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Abstract: Antimicrobial resistance (AMR) is a growing global threat, affecting the effectiveness of
antimicrobials and posing significant challenges in the treatment of bacterial and viral infections.
The emergence of the coronavirus in 2019 and the ongoing menace of infectious diseases such as
HIV/AIDS, tuberculosis and hepatitis remind us of the impact infections have on economic stability
and global health, and therefore, the need for a more holistic and long-term solution as opposed to
antibiotics - measures that were previously relied on. This review explores recent advances in
immunotherapeutic strategies, particularly cytokine-based therapies, adoptive cell therapy,
monoclonal antibodies, and immune checkpoint inhibitors, in the control of AMR. It focuses on
pathogens with high clinical relevance, including Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa and Mycobacterium tuberculosis, as well as viral threats such as HIV and
SARS-CoV-2. New inventive approaches such as CAR T cell therapy and MAIT cells were discussed
in the context of bacterial and viral infections, highlighting promising results from clinical trials and
addressing the challenges of toxicity, immune evasion, and therapy resistance inherent in these
diseases. Future priorities include optimizing combination therapies and exploring new
immunomodulatory targets to improve the effectiveness of these interventions in the treatment of
AMR and other infectious diseases.

Keywords: Antimicrobial Resistance (AMR); immunotherapy; cytokine-based therapies; adoptive
cell therapy; monoclonal antibodies; immune checkpoint inhibitors

Background

One of the biggest threats to public health in the twenty-first century is antimicrobial resistance
(AMR), which is the result of bacterial mutations that make antibiotics less effective [1]. AMR, which
originated directly after the introduction of antimicrobials, has grown in recent years, threatening the
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entire cornerstone of modern medicine [2]. The emergence of drug-resistant pathogens has outpaced
the development of new antimicrobials, leaving us with a dwindling arsenal against bacterial and
viral diseases [3]. Resistance affects efficacy; hence, the next series of strategies in combating drug
resistance must be made [1]. Viral diseases like HIV, SARS-CoV-2, and other clinically significant
viruses, as well as bacterial diseases like tuberculosis, gram-positive (like Staphylococcus and
Streptococcus) and gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, Actinobacter spp.),
and other clinically important bacterial pathogens, are all serious concerns when dealing with drug
resistance. Resistance to currently accessible antimicrobial agents has become an important public
health issue of the twenty-first century, posing a threat to the effective diagnosis and treatment of an
ever-expanding spectrum of diseases caused by different pathogenic microorganisms that are no
longer susceptible to commonly used antimicrobials [2]. Serious preventative and control actions are
needed to address the AMR issue.

People have long used antimicrobial compounds to treat infections; in ancient times, they
utilized several natural extracts for their therapeutic qualities [4]. Numerous antibacterial drugs have
been produced since Fleming discovered penicillin in 1929, and these have had a significant impact
on global human mortality rates as well as global health [5]. Unfortunately, the abuse and overuse of
these drugs have sped up the development of drug resistance, making several diseases that were
once curable incurable. AMR is a worldwide threat that necessitates quick response; it is not limited
to any one area [2]. Pathogens such as HIV-1 and HIV-2, the 1918 influenza virus, the Middle East
respiratory disease coronavirus, and SARS-CoV-2 have repeatedly emerged in human populations
from domestic or wild animal reservoirs in recent decades [6]. The vulnerability of the health care
systems, particularly in underdeveloped nations, has been blatantly revealed by these re-emerging
pathogens. Furthermore, the need for novel therapeutic approaches has increased due to the
emergence of drug-resistant tuberculosis, gram-negative and gram-positive bacteria, HIV-1 and HIV-
2, the 1918 influenza virus, the Middle East respiratory disease coronavirus, and SARS-CoV-2. As a
result, developing creative approaches and procedures is important to solve the problem of growing
AMR [7].

Immunotherapeutic approaches in immunocompromised patients are an excellent and
innovative way to boost host defence and, consequently, an essential way to tackle the problem of
growing AMR caused by several opportunistic infections [7]. Immunotherapeutic techniques have
grown increasingly important in the broader context of disease prevention and control because of
recent discoveries in the treatment of illnesses, including AIDS, malaria, tuberculosis, and, most
recently, COVID-19 [7]. The current trend towards immunotherapies has had a big impact on the
development of new tactics to fight AMR. Immunotherapy is becoming more popular for treating a
variety of diseases. Immunotherapy-based treatments efficiently modulate the host's innate and
adaptive immune responses, hence assisting in the management of several harmful microbial
diseases [8]. In this context, immunotherapy has become a viable strategy for treating viral and
bacterial illnesses [8]. Since they are so effective at treating various malignancies, antibodies that
target immunological checkpoints, such as programmed death receptor-1 and cytotoxic T-
lymphocyte antigen 4, have recently attracted a lot of attention [8]. A better understanding of immune
system mechanisms, along with advances in immunomodulatory methods and technologies,
considerably improves the prospects for creating successful immunotherapies against bacterial and
viral illnesses. This review aims to explore the recent advances, challenges, and future perspectives
in immunotherapeutic strategies for bacterial and viral diseases, with a focus on HIV, SARS-CoV-2,
tuberculosis, Staphylococcus, Streptococcus, Escherichia coli, Pseudomonas aeruginosa, Actinobacter spp.,
and other pathogens of clinical importance. By analyzing the current state of the field and identifying
areas of further research, we hope to shed further light on the role of immunotherapy in combating
the growing threat of AMR and new infectious illnesses, as shown in Figure 1.
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Figure 1.

Cytokine-Based Therapies

Cytokines are small proteins essential for cell signalling within the immune system. These
proteins play critical roles in regulating immune responses, inflammation, and haematopoiesis [9].
The primary cytokines used in these therapies include interleukins (ILs), interferons (IFNs), tumour
necrosis factors (TNFs), and colony-stimulating factors (CSFs). Cytokine-based therapies represent a
powerful tool in the treatment of bacterial and viral diseases. Despite challenges such as toxicity and
delivery issues, recent advances and combination strategies offer promising solutions. For bacterial
diseases, granulocyte-macrophage colony-stimulating factor (GM-CSF) has demonstrated
effectiveness in stimulating the activation and proliferation of granulocytes and macrophages, thus
boosting the immune response against bacterial pathogens. Currently, it is undergoing clinical trials
for sepsis and bacterial pneumonia, with promising initial outcomes [10]. For instance, an in vivo
study revealed that a newly developed albumin-fused GM-CSF exhibited improved biostability and
increased dendritic cell populations, which are key to initiating a strong immune response against
Mycobacterium tuberculosis (MTB) [11]. Moreover, recombinant human interleukin-2 (rhIL-2) is being
tested as an adjunctive immunotherapy in patients with multidrug-resistant tuberculosis (MDR-TB)
to improve treatment efficacy and shorten the treatment duration [12]. Additionally, the cytokine IL-
7, which supports immune haematopoiesis, is being evaluated in several clinical trials for treating
lymphopenia in sepsis patients suffering from excessive inflammation, known as a cytokine storm
[13].

In viral diseases, interferon-based therapies have shown significant promise. Interferon-alpha
(IFN-a) has been extensively used in treating chronic viral infections such as hepatitis B and C [14].
Recent clinical studies have demonstrated its efficacy in significantly reducing viral loads and
improving liver function, thereby offering substantial therapeutic benefits. Interferon-beta (IFN-{3),
traditionally used in the management of multiple sclerosis, is now being investigated for its potential
in treating COVID-19 [15]. Early clinical trials indicate that IFN- may reduce viral replication and
modulate inflammatory responses, providing a promising therapeutic avenue for SARS-CoV-2
infections. Similarly, Interleukin-7 (IL-7) is emerging as a potent therapeutic agent in viral infections,
primarily through its ability to enhance T-cell recovery and function. Current clinical trials are
evaluating its efficacy in treating HIV and post-viral fatigue syndromes, suggesting broader
applications in viral immunotherapy [16].
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The efficacy of cytokine therapies can be significantly enhanced through combination with other
treatment modalities. For example, combining IFN-a¢ with ribavirin has substantially improved
outcomes in hepatitis C treatment, demonstrating the synergistic effects of cytokine and antiviral
combinations [17]. Similarly, IFN-f3 combined with remdesivir is being investigated for its synergistic
potential against SARS-CoV-2, presenting a promising therapeutic strategy for COVID-19 [18-20].
Furthermore, cytokines are paired with monoclonal antibodies or immune checkpoint inhibitors to
amplify anti-tumor and anti-infective immune responses. These combinations are being examined in
various clinical settings to optimize the effectiveness of immunotherapies. Interleukin-6 (IL-6)
inhibitors, such as Tocilizumab, have also shown potential in managing severe bacterial infections by
regulating the inflammatory response [21]. This highlights the therapeutic versatility of cytokine
inhibitors in tackling complex bacterial diseases.

However, cytokine therapies face several challenges and disadvantages. High doses of cytokines
can result in severe side effects, including systemic inflammation, cytokine release syndrome, and
organ damage. Efficiently delivering cytokines to target tissues is also challenging due to rapid
degradation and off-target effects. Additionally, prolonged use of cytokines can lead to immune
tolerance or resistance, diminishing their efficacy over time [22].

Possible solutions to these challenges include the development of nanoparticle-based delivery
systems to protect cytokines from degradation and enhance their targeted delivery. These advanced
delivery systems have the potential to significantly improve the therapeutic efficacy of cytokine
therapies. Efforts are also being made to design modified cytokines with enhanced stability and
reduced toxicity. These engineered cytokines offer promising solutions to the current challenges in
cytokine therapy [23]. Ongoing research aims to determine the optimal dosing and timing of cytokine
administration to maximize efficacy while minimizing side effects. Optimizing these regimens is
crucial for improving therapeutic outcomes. Additionally, combining cytokines with other
immunomodulatory agents or therapies can enhance their efficacy and reduce the required dose,
thereby mitigating side effects. This combinational approach offers a promising strategy to overcome
the limitations of current cytokine therapies [24]. Continued research and clinical trials are essential
to fully harnessing the potential of cytokines in infectious disease therapy.

Adoptive Cell Therapy

Adoptive cell therapy involves boosting immune cell numbers or modifying immune cell
function to treat disease conditions. We achieve this by expanding autologous or allogeneic immune
cell numbers and then infusing or genetically engineering immune cells to enhance their function
[25]. Adoptive cell therapy, most particularly chimeric antigen receptor (CAR) T cell therapy, has
gained popularity in haematological malignancies therapy, with six CAR T cell therapy FDA
approvals to date [26]. The relative success of adoptive cell therapy in haematological malignancies
has prompted the feasibility of adopting this strategy for chronic infectious diseases, infections due
to a dysfunctional or suppressed immune system, and multidrug-resistant infections [27].
Hematopoietic stem cell transplantation is used as a treatment option for various disorders, but it
comes at the cost of an immune-deficient phase where the patient is susceptible to opportunistic viral
infections such as cytomegalovirus, Epstein-Barr virus, and adenovirus infections [28]. Transfusion
of virus-specific T cells (VSTs) is effective in treating these infections, as garnered from around twenty
completed phase I/II clinical trials and over thirty ongoing clinical trials [28,29]. VSTs are currently
in clinical use against post-transplantation viral infections on a compassionate use basis; posoleucel
was expected to receive FDA approval; however, it failed to satisfy the primary endpoints in a phase
I clinical trial [30]. Tabelecleucel for patients with EBV-associated post-transplant
lymphoproliferative disease is another VST in a phase III clinical trial (NCT03394365), which
enthusiasts are hoping will clinch an FDA approval [31]. Genetically engineering VSTs with CAR to
increase their lifespan and efficacy is already underway in studies targeting human
immunodeficiency virus (HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), and coronavirus
[32]. CAR T cell strategies gained more prominence in HIV studies compared to other viruses,
considering the formidable challenge of developing a cure for HIV [33]. Preclinical and clinical trials
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(NCT04648046 and NCT03240328) targeting viral proteins —majorly gp-120—employing CD4 and/or
CD8 CAR T cells depicted significant suppression of HIV replication and destruction of HIV infected
cells; however, total elimination of HIV-infected cells has not yet been achieved with this approach
due to low surface HIV antigen expression on the infected cell membrane and poor CAR T cell
infiltration [34,35]. Intermittent co-administration with vaccine peptides or antigen-presenting cells
has been shown to sustain CAR T cell expansion and boost its immune responses, considering their
poor persistence in tissues [36]. Additionally, Schreiber et al. reported the efficacy of CAR T cells
transduced with HBV-specific antibody fragments in murine studies, demonstrating the plausibility
of CART cell therapy for infectious diseases. Studies employing a genetically modified TCR to target
a specific bacterial antigen are also another form of adoptive cell therapy [37]. Kalinina et al.
transduced naive T cells with a TCR targeting S. Typhimurium antigen; the T cells demonstrated a
higher capacity for bacterial elimination after transfer into infected mice when compared to normal
T cells [38]. Similar outcomes were observed when monocyte-derived macrophages were transferred
to treat multidrug-resistant (MDR) bacterial infection in murine models [39] and when macrophage
lysosomes were loaded with photosensitizers to treat MDR Staphylococcus aureus and Acinetobacter
baumannii in mice [40]. CAR T cell therapy for Mycobacterium tuberculae infections is currently being
evaluated, considering the increased cases of drug resistance and its chronic proclivities [27].
Adoptive T-cell therapy has been widely explored, and scientists are beginning to pay more attention
to the adoptive transfer of other immune cell types as a treatment option in the last couple of years.
Chung et al. showed an increase in antibody population and fall in viral load when virus-specific B
cells targeting lymphocytic choriomeningitis virus were infused in mice [41]. The variety of microbial
antigen and its potential for mutation, which dampens CAR efficacy, the cost of CAR T cell
production, and safety concerns are some drawbacks of this strategy that are being addressed with
better sequencing tools and gene editing technologies [36]. The rise of superbugs, chronic infection,
and therapy-induced immunosuppression makes adoptive cell therapy a viable alternative to other
less effective therapeutic strategies [26].

Tumour Infiltrating Lymphocytes

The development of immunotherapies for diseases depends on a thorough understanding of
immune modifiers within the tumour immune microenvironment [42]. Tumour-infiltrating
lymphocytes (TILs) are specialised mononuclear immune cells that migrate from circulation into
tumours and can recognize and kill disease-causing cells [43]. Tumour-infiltrating lymphocyte (TIL)
therapy involves extracting these immune cells from patients' tumours, expanding them in vitro to
increase their numbers, and reinfusing them into the patient to target and destroy tumour cells [44].
TIL therapy offers significant advantages because the cells are directly sourced from the patient's
body, without genetic modification. This reduces the risk of adverse reactions and enhances the
specificity and efficacy of the tumor-targeting effect [45].

TILs exhibit significant heterogeneity and dynamism within the tumour microenvironment,
greatly influencing cancer progression, metastasis, and the response to bacterial and viral infections
[46]. Bacteria inherently stimulate the host's immune system and have been recognized as potent
agents for immunotherapy [47]. Historically, efforts to treat cancer using bacteria, such as inactivated
Streptococcus pyogenes and Serratia marcescens, through the production of Coley’s toxin, laid the
foundation for modern cancer immunotherapy [48]. Oncolytic bacteria, such as Gram-negative
Salmonella strains (e.g., S. typhimurium YS8211 and YS1629, and the non-pathogenic E. coli strain
Nissle 1917), and Gram-positive bacteria (e.g., Clostridium butyricum M-55, Lactococcus lactis, and
Bifidobacterium), typically accumulate at tumour sites following intravenous administration [49].
Their potential as therapeutic agents against tumours have been recognized, and genetic engineering
has been employed to modify their biological behaviour [50]. Despite the demonstrated potential of
many modified bacteria in immunotherapy, a systematic classification of their contributions is still
lacking [51]. Specifically, TILs have been observed to enhance host immunity in mycobacterial
infections, complementing antibacterial drug therapy [52].
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In viral infections, TILs often interact with cytokine-based therapies, not only to eliminate the
infection but also to prevent permanent damage to tumor tissues. In hepatitis and hepatocellular
carcinoma, interactions between various TIL subsets and clinicopathologic parameters have been
well documented. A high proportion of CD8+ TILs has been associated with noncirrhotic livers and
large tumours. In contrast, low alpha-fetoprotein levels, a high percentage of CD4+ TILs, and a high
CD4 to CDS8 ratio have been linked to nonviral aetiology and direct-acting antiviral therapy.
Additionally, a high proportion of CTLA-4 in tumour cells correlates with numerous lesions and
lower tumour grades, whereas a high percentage of CTLA-4-positive TILs is often associated with
high-grade hepatocellular carcinoma (HCC) [53].

As with all immune checkpoint inhibitors, selecting patients who are most likely to benefit from
TIL therapy is crucial, with the greatest benefit observed in those with slowly progressing soft tissue
disease [54]. Prognostic factors such as disease burden, viral load, lactate dehydrogenase serum
levels, and specific infected organs can help identify patients who may benefit more from TIL therapy
in bacterial and viral infections [54]. The time required to expand and harvest the T-cell population
is one of the biggest obstacles to TIL therapy, often causing delays in patient intervention [55]. Thus,
reducing the time between the clinical decision to treat with TILs and the product's availability for
infusion is essential. One strategy is to harvest TILs early in the process, before they are urgently
needed. Since tumour banking methods are not yet fully developed, TILs could be maintained as a
manufacturing intermediary or as a frozen tumour sample [56]. Finally, the cost of TIL
administration and production presents a significant challenge for payers and healthcare providers.
As TIL therapy is typically a customised, one-time treatment strategy, the overhead costs are
substantial [57].

Monoclonal Antibodies

Antibodies are naturally found existing in the human blood and cells. Another type of immunity
could be observed in the case of invasive immunity, which is imposed with the use of synthetically
manufactured antibodies that mimic the system of the body, otherwise known as monoclonal
antibodies (mAbs). Some mAbs are used as immunotherapeutic agents that work synchronously with
cells to attack foreign bodies and diseases. They can equally target and block signals that cause
abnormal multiplication or division of cells, as seen in cancer cells [58].

Monoclonal antibodies are more effective than polyclonal antibodies in most
immunotherapeutic remedies and show promise in managing various cancers with fewer side effects
because of their high specificity, leading to innovative cancer treatment strategies [59]. This result is
attributed to its affinity for targeting a specific antigen. mAbs are categorically made based on the
composites used: murine, chimeric, humanised, and human [60]. Although antibodies have been
used in a wide variety of disease treatments, only a few can be attributed to the treatment of viral and
bacterial infections [61]. Even though mAbs have some effect when host species and receptor species
differ, they are observable in the adverse excessive immune response induced occasionally when
mouse mAbs are administered to humans. To address this, a chimeric antibody has been made to
suppress the immunogenicity caused by using mAbs in humans [62].

The curbing of SARS-CoV-2 entry was remedied through an immunotherapeutic mechanism
identifying the interaction between angiotensin-converting enzyme (ACE) and viral spike
glycoprotein, which could be blocked by antibodies targeting the spike viral domain, thus inhibiting
viral infection [61]. Monoclonal antibody-based immunotherapy effectively targets tumour cells and
promotes long-lasting antitumor immune responses, thereby improving cancer treatment strategies
[63]. These protective effects could be employed in bacterial and viral pathogens as observed in
tumour cell (see Figure 2). A previous study demonstrated that evaluating antibody-coated bacteria
(ACB) in endotracheal aspirate samples significantly improves the specificity of ventilator-associated
pneumonia (VAP) diagnosis by ensuring a clear distinction between viral colonisation and non-
infectious conditions, thereby reducing overtreatment resulting in antibody resistance [64].

Monoclonal antibodies offer several advantages over traditional serum-derived
immunoglobulin treatments, including greater specificity and potency by targeting specific epitopes,
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reduced risk of pathogen transmission, more consistent antibody content between batches, and an
ability to engineer for extended half-life. Human antibodies with unprecedented activities could
become the principal tool for managing future viral and bacterial epidemics, with potential
applications in preventing and treating severe human infections [65].
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Figure 2. Mechanism of action of monoclonal antibodies simulated on bacterial antigens using mouse
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infection model.

Immune checkpoint inhibitors

Over the years, the use of immune checkpoint inhibitors has shown remarkable efficacy in the
treatment of haematological malignancies and solid tumours. Checkpoint inhibition therapy utilises
mabs to disrupt the interactions between immunosuppressive receptors and their ligands [66]. They
primarily target proteins like cytotoxic T-lymphocyte-associated protein 4 (CTLA4), mucin domain-
containing protein 3 (TIM3), programmed cell death 1 ligand 1 (PD-L1), etc. [67], thereby improving
effector T-cell activation [66]. However, their use in the treatment of microbial diseases including
human immunodeficiency virus (HIV), Hepatitis B (HBV), Hepatitis C (HCV) is poorly studied [68].

One of the unique features through which several chronic viral infections such as HIV, hepatitis,
SARS-CoV-2 bypass immune responses is T cell exhaustion as a result of loss of T-cell effector
function [69]. Apart from this, infectious agents also possess pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMP) [70]. Understanding the immune
checkpoint molecule’s function is crucial for reversing T-cell exhaustion and mounting a strong
immune response. Blockade of PD-1 has prompted that T-cell exhaustion is redeemable via
restoration of CD8+ T cell function by reducing viral load in a murine model of induced chronic
Lymphocytic choriomeningitis viral infection [71]. Cao et al. demonstrated that the activity of
hepatitis B virus- (HBV-) specific CD8+ T cells in the peripheral and intrahepatic niche could be
boosted by inhibiting the CTLA-4 checkpoint molecule in chronic hepatitis B patients [72].
Nonetheless, inhibition of PD-1 could improve host immune alertness by promoting the production
of interferon-gamma in HIV and HBV-specific cytotoxic T cells [73]. However, in a preclinical study,
blocking PD-1 activity in vitro or ex vivo has been shown to potentiate latent HIV reversal [74,75].
Another murine study indicated a potential adjuvant role of anti-CTLA-4 as CTLA-4 blockade during
HIV immunisation in mice led to increased CD4+ T-cell activation, expansion of HIV-specific
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follicular helper T-cell (Tfh) cells, altered HIV-specific B-cell-responses-and significantly increased
anti-HIV antibodies with higher avidity and antibody-dependent cellular cytotoxicity capabilities
[76]. In addition, only three published studies of immune checkpoint inhibitors have focused on
people living with HIV in the absence of malignancy and on antiretroviral therapy. Out of these, two
were abruptly dismissed due to toxicities and complications in the study population [67]. These
immune-related adverse effects still pose a major setback to immune checkpoint blockade clinical
usage. In the case of COVID-19, several studies have suggested the likelihood of ICI therapy being
beneficial [77]. Clinical trials on the safety and efficacy of ICI in COVID-19 patients are still being
explored [78], with no published results to validate ICIs antiviral properties.

Among all bacterial infections of clinical importance, Mycobacterium tuberculosis remains a public
health concern. Immune checkpoint inhibitors have not shown effectiveness against TB in recent
times. A group of researchers using a 3D microsphere model of human TB indicated that PD-1
inhibition promotes Mtb growth and survival by enhancing cytokines production and tumour
necrosis factor-alpha (TNF-alpha) [79]. In a recent case report in a child, active TB development is
correlated with inherited PD-1 deficiency [80]. The emergence of TB has also been indicated in
cancer patients receiving anti-PD-1/PD-L1 treatment [81,82]. To resolve this, combining immune
checkpoint inhibitors with other treatment regimens could potentially curb TB pathogenesis with
positive outcomes [69]. In a study, combining antibodies against LAG-3, CTLA-4, and TIGIT
exhibited an additive impact in stimulating cytokine production by HIV-specific T cells. However,
combinations with anti-PD-1 therapy did not have the same outcome [83].

Several limitations impact the clinical usage of ICIs, ranging from safety due to immune-related
adverse events (irAEs) and immune checkpoint expression on other immune cell types such as
gamma delta T-cells and Tregs, NK cells, and monocytes [67,84]. Due to this, other immune
checkpoint molecules, such as A2AR, B7-H4, BTLA, KIR, NOX2, HO-1, and SIGLEC? [85], could be
extensively explored toward the treatment of acute and chronic microbial infections apart from the
commonly explored immune checkpoints.

Vaccines (Adjuvants)

The effectiveness and efficacy of vaccines against viral and bacterial infections are enhanced by
adding adjuvants; therefore, the use of adjuvants is important in vaccine production. They are usually
added to bolster the immune responses and improve protection against diseases. To achieve this
function, it is necessary to understand the different types of adjuvants and their mechanisms of
action. Adjuvants are proteins or polysaccharides like tiny substances in vaccines that facilitate the
elicitation of robust immune responses in inactivated vaccines and may have lesser immunogenicity
than live-attenuated or whole-killed vaccines [86]. Adjuvants are divided into several classes based
on their mode of action and composition. The most widely used adjuvant is the Aluminium salt,
which has been used for more than seven decades. It functions by eliciting local immune responses,
which enhance antigen presentation [87]. Other classes of adjuvants produced by bacteria effectively
stimulate immune responses, such as lipopolysaccharides or toxins. The toxins from bacteria have
been studied as effective adjuvants and can improve mucosal immune responses [88,89]. Recent
adjuvants like the CpG motifs precisely target the immune cells to enhance the immune response by
mimicking the bacterial DNA. MatrixM is included in the Novavax Covid-19 vaccine, and it boosts
the immune system by combining lipids and saponins [87]. Another special adjuvant, MF59, used in
the influenza vaccine also boosts the immunological response by using a distinctive formulation that
boosts and improves antigen delivery and immune cell absorption [90].

Adjuvants work by provoking the immunological responses at the innate level, followed by
influencing or steering the adaptive immune system. Antigen-presenting cells (APCs) are activated,
and cytokines are produced as a result of their targeting of pattern recognition receptors (PRRs) on
immune cells. This mechanism enhances vaccine antigen recognition as well as boosts a powerful
and targeted, focused immune response [88,89]. Incorporation of adjuvants is vital in vaccine
production, especially for certain diseases for which conventional vaccines don't offer effective and


https://doi.org/10.20944/preprints202411.0105.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2024 d0i:10.20944/preprints202411.0105.v1

sufficient immunity. Adjuvants offer several benefits in vaccine production but must be used with
caution to reduce any potential side effects.

There is current development in the development of adjuvants, which have substantially
improved the prevention of infectious diseases and have led to the production of efficient vaccines
that offer robust and long-lasting immune responses. For instance, TLR agonists such as
monophosphoryl lipid A (MPL) are a potential class of adjuvants that activate innate immunity,
thereby enhancing the immune response to viral antigens [91]. They have been used in hepatitis B
and SARS-CoV-2 vaccines, substantially improving both the antibody and T-cell responses [91].
Similarly, TLR7/8 agonists such as imiquimod are promising adjuvants in HIV and influenza vaccines
by evoking a sturdy cellular immune response, thereby making them efficient in producing a
powerful and long-lasting immune response [91]. Additionally, cholera toxin (CT) and heat-labile
enterotoxin (LT) from Escherichia coli, which are engineered bacterial enterotoxins, have developed
into strong mucosal adjuvants [89]. Mutant LT (dmLT), when used in influenza, hepatitis and HIV
vaccines, boosts the antibody and T-cell responses when used intranasally or orally. The influenza
vaccine is effective when administered intranasally in animal models [89]. Another class of adjuvants
is adjuvant systems (AS), which are a combination of both novel and traditional adjuvants and have
enhanced the productivity of effective vaccines [92]. For example, the AS01, which is a combination
of MPL and QS-21, has potential in the HIV and tuberculosis vaccines. AS04 is used in hepatitis B
and human papillomavirus vaccines to induce long-lasting immunity, significantly improving their
effectiveness [92].

Moreover, immune-stimulating complexes (ISCOMs) are cage-like structures containing
saponin adjuvants that can encapsulate viral antigens and are promising in boosting the delivery and
presentation of antigens to the immune system, thereby enhancing immune response and vaccine
efficiency [92]. The bacteria-derived adjuvants like lipopolysaccharides (LPS) can stimulate robust
immune responses. For example, monophosphoryl Lipid A (MPL), a derivative of LPS, has been
utilised in various vaccines, such as hepatitis B and human papillomavirus. It can activate Toll-like
receptor 4 (TLR4) to enhance the Th1 immune responses while minimising toxicity compared to full
LPS [93]. Another potential bacterial component is muramyl dipeptide (MDP), which influences
cytokine production, modulates the immune response, and enhances the effectiveness of vaccines
against bacterial pathogens such as Mycobacterium tuberculosis [94]. A combination of adjuvants with
therapeutic approaches like vaccines and antimicrobials will substantially enhance treatment
efficiency by leveraging the effects of multiple agents. Likewise, they'll enhance vaccine-induced
immune responses, resulting in a robust, longer-lasting immunity vital for effective viral elimination
[95].

Invariant Killer T-Cells (INKT)

The cells of the immune system are conventionally cells of innate or adaptive immunity [96],
although some cells are more prepared to switch between the two functions of innate immunity and
adaptive immunity, and one of the best-equipped cells is the invariant killer T cells [97]. Invariant
killer T cells, also called cytotoxic innate lymphoid cells (ILCs), are a subset of cells endowed with a
molecular memory of surface markers [98]. An invariant a3 T cell receptor (TCR) associated with the
Class I major histocompatibility complex, class I-related protein CD1d, reacts to glycolipid antigens
presented to it on the surface of antigen-presenting cells [99]. They are activated in many infectious
diseases and inflammatory conditions and rapidly produce large amounts of cytokines that influence
other immune cells [100].

iNKTs recognize lipid-derived determinants on the cell surface, supporting its weaponization
as an antitumor, viral, or bacterial therapy [101]. They are also explicitly equipped with compact
exosome production that packages and expresses eomesodermin (Eomes) [102]. These
eomesodermin-containing exosomes exhibit antitumor properties that can be compared to the NK
cells and respond to various intracellular pathogens such as bacteria and viruses [103,104]. Exosomes
found in iNKTs are also rich in cytotoxic proteins such as perforin and granzymes, as well as death
receptor ligands such as FasL and TRAIL [105], which enable exosomes to induce apoptosis in cancer
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cells and cells infected by viral or bacterial pathogens such as Mycobacterium tuberculosis [106] and
SARS-CoV-2 [107], effectively mimicking the cytotoxic and cell dissolving effects of NK cells but
without requiring direct cell-to-cell contact [108].

Advantageously, the use of NK cell-derived exosomes in immunotherapy also helps generate a
broader network of immune responses that can penetrate tissue and dissipate deep tumour cells or
tissue-invading pathogens that have systemic effects [109,110], so that more giant cells cannot get
there without the risk of an autoimmune reaction [111]. This particular property is a revolutionary
point for the use of iNKT in immunotherapy and allows pre-administration, re-administration, and
re-dosing of the cellular components in clinical trials until therapeutic interventions are achieved
[112].

Previously, effector cells that mediate antitumor, viral, or bacterial therapy immunity were af3
T cells and invariant natural killer T cells [113]. Recently, it has been shown that Y0 T cells are the
complementary element by which tumour cells are rejected and are adapted to defend against the
invasion of highly pathogenic organisms into cells and tissue systems [114]. The limitation of iNKT
cells is due to the lack of ability to enhance the ability of vd T cells in antigen presentation, regulatory
functions, and induction of antitumor responses to excessively malignant tumours, as well as in the
treatment of inflammatory conditions, caused mainly by the invasion caused by pathogens [115]. The
weaponization of iNKTs by molecular mechanisms that allow them to express the functions of Y0 T
cells by switching intracellularly and producing compact cytokines that will enable them to express
the functions of both iNKTs and vd T cells to demonstrate can potentially revolutionise their use in
immunotherapy, molecular immunology, and vaccinology [116].

Mucosal-Associated Invariant T-Cells (MAIT)

Mucosal-associated invariant T (MAIT) cells are a unique subset of innate-like T cells that play
a crucial role in recognizing and responding to microbial-derived products. These cells utilise a
distinct antigen recognition mechanism, which is dependent on their T cell receptor (TCR) and
facilitated by the interaction with MR-1, a highly conserved MHC class I-related molecule [117].
Through this TCR-dependent mechanism, MAIT cells are able to recognize and respond to a wide
range of microbial-derived products, including bacteria, viruses, and fungi, making them an
important component of the immune system's defence against infection [117,118]. MAIT cells can be
specifically activated and stimulated by the ligand 5-OP-RU, a microbial-derived riboflavin
metabolite, which serves as a potent agonist for these cells. This activation is a result of the specific
recognition of 5-OP-RU by the MAIT cell receptor, leading to a robust immune response [117,118]. In
addition to TCR-dependent activation, MAIT cells can also be activated through a TCR-independent
mechanism by various cytokines, including interleukins (IL)-7, IL-12, IL-15, and IL-18. This
alternative activation pathway expands the modes of activation and enables MAIT cells to target a
broader range of cell types, further emphasizing their versatility and importance in the immune
response [119]. MAIT cells possess the ability to engage with and influence a wide range of immune
cell types, including B cells, neutrophils, and monocytes, demonstrating their capacity for
intercellular communication and immunomodulation. This interactive capability enables MAIT cells
to coordinate and fine-tune the immune response, fostering a collaborative environment among
various immune cell populations [120].

The protective effects of MAIT cells against pulmonary infections have been clinically
demonstrated, showing efficacy in preventing respiratory tract infections caused by diverse bacterial
pathogens. This highlights the potential of MAIT cells as a therapeutic target for the development of
innovative treatments aimed at enhancing immune defence against pulmonary infections [121].
MAIT cells can be activated in viral infections through an antigen-independent mechanism, which is
distinct from their activation in bacterial infections. This activation is mediated by the cytokines IL-
12 and IL-18, which are produced by antigen-presenting cells in response to viral pathogens. As a
result, MAIT cells can orchestrate an inflammatory response even in the absence of bacterial infection,
contributing to the immune response against viral infections. This highlights the versatility and
importance of MAIT cells in responding to various types of pathogens. Furthermore, MAIT cells have


https://doi.org/10.20944/preprints202411.0105.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2024 d0i:10.20944/preprints202411.0105.v1

11

a special talent - they can spot specific molecules (called MR1) that are found in many types of
bacteria. This allows them to quickly respond to bacterial infections [122]. They do not only recognize
and respond to bacterial infections but also play a crucial role in orchestrating a coordinated adaptive
immune response. They achieve this by modulating the activity of various immune cells, either
through direct cell-to-cell contact or by releasing signalling molecules [122].

Conclusions

Immunotherapeutic strategies offer promising alternatives for addressing the growing threat of
AMR and other infectious diseases. Advances in cytokine-based therapies, adoptive cell therapy,
monoclonal antibodies, and immune checkpoint inhibitors have shown significant potential in
modulating immune responses and improving patient outcomes. However, challenges such as
toxicity, delivery mechanisms, and immune resistance remain. By leveraging novel technologies,
such as nanoparticle-based delivery systems and genetic modifications, the therapeutic efficacy of
these approaches can be enhanced. Future research should focus on optimising combination
therapies and exploring new immunomodulatory targets to develop more effective, durable
treatments against AMR and emerging infectious diseases.
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