhances therapeutic benefits in the target area. The
specificity of the disease and the target tissue's accessibility
determine whether local delivery is feasible, even though it
offers benefits in terms of precision and decreased immuno-
logical exposure. In an effort to maximize the security and
effectiveness of gene therapy therapies, researchers are still
investigating and improving local delivery strategies [53].

3.5. Non-viral Vectors

Non-viral vectors are a different way to gene therapy
that uses delivery mechanisms without using any viral com-
ponents. Non-viral vectors include a wide variety of delivery
techniques that are typically regarded as safer as and less im-
munogenic than viral vectors, which depend on altered virus-
es to transfer therapeutic genes into target cells. Various
techniques, such as physical or chemical procedures using
synthetic or natural chemicals, have been developed to aid
in gene transfer [54]. The identified limitations of viral vec-
tors, such as the occurrence of insertional mutagenesis and
their tendency to provoke an immune response, have prompt-
ed a renewed focus on the advancement of non-viral vectors.
Non-viral techniques have been used in over 17% of gene
therapy studies within the previous decade. Lipid-based
nanoparticles, polymer-based carriers, and other artificial or
natural materials are examples of non-viral vectors. These
vectors are designed to carry therapeutic DNA or RNA into
target cells more easily by encasing and shielding it. Non-vi-
ral vectors lower the likelihood of immunogenic reactions
and pre-existing immunity, which are frequently linked to vi-
ral vectors, by not including any viral components [55].

Non-viral vectors also have the advantage of being easi-
ly produced, having a variable payload size, and having the
ability to be administered again. Ongoing research aims to
enhance the effectiveness and design of non-viral delivery
methods, even though they might not reach the high trans-
duction efficiency of some viral vectors. The objective of im-
proving safety and lowering the danger of immunological re-
actions is in line with the use of non-viral vectors in gene
therapy. A viable path forward for gene therapy is the active
exploration of new materials and formulations by research-
ers to maximize the stability, therapeutic effect, and efficien-
cy of the distribution of non-viral vectors [56].
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4. ENHANCING GENE THERAPY EFFICACY
THROUGH IMMUNE MODULATION

The immune system consists of an intricate interconnect-
ed network of many cell types that work together to defend
the body's tissues against additional infection and activate a
group of specialised agents designed to precisely eradicate
the invading pathogen. The cellular network can be broadly
divided into two components: the innate arm and the adap-
tive arm. The innate immune responses begin at an early
stage, are not specific to antigens, and do not lead to the de-
velopment of immunological memory. The adaptive im-
mune responses are influenced by the inflammatory milieu
produced by the innate immune sensing [57]. These respons-
es depend on the activation and clonal growth of antigen-spe-
cific B and T cells, which differentiate into effector cells.
Additionally, they also build immunological memory. Viral
vectors possess certain similarities to natural viruses, but
they differ significantly in that they are non-replicative, ad-
ministered in a concentrated dose, and introduced at an atypi-
cal location. While traditional immunological ideas can be
utilised, it is important to note that the immune response to
viral vectors also possesses distinct and inherent characteris-
tics. Antibodies can neutralise vector particles carrying viral
proteins that are the same or similar to antigens encountered
by people during natural infection [58]. This can occur when
these particles are injected into individuals who already
have immunity. The detection of viral components such as
capsids or nucleic acids by the innate immune system can
lead to the infiltration of immune cells into tissues. This de-
tection also stimulates the production of interferon (IFN)-
o/B, also known as type 1 IFN or T1 IFN, which activates an
antiviral state in the tissue, reducing the spread of the virus.
Additionally, it serves as a signal to activate the adaptive im-
mune response. The activation and subsequent presentation
of antigens by dendritic cells (DCs) is a crucial process that
connects innate and adaptive immunity [59]. This process re-
sults in the activation, differentiation, and proliferation of T
lymphocytes. MHC class I-restricted CD8" T cells, also
known as cytotoxic T lymphocytes (CTLs), have the ability
to destroy cells that are infected with a virus. On the other
hand, MHC class II-restricted CD4" T cells play a role in en-
hancing the activation of CD8" T cells and B cells, which
leads to the production of antibodies. T helper (Th) cells
play a crucial role in the development of memory responses.
The Ad virus was among the initial viruses studied as a pos-
sible gene therapy vector. It was also the focus of early un-
successful attempts at in vivo gene transfer, which empha-
sised the crucial role of host inflammatory responses in deter-
mining the long-term effectiveness of therapeutic gene ex-
pression and the overall safety of this intervention [60]. The
initial excitement surrounding Ad vectors stemmed mostly
from their exceptional transduction efficiency and packing
capability. Nevertheless, the strong expression of the trans-
gene was accompanied by a correspondingly intense inflam-
matory reaction, leading to temporary expression and a risk
of severe immunotoxicity, ultimately culminating in the pa-
tient's demise. Due of their proficient capacity to activate
CDS8' T cells, future endeavours focused on employing them
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as vaccine carriers and in cancer gene therapy. Ad vectors
consist of a double-stranded DNA genome, approximately
36 kilobases in size, enclosed within a protein capsid of a vi-
ral origin. The virus replication is rendered faulty by remov-
ing many viral genes. Additionally, it is feasible to eliminate
viral coding regions and generate “gutted” or “helper-depen-
dent” adenoviral vectors. AdHu5 serotype effectively trans-
duces several cell types in vivo, especially hepatocytes, but
other serotypes that infect hematopoietic cells have also
been documented [61]. After transduction, the vector
genome persists as an episome. Ad vectors efficiently stimu-
late a wide range of innate immune pathways, making them
valuable tools for investigating the innate immune response
to viruses. Hepatic gene transfer is accomplished through
the intravenous administration of an adenoviral vector. Nev-
ertheless, immediate and instinctive reactions might mani-
fest within a short timeframe of minutes to hours, resulting
in alterations in blood pressure, a decrease in platelet count,
inflammation, and an increase in body temperature. Three
Coagulation dysregulation can extend to other organs and re-
sult in DIC (disseminated intravascular coagulation). Ad vec-
tors stimulate vascular endothelial cells, leading to the secre-
tion of von Willebrand factor (vWF) in the form of ultra-
-large-molecular-weight multimers [62]. vWF is an essential
blood protein that plays a crucial role in platelet adhesion.
Ad vectors additionally stimulate platelets and trigger the
presentation of the adhesion molecule P-selectin, leading to
the creation of platelet-leukocyte aggregates. This ultimately
results in thrombocytopenia, increasing the risk of bleeding.
Four early systemic administration of the Ad vector leads to
crucial cellular interactions involving vascular and hepatic
endothelial cells, platelets, Kupffer cells, hepatocytes, and
splenic macrophages (MFs) and DCs. Shayakhmetov and
colleagues have demonstrated that after the virus enters the
bloodstream, the hexon component of the adenoviral capsid
attaches to coagulation factor X (FX). Viral particles coated
with FX stimulate Toll-like receptor (TLR)4 on the surface
of splenic macrophages, leading to the activation of nuclear
factor kB (NF-kB) and subsequent release of interleukin
(IL)-1P [63]. This attracts polymorphonuclear leukocytes to
the marginal zone of the spleen. The immune and coagula-
tion systems have evolved together to protect against virus-
es, and these mechanisms help to quickly remove the virus
from the spleen. Upon introduction into a blood vessel, the
response to Ad vectors is significantly influenced by interac-
tions with chemicals and cells present in the blood and im-
munological organs that monitor the systemic circulation. In
addition to binding to coagulation proteins containing y-car-
boxyglutamic acid (GLA) domains, adenoviral particles also
attach to complement component C3 and natural immuno-
globulin (Ig)M antibodies. This interaction leads to the acti-
vation of neutrophils, among other effects [64].
Macrophages can be stimulated to produce inflammatory cy-
tokines and chemokines in response to antibody-virus com-
plexes by activating the intracellular antibody receptor
TRIM21. Remarkably, the attachment of FX seems to clash
with adenoviral connections to complement and antibodies,
safeguarding it from these elements while simultaneously en-
couraging TLR4 signalling in the spleen.Seventeen Ad vec-
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tors also engage with shed cellular receptors, necessitating
further comprehensive investigations to determine their im-
pact on immune responses. These tactics add to a complete
immune modulation toolset intended for use in gene therapy
[65]. Through the careful balancing of immune response acti-
vation and repression, researchers aim to maximize gene
therapy interventions' safety, durability, and effectiveness
for a variety of uses. The continued development of immune
modulation methods has enormous potential to increase
gene therapy's effectiveness and broaden its therapeutic uses
[66].

4.1. Immunosuppressive Drugs

In the early stages, AAV gene therapy trials employed a
responsive method of administering corticosteroids to ad-
dress occurrences of increased liver enzymes that indicated
liver damage. These instances were often thought to be
linked to a specific immune response involving AAV cap-
sid-specific cytotoxic T cells. Administration of corticos-
teroids usually resolves the increase in liver transaminase
levels. Based on these discoveries, future clinical trials in-
cluded preventive immunosuppression protocols that in-
volved the administration of one or more pharmacotherapies
[67]. Corticosteroids such as prednisone, prednisolone, and
methylprednisolone attach to glucocorticoid receptors and al-
ter the process of transmitting genetic information, leading
to widespread anti-inflammatory and immunosuppressive ef-
fects. Corticosteroids achieve these effects by employing
many mechanisms, such as reducing the expression of TLR
(Toll-like receptor), inhibiting proinflammatory cytokines,
and increasing the production of anti-inflammatory cy-
tokines. Additional immunosuppressants employed in AAV
gene treatments comprise rapamycin (sometimes referred to
as sirolimus), MMF, calcineurin inhibitors (cyclosporine,
tacrolimus), and rituximab. Rapamycin suppresses the prolif-
eration of cytotoxic T cells and the differentiation of T
helper cells by inhibiting the cell-cycle kinase called mam-
malian target of rapamycin [68]. At higher doses, it also sup-
presses the proliferation and differentiation of B cells. Aza-
thioprine and MMF are antimetabolites that hinder the activi-
ty of inosine monophosphate dehydrogenase, which is the en-
zyme responsible for the production of guanosine nu-
cleotides. This enzyme is more active in activated lympho-
cytes, so by inhibiting it, the proliferation of T and B cells is
suppressed. Cyclosporine and tacrolimus hinder the activity
of the signalling phosphatase calcineurin, which ultimately
results in the inhibition of IL-2 transcription. This transcrip-
tion is crucial for the proliferation of T cells, the maturation
of regulatory T cells, and the expansion and cytotoxic ef-
fects of effector T cells. Rituximab, a monoclonal antibody,
restricts the generation of antibodies by specifically target-
ing CD20 on B cells, hence triggering death. Hydroxychloro-
quine is being investigated as a potential treatment in early-s-
tage trials [69]. It works by blocking the binding of TLRO li-
gands and the subsequent signalling, which helps to limit the
activation of T cells and the release of proinflammatory cy-
tokines mediated by TLR. It is crucial to evaluate the safety
characteristics of immunosuppressants to ensure that the
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mitigation method does not lead to any extra negative ef-
fects. The overall safety profile of each immunosuppressant
is influenced by factors such as dosage, treatment schedule,
and duration of treatment. These factors also contribute to
the occurrence of the most frequently observed adverse
events associated with each immunosuppressant. Further-
more, individuals with weakened immune systems are partic-
ularly vulnerable to bacterial, fungal, and viral infections.
Therefore, it is crucial to closely monitor and use a proactive
approach to prevent or effectively manage infectious occur-
rences during immunosuppressive treatment [70].

4.1.1. Corticosteroids

Corticosteroids, by interacting with the glucocorticoid re-
ceptor, have a vital function in regulating the immune re-
sponse by decreasing the synthesis of proinflammatory cy-
tokines and chemokines. The anti-inflammatory mechanism
of corticosteroids has rendered them effective in the treat-
ment of diverse ailments, such as autoimmune disorders and
inflammatory diseases. Nevertheless, the prolonged utilisa-
tion of these substances is linked to substantial detrimental
consequences. Extended administration of corticosteroid
medication has been associated with problems such as osteo-
porosis, metabolic disruptions, and an elevated susceptibility
to cardiovascular disease [71]. Osteoporosis is caused by the
detrimental effects of corticosteroids on bone density, result-
ing in a heightened vulnerability to fractures. Metabolic dis-
ruptions, such as changes in glucose metabolism, can play a
role in the development of illnesses like diabetes. Moreover,
the increased susceptibility to cardiovascular illness is as-
cribed to the drug's capacity to cause high blood pressure, ab-
normal cholesterol levels, and encourage a tendency for
blood clot formation. It is important to carefully weigh the
positive advantages of corticosteroid treatment against the
potential negative effects. This requires close monitoring
and consideration of other treatment alternatives, if available
[72].

4.1.2. Rapamycin, or Sirolimus

Rapamycin, or sirolimus, predominantly suppresses the
immune system by inhibiting the mammalian target of ra-
pamycin (mTOR). This inhibition leads to the suppression
of the activation of cytotoxic T cells and helper T cells, the
regulation of the formation of regulatory T cells (Tregs), and
the decrease in the proliferation and differentiation of B
cells and T cells. Although rapamycin has demonstrated its
efficacy in avoiding organ rejection in transplant recipients
and managing specific autoimmune disorders, it is not de-
void of adverse reactions. Rapamycin use is linked to ad-
verse responses, one of which is thrombocytopenia. Throm-
bocytopenia refers to a decrease in platelet numbers, which
might result in an increased tendency to haemorrhage [73].
Dyslipidemia, which refers to abnormal lipid levels, is a sig-
nificant worry that could potentially contribute to complica-
tions related to the cardiovascular system. Mucositis, hin-
dered wound healing, and proteinuria (abnormal levels of
protein in the urine) are supplementary adverse effects that
can present difficulties during the course of treatment. How-
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ever, it is essential to effectively control the dosage and man-
age the side effects of rapamycin in order to utilise its thera-
peutic advantages while mitigating the related hazards in
clinical environments [74].

4.1.3. Hydroxychloroquine

Hydroxychloroquine inhibits TLR9-mediated responses
to viral DNA via modulating Toll-like receptor 9 (TLRY).
Furthermore, it disrupts lysosomal function, thus inhibiting
the process of major histocompatibility complex (MHC)-me-
diated antigen presentation. Hydroxychloroquine has the po-
tential to be used as a therapeutic agent in several circums-
tances, such as specific autoimmune illnesses, and is being
investigated as a treatment for viral infections. Nevertheless,
the utilisation of hydroxychloroquine is linked to a range of
negative consequences. Patients frequently report gastroin-
testinal symptoms, such as nausea and diarrhoea, which can
affect their ability to tolerate the treatment [75]. Extended us-
age of hydroxychloroquine is linked to more severe compli-
cations such as retinopathy, which affects the eyes, and car-
diomyopathy, a condition that affects the heart muscle. Fur-
thermore, there may be noticeable impacts on the conduc-
tion of electrical signals in the heart, highlighting the need
for vigilant observation and a thorough evaluation of the po-
tential risks and benefits before including hydroxychloro-
quine into a therapy plan. It is crucial to consider both the
positive impacts and negative consequences in order to max-
imise the effectiveness of treatment and ensure the safety of
patients [76].

4.1.4. Immunostimulatory Agents

Strategies for gene therapy that aim to improve the im-
mune response to therapeutic interventions must include im-
munostimulatory drugs. Immunostimulatory treatments are
intended to increase and maximize the activity of the im-
mune system, in contrast to immunosuppressive medica-
tions, which reduce immunological responses. This is espe-
cially true when it comes to cancer gene therapy or vaccina-
tions. Adding adjuvants—substances added to gene therapy
formulations that boost the immune response—is one such
strategy. In order to generate a stronger adaptive immune re-
sponse against the therapeutic target, adjuvants activate the
innate immune system [77]. These substances aid in enhanc-
ing the immune system's ability to identify viral vectors or
transgenic products, which may result in more effective and
long-lasting therapeutic effects. Gene therapies also makes
use of another type of immunostimulatory drugs called cy-
tokines, which include interleukins and interferons. These
signalling molecules can be employed to alter the activity of
the immune system and serve important functions in con-
trolling immunological responses. For example, in cancer
gene therapy, the immune system's capacity to identify and
eradicate cancer cells may be boosted by the administration
of certain cytokines. Using immunostimulatory drugs aims
to increase the therapeutic effect of gene therapy by utilizing
the body's innate defences [78]. Researchers want to in-
crease the efficacy of treatments by deliberately inducing a
stronger immune response. This is especially useful in situa-
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tions where an engaged immune system is advantageous,
like when cancer cells are targeted for elimination. Overly
aggressive immune stimulation, however, might have un-
favourable effects, so the precise formulation and administra-
tion of immunostimulatory drugs must be carefully consid-
ered. In the rapidly changing field of gene therapy, research-
ers are constantly investigating and improving the usage of
these medicines to achieve a balance between enhancing the
immune response and guaranteeing patient safety (Table 2)
[79-94].

5. ADVANCEMENTS IN IMMUNE MODULATION
TECHNIQUES

5.1. Precision Immunomodulation

One innovative strategy in the field of gene therapy is
precision immunomodulation, which aims to precisely target
and adjust immune responses. This approach acknowledges
the intricacy of the immune system and aims to modify par-
ticular elements or channels without causing a widespread
and non-specific inhibition of immune performance. For
gene therapy interventions to be as safe and effective as pos-
sible while reducing the possibility of unexpected side ef-
fects, precision immunomodulation is essential [95]. Preci-
sion immunomodulation has been made possible by develop-
ments in our knowledge of the intricate molecular and cellu-
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lar mechanisms underlying immune responses. Methods for
modulating specific immune cell populations or signalling
pathways involved in immune activation and regulation are
being investigated by researchers. With this strategy, the im-
mune system can be more precisely influenced, maintaining
its capacity to fight off infections while moderating gene
therapy-related reactions only in certain areas [96].

The development of treatments that may specifically acti-
vate or suppress particular immune cell types, such as regula-
tory T cells (Tregs) to increase tolerance or cytotoxic T cells
to boost antitumor responses, is a crucial component of preci-
sion immunomodulation. Furthermore, the use of synthetic
molecules, like bogus receptors or antibodies, permits inter-
ference with particular immunological checkpoints or sig-
nalling molecules, offering accurate regulation of immune re-
sponses [1]. This development is especially important for
tackling the problems with immune reactions to viral vectors
and transgenic products used in gene therapy. Through pre-
cise immune modulation, scientists hope to find a fine bal-
ance that would maximize beneficial impacts on the immune
system as a whole while guaranteeing successful treatment
outcomes. It is expected that further research on precision
immunomodulation will have a major impact on the develop-
ment of safer and more customized gene therapy interven-
tions in the future [97].

Table 2. List of drugs for immune modulation with mechanism of action and examples.

S. No Drug Mechanism of Action Examples Doses Experimental Models|References
1 Cyclosporine Calcineurin inhibitor Sandimmune, Neoral|  2-5 mg/kg/day (oral) Rodents, primates [80]
2 Tacrolimus Calcineurin inhibitor Prograf, Advagraf | 0.1-0.2 mg/kg/day (oral) Rodents, primates [81]
3 Sirolimus mTOR inhibitor Rapamune 2-5 mg/day (oral) Rodents, non-human |,

primates
Mycophenolate Inosine monophosphate dehydrogenase . . .
4 mofetil inhibitor CellCept 1-1.5 g twice daily (oral) | Rodents, primates [83]
5 Azathioprine Purine synthesis inhibitor Imuran 1-3 mg/kg/day (oral) Rodents,' non-human [84]
primates
6 Prednisone Glucocorticoid Deltasone, Rayos 5-60 mg/day (oral) Rodents, primates [85]
5 mg/kg IV on day 1, 10
7 Belatacept Costimulation blocker Nulojix mg/kg on day 5 and 14, | Non-human primates, [86]
then 5 mg/kg every 2 humans
weeks (IV)
8 Basiliximab IL-2 receptor antagonist Simulect 20 mg on day 0 and 4 (IV) Humans [87]
9 Daclizumab IL-2 receptor antagonist Zenapax I mg/ke or(llgla)y 014,28 Humans [88]
2
10 Rituximab CD20 antibody Rituxan 375 mg/m” weekly for 4 Humans [89]
doses (IV)
11 Alemtuzumab CD52 antibody Lemtrada 12 mg/day for 5 days (IV) Humans [90]
. . . . 1.5 mg/kg/day for 5-7 Rodents, primates,
12 Thymoglobulin Polyclonal antithymocyte globulin Thymoglobulin days (IV) humans [91]
13 Atg-Fresenius Lymphocyte depleting agent ATG-Fresenius  [9-16 mg/kg total dose (IV) ROdeI}llLSI’nI;rrll?ates’ [92]
14 Tofacitinib JAK inhibitor Xeljanz 5 mg twice daily (oral) | Rodents, non-human |y,
primates, humans
15 Fingolimod Sphingosine-1-phosphate receptor mod- Gilenya 0.5 mg once daily (oral) Rod.ents, non-human [94]
ulator primates, humans
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5.2. Cell-Based Therapies

The goal of developments in cell-based therapeutics is to
control immune responses and promote tolerance. This in-
cludes the use of immune cells such as regulatory T cells
(Tregs) and others. For example, engineered Tregs can be
made to suppress undesirable immunological responses, pro-
viding a more focused and regulated method of immunomod-
ulation [98].

5.2.1. T Cells

T cells originate from hematopoietic stem cells in the
bone marrow and are transported to the immunological or-
gans and tissues of the body via lymph and blood circulation
in order to carry out their immune tasks. T cells may be cate-
gorized based on their primary roles as cytotoxic T cells,
helper T cells, regulatory/suppressor T cells, and memory T
cells. CTLA-4/PD1-based immune checkpoint blockade
(ICB) treatment and chimeric antigen receptor T-cell (CAR-
T) therapy have been created and have gained remarkable
success in medical practice by stimulating T cell function
[99]. The process of CAR-T cell therapy primarily entails
the retrieval of T cells from patients and their subsequent
modification using genetic engineering techniques to ex-
press receptors capable of identifying tumour cells. The mod-
ified T cells are cultured in a laboratory setting and then rein-
troduced into the patient's body. Recently, CAR-T cell thera-
py has shown remarkable efficacy in the treatment of hema-
tologic malignancies and solid neoplasms. An example of th-
ese is CAR-T cells that specifically target the CD19 receptor
on B lymphocytes, which have shown encouraging out-
comes in the management of chronic lymphoid leukaemia.
Consequently, the FDA has granted approval to many thera-
peutic approaches using CAR-T cells for the treatment of
lymphoma [100]. Although liquid malignancies have been
effectively treated, significant challenges remain in using
CAR-T cells to target solid tumors. The tumour immune-sup-
pressive milieu is a key factor that hinders the activation of
CAR-T cells in this context. When comparing liquid malig-
nancies with dispersed tumour cells to solid tumors, it is
seen that solid tumors have a more compact structure and
greater pressure between tumour cells. This presents consid-
erable obstacles for the penetration of CAR-T cells. In addi-
tion, many types of immune-suppressive cells present in the
tumour microenvironment have the ability to hinder the func-
tion of CAR-T cells, even when they manage to penetrate
the tumour tissue. Hence, the crucial aspect in both preclini-
cal and clinical research efforts is in promoting the activity
of CAR-T cells by modulating the tumour microenviron-
ment [101].

5.2.2. Dendritic Cells

Dendritic cells (DCs) are the primary antigen-presenting
cells (APCs) in the immune system. They play a crucial role
in starting, regulating, and sustaining the immune response.
This is due to their exceptional capacity to effectively col-
lect, process, and display antigens. Immature dendritic cells
(DCs) possess robust migratory capacities, but mature DCs
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are very proficient in activating naive T cells. DCs in im-
munotherapy serve many functions: Dendritic cells (DCs)
have the ability to express major histocompatibility complex
(MHC) antigen molecules, collect tumour antigens, and then
deliver them to T lymphocytes. 2) Once they reach maturity,
dendritic cells (DCs) will exhibit elevated amounts of costi-
mulatory molecules, including CD80, CD86, and CD40, in
order to facilitate the activation of T cells and stimulate an
immunological response [102]. Dendritic cells (DCs) have
the potential to release cytokines, namely IL-12, as well as
chemokines. This secretion serves to facilitate the gathering
of T cells and improve their long-lasting capacity to elimi-
nate infections. Due to the potent antigen presentation and
immune regulation capabilities of dendritic cells (DCs),
there has been much development of DC-based delivery
methods and vaccines [103].

5.2.3. Macrophages

Macrophages are a subset of phagocytic cells that origi-
nate from monocytes. Their physical structure undergoes al-
terations over various functional phases. Resting
macrophages typically have a circular or elliptical form with
short protrusions. However, when activated, they tend to ex-
tend longer pseudopods and exhibit unusual morphologies.
Macrophages play an active role in the body's innate im-
mune response by scavenging invading pathogens.
Macrophages primarily perform the task of engulfing and di-
gesting cell debris and pathogens, a process known as phago-
cytosis [104]. They do not exhibit significant selectivity to-
wards the antigen phenotype. Furthermore, macrophages
serve as antigen presenting cells, therefore stimulating the
adaptive immune response by the presentation of antigens to
T cells. Distinct phenotypes of macrophages may have vary-
ing effects on the regulation of the immune system, includ-
ing conflicting antitumor immune responses. Tumour-associ-
ated macrophages (TAMs) of the M1 phenotype has the abil-
ity to impede tumour development, whilst TAMs of the M2
phenotype have the capacity to facilitate tumour growth.
Hence, decreasing M2 macrophages or stimulating the trans-
formation of M2 macrophages into M1 macrophages are effi-
cient approaches to enhance the immunosuppressive mi-
croenvironment of solid tumours. Inflammation is intricately
linked to the facilitation and progression of tumours, where-
by macrophages may detect chemotactic signals and relocate
to the site of inflammation. The capacity of macrophages to
specifically target tumours makes them very promising for
delivering drugs [105].

5.2.4. Natural Killer Cells

Natural Killer (NK) cells constitute around 5-10% of
lymphocytes in circulation. Natural Killer (NK) cells has the
ability to eliminate infections and tumour cells via a non-spe-
cific mechanism, independent of antigen presentation. Natu-
ral Killer (NK) cells release cytotoxic substances such per-
forin and tumour necrosis factor (TNF) in order to eliminate
target cells. In addition, they play a role in hypersensitivity
responses and auto-immune disorders, whereby NK cells be-
come excessively active and target healthy tissues. Within
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the tumour microenvironment, natural killer (NK) cells of-
ten experience a decline in their functional abilities as a re-
sult of the suppression of activated receptors and the en-
hancement of inhibitory receptors. In this context, the appli-
cation of cytokines and antibodies may often be used to stim-
ulate their immunological activation [106].

5.2.5. Personalized Immunomodulation

Customizing immunomodulatory tactics according to a
person's distinct immunological profile is known as personal-
ized immunomodulation, a rapidly developing idea in the
field of gene therapy. This strategy aims to maximize the
safety and effectiveness of gene therapy interventions by
tailoring immunomodulation to the unique features of each
patient's immune system, taking into account the inherent
heterogeneity in immune responses among individuals. Tech-
nological developments in genomes, transcriptomics, and
proteomics have made it possible to gain a deeper unders-
tanding of each person's unique immune response [107].
Through the examination of genetic markers, gene expres-
sion patterns, and protein profiles, scientists can discern dif-
ferences in immune function that could potentially influence
the outcome of gene therapy. Based on this data, customized
immunomodulation plans that cater to the unique needs and
features of every patient's immune system can be created.
Personalized immunomodulation is modifying immunomod-
ulatory drug dosage and timing in response to unique patient
responses. By tailoring, the immune system's overall integri-
ty is to be preserved while immune responses against trans-
genes and therapeutic vectors are suppressed to the best pos-
sible extent. Additionally, more accurate decisions about the
planning and execution of gene therapy are made when one
is aware of a patient's pre-existing sensitivity to viral vectors
or certain genetic variables impacting immune responses
[108]. Personalized immunomodulation in cancer gene thera-
py may entail locating certain tumour antigens or neoanti-
gens particular to a patient's cancer cells. The development
of tactics to improve the immune system's capacity to identi-
fy and target cancer cells can be guided by this knowledge,
which will ultimately increase the effectiveness of treat-
ment. Although personalized immunomodulation is still a
relatively new idea, continuous research and technology de-
velopments are opening the door to more individualized and
patient-specific gene therapy techniques. The ultimate objec-
tive is to optimize the advantages of gene therapy while re-
ducing any possible hazards, keeping in mind the variations
in immune responses seen in different patient groups [109].

5.2.6. Nanoparticle-based Delivery Systems

The presence of antigens and adjuvants is crucial for ef-
fectively stimulating the immune function. However, their
limited safety and effectiveness hinder their utilisation in
clinical research. Nanotechnology offers the potential to cre-
ate a new category of antimicrobial drugs. In recent times,
there has been a significant focus on virosome and lipo-
some-derived nanovaccines that specifically target viral dis-
eases. These vaccines have gained considerable attention
due to their exceptional effectiveness within the body. The
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integration of immunotherapy with nanomedicine can effec-
tively overcome the limitations of therapeutic results and en-
hance the bioactivity of immunotherapeutic agents [110]. Im-
munotherapy commonly utilises substances that have the
ability to either stimulate or inhibit the immune system. Im-
munostimulatory drugs are employed in antiviral therapy to
enhance the immune response to viruses by recognising and
eliminating foreign antigens, as well as generating immune
cells with memory capabilities for viral infections. Immuno-
modulatory nanosystems are created by coating or conjugat-
ing with fragments of antigens and adjuvants in order to aug-
ment the functionality of the immune system, as antigens
alone are susceptible to destruction by enzymes within the
body. Linking adjuvants can prevent the degradation of anti-
gens and enhance the activation of antigen-presenting cells
(APCs) more efficiently. Immunomodulatory nanoparticles
have the ability to stabilise antigen-adjuvant complexes in
the bloodstream and facilitate the controlled release of anti-
gens to specific locations. The gradual release of the
nanosystem can hinder the excessive activation of the im-
mune system by intercepting the undesired immune re-
sponse and eliminating the foreign molecules. The manipula-
tion of multiple crucial components of the human immune
system by different nanoformulations leads to the regression
of viral infections [111]. Nanoparticles augment the immuno-
modulatory impact of enclosed payloads. Nano-delivery
methods offer distinct benefits in transporting therapeutic
payload to regulate immune cell function. Dendritic cell (D-
C) targeted nanoparticles that might elicit immunological tol-
erance are categorised into four primary groups based on the
therapeutic cargo they transport. 1) Nanoparticles loaded
with peptides linked to autoantigens stimulate the generation
of T cells that target specific antigens. 2) Nanoparticles con-
taining immunomodulatory medicines that promote the trans-
formation of immature dendritic cells into tolerant DCs. 3)
Nanoparticles containing nucleic acids or plasmids that pos-
sess gene editing properties, which inhibit the co-stimulato-
ry signalling pathway between dendritic cells and T cells. 4)
Nanoparticles co-deliver autoantigen-associated peptides, im-
munomodulatory medicines, and nucleic acids. In this discus-
sion, we will briefly explore the function of therapeutic car-
go-targeted dendritic cells (DCs) following nano-delivery in
the management of autoimmune disorders, allergy diseases,
and transplant rejection diseases [112].

5.3. Gene Editing Technologies

Gene editing introduces a new target for the immune sys-
tem: the response to the proteins utilised for double-strand
DNA breakage. While significant progress has been made in
comprehending the mechanisms of B-cell response to vec-
tors that transport CRISPR/Cas9 into cells, the T-cell re-
sponse has only been recently demonstrated. In a study con-
ducted by Wang et al. (2015), it was discovered that im-
munocompetent mice exhibited a T-cell response to Cas9
proteins. A Streptococcus pyogenes-derived Cas9 system,
supplied by an adenovirus vector, was used to target the
Pten gene. This gene is often altered in patients with spo-
radic cancer and is also involved in nonalcoholic steatohep-
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atitis (NASH) [113]. The study demonstrated that hepato-
cytes were depleted due to both humoral and cellular im-
mune responses against the AdV vectors, occurring within a
timeframe of two weeks to four months following the injec-
tion. However, they also observed an immunological reac-
tion to the Cas9 protein, which was identified using an
ELISA technique to detect SpCas9 antibodies. Furthermore,
a strong production of IgG1 antibodies against Cas9 was
seen fourteen days following the delivery of the adenovirus.
Chew ef al. (2016) and Chew (2018) have demonstrated a
similar reaction whether use AAV or electroporation tech-
niques to excessively express a transgene in the identical spe-
cies of animal. In 2016, the researchers evaluated the effica-
cy of AAV-Cas9-gRNA targeting Mstn (AAV9-Cas9-gR-
NAM3+M4) by administering it through intraperitoneal in-
jection in neonatal mice [114]. The ELISA experiment has
verified the presence of a specific immune response against
Cas9, and the Cas9 peptides were identified using serum
from the animals by utilising M 13 phage libraries that con-
tained the Cas9 transgene. A study by Ajina ef al. (2019) dis-
covered the presence of T-cell response in tumours that were
transplanted into mice with a normal immune system and
had an increased expression of SpCas9. Furthermore, Li et
al. (2020) showed that administering SaCas9 immunisations
to mice one week before to AVV-liver treatment delivery re-
sulted in reduced long-term survival of the in vivo altered he-
patocytes. This indicates that the immune system may react
to treatments involving Cas9 proteins as a result of the im-
mune system's ability to remember previous infections
[115]. Crudele and Chamberlain (2018) provided insight in-
to a pre-existing immune response to two prevalent human
infections, Staphylococcus aureus and Streptococcus pyo-
genes, which are responsible for producing MRSA and strep
throat, respectively. These pathogens are the source of the
Cas9 protein. In a study conducted by Charlesworth ef al.
(2019), it was demonstrated that our immune system has the
ability to identify Cas9 peptides as foreign substances. The
research also revealed that among healthy adult humans, the
occurrence of an immune response against Cas9 is 79% for
SaCas9 and 67% for SpCas9, as indicated by the presence of
anti-Cas9 IgG antibodies. Simhadri et al. (2018) reported
prevalence rates of approximately 10% and 2.5% for anti-Sa-
Cas9 and anti-SpCas9, respectively, in samples collected
from the United States [116]. Studies conducted by Wagner
et al. (2019) and Ferdosi ef al. (2019) have yielded compara-
ble findings, indicating that 85% and 5% of blood donors
possess anti-SpCas9 antibodies and anti-SpCas9 T cells, re-
spectively. Charlesworth and Wagner have demonstrated a
similar reaction by utilising the complete recombinant pro-
tein in their experiments, employing ELISPOT and flow cy-
tometry techniques. However, Ferdosi ef al. (2019) adopted
a distinct methodology. By utilising computational methods,
a group of researchers chose and constructed a collection of
38 peptides for experimentation. These peptides were then
tested using HLA-A*02:01 pentamers, which were able to
detect immune responses through ELISPOT and flow cy-
tometry techniques. The results showed that 83% (n=12) of
the samples had a positive reaction, as shown by the pres-
ence of [FN-y. Stadtmauer ef al. (2020) employed an identi-
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cal set of peptides and proposed that 66% of the sample
(n=3) exhibited a response to SpCas9. Furthermore, they
documented the initial human clinical experiment specifical-
ly aimed at evaluating the safety and practicability of CRIS-
PR-Cas9 modification of T cell receptors [117].

6. ADVANCED MONITORING TECHNIQUES

In the field of gene therapy, advanced monitoring tools
are essential because they give researchers and doctors a
comprehensive understanding of immune response dynam-
ics, therapeutic efficacy, and possible side effects. Through-
out the course of treatment, these monitoring techniques aid
in the development of a thorough understanding of the inter-
actions between the host immune system and the therapeutic
interventions, enabling informed decision-making and real--
time modifications. The adoption of advanced imaging tech-
nology is one of the noteworthy developments in monitoring
techniques [118]. With the use of non-invasive imaging tech-
niques like magnetic resonance imaging (MRI) and positron
emission tomography (PET), scientists can monitor the distri-
bution and durability of gene therapy vectors in the body.
This aids in tracking the targeting precision of therapeutic
drugs, evaluating their biodistribution, and locating any pos-
sible off-target effects. Apart from imaging, sophisticated
molecular and cellular monitoring methods offer informa-
tion at the cellular and genetic levels. Researchers can moni-
tor the overall effect of gene therapy on the host transcrip-
tome, assess gene expression profiles, and spot changes in
immune cell populations thanks to high-throughput sequenc-
ing technology. The characterisation of immune responses is
further improved by flow cytometry and single-cell analysis
techniques, which offer comprehensive details about particu-
lar cell types and their activation status [119].

Finding and analysing biomarkers is another facet of so-
phisticated monitoring methods. Through the identification
and measurement of particular biomarkers linked to immune
responses or therapeutic efficacy, researchers can create pre-
diction indications for treatment results. This makes it easier
to create individualized treatment plans based on the unique
characteristics of each patient. Ongoing developments in the
fields of omics technologies, including as transcriptomics,
proteomics, metabolomics, and genomics, add to our unders-
tanding of the complex interactions that take place during
gene therapy [120]. These methods provide a comprehen-
sive picture of the molecular terrain, illuminating putative
mechanisms of action, immunological regulation, and the
maturation of immune memory. As gene therapy develops,
it will be crucial to incorporate cutting-edge monitoring
methods into clinical trials to maximize therapeutic ap-
proaches and guarantee patient security. A more sophisticat-
ed and knowledgeable approach to gene therapy is made pos-
sible by the integration of imaging, molecular profiling, and
biomarker analysis, which eventually opens the door to
safer, more efficient, and customized therapies [121].
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7. CASE STUDIES

7.1. Case Study 1: AAV-Mediated Gene Therapy for He-
mophilia A

In this case, researchers explored the use of adeno-associ-
ated virus (AAV) vectors for delivering the clotting factor
VIII gene to patients with hemophilia A. While initial trials
showed promising results, the immune response against the
AAYV vector posed a challenge. To overcome this, the team
employed immune modulation strategies, including co-ad-
ministration of immunosuppressive agents. This approach
successfully mitigated the immune barriers, allowing sus-
tained expression of the therapeutic gene and significantly
enhancing the efficacy of the gene therapy in hemophilia A
patients [122].

7.2. Case Study 2: CRISPR-Cas9 Gene Editing for
Duchenne Muscular Dystrophy (DMD)

Scientists aimed to address immune challenges associat-
ed with CRISPR-Cas9 gene editing in treating Duchenne
Muscular Dystrophy. While the precision of CRISPR-Cas9
in correcting the dystrophin gene mutations was remarkable,
the immune response triggered by the edited cells raised con-
cerns. To optimize the therapy, the research team integrated
immune-modulating nanoparticles that selectively damp-
ened the immune response without compromising the edit-
ing efficiency. This innovative approach successfully over-
came immune barriers, allowing for sustained dystrophin ex-
pression and improved muscle function in preclinical mod-
els [123].

7.3. Case Study 3: CAR-T Cell Therapy for Solid Tu-
mours

Investigating immune modulation in the context of
CAR-T cell therapy for solid tumours, researchers faced
challenges due to the hostile tumour microenvironment. The
immune-suppressive nature of the tumour hindered CAR-T
cell persistence and efficacy. In response, scientists devel-
oped a combination approach using gene editing techniques
to enhance CAR-T cell resistance to immunosuppression,
coupled with local administration of immune checkpoint in-
hibitors. This integrated strategy effectively overcame the
immune barriers within the tumour microenvironment, lead-
ing to improved infiltration, persistence, and antitumor activ-
ity of CAR-T cells in experimental models [124].

8. CHALLENGES AND OPPORTUNITIES

Research on immune modulation techniques in gene ther-
apy is a dynamic and quickly developing topic that offers
both potential and problems. Overcoming the human im-
mune response to the therapeutic gene delivery vectors is
one of the main obstacles. The immune system frequently
quickly eliminates these vectors because it views them as for-
eign invaders, which reduces the effectiveness of gene thera-
py. This immunological identification may set off inflamma-
tory reactions, which might have negative consequences and
lessen the treatment's therapeutic effectiveness. Further-
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more, a patient's pre-existing immunity from prior exposure
to viral vectors or other gene therapy components may make
the treatment more difficult to achieve. However, these diffi-
culties also provide fascinating chances for advancement
and creativity [125]. Scholars are investigating several ap-
proaches to regulate the immune system and reduce its reac-
tion to gene therapy vectors. To prolong the presence of ther-
apeutic drugs in the body and avoid immune detection, for
example, researchers are developing immune-evasive or
stealth vectors. It is also possible to make gene therapy safer
and more effective by making engineering vectors less im-
munogenic and better at targeting specific tissues. Innova-
tive methods, such as encasing therapeutic genes in nanopar-
ticles or biomaterials, have the potential to protect them
from immune monitoring and enable targeted distribution.
Moreover, knowing the subtleties of how the immune sys-
tem reacts to gene therapy provides opportunities for cus-
tomised therapeutic approaches. Customising therapies ac-
cording to a person's immunological profile may reduce the
likelihood of immunological responses and improve treat-
ment results [126]. Research on immunology and gene thera-
py may work together to find novel ways to modulate the im-
mune system, which might lead to the creation of safer and
more efficient gene treatments. The continuing investigation
of immune modulation techniques offers a rich field for sci-
entific learning and the achievement of gene therapy's maxi-
mum potential in therapeutic applications as we traverse th-
ese difficulties. Researchers may customise gene therapy
therapies to minimise the danger of immune responses and
maximise therapeutic advantages by knowing each patient's
unique immunological profile. Immunologists and gene ther-
apy specialists working together might transform the indus-
try and lead to safer and more effective gene treatments. By
investigating immune modulation techniques further, we are
opening up new avenues for scientific discovery and laying
the groundwork for gene therapy's broad use in a range of
therapeutic settings [127].

9. ETHICAL CONSIDERATIONS

We will also discuss the significance of personalized
medicine in tailoring gene therapy approaches to the individ-
ual immunological profile of each patient to maximize thera-
peutic benefits and minimize adverse events. This work
aims to provide a critical synthesis of the current state of im-
mune modulation strategies, offering insights into the chal-
lenges faced by medical professionals and researchers as the
area of gene therapy develops swiftly. Gaining an unders-
tanding of the intricate relationship between gene treatments
and the immune system would enable the development of
safer, more effective, and widely applicable gene-based med-
ications for a variety of illnesses [128]. Ultimately, this
knowledge will improve many people's lives and revolu-
tionise the medical sector. In the end, by revolutionising
treatment choices and increasing patient outcomes, this
knowledge will improve countless lives and revolutionise
the medical profession. Furthermore, by comprehending
how gene therapies interact with the immune system, re-
searchers may better handle the possible negative responses
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and side effects that may result from these treatments. Re-
searchers may create techniques to reduce immune rejection
and maximise the efficacy of gene-based medications by de-
ciphering the complex interaction between gene treatments
and the immune response [129]. This information will not
only lead to more effective gene therapy treatments, but it
will also provide opportunities for cutting-edge targeted ther-
apy and personalised medical strategies. In the end, these de-
velopments might transform healthcare and provide hope to
those afflicted with illnesses that are presently incurable.
The ability to personalize gene treatments for particular pa-
tients might greatly improve medicine in the future. Scien-
tists can create medicines that the body is less likely to reject
by knowing how the immune system reacts to these treat-
ments. In addition to raising the likelihood of a successful
course of therapy, this personalized approach creates new op-
portunities for targeted medicines, which include targeting
individual genes to cure a given illness. Gene therapy has
the potential to revolutionize healthcare and provide hope to
those who have been declared incurable with further devel-
opments [130].

10. FUTURE DIRECTIONS

A number of directions need investigation as we dive fur-
ther into the intriguing world of immune modulation tech-
niques in gene therapy in order to advance the discipline and
optimise therapeutic effectiveness. The development of pa-
tient-specific precision medicine strategies is one such av-
enue. By using the potential of personalised gene therapy,
we might imagine the creation of treatments that target cer-
tain genetic differences in patients as well as immune re-
sponse modulation. Reducing off-target effects and improv-
ing treatment results, this may open the door for more fo-
cused and successful approaches. In addition, there is a great
deal of promise in combining cutting-edge technologies like
CRISPR/Cas9 and other genome-editing instruments. Subse-
quent investigations have to concentrate on improving these
instruments to augment their safety and specificity, permitt-
ing accurate editing of genes linked to the immune system
[131]. This may make it possible to fine-tune immune re-
sponses, which would eventually result in a more regulated
and controlled treatment outcome. It also seems that investi-
gating combinatorial methods is a viable avenue for the fu-
ture. Immune modulators may have synergistic effects when
used with conventional gene therapy vectors or other treat-
ment methods, increasing their total therapeutic effective-
ness. Finding the best mixtures and doses should be the fo-
cus of research, as should comprehending the intricate inter-
actions between the many elements in these diverse strate-
gies. Furthermore, a vital frontier is the development of de-
livery technology. Enhancing the delivery of gene treat-
ments to certain cells or tissues may reduce systemic effects
and improve overall safety profiles. By creating more effi-
cient and customized delivery methods, this is possible
[132]. For example, nanotechnology shows potential here,
and more study should focus on improving and developing
delivery systems. It is crucial that we comprehend the long-
term consequences of immune regulation techniques as we
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go forward. It is critical to conduct comprehensive investiga-
tions on the duration of altered immune responses in order
to ensure that gene treatments are both safe and effective
over extended periods of time. When combined with empiri-
cal data, longitudinal studies will provide important new in-
formation on the long-term viability and any adverse im-
pacts of these novel strategies. Finally, it should be noted
that immune modulation techniques for gene therapy have a
dynamic and multifaceted future [133]. The future roadmap
includes precision medicine, sophisticated genome-editing
tools, combinatorial methods, improved delivery systems,
and long-term safety evaluations. We can fully realize the
promise of immune regulation in gene therapy by tackling th-
ese obstacles and pushing the frontiers of scientific discov-
ery, ushering in a new age of individualised and efficient
therapies for a wide range of illnesses. These developments
have potential applications in the treatment of infectious ill-
nesses, autoimmune diseases, cancer, and genetic abnormali-
ties. For example, precision medicine enables individualised
therapy based on a patient's genetic composition, optimising
treatment effectiveness and reducing adverse effects. With
the capacity to precisely alter genes, cutting-edge genome-
editing technologies like CRISPR-Cas9 provide new av-
enues for targeted gene therapy [134]. Combinatorial meth-
ods, which integrate many immune modulation techniques,
may improve treatment results by focusing on several im-
mune system components in concert. Viral vectors and nano-
particles are examples of sophisticated delivery technologies
that guarantee the effective and precise transfer of therapeu-
tic genes to the intended cells or tissues. Finally, to guaran-
tee the longevity and security of gene therapy treatments,
long-term safety evaluations are essential. Immune regula-
tion in gene therapy is positioned to transform medicine and
enhance the lives of many people by tackling these obstacles
and using these cutting-edge strategies [135].

CONCLUSION

It is crucial to continue researching immune modulation
techniques in gene therapy since they may be able to over-
come immune system obstacles and improve the overall effi-
cacy of these novel therapies. The complex interaction be-
tween gene treatments and the human immune system has
long presented difficulties, preventing gene therapies from
reaching their full potential. On the other hand, a thorough
comprehension and use of immune modulation strategies
provide viable remedies. Gene therapy may be tuned to min-
imise side effects and optimise therapeutic benefits by adjust-
ing the immune response. Immunosuppressive medications,
for example, may lessen the immune system's reaction to the
viral vectors used in gene therapy, lowering the possibility
of rejection and inflammation. Additionally, developments
in gene editing technologies like CRISPR make precise ad-
justments to immune cells themselves possible, paving the
way for the creation of customized medicines that can evade
immune recognition and destruction. The area of gene thera-
py might undergo a revolution and patient outcomes could
be greatly improved by further investigation into immune
regulation techniques. The wide range of approaches cov-
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ered, from tailored delivery systems to immunosuppressive
medications, highlights how active this area of study is. To
maximise the safety and efficacy of gene treatments, re-
searchers work to achieve a finely balanced response from
the immune system while avoiding harmful side effects.
Moreover, the identification of unique immune profiles and
the creation of tailored strategies demonstrate a paradigm
shift in gene therapy towards precision medicine. There is
great potential to minimise side effects and maximise thera-
peutic success by customising therapies to each patient's
unique immunological environment. The incorporation of
strong immune modulation techniques will surely be crucial
in determining the outcome of these ground-breaking gene
therapy therapies as we go forward. To improve current
methods, find fresh strategies, and deal with new issues, im-
munologists, geneticists, and physicians must continue to
collaborate. Gene treatments might one day reach their full
potential thanks to the unwavering search for novel ap-
proaches to immune regulation, providing hope to those suf-
fering from a wide range of hereditary illnesses and disor-
ders. The possibility of breaking down immunological barri-
ers and improving gene therapy's overall effectiveness as a
result of these coordinated efforts presents an intriguing and
revolutionary new frontier in the field of medical research.
Since each group brings a different set of skills and views to
the table, collaboration between immunologists, geneticists,
and physicians is essential. Together, they may create new
strategies, enhance existing methods, and address the chang-
ing issues in the area of gene therapy. This collaborative en-
deavour gives hope to those suffering from a variety of ge-
netic illnesses and disorders and presents prospects for gene
treatments to reach their full potential. As a result, it holds
significant promise for the future. This promising and revolu-
tionary area of medicine has the potential to improve gene
therapy's overall efficacy and break down immunological
barriers, which would eventually benefit a great number of
people.

AUTHORS’ CONTRIBUTIONS

It is hereby acknowledged that all authors have accepted
responsibility for the manuscript's content and consented to
its submission. They have meticulously reviewed all results
and unanimously approved the final version of the
manuscript.

LIST OF ABBREVIATIONS
AAV = Adeno-associated Virus
ALRs = AIM2-like Receptors
APCs = Antigen-presenting Cells
CLRs = C-type Lectin Receptors

DCs = Dendritic Cells

DIC = Disseminated Intravascular Coagulation

HSCT = Hematopoietic Stem Cell Transplantation
MHC = Major Histocompatibility Complex

Current Gene Therapy, 2025, Vol. 25, No. 4 389

MRI = Magnetic Resonance Imaging

mTOR = mammalian Target of Rapamycin
NASH = Nonalcoholic Steatohepatitis
NF-xB = Nuclear Factor kB

NK = Natural Killer

NLRs = Nod-like Receptors

PET = Positron Emission Tomography

PRRs = Pattern Recognition Receptors
RLRs = RIG-I-like Receptors

SOT = Solid Organ Transplantation
TAMs = Tumour-associated Macrophages
TLRs = Toll-like Receptors

TNF = Tumour Necrosis Factor

vWF

von Willebrand Factor

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

I would like to express sincere gratitude to all my co-au-
thors for their valuable support during this work.

REFERENCES

[1] Shirley JL, de Jong YP, Terhorst C, Herzog RW. Immune respons-
es to viral gene therapy vectors. Mol Ther 2020; 28(3): 709-22.
http://dx.doi.org/10.1016/j.ymthe.2020.01.001 PMID: 31968213

[2] Freitas MV, Francio L, Haleva L, Matte US. Protection is not al-
ways a good thing: The immune system’s impact on gene therapy.
Genet Mol Biol 2022; 45(3) (suppl 1): €20220046.
http://dx.doi.org/10.1590/1678-4685-gmb-2022-0046
35852088

[3]  Pollard AJ, Bijker EM. A guide to vaccinology: from basic princi-
ples to new developments. Nat Rev Immunol 2021; 21(2): 83-100.
http://dx.doi.org/10.1038/s41577-020-00479-7 PMID: 33353987

[4]  Vinay DS, Ryan EP, Pawelec G, et al. Immune evasion in cancer:
Mechanistic basis and therapeutic strategies. Semin Cancer Biol
2015; 35 (Suppl.): S185-98.
http://dx.doi.org/10.1016/j.semcancer.2015.03.004
25818339

[5]  Nair S. Personalized medicine: Striding from genes to medicines.
Perspect Clin Res 2010; 1(4): 146-50.
http://dx.doi.org/10.4103/2229-3485.71775 PMID: 21350731

[6] Razi Soofiyani S, Baradaran B, Lotfipour F, Kazemi T, Moham-
madnejad L. Gene therapy, early promises, subsequent problems,
and recent breakthroughs. Adv Pharm Bull 2013; 3(2): 249-55.
PMID: 24312844

[7] Das SK, Menezes ME, Bhatia S, et al. Gene therapies for cancer:
Strategies, challenges and successes. J Cell Physiol 2015; 230(2):

PMID:

PMID:



390 Current Gene Therapy, 2025, Vol. 25, No. 4

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

259-71.

http://dx.doi.org/10.1002/jcp.24791 PMID: 25196387

Bulcha JT, Wang Y, Ma H, Tai PWL, Gao G. Viral vector plat-
forms within the gene therapy landscape. Signal Transduct Target
Ther 2021; 6(1): 53.
http://dx.doi.org/10.1038/s41392-021-00487-6 PMID: 33558455
Nayak S, Herzog RW. Progress and prospects: immune responses
to viral vectors. Gene Ther 2010; 17(3): 295-304.
http://dx.doi.org/10.1038/gt.2009.148 PMID: 19907498

Travieso T, Li J, Mahesh S, Mello JDFRE, Blasi M. The use of vi-
ral vectors in vaccine development. Vaccines 2022; 7(1): 1-10.
PMID: 36679846

Mendonga SA, Lorincz R, Boucher P, Curiel DT. Adenoviral vec-
tor vaccine platforms in the SARS-CoV-2 pandemic. Vaccines
2021; 6(1): 1-14.

PMID: 35062662

Marshall JS, Warrington R, Watson W, Kim HL. An introduction
to immunology and immunopathology. Allergy Asthma Clin Im-
munol 2018; 14(S2) (Suppl. 2): 49.
http://dx.doi.org/10.1186/s13223-018-0278-1 PMID: 30263032
Amarante-Mendes GP, Adjemian S, Branco LM, Zanetti LC,
Weinlich R, Bortoluci KR. Pattern recognition receptors and the
host cell death molecular machinery. Front Immunol 2018; 9:
2379.

http://dx.doi.org/10.3389/fimmu.2018.02379 PMID: 30459758
Bulut O, Kilic G, Dominguez-Andrés J. Immune memory in ag-
ing: A wide perspective covering microbiota, brain, metabolism,
and epigenetics. Clin Rev Allergy Immunol 2021; 63(3): 499-529.
http://dx.doi.org/10.1007/s12016-021-08905-x PMID: 34910283
Burrell CJ, Howard CR, Murphy FA. Epidemiology of viral infec-
tions. Fenner White’s Med Virol 2017; p. 185.

Kranich J, Krautler NJ. How follicular dendritic cells shape the b--
cell antigenome. Front Immunol 2016; 7: 225.
http://dx.doi.org/10.3389/fimmu.2016.00225 PMID: 27446069
Palm AKE, Henry C. Remembrance of things past: Long-term B
cell memory after infection and vaccination. Front Immunol 2019;
10: 1787.

http://dx.doi.org/10.3389/fimmu.2019.01787 PMID: 31417562
James LK. B cells defined by immunoglobulin isotypes. Clin Exp
Immunol 2022; 210(3): 230-9.
http://dx.doi.org/10.1093/cei/uxac091 PMID: 36197112

Cyster JG, Allen CDC. B cell responses - Cell interaction dynam-
ics and decisions. Cell 2019; 177(3): 524-40.
http://dx.doi.org/10.1016/j.cell.2019.03.016 PMID: 31002794
Raskov H, Orhan A, Christensen JP, Gégenur 1. Cytotoxic CDS' T
cells in cancer and cancer immunotherapy. Br J Cancer 2021;
124(2): 359-67.

http://dx.doi.org/10.1038/s41416-020-01048-4 PMID: 32929195
Goverdhana S, Puntel M, Xiong W, et al. Regulatable gene expres-
sion systems for gene therapy applications: progress and future
challenges. Mol Ther 2005; 12(2): 189-211.
http://dx.doi.org/10.1016/j.ymthe.2005.03.022 PMID: 15946903
Kumar A, Das SK, Emdad L, Fisher PB. Applications of tis-
sue-specific and cancer-selective gene promoters for cancer diag-
nosis and therapy. Adv Cancer Res 2023; 160: 253-315.
http://dx.doi.org/10.1016/bs.acr.2023.03.005 PMID: 37704290
Hackett PB, Largaespada DA, Switzer KC, Cooper LIN. Evaluat-
ing risks of insertional mutagenesis by DNA transposons in gene
therapy. Transl Res 2013; 161(4): 265-83.
http://dx.doi.org/10.1016/.trs1.2012.12.005 PMID: 23313630
Romano G. Development of safer gene delivery systems to mini-
mize the risk of insertional mutagenesis-related malignancies: a
critical issue for the field of gene therapy. ISRN Oncol 2012;
2012: 1-14.

http://dx.doi.org/10.5402/2012/616310 PMID: 23209944

Ronzitti G, Gross DA, Mingozzi F. Human immune responses to
adeno-associated virus (AAV) vectors. Front Immunol 2020; 11:
670.

http://dx.doi.org/10.3389/fimmu.2020.00670 PMID: 32362898
Zhan W, Muhuri M, Tai PWL, Gao G. Vectored immunotherapeu-
tics for infectious diseases: Can rAAVs be the game changers for
fighting transmissible pathogens? Front Immunol 2021; 12:
673699.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

Amsaveni et al.

http://dx.doi.org/10.3389/fimmu.2021.673699 PMID: 34046041
Sack BK, Herzog RW. Evading the immune response upon in vivo
gene therapy with viral vectors. Curr Opin Mol Ther 2009; 11(5):
493-503.

PMID: 19806497

Biining H, Srivastava A. Capsid modifications for targeting and
improving the efficacy of AAV vectors. Mol Ther Methods Clin
Dev 2019; 12: 248-65.
http://dx.doi.org/10.1016/j.omtm.2019.01.008 PMID: 30815511
Hamilton BA, Wright JF. Challenges posed by immune responses
to AAV vectors: Addressing root causes. Front Immunol 2021;
12: 675897.

http://dx.doi.org/10.3389/fimmu.2021.675897 PMID: 34084173
Gurda BL, Raupp C, Popa-Wagner R, ef al. Mapping a neutraliz-
ing epitope onto the capsid of adeno-associated virus serotype 8. J
Virol 2012; 86(15): 7739-51.
http://dx.doi.org/10.1128/JV1.00218-12 PMID: 22593150
Raguram A, Banskota S, Liu DR. Therapeutic in vivo delivery of
gene editing agents. Cell 2022; 185(15): 2806-27.
http://dx.doi.org/10.1016/j.cell.2022.03.045 PMID: 35798006
Prasad S, Dimmock DP, Greenberg B, ef a/. Immune responses
and immunosuppressive strategies for adeno-associated virus-
based gene therapy for treatment of central nervous system disor-
ders: Current knowledge and approaches. Hum Gene Ther 2022;
33(23-24): 1228-45.

http://dx.doi.org/10.1089/hum.2022.138 PMID: 35994385

Sasso E, D’Alise AM, Zambrano N, Scarselli E, Folgori A, Ni-
cosia A. New viral vectors for infectious diseases and cancer.
Semin Immunol 2020; 50: 101430.
http://dx.doi.org/10.1016/j.smim.2020.101430 PMID: 33262065
Elangkovan N, Dickson G. Gene therapy for duchenne muscular
dystrophy. J Neuromuscul Dis 2021; 8 (Suppl. 2): S303-16.
http://dx.doi.org/10.3233/JIND-210678 PMID: 34511510

Arruda VR, Samelson-Jones BJ. Gene therapy for immune toler-
ance induction in hemophilia with inhibitors. J Thromb Haemost
2016; 14(6): 1121-34.

http://dx.doi.org/10.1111/jth.13331 PMID: 27061380

Slepicka PF, Yazdanifar M, Bertaina A. Harnessing mechanisms
of immune tolerance to improve outcomes in solid organ transplan-
tation: A review. Front Immunol 2021; 12: 688460.
http://dx.doi.org/10.3389/fimmu.2021.688460 PMID: 34177941
Xing Y, Hogquist KA. T-cell tolerance: central and peripheral.
Cold Spring Harb Perspect Biol 2012; 4(6): a006957.
http://dx.doi.org/10.1101/cshperspect.a006957 PMID: 22661634
Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T
cells and immune tolerance. Cell 2008; 133(5): 775-87.
http://dx.doi.org/10.1016/j.cell.2008.05.009 PMID: 18510923
Ruiz R, Kirk AD. Long-term toxicity of immunosuppressive thera-
py. Transplantation of the Liver. Elsevier 2015; p. 1354.
http://dx.doi.org/10.1016/B978-1-4557-0268-8.00097-X

Taams LS, Palmer DB, Akbar AN, Robinson DS, Brown Z,
Hawrylowicz CM. Regulatory T cells in human disease and their
potential for therapeutic manipulation. Immunology 2006; 118(1):
1-9.
http://dx.doi.org/10.1111/j.1365-2567.2006.02348.x
16630018

Ewaisha R, Anderson KS. Immunogenicity of CRISPR therapeu-
tics—Ceritical considerations for clinical translation. Front Bioeng
Biotechnol 2023; 11: 1138596.
http://dx.doi.org/10.3389/fbioe.2023.1138596 PMID: 36873375
Wen H, Jung H, Li X. Drug delivery approaches in addressing
clinical pharmacology-related issues: Opportunities and chal-
lenges. AAPS J 2015; 17(6): 1327-40.
http://dx.doi.org/10.1208/s12248-015-9814-9 PMID: 26276218
Khan S, Ullah MW, Siddique R, Nabi G, Manan S, Yousaf M.
Role of recombinant DNA technology to improve life Int J
Genom 2016; 2016: 2405954.
http://dx.doi.org/10.1155/2016/2405954

Uddin F, Rudin CM, Sen T. CRISPR gene therapy: Applications,
limitations, and implications for the future. Front Oncol 2020; 10:
1387.

http://dx.doi.org/10.3389/fonc.2020.01387 PMID: 32850447
Ramamoorth M, Narvekar A. Non viral vectors in gene therapy-

PMID:



Immune Modulation Strategies in Gene Therapy

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

an overview. J Clin Diagn Res 2015; 9(1): GEO1-6.
http://dx.doi.org/10.7860/JCDR/2015/10443.5394
25738007

Nayerossadat N, Maedeh T, Ali P. Viral and nonviral delivery sys-
tems for gene delivery. Adv Biomed Res 2012; 1(1): 27.
http://dx.doi.org/10.4103/2277-9175.98152 PMID: 23210086
Shchaslyvyi AY, Antonenko SV, Tesliuk MG, Telegeev GD. Cur-
rent state of human gene therapy: Approved products and vectors.
Pharmaceuticals (Basel) 2023; 16(10): 1416.
http://dx.doi.org/10.3390/ph16101416 PMID: 37895887

Zheng D, Liwinski T, Elinav E. Interaction between microbiota
and immunity in health and disease. Cell Res 2020; 30(6):
492-506.

http://dx.doi.org/10.1038/s41422-020-0332-7 PMID: 32433595
Kaech SM, Wherry EJ, Ahmed R. Effector and memory T-cell dif-
ferentiation: implications for vaccine development. Nat Rev Im-
munol 2002; 2(4): 251-62.

http://dx.doi.org/10.1038/nri778 PMID: 12001996

Shayakhmetov DM, Di Paolo NC, Mossman KL. Recognition of
virus infection and innate host responses to viral gene therapy vec-
tors. Mol Ther 2010; 18(8): 1422-9.
http://dx.doi.org/10.1038/mt.2010.124 PMID: 20551916

Ahrends T, Borst J. The opposing roles of CD 4" T cells in anti-tu-
mour immunity. Immunology 2018; 154(4): 582-92.
http://dx.doi.org/10.1111/imm.12941 PMID: 29700809
Chinnasamy D, Milsom MD, Shaffer J, et al. Multicistronic len-
tiviral vectors containing the FMDV 2A cleavage factor demons-
trate robust expression of encoded genes at limiting MOI. Virol J
2006; 3(1): 14.

http://dx.doi.org/10.1186/1743-422X-3-14 PMID: 16539700

Roy S, Clawson DS, Lavrukhin O, Sandhu A, Miller J, Wilson
JM. Rescue of chimeric adenoviral vectors to expand the serotype
repertoire. J Virol Methods 2007; 141(1): 14-21.
http://dx.doi.org/10.1016/j.jviromet.2006.11.022
17197043

Ahmed SS, Li J, Godwin J, Gao G, Zhong L. Gene transfer in the
liver using recombinant adeno-associated virus. Curr Protoc Mi-
crobiol 2013; 14(1): 6.
http://dx.doi.org/10.1002/9780471729259.mc14d06s29
Fogagnolo A, Campo GC, Mari M, et al. The underestimated role
of platelets in severe infection a narrative review. Cells 2022;
11(3): 424.

http://dx.doi.org/10.3390/cells 11030424 PMID: 35159235
Gritsenko A, Yu S, Martin-Sanchez F, et al. Priming is dispens-
able for NLRP3 inflammasome activation in human monocytes in
vitro. Front Immunol 2020; 11: 565924.
http://dx.doi.org/10.3389/fimmu.2020.565924 PMID: 33101286
Kuzmich N, Sivak K, Chubarev V, Porozov Y, Savateeva-Lyubi-
mova T, Peri F. TLR4 signaling pathway modulators as potential
therapeutics in inflammation and sepsis. Vaccines (Basel) 2017;
5(4): 34.

http://dx.doi.org/10.3390/vaccines5040034 PMID: 28976923

Ertl HCJ. Immunogenicity and toxicity of AAV gene therapy.
Front Immunol 2022; 13: 975803.
http://dx.doi.org/10.3389/fimmu.2022.975803 PMID: 36032092
Barnes PJ. How corticosteroids control inflammation: Quintiles
Prize Lecture 2005. Br J Pharmacol 2006; 148(3): 245-54.
http://dx.doi.org/10.1038/s].bjp.0706736 PMID: 16604091
Mukherjee S, Mukherjee U. A comprehensive review of immuno-
suppression used for liver transplantation. J Transplant 2009;
2009: 1-20.

http://dx.doi.org/10.1155/2009/701464 PMID: 20130772
Niemann B, Puleo A, Stout C, Markel J, Boone BA. Biologic func-
tions of hydroxychloroquine in disease: From COVID-19 to can-
cer. Pharmaceutics 2022; 14(12): 2551.
http://dx.doi.org/10.3390/pharmaceutics 14122551
36559044

Coutinho AE, Chapman KE. The anti-inflammatory and immuno-
suppressive effects of glucocorticoids, recent developments and
mechanistic insights. Mol Cell Endocrinol 2011; 335(1): 2-13.
http://dx.doi.org/10.1016/j.mce.2010.04.005 PMID: 20398732
Mitra R. Adverse effects of corticosteroids on bone metabolism: a
review. PM R 2011; 3(5): 466-71.

PMID:

PMID:

PMID:

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

Current Gene Therapy, 2025, Vol. 25, No. 4 391

http://dx.doi.org/10.1016/j.pmrj.2011.02.017 PMID: 21570035
Pollizzi KN, Powell JD. Regulation of T cells by mTOR: the
known knowns and the known unknowns. Trends Immunol 2015;
36(1): 13-20.

http://dx.doi.org/10.1016/;.it.2014.11.005 PMID: 25522665
Agrawal S, Zaritsky JJ, Fornoni A, Smoyer WE. Dyslipidaemia in
nephrotic syndrome: mechanisms and treatment. Nat Rev Nephrol
2018; 14(1): 57-70.

http://dx.doi.org/10.1038/nrneph.2017.155 PMID: 29176657
Paniri A, Hosseini MM, Rasoulinejad A, Akhavan-Niaki H.
Molecular effects and retinopathy induced by hydroxychloroquine
during SARS-CoV-2 therapy: Role of CYP450 isoforms and epi-
genetic modulations. Eur J Pharmacol 2020; 886: 173454.
http://dx.doi.org/10.1016/j.ejphar.2020.173454 PMID: 32763298
Espandar G, Moghimi J, Ghorbani R, Pourazizi M, Seiri MA,
Khosravi S. Retinal toxicity in patients treated with hydroxychloro-
quine: A cross-sectional study. Med Hypothesis Discov Innov
Ophthalmol 2016; 5(2): 41-6.

PMID: 28293646

Melero I, Hervas-Stubbs S, Glennie M, Pardoll DM, Chen L. Im-
munostimulatory monoclonal antibodies for cancer therapy. Nat
Rev Cancer 2007; 7(2): 95-106.

http://dx.doi.org/10.1038/nrc2051

Donnelly RP, Young HA, Rosenberg AS. An overview of cy-
tokines and cytokine antagonists as therapeutic agents. Ann N 'Y
Acad Sci 2009; 1182(1): 1-13.
http://dx.doi.org/10.1111/j.1749-6632.2009.05382.x
20074270

Vanneman M, Dranoff G. Combining immunotherapy and target-
ed therapies in cancer treatment. Nat Rev Cancer 2012; 12(4):
237-51.

http://dx.doi.org/10.1038/nrc3237 PMID: 22437869

Saso S, Logan K, Abdallah Y, ez al. Use of cyclosporine in uterine
transplantation. J Transplant 2012; 2012: 1-11.
http://dx.doi.org/10.1155/2012/134936 PMID: 22132302

Lee H, Myoung H, Kim SM. Review of two immunosuppressants:
tacrolimus and cyclosporine. J Korean Assoc Oral Maxillofac
Surg 2023; 49(6): 311-23.
http://dx.doi.org/10.5125/jkaoms.2023.49.6.311 PMID: 38155084
Burke JA, Zhang X, Bobbala S, e al. Subcutaneous nanotherapy
repurposes the immunosuppressive mechanism of rapamycin to en-
hance allogeneic islet graft viability. Nat Nanotechnol 2022;
17(3): 319-30.

http://dx.doi.org/10.1038/s41565-021-01048-2 PMID: 35039683
Behrend M. Mycophenolate mofetil (Cellcept). Expert Opin In-
vestig Drugs 1998; 7(9): 1509-19.
http://dx.doi.org/10.1517/13543784.7.9.1509 PMID: 15992049
Molyneux G, Gibson FM, Chen CM, et al. The haemotoxicity of
azathioprine in repeat dose studies in the female CD-1 mouse. Int
J Exp Pathol 2008; 89(2): 138-58.
http://dx.doi.org/10.1111/j.1365-2613.2008.00575.x
18336531

Ferrara G, Petrillo MG, Giani T, ef al. Clinical use and molecular
action of corticosteroids in the pediatric age. Int J Mol Sci 2019;
20(2): 444.

http://dx.doi.org/10.3390/ijms20020444 PMID: 30669566
Lombardi Y, Frangois H. Belatacept in kidney transplantation:
What are the true benefits? A systematic review. Front Med (Lau-
sanne) 2022; 9: 942665.
http://dx.doi.org/10.3389/fmed.2022.942665 PMID: 35911396
Yao X, Weng G, Wei J, Gao W. Basiliximab induction in kidney
transplantation with donation after cardiac death donors. Exp Ther
Med 2016; 11(6): 2541-6.
http://dx.doi.org/10.3892/etm.2016.3238 PMID: 27284346

Van Assche G, Sandborn WJ, Feagan BG, et al. Daclizumab, a hu-
manised monoclonal antibody to the interleukin 2 receptor
(CD25), for the treatment of moderately to severely active ulcera-
tive colitis: a randomised, double blind, placebo controlled, dose
ranging trial. Gut 2006; 55(11): 1568-74.
http://dx.doi.org/10.1136/gut.2005.089854 PMID: 16603634
Chisari CG, Sgarlata E, Arena S, Toscano S, Luca M, Patti F. Rit-
uximab for the treatment of multiple sclerosis: a review. J Neurol
2022;269(1): 159-83.

PMID:

PMID:



392 Current Gene Therapy, 2025, Vol. 25, No. 4

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

http://dx.doi.org/10.1007/s00415-020-10362-z PMID: 33416999
Li Z, Richards S, Surks HK, Jacobs A, Panzara MA. Clinical phar-
macology of alemtuzumab, an anti-CD52 immunomodulator, in
multiple sclerosis. Clin Exp Immunol 2018; 194(3): 295-314.
http://dx.doi.org/10.1111/cei. 13208 PMID: 30144037

Kwon Y, Lee KW, Park H, ef al. Comparative study of human
and cynomolgus T-cell depletion with rabbit anti-thymocyte globu-
lin (rATG) treatment-for dose adjustment in a non-human primate
kidney transplantation model. Am J Transl Res 2019; 11(10):
6422-32.

PMID: 31737194

Samsel R. Perioperative single high dose ATG-Fresenius S admin-
istration as induction immunosuppressive therapy in cadaveric re-
nal transplantation--preliminary results. Ann Transplant 1999;
4(2): 37-9.

Bird P, Bensen W, El-Zorkany B, e al. Tofacitinib 5 mg twice dai-
ly in patients with rheumatoid arthritis and inadequate response to
disease-modifying antirheumatic drugs. J Clin Rheumatol 2019;
25(3): 115-26.
http://dx.doi.org/10.1097/RHU.0000000000000786
29794874

Huwiler A, Zangemeister-Wittke U. The sphingosine 1-phosphate
receptor modulator fingolimod as a therapeutic agent: Recent find-
ings and new perspectives. Pharmacol Ther 2018; 185: 34-49.
http://dx.doi.org/10.1016/j.pharmthera.2017.11.001 PMID:
29127024

Qin S, Tang X, Chen Y, et al. mRNA-based therapeutics: power-
ful and versatile tools to combat diseases. Signal Transduct Target
Ther 2022; 7(1): 166.
http://dx.doi.org/10.1038/s41392-022-01007-w PMID: 35597779
Strzelec M, Detka J, Mieszczak P, Sobocinska MK, Majka M. Im-
munomodulation—a general review of the current state-of-the-art
and new therapeutic strategies for targeting the immune system.
Front Immunol 2023; 14: 1127704.
http://dx.doi.org/10.3389/fimmu.2023.1127704 PMID: 36969193
Hosseinalizadeh H, Rabiee F, Eghbalifard N, Rajabi H, Klionsky
DJ, Rezaee A. Regulating the regulatory T cells as cell therapies
in autoimmunity and cancer. Front Med (Lausanne) 2023; 10:
1244298.

http://dx.doi.org/10.3389/fmed.2023.1244298 PMID: 37828948
Bluestone JA, McKenzie BS, Beilke J, Ramsdell F. Opportunities
for Treg cell therapy for the treatment of human disease. Front Im-
munol 2023; 14: 1166135.
http://dx.doi.org/10.3389/fimmu.2023.1166135 PMID: 37153574
Charles A Janeway J, Travers P, Walport M, Shlomchik MJ. The
components of the immune system. 2001. Available from: http-
s://www .healio.com/hematology-oncology/learn-immuno-oncolo-
gy/the-immune-system/components-of-the-immune-system(ac-
cessed on 27-8-2024)

Zhao L, Cao YJ, Engineered T. Engineered T cell therapy for can-
cer in the clinic. Front Immunol 2019; 10: 2250.
http://dx.doi.org/10.3389/fimmu.2019.02250 PMID: 31681259
Xia AL, Wang XC, Lu YJ, Lu XJ, Sun B. Chimeric-antigen recep-
tor T (CAR-T) cell therapy for solid tumors: challenges and oppor-
tunities. Oncotarget 2017; 8(52): 90521-31.
http://dx.doi.org/10.18632/oncotarget. 19361 PMID: 29163850
Tong C, Liang Y, Han X, et al. Research progress of dendritic cell
surface receptors and targeting. Biomedicines 2023; 11(6): 1673.
http://dx.doi.org/10.3390/biomedicines11061673 PMID:
37371768

Sabado RL, Bhardwaj N. Directing dendritic cell immunotherapy
towards successful cancer treatment. Immunotherapy 2010; 2(1):
37-56.

http://dx.doi.org/10.2217/imt.09.43 PMID: 20473346

Hirayama D, lida T, Nakase H. The phagocytic function of
macrophage-enforcing innate immunity and tissue homeostasis.
Int J Mol Sci 2017; 19(1): 92.
http://dx.doi.org/10.3390/ijms 19010092 PMID: 29286292
Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages
as tools and targets in cancer therapy. Nat Rev Drug Discov 2022;
21(11): 799-820.

http://dx.doi.org/10.1038/s41573-022-00520-5 PMID: 35974096
Abel AM, Yang C, Thakar MS, Malarkannan S. Natural killer

PMID:

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[

[112]

[113]

[114]

[115]

Amsaveni et al.

cells: Development, maturation, and clinical utilization. Front Im-
munol 2018; 9: 1869.
http://dx.doi.org/10.3389/fimmu.2018.01869 PMID: 30150991
Immunomodulation C on ND in the S of AT. Promising Approach-
es to the Development of Immunomodulation for the Treatment of
Infectious Diseases. 2006.

Sahin U, Karik¢ K, Tiireci O. mRNA-based therapeutics — devel-
oping a new class of drugs. Nat Rev Drug Discov 2014; 13(10):
759-80.

http://dx.doi.org/10.1038/nrd4278 PMID: 25233993

Beatty GL, Gladney WL. Immune escape mechanisms as a guide
for cancer immunotherapy. Clin Cancer Res 2015; 21(4): 687-92.
http://dx.doi.org/10.1158/1078-0432.CCR-14-1860 PMID:
25501578

Khatun S, Putta CL, Hak A, Rengan AK. Immunomodulatory
nanosystems: An emerging strategy to combat viral infections.
Biomaterials and Biosystems 2023; 9: 100073.
http://dx.doi.org/10.1016/j.bbiosy.2023.100073 PMID: 36967725
Bascones-Martinez A, Mattila R, Gomez-Font R, Meurman JH.
Immunomodulatory drugs: Oral and systemic adverse effects.
Med Oral Patol Oral Cir Bucal 2014; 19(1): e24-31.
http://dx.doi.org/10.4317/medoral. 19087 PMID: 23986016

Lin G, Wang J, Yang YG, Zhang Y, Sun T. Advances in dendritic
cell targeting nano-delivery systems for induction of immune toler-
ance. Front Bioeng Biotechnol 2023; 11: 1242126.
http://dx.doi.org/10.3389/fbioe.2023.1242126 PMID: 37877041
Tavakoli K, Pour-Aboughadareh A, Kianersi F, Poczai P, Etminan
A, Shooshtari L. Applications of CRISPR-Cas9 as an advanced
genome editing system in life sciences. BioTech 2021; 10(3): 14.
http://dx.doi.org/10.3390/biotech10030014 PMID: 35822768
Wang D, Mou H, Li S, et al. Adenovirus-mediated somatic
genome editing of Pren by CRISPR/Cas9 in mouse liver in spite
of Cas9-specific immune responses. Hum Gene Ther 2015; 26(7):
432-42.

http://dx.doi.org/10.1089/hum.2015.087 PMID: 26086867

Ajina R, Zamalin D, Zuo A, et al. SpCas9-expression by tumor
cells can cause T cell-dependent tumor rejection in immunocompe-
tent mice. Oncolmmunology 2019; 8(5): e1577127.
http://dx.doi.org/10.1080/2162402X.2019.1577127
31069138

Charlesworth CT, Deshpande PS, Dever DP, et al. Identification
of preexisting adaptive immunity to Cas9 proteins in humans. Nat
Med 2019; 25(2): 249-54.
http://dx.doi.org/10.1038/s41591-018-0326-x PMID: 30692695
Boesen A, Sundar K, Coico R. Lassa fever virus peptides predict-
ed by computational analysis induce epitope-specific cytotoxic-T-
lymphocyte responses in HLA-A2.1 transgenic mice. Clin Diagn
Lab Immunol 2005; 12(10): 1223-30.

PMID: 16210487

Krzyszczyk P, Acevedo A, Davidoff EJ, ef al. The growing role of
precision and personalized medicine for cancer treatment. Technol-
ogy (Singap) 2018; 6(03n04): 79-100.
http://dx.doi.org/10.1142/S2339547818300020 PMID: 30713991
Goswami R, Subramanian G, Silayeva L, et al. Gene therapy
leaves a vicious cycle. Front Oncol 2019; 9(APR): 297.
http://dx.doi.org/10.3389/fonc.2019.00297 PMID: 31069169
Al-Tashi Q, Saad MB, Muneer A, et al. Machine learning models
for the identification of prognostic and predictive cancer biomark-
ers: A systematic review. Int J Mol Sci 2023; 24(9): 7781.
http://dx.doi.org/10.3390/ijms24097781 PMID: 37175487

Kumar SRP, Markusic DM, Biswas M, High KA, Herzog RW.
Clinical development of gene therapy: results and lessons from re-
cent successes. Mol Ther Methods Clin Dev 2016; 3: 16034.
http://dx.doi.org/10.1038/mtm.2016.34 PMID: 27257611
Castaman G, Di Minno G, De Cristofaro R, Peyvandi F. The arri-
val of gene therapy for patients with hemophilia A. Int J Mol Sci
2022;23(18): 10228.

http://dx.doi.org/10.3390/ijms231810228 PMID: 36142153

Chen G, Wei T, Yang H, Li G, Li H. CRISPR-based therapeutic
gene editing for duchenne muscular dystrophy: Advances, chal-
lenges and perspectives. Cells 2022; 11(19): 2964.
http://dx.doi.org/10.3390/cells11192964 PMID: 36230926

Liu Z, Zhou Z, Dang Q, et al. Immunosuppression in tumor im-

PMID:



Immune Modulation Strategies in Gene Therapy

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

mune microenvironment and its optimization from CAR-T cell
therapy. Theranostics 2022; 12(14): 6273-90.
http://dx.doi.org/10.7150/thno.76854 PMID: 36168626

Zhou H, Liu D, Liang C. Challenges and strategies: The immune
responses in gene therapy. Med Res Rev 2004; 24(6): 748-61.
http://dx.doi.org/10.1002/med.20009 PMID: 15250039

Rohner E, Yang R, Foo KS, Goedel A, Chien KR. Unlocking the
promise of mRNA therapeutics. Nat Biotechnol 2022; 40(11):
1586-600.

http://dx.doi.org/10.1038/s41587-022-01491-z PMID: 36329321
Li H, Yang Y, Hong W, Huang M, Wu M, Zhao X. Applications
of genome editing technology in the targeted therapy of human dis-
eases: mechanisms, advances and prospects. Signal Transduct Tar-
get Ther 2020; 5(1): 1-23.
http://dx.doi.org/10.1038/s41392-019-0089-y PMID: 32296011
Goetz LH, Schork NJ. Personalized medicine: motivation, chal-
lenges, and progress. Fertil Steril 2018; 109(6): 952-63.
http://dx.doi.org/10.1016/j.fertnstert.2018.05.006
29935653

Colella P, Ronzitti G, Mingozzi F. Emerging issues in AAV-medi-
ated in vivo gene therapy. Mol Ther Methods Clin Dev 2018; 8:
87-104.

http://dx.doi.org/10.1016/j.omtm.2017.11.007 PMID: 29326962
Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas
NA, Langer R. Engineering precision nanoparticles for drug deliv-
ery. Nat Rev Drug Discov 2021; 20(2): 101-24.
http://dx.doi.org/10.1038/s41573-020-0090-8 PMID: 33277608
Rulten SL, Grose RP, Gatz SA, Jones JL, Cameron AJM. The fu-
ture of precision oncology. Int J Mol Sci 2023; 24(16): 12613.
http://dx.doi.org/10.3390/ijms241612613 PMID: 37628794
Pavlovic K, Tristin-Manzano M, Maldonado-Pérez N, ef al. Us-
ing gene editing approaches to fine-tune the immune system.
Front Immunol 2020; 11: 570672.
http://dx.doi.org/10.3389/fimmu.2020.570672 PMID: 33117361
Elumalai K, Srinivasan S, Shanmugam A. Review of the efficacy
of nanoparticle-based drug delivery systems for cancer treatment.
Biomed Technol 2024; 5: 109-22.
http://dx.doi.org/10.1016/j.bmt.2023.09.001

Rittiner J, Cumaran M, Malhotra S, Kantor B. Therapeutic modula-
tion of gene expression in the disease state: Treatment strategies
and approaches for the development of next-generation of the epi-
genetic drugs. Front Bioeng Biotechnol 2022; 10: 1035543.
http://dx.doi.org/10.3389/fbioe.2022.1035543 PMID: 36324900

PMID:

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Current Gene Therapy, 2025, Vol. 25, No. 4 393

Choi EH, Suh S, Sears AE, et al. Genome editing in the treatment
of ocular diseases. Exp Mol Med 2023; 55(8): 1678-90.
http://dx.doi.org/10.1038/s12276-023-01057-2 PMID: 37524870
Dunbar CE, High KA, Joung JK, Kohn DB, Ozawa K, Sadelain
M. Gene therapy comes of age. Science 2018; 359(6372):
eaan4672.
https://www.science.org/doi/abs/10.1126/science.aan4672

Mathur S, Sutton J. Personalized medicine could transform health-
care. Biomed Rep 2017; 7(1): 3-5.
https://www.spandidos-publications.com/10.3892/br.2017.922?tex-
t=fulltext

Toussaint J, Gerard R. On the mend: Revolutionizing healthcare
to save lives and transform the industry. Lean Enterprise Institute,
Cambridge, MA. 2010.

Papanikolaou E, Bosio A. The promise and the hope of gene thera-
py. Front Genome Editing 2021; 3: 618346.
https://www.frontiersin.org/journals/genome-editing/articles/
10.3389/fgeed.2021.618346/full?ref=mackenziemorehead.com
Chanchal DK, Chaudhary JS, Kumar P, Agnihotri N, Porwal P.
CRISPR-Based therapies: Revolutionizing drug development and
precision medicine. Curr Gene Ther 2024; 24(3): 193-207.
https://www.ingentaconnect.com/content/ben/cgt/2024/00000024/
00000003/art00003

Hopkins C, Javius-Jones K, Wang Y, Hong H, Hu Q, Hong S.
Combinations of chemo-, immuno-, and gene therapies using nano-
carriers as a multifunctional drug platform. Expert Opin Drug De-
livery 2022; 19(10): 1337-49.
https://www.tandfonline.com/doi/abs/10.1080/17425247.2022.
2112569

Sahu T, Ratre YK, Chauhan S, Bhaskar LV, Nair MP, Verma HK.
Nanotechnology based drug delivery system: Current strategies
and emerging therapeutic potential for medical science. J Drug De-
liv Sci Technol 2021; 63: 102487.
https://www.sciencedirect.com/science/article/abs/pii/
S1773224721001672

Wang L, Wang FS, Gershwin ME. Human autoimmune diseases:
A comprehensive update. J Intern Med 2015; 278(4): 369-95.
https://onlinelibrary.wiley.com/doi/full/10.1111/joim.12395

Look M, Bandyopadhyay A, Blum JS, Fahmy TM. Application of
nanotechnologies for improved immune response against infec-
tious diseases in the developing world. Adv Drug Deliv Rev 2010;
62(4-5): 378-93.
https://www.sciencedirect.com/science/article/abs/pii/
S0169409X09003524



	Immune Modulation Strategies in Gene Therapy: Overcoming ImmuneBarriers and Enhancing Efficacy
	Abstract:
	1. INTRODUCTION
	2. CHALLENGES IN ACHIEVING LONG-TERMGENE EXPRESSION: FOCUS ON IMMUNE CLEARANCE
	Fig. (1).
	3. STRATEGIES FOR IMMUNE EVASION IN GENETHERAPY
	Table 1.
	4. ENHANCING GENE THERAPY EFFICACYTHROUGH IMMUNE MODULATION
	5. ADVANCEMENTS IN IMMUNE MODULATIONTECHNIQUES
	Table 2.
	6. ADVANCED MONITORING TECHNIQUES
	7. CASE STUDIES
	9. ETHICAL CONSIDERATIONS
	10. FUTURE DIRECTIONS
	CONCLUSION
	AUTHORS’ CONTRIBUTIONS
	REFERENCES



