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Abstract: Antimicrobial resistance (AMR) poses a formidable global threat, undermining the efficacy of potent antibiotics and
complicating the treatment of infectious diseases, which has attracted the attention of scientific communities to revisit vaccines as
a potential candidate against these superbugs. Although vaccines dedicated to bacterial infections are substantially reducing antibiotic
use and decreasing annual healthcare expenditures for drug-resistant infections. Therefore, the vaccine can potentially prevent bacterial
infections, which ultimately reduces the use of antibiotics and limits the opportunity for the development of resistance. Specific
vaccines are being developed specifically to target drug-resistant bacteria like multidrug-resistant bacteria of M. tuberculosis, E. coli,
and S. aureus, which not only prevent their spread but also reduce the burden on healthcare systems. However, despite their immense
potential, disparate challenges hamper the broader application of vaccines in combating AMR. The most prominent challenge is the
restricted accessibility of vaccines for high-priority drug-resistant ESKAPE pathogens. The development of vaccines against these
organisms has proven a complicated process due to antigenic variability, immune evasion mechanisms, and a lack of reliable animal
models. Furthermore, economic hindrances and logistical barriers, particularly in low- and middle-income countries (LMICs), pose
serious hurdles to vaccine access and uptake. In the present review, crucial aspects of the vaccines have been emphasized that are
directly correlated with the globalized AMR issues. Therefore, deployment of vaccine development and research against AMR is
considered the cornerstone in AMR prevention, promoting balanced use of antibiotics, and ultimately mitigating the dissemination of
resistant pathogens.
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Introduction

Antimicrobial resistance (AMR) has developed as one of the predominant, alarming public health threats in the 21% century,
with the potential to undermine the era of medical achievements. As per the World Health Organization (WHO), AMR is
responsible for millions of deaths annually and is predicted to claim up to 10 million lives per year by 2050 if left uncurbed.'
According to recent findings, AMR is primarily driven by interconnected factors, including healthcare quality, sanitation
infrastructure, economic and climatic conditions, socio-environmental dynamics, weak regulatory framework, anthropogenic,
and human behavioral influences.> Emergence of drug-resistant bacteria is a natural phenomenon; it usually erupts due to the
mutations in resistance-related genes or acquisition of horizontal transfer of genes via plasmids that transmit resistance, and
may proceed irrespective of the appearance of antimicrobial agents. However, Bacterial vulnerability to conventional
antimicrobials invokes the selective pressure for the rise and spread of drug-resistant pathogens, specifically in low and
middle-income countries (LMICs) with compromised water, sanitation, and hygiene, healthcare settings, and improper
surveillance systems.* To date, approximately 70000 million annual deaths have been predicted which resulting in 2% to
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3.5% reduction in global Gross Domestic Product (GDP) by 2050.%° Although AMR is affecting public health majorly in
LMICs, on a massive note, which includes longer hospital stays, higher mortality/morbidity rates, complications in treating
common infections, declining socio-economic development, enabling the spread of untreatable “superbugs” such as methi-
cillin-resistant Staphylococcus aureus (MRS A) and multidrug-resistant M. tuberculosis. It has been acknowledged that AMR/
ABR cases can prompt a weakening of the effectiveness of routine medical strategies, complicate disease management, impact
global health security, and ultimately jeopardize the accomplishment of modern medicine. Additionally, the diagnosis of
pathogens exhibiting antimicrobial resistance (AMR) plays a valuable role in epidemiological surveillance research, enabling
the estimation of the prevalence of resistant genomes. The evolution of novel antibiotics appears to have reached a dead end.
Notwithstanding the immediate need to search for new antimicrobial yields, many pharmaceutical companies have abandoned
antimicrobial medicine discovery schemes.®

However, various approaches such as antimicrobial stewardship (AMS), proper strategic surveillance systems,
development of combinatorial therapy, nano-antibiotics, precision medicines, Al-powered nanobiogram analysis, and
vaccines have been inculcated.”® In the present scenario, scientific players are tremendously exploiting the power of
vaccines over drug-based therapy, due to their ubiquitous targeted features, which make them a potential candidate for
combating resistant pathogens. Moreover, it has been ascertained that vaccines exert their effect prophylactically, slowing
AMR development, offer herd immunity, cost cost-effective, provide long-term and population-wide protection, impart
selective pressure on resistant pathogens, thus reducing dissemination of infectious diseases.’ Herein, the present review
critically focuses on the efficacy of vaccines as potential frontliners against AMR/ABR, their prospective outlook,
regulatory challenges, and clinically approved vaccines. The whole concept has been designed with a view to focus on
a combined programmatic approach, aligned with the scheme for primary health care, global health coverage, and health
emergency preparedness and response, that covers various levels of the healthcare system as shown in Figure 1.

To date, fragmentary research has existed, which has invoked a comprehensive evaluation of anti-bacterial resistance load
across venues that encircle historic landmarks and future forecasts. AMR is a natural phenomenon and a consequence of the
quick progression of drug-resistant bacteria. AMR cannot be completely prohibited, so the focus is on restricting, controlling,
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Figure | Diagrammatic illustration depicting the steps employed to combat Antimicrobial Resistance (AMR).

5024 https: Infection and Drug Resistance 2025:18



Patil et al

and mitigating drug-resistant bacteria.'® Drug-resistant bacteria are widespread across environmental, human, animal, and
food-related ecosystems. During contact with other humans, animals, and the atmosphere, these microorganisms and their
resistance labels can be transmitted among different species, affecting the welfare of humans and animals, including associated
animals, food-manufacturing animals, and living beings. Beyond intervention, it is determined that worldwide deaths
attributable to antibacterial resistance could reach 10 million annually by 2050. Microbes are complicated microorganisms
that get and transmit genetic material at an alarming rate with possibly tiny or no cost to themselves; and, contrary to previous
dogma, the appearance of an antimicrobial drug has a small impact on the transmission of mobile microbial genetic material
but can be picked up for newly acquired resistant tools. In high-income settings, overlong antimicrobial drug excess and
unnecessary use have led to the flourishing of ‘super-bugs’, which are identifiable to many, like methicillin-resistant
Staphylococcus aureus.!' The people-centric strategies for antibacterial resistance summarize the country-level actions
required to operationalize the three strategic priorities.

Understanding the Role of Vaccines in Combating AMR
The combined approach involves diagnostic techniques, novel antimicrobial drugs, vaccines, monoclonal antibodies,
bacteriophages, and microbiota interventions to counteract the pathogens causing antimicrobial resistance. Vaccines have
an unfamiliar effect on health and have been used for decades with less possibility of emergence of resistance, equated
with antimicrobial drugs.'? Innovative approaches and technologies in vaccine research, like structural and reverse
vaccinology, polyclonal antibodies attacking multiple targets, nano-adjuvants, smart bioconjugates, polysaccharide-
conjugated antigens, nucleic acid vaccines, and rationally modified microbial outer membrane vesicles (OMVs), are
promising avenues for future research.'*'* Usually, vaccines prevent life-threatening diseases by targeting the appro-
priate population, which reduces healthcare costs, AMR, and resolves sequelae after reinfection. Moreover, the critical
angle to develop new vaccine candidates includes the suitable choice of populations for trials, understanding the
immunological mechanisms correlated with protection ability, limiting financial incentives for the industries, a lengthy
cum expensive process, along with checking the efficacy and biomarkers for characterizing the connection to
defense.'>'® Indeed, the lack of a correlation in defense is a major restriction to characterising a defensive vaccine.'’

Nevertheless, in reality, no single strategic approach is adequate against AMR. Research and development (R&D) in AMR
face global challenges; however, proper addressing is required to ensure the efficacy of novel and efficient antimicrobials to
cure drug-resistant infections and prevent the emergence of pan-drug-resistant microbes. Bacterial drug resistance has
developed swiftly against nearly every new class of antimicrobials shortly after their introduction into treatment regimens,
and the further challenges in producing new antimicrobials indicate that antibiotic research and development alone are
insufficient; therefore, a combination of approaches is needed. To upgrade AMR prevention and control, new vaccines have
been designed and combined with new antibiotics or other strategies would be a potential solution against AMR.'? In marked
contrast, vaccination can be utilized for decades without creating any resistance. Hence, no linkages have been observed
between vaccines and the evolution of drug-resistant microbes. Interestingly, vaccines utilized preventively, when disease-
causing microbe populations are comparatively tiny, decrease the likelihood of emerging mutations linked to resistance that
will evolve and multiply. Followed by targeting the pathogens in disparate ways, so many mutations are needed to acquire
resistance. In a few cases, if vaccine resistance has been observed, it can reduce the disease. Therefore, research on these points
may allow the production of an improved vaccine to avoid any future problems.'®

Microbes (bacteria, viruses, fungi, and parasites) alter the action of available conventional medicines and emerge as drug-
resistant microbes, which leads to the AMR situation. Fighting against AMR, vaccines are precise in targeting the microbes’
disease, making it less likely to produce drug resistance. Vaccines that counter infectious agents like Strepfococcus
pneumoniae and Haemophilus influenzae have been shown to reduce tolerance to antibiotics. Nevertheless, in-depth research
is needed on vaccines against some drug-resistant microbes and diseases such as Salmonella typhi, Vibrio cholerae,
Escherichia coli, other nosocomial infections, and viruses causing diarrheal and pulmonary disease.'® Vaccines under clinical
development vary from these former vaccines in that they are prepared to address more comprehensively the complicated
pathophysiology of S. aureus infections by evoking antibodies that mark multiple disease-causing factors. Therefore, the
evoked antibody responses are functional and destroy the bacteria or neutralize the factors that cause disease.”’ To provide
health benefits to the population, there must be continuous efforts to enhance vaccine coverage via innovative research and
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licensing approval to proceed with new vaccines against newer pathogens, as well as drug-resistant microbial and viral
pathogens.?’

Antimicrobial Resistance (AMR) and Related Issues

Drug-resistant microbial evolution can be hammy by infectious diseases, which could severely increase morbidity and
mortality to an extent similar to the pre-antibiotic era. This overkilling is due to the emergence of drug-resistant bacteria
and their spread. Natural drug resistance depends on the microbes’ potential to block the antimicrobial activity as
a consequence of inherent structural as well as functional attributes.”' The emergence of drug resistance is the greatest
risk to current chemotherapy, and control measures to combat drug-resistant microbes are urgently required, including the
development of novel antimicrobials. Regardless, the unveiling of new molecules with effective antimicrobial activity,
pharmacokinetics, drug metabolism, and safety is alarming. However, the drug discovery pipeline also ran dry, which is
usually due to the challenges in logistics and the higher price of substantial clinical tests, leading to molecules
problematic to make available in the market. The correct clinical utilization of antibiotics can reduce resistance.?
Enhancing hygiene, precise antimicrobial utilization, and controlled access in underdeveloped and developing countries
are significant ways to limit the load of antibacterial resistance; however, these approaches individually are insufficient to
minimize the AMR.?® Antibiotic resistance is usually due to intrinsic mutations and the transfer of mobile genetic

elements by HGT. These processes hamper the killing effect of antibiotics and lead to bacterial survival.**

Vaccine: A Valuable Weapon to Decrease AMR

Vaccines become a precious and efficient defense that helps in managing AMR, and a list of vaccines is represented in
Table 1. Vaccination trains the immune system to identify and establish a quick and strong response against pathogens.
An aspect of resistance mechanisms is less in the vaccination strategy. By decreasing the prevalence of drug-resistant
serotypes, pneumococcal polysaccharide conjugate vaccines (PCV) have direct protective effects on infants and adults
via herd immunity,> which reduces antibiotic use and the prevalence of drug-resistant bacterial strains. Perhaps viral
vaccines are very efficient in decreasing the prevalence of AMR. The failure of vaccine development against these
microbes is due to the targeting of various probable virulence mechanisms and the unavailability of animal models for

Table | List of Vaccine Status with Targeted Bacterial Pathogens/Non-Bacterial Pathogens, Which Might Lead to Help in Combating
AMR

S. No. Vaccine Target Impact on AMR Key Limitations Status Reference
(Type) (Till 2025)
l. Pneumococcal Conjugate Streptococcus Reduce incidence of antibiotic-non Serotype replacement; Licensed & used [28]
Vaccines (PCV13/15/20) bneumoniae -susceptible invasive disease; fewer coverage varies by region/ globally
antibiotic courses needed age
2. 2|-Valent Pneumococcal Streptococcus Covering a broad spectrum of Under Investigation FDA Approved [29]
Conjugate Vaccine (PCV 21) pneumoniae antibiotics
3. Typhoid Conjugate Vaccine Salmonella Prevents MDR/XDR typhoid, No protection against WHO- [30]
(TCV, Vi-TT) Typhi reducing the need for second-line S. Paratyphi A; itching and prequalified;
antibiotics and transmission swelling, as well as redness national
introductions
ongoing
4. MenB (4CMenB) — (with Neisseria Observational studies identified Cross-protection is Licensed for [31]
observed cross-protection vs meningitidis B a reduced risk of gonorrhoea, and observational; not licensed MenB
N. gonorrhoeae) have the potential to curb rising for gonorrhoea (adolescents/
gonococcal resistance young adults)
5. Haemophilus influenzae type Haemophilus Dramatically lowers invasive Hib No impact on non-type Licensed & widely [32]
b (Hib) Conjugate Vaccine — influenzae disease and B strains; requires high adopted
type b B-lactamase—positive strains — coverage
fewer antibiotic exposures
(Continued)
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Table | (Continued).

S. No. Vaccine Target Impact on AMR Key Limitations Status Reference
(Type) (Till 2025)
6. Shigella. GMMA Outer- S. sonnei Prevents shigellosis, a major driver Serotype/strain coverage; Phase 2 trials [33]
membrane vesicle/GMMA 1790GAHB of empiric antibiotic use; potential | durability; LMIC deployment completed;
candidate to slow resistance emergence development
ongoing
7. Extraintestinal Pathogenic Escherichia coli Prevents UTI/BSI in high-risk Heterogeneous ExPEC Mixed pipeline; [34]
E. coli (ExPEC) vaccines groups — fewer antibiotic courses | serotypes; mixed late-phase maternal GBS6
and resistant infections outcomes advancing, ExPEC
programs evolving
8. Oral Cholera Vaccines Vibrio cholerae | Outbreak prevention reduces mass Short-term protection; WHO- [35]
(OCV) — Vibrio cholerae O1/ Ol/0139 antibiotic use and inappropriate supply constraints; WASH prequalified; used
Ol39 empiric therapy still needed in campaigns
9. RTS, S/Other Non-bacterial Non-specific Indirectly reduce inappropriate use Pathogen-specific; indirect Licensed (malaria, [36]
Vaccines of antibiotics for febrile illness AMR benefit varies by RSV, etc).
misattributed to bacteria setting
10. Glycoconjugate vaccine Group Preventing large populations of Revealing Serious Adverse Undergoing Phase [37]
(GBSé6) B Streptococcus | pregnant women and infants from Events like puerperium, 2 Trial
invasive Group B Streptococcus perinatal conditions, and
fetal distress syndrome.

pre-clinical trials.?® Clarity in the mechanisms of host-pathogen interactions, like immune evasion, and epidemiology for
prevalence and variability of the key antigens, could help in the development of novel and effective vaccines. However,
new innovative approaches would be necessary to develop novel vaccines, which would redefine the healthcare system
against microbial infections.?’

Molecular Mechanisms of Vaccines

Vaccines induce protection against microbial infections by training the immune system via various immunological
mechanisms.*® The major immunological mechanisms are the production of specific antibodies by plasma cells (PCs),
a specialized class of B-cells, against vaccines containing antigen or toxic components of the pathogen.*® Vaccine-induced
B-cell activation is a very complex process because of the involvement of various kinds of immune cells {B-cells, CD8+
T cells-Ty1, Tho, Tra, CD8+T cells, and antigen-presenting cells (APCs) like dendritic cells, macrophages} that occurs in
secondary lymphoid organs (SLOs) including the spleen, Peyer’s patches and lymph nodes (LN).*° On injecting the vaccine at
the site, it reaches the LN where it is captured by macrophages and delivered to the B-cell zone, which is activated through
interaction of the antigen and B-cell receptor (BCR).*! On activation, the B-cell moves towards the B-cell and T-cell zone
border, where the B-cell presents the same antigen to CD4+ T-cells, which also receive secondary signals and assist in their
differentiation and proliferation.*? Activated B-cells cause extra-follicular response or germinal center (GC) response, and
extrafollicular response produces short-lived plasma cells (PCs), while GC produces long-lived, high-affinity memory cells
and PCs.* On the other hand, CD4+ T-cells are activated through integrating with APCs that represent the antigen by major
histocompatibility complex-IT (MHC-II) class molecules and also provide co-stimulatory signals to CD4+ T-cells.** Activated
CD4+ T-cells are differentiated into various subtypes, like Ty 1, T2, and Try, with different functional proﬁlcs.45’46 IFNy and
IL-4 are the signature cytokines of Tyl and Ty2, respectively.*” Effector CD4+ T-cells are differentiated through signals
(cytokines and co-stimulatory signals) provided by APCs, specifically dendritic cells (DCs).**** Ty is a special subset of
CD4+ T-cells that reside just proximal to B-cell follicles, exhibiting high expression of CD40L and IL-21 and involved in the
stimulation of B-cells.**~>' Mechanisms underlying Tgy; differentiation are poorly understood. However, Ty differentiation
occurs through signals provided by APCs, which are activated by different kinds of adjuvants or antigens found in
vaccines.”>> T-cell and B-cell interactions in the border zone produce extra-follicular PCs during the early phase of
vaccination.** With the assistance of Tl and Ty2, partially differentiated Ty produces the extra-follicular PCs;>*3 IFNy
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produced by Tyl and Tgy stimulates the isotype class switching to 1gG2 and IgG3/IgG1 in mice and humans, respectively,
while IL-4 produced by T2 and Tgy stimulates the isotype class switching to IgG1 and IgE in both humans and mice.>*¢
Some vaccines, like live-attenuated vaccines, induce the production of extra-follicular PCs in a thymus-independent manner.
However, this response generates only IgM antibodies with low affinity, little isotype switching, and decays rapidly.’” Long-
lived PCs (capable of producing high-affinity antibodies) and memory B-cells are only produced at the GC, a unique structure
inside the B-cell follicle.’®* The presence of Ty inside GC is essential for the maintenance and formation of GC.%%%! The
B-cells found in the GC undergo somatic hypermutation (SHM) that occurs in the variable region of immunoglobulin genes,
which makes immunoglobulin act against distinct antigens.®* ** B-cells of GC represent the antigen after binding to Tgy; and
compete for their assistance, which is necessary for proliferation and survival of the B-cell, and this selection process
undergoes several rounds to develop high-affinity antibodies against antigens found in vaccines.*> Some of the B-cells of GC
undergo terminal differentiation after completing the selection pressure, and this is essential to establish a long-lived immunity
triggered by vaccination.®® Studies have observed that the interaction strength between Tgy and BCR is the primary
mechanism responsible for long-lived immunity.*”~%* Some vaccines, specifically mRNA vaccines acting against AMR, have
also been developed to induce CD8+ T-cell immunity.”® Activation of CD8+ T-cells occurs after interactions with APCs that
present antigens of the vaccine via the MHC-I molecule.*> On activation, naive CD8+ T-cells proliferate and differentiate into
memory and effector cells. Effector cells, CD8+ T-cells, are short-lived and enter into programmed cell death, while memory
CD8+ T-cells are long-lived and further proliferate and differentiate into huge waves of effector cells on re-exposure to the
same antigen.”""’”> The function of memory CD8+ T-cells is the primary mechanism in aged individuals in case of an
insufficient antibody response after influenza vaccination.”® A novel kind of CD8+ T-cell called Try; (tissue-resident memory
T-cell) that resides in non-lymphoid tissue for a long period, which controls re-infections.”* Try is the primary candidate to

develop vaccines to prevent reinfection, especially in the case of digestive tract and respiratory infections.”*”

Epidemiological Level of Vaccine Mechanisms

Vaccines prevent the dissemination and emergence of AMR infections in two ways: direct (vaccination) and indirect
(population immunity/herd immunity).”® Vaccines circumvent bacterial infections and AMR resistance by eliciting rapid
immunity that leads to the reduction of the severity of the disease and controls the establishment of AMR infections;
consequently, the selective pressure of resistance (Figure 2).”” Herd immunity protects unvaccinated individuals or
ineligible individuals for vaccines, like immunocompromised individuals or cancer patients undergoing chemotherapy,
through a process called population immunity.”® Population immunity protects a large number of individuals from
infection compared to individuals undergoing vaccination.”” Population immunity prevents the spread of AMR infections
from an infected population to a susceptible population.”®*" Conjugate vaccines are the most successful vaccines that
protect against both S. pneumoniae and H. influenzae type b (Hib) infections and are responsible for the rapid establish-
ment of population immunity.®" Vaccination impedes millions of deaths/year which can be enhanced when the rate of
vaccination at the global level is improved such as global vaccination coverage for PCV is around 37% which can be
further increased by improvement in global vaccination coverage and this leads to further decrease in spread rate of AMR
infections and antibiotic usage.**** Consequently, the reduction in antibiotic use indirectly contributed to a decrease in
the emergence of AMR infections.** Here, we use S. pneumoniae and Hib as examples of how vaccines assist in the fight
against AMR infections. S. pneumoniae primarily causes community-acquired pneumonia and meningitis, especially in
children, and also causes sepsis, specifically in HIV patients.®> S. pneumoniae contributes to being the leading cause of
death worldwide among adults and children who are not vaccinated.®® In 2017, the WHO reported 8 million deaths/year
among children under the age of 5 that were caused by S. pneumoniae, which made up 15% of all deaths among children
under 5 years of age.®” In 1990, approximately 63000 cases of invasive pneumococcal disease (IPD), either caused by
PCV7 or not, were reported each year in the USA before PCV7 was introduced.®® Nowadays, S. pneumoniae becomes
resistant to more than three drugs owing to dissemination.®” PCV contains pneumococcal polysaccharide, which exhibits
more than 90% success against IPD, similar to the Hib conjugate vaccine.”’ A report revealed that PCV7 not only
prevents S. pneumoniae-mediated disease, but it also significantly reduces the colonization and contributes to the
establishment of population immunity in individuals who did not receive the vaccine, especially adult populations.”
Epidemiological studies have shown that approximately 2.1 million cases of IPD, including antibiotic-resistant strains,
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Figure 2 Infographic representation of the impact of vaccines on the prevention of AMR spread and emergence. (A) The Population which are not immunized against
infectious pathogens the majority of population are susceptible to pathogens, and some of them become infected, which spreads the infection among other susceptible
populations. Infected individuals are recommended to take antibiotic treatment to circumvent pathogenic infections. However, excessive antibiotic usage leads to AMR
development and its spread to others. (B) Populations that are immunized with vaccines decrease AMR spread and emergence.

were controlled in children, as well as adults and older populations by PCV7.°® Investigations have demonstrated
that second-generation PCV (PCV10 and PCV13) covering the 10 and 13 serotypes prevent infections in both a direct
and indirect manner with similar efficacy.”’> Research revealed that PCV13 decreases antibiotic usage and simulta-
neously reduces the prevalence of drug-resistant strains.*®*°! Another bacterium that causes pneumonia and meningitis
is called Hib in children under the age of 5 years.”> Hib vaccine is the first conjugate vaccine that not only prevents
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disease caused by bacteria with high potency, and protects older children via population immunity; therefore, it also
reduces the emergence of antibiotic resistance as it reduces antibiotic use.”” In 1980, the Hib conjugate vaccine was
introduced in the USA, followed by the rest of the world. During that time, the incidence of meningitis and pneumonia
caused by Hib was 3.5 to 601 cases/10° in different countries.”* A study has shown B-lactam resistance in Hib bacteria
via expression of B-lactamase and penicillin-binding proteins in the early 1970s.”> According to a global survey report,
approximately 16.6% of Hib strains are resistant to p-lactamases that vary among different countries.’® The development
of a Hib conjugate vaccine containing polysaccharide with carrier proteins in the 1960s turned the tide against antibiotic
resistance by creating and utilizing effective conjugate vaccines against Hib.”” One investigation observed a significant
decrease in Hib-induced disease cases following the introduction of routine Hib conjugate vaccine use.”® A significant
reduction in nasophageal carriage is also reported in the unvaccinated population in Canada (2.6 cases/10° from
19861988, while 0.08 cases/10° from 2011-2015) due to population immunity, post-Hib conjugate vaccine
introduction.”” Following the introduction of the Hib conjugate vaccine to children under five years of age in the UK,
the disease was almost eradicated, and similar outcomes were also observed globally.'® Studies reported a significant
reduction in the Hib strains resistant to f-lactam, and in some countries, such as Japan, a decrease was observed before
vaccine introduction.'?"'%? Studies have also observed that virus vaccines prevent the spread and emergence of AMR
infections in an indirect manner.”®'%*'%* Similarly, PCV and other conjugate vaccines also prevent the spread and

emergence of penicillin-resistant strains by reducing antibiotic use and establishing rapid population immunity.'®>'%

Current Vaccine Strategies: Preventions and Limitations

Nanotechnology has shown accelerated potential in reverse vaccinology; however, nano-based peptide delivery has
multiple challenges, like targeted and safe delivery of vehicles, immunostimulant, antigenic regulation, prolonged
controlled release, and evasion of the antigen response.'”” The mRNA-based technology can develop more effective
vaccines than other strategies. Generally, conventional antigen-based vaccines showed the rarest side effects. Researchers
and vaccine manufacturers must be cautious about escape mutation, re-infection, dosage efficacy, and minimize the
unusual events while maintaining the stable or strong efficacy. Investigators collaborating with manufacturers should also
focus on research to determine vaccine efficacy when other vaccines (based on similar technology by different
manufacturers) are administered in consecutive doses and should check for synergism. Vaccine manufacturers must
also consistently modify vaccines with escape mutations.'*%'%?

Trials must be performed with mixing or concurrent administration of vaccines to assess the wide variety of cross-
protection against emerging variants. Moreover, clinical research should be conducted in other demographic regions, age
ranges, identities, and health conditions. Extended funding, research integrity, and thorough analyses are required to
manage the emerging pandemic in a short duration.'”* "' Vaccination is a foundation of public health care policy and is
considered a cost-effective approach to protect children’s health. Most available vaccines have been empirically
developed and tested; however, there are lots of challenges to developing novel vaccines against target pathogens, for
which there is an urgent need to understand protective immunity. Moreover, vaccination to control disease outbreaks and
protect the older population, together with the availability of a range of new technologies, make it the perfect time for
immunologists to design the next generation immunogens.''' Despite the evidence focusing on antibodies being the key
mediators of sterilizing and induced immunity by vaccination, most vaccines also prompt T-cell responses. The function
of T cells in protection is fragmentary, besides their role in assisting B cell development and antibody production in
lymph nodes. Research on individuals with inherited or acquired immune deficiency has shown that antibody inadequacy

increases susceptibility to infection, and a lack of T cells results in failure to control a pathogen after infection.''?

Combinatorial Strategies Combating AMR
A combination of vaccines with other interventions, like antibiotics, phage therapy, microbiome modulators, and phage-
antibiotic intervention, offers an excellent approach to preventing AMR emergence and spread. Vaccines combined with

phage therapy and monoclonal antibodies exhibit high potency to prevent AMR. '
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Vaccines with Monoclonal Antibodies (MADb)

MADbs and vaccines work in tandem, so their effects are not mutually exclusive. MAbs provide instant protection against
infectious pathogens while vaccines take 2 to 3 weeks to establish an immune response. However, vaccines provide
a long-term defense by training the immune system, which identifies foreign invaders and neutralizes them."'* Vaccines
provide long-term protection, while MAbs provide short-term protection due to the shorter half-life.'"> Thus, the
integration of vaccines with MAbs exhibits synergistic effects because this combination provides immediate and targeted
protection (MAbs) and long-term protection (vaccines).''* This combination is very effective when rapid interventions
are required to prevent infection and AMR dissemination.

Antibiotics with Phages

The combination of antibiotic and phage is referred to as phage-antibiotic synergy (PAS), and this interaction leads to
synergistic and additive effects.''®"'?° Multiple approaches (concurrent or sequential) are used to integrate vaccines with
antibiotics, including using phages to increase antibiotic potency and using antibiotics to mitigate the emergence of
phage-resistant bacteria.''® Sequential application of phages and antibiotics exhibited higher potency against bacteria
than concurrent application.'*! A study reported that sequential applications of antibiotics and phages clear the biofilm in
P. aeruginosa than antibiotics or phages.'** Another set of studies revealed that phages followed by antibiotics inhibited
the growth of biofilms more effectively than antibiotics followed by phages alone.'**'?*> Delivery of antibiotics using
phages reduces the off-target effects and enhances the antibiotic concentrations at the site of infection.'?' Thus,
combinations of phages and antibiotics are a promising intervention to prevent AMR.

Vaccines with Phage Therapy

Vaccines decrease the disease burden and antibiotic recommendation pressure, leading to the prevention of AMR spread
and emergence.®® A vaccine that targets a specific surface protein (or virulence factor) further enhances its effectiveness.
Phages are employed to target specific bacterial strains and antibiotic resistance, which cannot be controlled with
traditional interventions.'?® Thus, the combination of phases and vaccines may offer a promising intervention in
preventing AMR. Studies also suggested that phage-based vaccines are more effective in preventing AMR.'?” Various
researchers revealed that phage-based vaccines are effective against parasitic diseases, viral diseases, bacterial diseases,
and other diseases.'?®'%°

Vaccines with Microbiome Modulators

The Microbiota of the human gut plays a crucial role in the establishment of immunity, and modulation of gut microbiota
may offer a promising role in preventing AMR.'*® Prebiotics, probiotics, and antibiotics are helpful in the establishment
of gut microbiota'*' and can decrease AMR spread and emergence. Vaccines decrease antibiotic usage by evading viral
and bacterial pathogens through eliciting immune responses.* The combination of microbiome modulators and vaccines
is a comprehensive intervention strategy that can reduce the burden of AMR and its spread.

Novel Vaccine Technology

Traditional vaccine approaches have been employed to produce vaccines against various viral and bacterial pathogens.
These vaccines become ineffective against looming pathogens with high sequence variability, complex viral pathogen-
esis, antibiotic resistance, evolving, and persistent infections.'** Continued scientific effort on the development of novel
vaccine technologies, such as virus-vector and nucleic acid vaccines, which revolutionized vaccine development by

overcoming the limitations of traditional approaches.'**

mRNA Vaccines

mRNA vaccines belong to nucleic acid vaccines, overcoming the limitations of DNA vaccines like low immunogenicity
owing to low plasmid transfection rate.'** mRNA vaccines are becoming popular due to their potency, safety, and ability to
prevent diseases that are inaccessible to other approaches. It provides long-term protein expression, strong T-cell immunity,
and does not interfere with existing immunity or raise immunity to specific pathogens.'** This approach allows the design
of a particular antigen, native-like presentation of antigen, and exposure of specific antigenic sites.'** Furthermore, multiple
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mRNAs can be delivered to the same cell, allowing the design of a single vaccine against multiple targets.'*® mRNA
vaccine development is based on a chemically defined, consistent process that shortens the period for vaccine development,
simplifies vaccine production and quality control, thus providing sufficient time for human evaluation and antigenic
improvement.'*’ It is very useful in the case of a disease outbreak because mRNA vaccines can be produced and scaled

up through well-established processes and chemicals within weeks without changing the antigen.'**

Viral Vector-Based Vaccines

The primary issue with mRNA vaccines is cell entry, which can be circumvented by using natural carriers like viruses.'*® Viral
vector-based vaccines have shown a strong immune response against pathogens by delivering genetic instructions to specific
cell compartments.'? Desired antigenic genes are inserted into the virus genome by replacing specific viral genes, and this
replacement provides (a) formation of a replication-incompetent virus to ensure safety and (b) non-significant alterations in
viral genome size.'* Multiple viruses, including cytomegalovirus (CMV), adenovirus, poxvirus, AAVs (adenovirus-
associated viruses), retroviruses, and herpesviruses, are employed in vaccine development and delivery.'** Viral-vector-
based vaccines induce the immune response in the host by activating cellular sensors like TLR9 and strong B and T cell-

mediated immunity.'>*'>

Biomaterial-Based Vaccines

The biomaterial approach is the combination of biology, material science, and engineering approaches, which is employed to
enhance the efficacy of vaccines.'*° The biomaterial approach offers the opportunity to design promising carriers and explore
the understanding of functional aspects of the immune system. Bioengineering-based platforms increased the nature and the
magnitude of eliciting an immune response.'>’ Infections caused by pathogens induce both adaptive and innate components of
the immune system.'>® However, traditional vaccines (protein-based vaccines) elicit a very low immune response while
exhibiting an excellent safety profile.'*® Incorporation of adjuvants leads to the increased activation of the innate immune
system, which is not possible with protein alone.'®® Delivery of adjuvants without antigen leads to the elicitation of a non-
specific immune response, suggesting that adjuvants act as co-stimulators.'®" Thus, co-stimulatory signals are required to
generate an innate immune response; however, biomaterials overcome this issue in various ways: (a) entrapment or
encapsulation of cargos in lipid carriers or polymer particles, (b) through self-assembly of signals into micro or nano-
complexes, virus-like particles (VLPs) or poly-electrolytes, and (c) through attaching cues to the surface of spherical surfaces
like AuNPs and polystyrene beads.'®" "' These methods of vaccine development increase the efficacy of the vaccines via (a)
the co-delivery of cues to the same cell, (b) the drainage of cues to lymph nodes, and (c) the uptake by APCs while lowering

off-target effects.'>”16%16>

Attributes of Vaccine-Induced Protection

Over the past two centuries, vaccines have provided primary protection/immunity in vaccinated individuals through the B-cell
and T-cell-dependent mechanisms, which lead to the initiation of a memory response. Vaccines are usually developed to
prevent infection. However, some vaccines, in addition to preventing the disease, also work against asymptomatic infection,
thereby diminishing the acquisition of a microorganism and establishing herd immunity.'®® Certainly, the initiation of herd
immunity is a major characteristic of vaccination programs, which safeguards many more people than those vaccinated. Some
vaccines may also initiate transformation in reactivity to future infections with different microorganisms, so-called nonspecific

effects through stimulating long-term changes in the activation state of the nonspecific immune system. '

Challenges to Vaccination Success

Probably the greatest challenge to vaccination programs is overcoming the solid headwinds against vaccine distribution
in underprivileged infrastructure and low-resource settings to address vaccine unwillingness and scale-up, respectively.
Fragmentary scientific facts about antigens display a protective effect, and the type of immune response required for

protection and further improvement for better vaccines, particularly for older adults are also exists.'®”
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Future Vaccine Development

Improved or new vaccines are required for various diseases to decrease the disease burden and mortality. Vaccines for
CMYV, respiratory syncytial virus (RSV), and group B Streptococcus hold market in developed and developing nations.
Group B Streptococcus vaccines are in phase 2 and 3 trials to induce maternal immunity and passively protect newborns
through the placenta.'®® Advanced technologies and platforms that put forward novel ways or adjuvants for antigen
delivery. Clinical research on vaccinations has shown that improved antigenicity, knowledge gaps, and challenges need to
be discussed.'® Current developments in immunology, proteomics, genomics, systems biology, and bioinformatics offer
great potential to improve knowledge of antigen responses by new or modified vaccines. Vaccination protects vulnerable
populations, children, and older adults from diseases. As per the Rights of the Child, every child must be vaccinated for
the best health.

Challenges in Vaccine Development Against Drug-Resistant Pathogens

Vaccines are a preventive approach to reduce the spread of infections and emergence of AMR by decreasing antibiotic
resistance pressure.®’ A variety of antigenicity and pathogenic factors act as obstacles to vaccine development and AMR
reduction.'* It is difficult to develop vaccines against some pathogens (C. difficile, M. tuberculosis, and S. aureus) due to
intracellular persistence of resistance, the lack of specific immune biomarkers, and the high level of antigenic variability
(Figure 3)."

Clostridium difficile

C. difficile, a bacterium that causes infections in major parts of the large intestine/colon, resulting in diarrhea and
sometimes a dreadful condition called colitis.'”® C. difficile infections primarily occur owing to the excessive use of
antibiotics, resulting in disruption of the natural gut microbiome, which allows C. difficile to overgrow.'’' High antigenic
variability leads to expression of various kinds of surface proteins and toxin components by different strains of
C. difficile, which is the primary cause that impedes the development of a universal vaccine.'”? It resides in the gut as
spores, which are extremely resistant to immune response and environmental conditions.'”® This leads to intracellular
persistence, promoting recurrent infections of C. difficile even post-antibiotic treatment. Vaccine efficacy assessment is
hindered in clinical trials because C. difficile is not protected by universal antibiotics.'”*

Mycobacterium tuberculosis

M. tuberculosis is an adaptable pathogen that causes tuberculosis in the lungs and other organs.'”> An inherent adaptive
capacity inside the host, as well as antigenic variability, complicate the recognition of conserved targets, which act as
hurdles in the development of a universal vaccine.'”® Evading immune responses by residing inside macrophages leads to
intracellular persistence of M. tuberculosis, and the unavailability of universal antibiotic protection also acts as a hurdle
for the development of a universal vaccine against M. tuberculosis."”’

Staphylococcus aureus

S. aureus is spherical-shaped, non-motile, and a facultative anaerobe; gram-negative bacteria cause sepsis, pneumonia,
osteomyelitis, and endocarditis.'”® It is a common infection occurring in hospitals and community-acquired settings.
High variability of surface proteins creates a hindrance to effective vaccine development.'” Unavailability of specific

immune biomarkers and biofilm formation hinders the development of a universal vaccine against S. aureus.'*°

Economic and Policy Barrier
Vaccines are excellent tools to decrease infections and the dissemination of antibiotic resistance. However, some
economic and policy barriers have an impact on its implementation and effectiveness.

Economic Barriers

AMR can be prevented by vaccines, but more evidence is needed to demonstrate vaccines’ specific economic value in
reducing the development of AMR, which may affect the investment decision and resource allocation. Some studies have
evaluated the economic value of PCV in fighting AMR by estimating the cost.'®""'®> However, economic evidence
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Figure 3 Diagramatic representation of the challenges faced in vaccine development.

regarding vaccines and AMR is limited, like “Antibiotic utilization” and “Longitudinal AMR data” related to vaccine-
mediated prevention of the disease. None of the studies examined the effects of serotype replacement and did not account
for fitness costs in the AMR model.'®® Limited data are available related to the AMR burden and illness costs in the
context of a particular pathogen, which acts as a barrier to evaluating the economic effect of vaccines on AMR. Some
countries are unable to afford the vaccine without the support of the government and public organizations, and this acts as
a barrier to other interventions like management programmes. Limited studies evaluated the vaccine’s cost-effectiveness
in instantly slowing AMR development.'®®> Research has explored that the PCV7 conjugated vaccine is highly cost-
effective for 53 out of 77 countries despite serotype replacement effects.'®*

Policy Barriers

Lack of transportation and knowledge act as a barrier to immunization.*>'®> Hence, an educational programme regarding
vaccine safety and effectiveness must be conducted to maximize immunization. Moreover, government organizations,
health care sectors and other global agencies must accomplish major initiatives such as incentivising the vaccine research
and development (R&D), inculcation of vaccine strategy in Global National Action Plan (NAP), Vaccine rollouts in
AMR prone low- and middle-income countries (LMICs), promote AMR vaccine innovation funds at global levels,
integrating vaccination drive into antimicrobial stewardship (AMS) programs, ascertain rational use of antibiotics and
cases of hospital-acquired infections, monitoring regulatory harmonization, strengthing global surveillance, One Health
driven vaccine strategy combating AMR effecaiously. Lack of knowledge about the impact of AMR on health, cost, and
society is also acting as a barrier. Thus, policymakers must consider the health, cost, and socio-economic impact of AMR
before licensing the vaccine. Clinical trials that examine vaccine effectiveness for AMR must be overseen by regulatory
agencies for good risk-benefit analysis and post-vaccine approval.
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Conclusion

Vaccines play a pivotal preventive role in reducing the global burden of infectious diseases by preventing infections at an early
stage, thereby significantly decreasing the need for antibiotic prescriptions. Partnerships with global consortia like the AMR
Action Fund and Global Antibiotic Research & Development Partnership (GARDP) play a crucial role in addressing key
challenges in antimicrobial and vaccine innovation, thus aligning with WHQ’s strategic objectives. In recent years, innovative
approaches in vaccine development have been introduced to create advanced vaccine candidates. Interestingly, assessment of
antigenic determinants from genomic data allows production of combined vaccines (4CMenB vaccination for meningococcus B).
However, the complicated disease development and the lack of suitable animal models for human diseases caused by drug-
resistant bacteria, such as S. aureus and C. difficile, pose a challenge to the development of effective vaccines. For immunization,
disparate tactics need to be implemented successfully to screen for any loopholes in the current antibiotic stewardship (ABS)
programs. To improve public health outcomes worldwide, it is necessary to investigate and understand the context-specific
elements that contribute to ABS programs’ efficacy. Combating AMR via combinatorial approaches such as hygiene practices,
effective sanitation, infection control/preventive measures, and inculcation of vaccines has become an urgent need in healthcare
systems. In the present scenario, vaccines are usually designed as preventive measures along with safety concerns, especially in
fragile populations. Though understanding the immune status has been established as a crucial step for successful vaccine
development. Moreover, clinical trials and vaccine efficacy must be combined with reactogenicity to raise confidence in health
programs. Vaccines are predominantly employed to raise herd immunity against site-specific infection, temporary or chronic
human immune deficiency, and an indistinct microbiome. Furthermore, investment in vaccine research and development (R&D)
is critically needed to address emerging microbial threats and expand protection against a broader spectrum of diseases.
Widespread ensuring and equitable access to vaccines at both local and global levels are equally imperative, which establishes
herd immunity and reinforces community health resilience. Thus, vaccines represent a sustainable and cost-effective strategy to
promote antimicrobial stewardship efforts and to combat AMR as part of a broader, long-term public health framework.

Future Directions

Vaccines against AMR offer the greatest impact in preventing antibiotic prescription pressure, which leads to a reduction in
antibiotic resistance and decreases the spread of resistant bacterial strains. To enhance the vaccine’s impact on AMR, global
coverage must be spread by educational programs about the effectiveness and safety of vaccines. Rapid approval for novel
vaccines against bacterial and viral pathogens for which vaccines do not exist is urgently required. Novel vaccines that are still
under development trials against S. pneumoniae, C. difficile, S. aureus, and vaccines against gram-negative bacteria with
extended coverage of serotypes, not only prevent diseases caused by these bacterial strains but also prevent the spread of
antibiotic resistance. Combined efforts must be employed to develop vaccines against drug-resistant strains (P. aeruginosa,
Group B Streptococcus, Moraxella catarhalis, Extra-intestinal E. coli, non-typable H. influenzae, and carbapenem-resistant
E. coli) that are still not prevented. Complex basic and clinical science programs require a restricted pool of experienced
researcher talent. Novel vaccines may be developed more quickly in the future due to advancements in regulatory sciences.
The WHO Bacterial Priorities Pathogen List (BPPL) recognized some pathogens (bacteria from 15 families) like Neisseria
gonorrhea, Shigella species, M. tuberculosis, S. aureus resistant to methicillin, K. pneumoniae, Non-typhoidal Salmonella,
E. coli resistant to fluoroquinolone and cephalosporins, H. pylori, P. aeruginosa, and others that need urgent attention for the
development of vaccines to prevent these life-threatening diseases and AMR.

Acknowledgment
We acknowledge the Graphic Era (Deemed to be) University for sustainable research support.

Author Contributions

Conceptualization, supervision, and project administration: D.S.; Writing-original draft preparation: S.P.; I.S.; J.S.; D.S;
LK.V.; AK.; AR.; and M.S.D.; Writing—review and editing: D.S.; L.S.; J.S.; S.P.; LK.V.; AK.; AR.; and M.S.D,;
Analysis and interpretation: S.P.; D.S.; 1.S.; J.S.; S.P.; LK.V,; AK.; AR.; and M.S.D.; Visualization: I.S.; and D.S. All
authors made a significant contribution to the work reported, whether that is in the conception, study design, execution,

Infection and Drug Resistance 2025:18 hetps: 5035



Patil et al

acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically reviewing

the article; gave final approval of the version to be published; have agreed on the journal to which the article has been

submitted; and agree to be accountable for all aspects of the work.

Funding

This study received no external funding.

Disclosure
The authors declare that they have no conflicts of interest in this work.

References

L.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gupta YK, Srinivasan S. A silent pandemic of antimicrobial resistance: challenges and strategy for preparedness in India. Annals Nat Acad Med
Sci. 2022;58(02):055-059. doi:10.1055/s-0042-1756285

. Allel K, Day L, Hamilton A, et al. Global antimicrobial-resistance drivers: an ecological country-level study at the human—animal interface.

Lancet Planet Health. 2023;7(4):e291-e303. doi:10.1016/S2542-5196(23)00026-8

. Otaigbe II, Elikwu CJ. Drivers of inappropriate antibiotic use in low-and middle-income countries. JAC-Antimicrob Resist. 2023;5(3):dlad062.

doi:10.1093/jacamr/dlad062

. Ferrari AJ, Santomauro DF, Aali A, et al. Global incidence, prevalence, years lived with disability (YLDs), disability-adjusted life-years

(DALYS), and healthy life expectancy (HALE) for 371 diseases and injuries in 204 countries and territories and 811 subnational locations,
1990-2021: a systematic analysis for the Global Burden of Disease Study 2021. Lancet. 2024;403(10440):2133-2161.

. Lewnard JA, Charani E, Gleason A, et al. Burden of bacterial antimicrobial resistance in low-income and middle-income countries avertible by

existing interventions: an evidence review and modelling analysis. Lancet. 2024;403(10442):2439-2454. doi:10.1016/S0140-6736(24)00862-6

. Roca M, Akova F, Baquero J, et al. The global threat of antimicrobial resistance: science for intervention. New Microbes New Infect.

2015;6:22-29. doi:10.1016/j.nmni.2015.02.007

. Chambial P, Thakur N, Bhukya PL, Subbaiyan A, Kumar U. Frontiers in superbug management: innovating approaches to combat antimicrobial

resistance. Arch Microbiol. 2025;207(3):60. doi:10.1007/s00203-025-04262-x

. Ahmed F, Shamim NJ, Das A, et al. Combating antimicrobial resistance: a paradigm shift from general to precision medicine. Chem Biol Lett.

2024;11(2):662. doi:10.62110/sciencein.cbl.2024.v11.662

. Micoli F, Bagnoli F, Rappuoli R, Serruto D. The role of vaccines in combatting antimicrobial resistance. Nat Rev Microbiol. 2021;19

(5):287-302. doi:10.1038/541579-020-00506-3

. Castro-Sanchez E, Bosanquet J, Courtenay M, et al. Nurses: an underused, vital asset against drug-resistant infections. Lancet. 2022;400

(10354):729. doi:10.1016/S0140-6736(22)01531-8

. Murray CJ, Ikuta KS, Sharara F, et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet. 2022;399

(10325):629-655. doi:10.1016/S0140-6736(21)02724-0

Rappuoli R, Santoni A, Mantovani A. Vaccines: an achievement of civilization, a human right, our health insurance for the future. J Exp Med.
2019;216(1):7-9. doi:10.1084/jem.20182160

Klugman KP, Black S. Impact of existing vaccines in reducing antibiotic resistance: primary and secondary effects. Proc Natl Acad Sci U S A.
2018;115:12896—-12901. doi:10.1073/pnas.1721095115

Mba IE, Sharndama HC, Anyaegbunam ZKG, et al. Vaccine development for bacterial pathogens: advances, challenges and prospects. Trop
Med Int Health. 2023;28(4):275-299. doi:10.1111/tmi.13865

Brazzoli M, Piccioli D, Marchetti F. Challenges in development of vaccines directed toward antimicrobial resistant bacterial species. Hum
Vaccines Immunother. 2023;19(2):2228669. doi:10.1080/21645515.2023.2228669

Chen W. Will the mRNA vaccine platform be the panacea for the development of vaccines against antimicrobial resistant (AMR) pathogens?
Expert Rev Vaccines. 2022;21(2):155-157. doi:10.1080/14760584.2022.2011226

Cassini A, Hogberg LD, Plachouras D, et al. Attributable deaths and disability-adjusted life-years caused by infections with antibiotic-resistant
bacteria in the EU and the European Economic Area in 2015: a population-level modelling analysis. Lancet Infect Dis. 2019;19(1):56-66.
doi:10.1016/S1473-3099(18)30605-4.

Mladenovic-Antic S, Kocic B, Velickovic-Radovanovic R, et al. Correlation between antimicrobial consumption and antimicrobial resistance of
Pseudomonas aeruginosa in a hospital setting: a 10-year study. J Clin Pharm Ther. 2016;41(5):532-537. doi:10.1111/jcpt.12432

Alghamdi S. The role of vaccines in combating antimicrobial resistance (AMR) bacteria. Saudi J Biol Sci. 2021;28(12):7505-7510.
doi:10.1016/j.sjbs.2021.08.054

Jansen KU, Anderson AS. The role of vaccines in fighting antimicrobial resistance (AMR). Hum Vaccin Immunother. 2018;14(9):2142-2149.
doi:10.1080/21645515.2018.1476814

Lepuschitz S, Schill S, Stoeger A, et al. Whole genome sequencing reveals resemblance between ESBL-producing and carbapenem-resistant
Klebsiella pneumoniae isolates from Austrian rivers and clinical isolates from hospitals. Sci Total Environ. 2019;662:227-235. doi:10.1016/j.
scitotenv.2019.01.179

Kapoor G, Saigal S, Elongavan A. Action and resistance mechanisms of antibiotics: a guide for clinicians. J Anaesthesiol Clin Pharmacol.
2017;33:300. doi:10.4103/joacp.JOACP_349_15

Costanzo V, Roviello GN. The potential role of vaccines in preventing antimicrobial resistance (AMR): an update and future perspectives.
Vaccines. 2023;11(2):333. doi:10.3390/vaccines11020333

5036

https: Infection and Drug Resistance 2025:18


https://doi.org/10.1055/s-0042-1756285
https://doi.org/10.1016/S2542-5196(23)00026-8
https://doi.org/10.1093/jacamr/dlad062
https://doi.org/10.1016/S0140-6736(24)00862-6
https://doi.org/10.1016/j.nmni.2015.02.007
https://doi.org/10.1007/s00203-025-04262-x
https://doi.org/10.62110/sciencein.cbl.2024.v11.662
https://doi.org/10.1038/s41579-020-00506-3
https://doi.org/10.1016/S0140-6736(22)01531-8
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1084/jem.20182160
https://doi.org/10.1073/pnas.1721095115
https://doi.org/10.1111/tmi.13865
https://doi.org/10.1080/21645515.2023.2228669
https://doi.org/10.1080/14760584.2022.2011226
https://doi.org/10.1016/S1473-3099(18)30605-4
https://doi.org/10.1111/jcpt.12432
https://doi.org/10.1016/j.sjbs.2021.08.054
https://doi.org/10.1080/21645515.2018.1476814
https://doi.org/10.1016/j.scitotenv.2019.01.179
https://doi.org/10.1016/j.scitotenv.2019.01.179
https://doi.org/10.4103/joacp.JOACP_349_15
https://doi.org/10.3390/vaccines11020333

Patil et al

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,
45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Zhuang H, Chen Q, Wang W, et al. The efficacy of polymyxin B in treating stroke-associated pneumonia with carbapenem-resistant
Gram-negative bacteria infections: a multicenter real-world study using propensity score matching. Front Pharmacol. 2025;16:1413563.
doi:10.3389/fphar.2025.1413563

Petousis-Harris H, Paynter J, Morgan J, et al. Effectiveness of a group B outer membrane vesicle meningococcal vaccine against gonorrhoea in
New Zealand: a retrospective case-control study. Lancet. 2017;390(10102):1603-1610. doi:10.1016/S0140-6736(17)31449-6

Clift C, Salisbury DM. Enhancing the role of vaccines in combatting antimicrobial resistance. Vaccine. 2017;35(48 Pt B):6591-6593.
doi:10.1016/j.vaccine.2017.09.053

Baker KS, Dallman TJ, Field N, et al. Horizontal antimicrobial resistance transfer drives epidemics of multiple Shigella species. Nat Commun.
2018;9:1462. doi:10.1038/541467-018-03949-8

Choi YH, Bertran M, Litt DJ, Ladhani SN, Miller E. Potential impact of replacing the 13-valent pneumococcal conjugate vaccine with 15-valent
or 20-valent pneumococcal conjugate vaccine in the 1+ 1 infant schedule in England: a modelling study. Lancet Public Health. 2024;9(9):e654—
€663. doi:10.1016/S2468-2667(24)00161-0

Kobayashi M. Use of 21-valent pneumococcal conjugate vaccine among US adults: recommendations of the Advisory Committee on
Immunization Practices—United States, 2024. MMWR Morb Mortal Wkly Rep. 2024;2024:73.

Gloeck NR, Leong TD, Mthethwa M, et al. Typhoid conjugate vaccines for preventing typhoid fever (enteric fever). Cochrane Database Syst
Rev. 2025;2025(5):CD015746.

Abara WE, Kirkcaldy RD, Bernstein KT, Galloway E, Learner ER. Effectiveness of MenB-4C vaccine against gonorrhea: a systematic review
and meta-analysis. J Infect Dis. 2025;231(1):61-70. doi:10.1093/infdis/jiae383

Gilsdorf JR. Hib vaccines: their impact on Haemophilus influenzae type b disease. J Infect Dis. 2021;224(Supp 4):S321-S330. doi:10.1093/
infdis/jiaa537

Leroux-Roels I, Maes C, Mancini F, et al. Safety and immunogenicity of a 4-component generalized modules for membrane antigens Shigella
vaccine in healthy European adults: randomized, Phase 1/2 study. J Infect Dis. 2024;230(4):971-e984. doi:10.1093/infdis/jiac273

Fierro CA, Sarnecki M, Spiessens B, et al. A randomized phase 1/2a trial of EXPEC10V vaccine in adults with a history of UTL. Npj Vaccines.
2024;9(1):106. doi:10.1038/s41541-024-00885-1

Song KR, Chapagain RH, Tamrakar D, et al. Safety and immunogenicity of the Euvichol-S oral cholera vaccine for prevention of Vibrio
cholerae Ol infection in Nepal: an observer-blind, active-controlled, randomised, non-inferiority, Phase 3 trial. Lancet Glob Health. 2024;12(5):
e826—e837.

Haine V, Oneko M, Debois M, et al. Safety of RTS, S/ASO1E malaria vaccine up to 1 year after the third dose in Ghana, Kenya, and Malawi
(EPI-MAL-003): a Phase 4 cohort event monitoring study. Lancet Glob Health. 2025;13(6):¢995-1005. doi:10.1016/S2214-109X(25)00096-8
Madhi SA, Anderson AS, Absalon J, et al. Potential for maternally administered vaccine for infant group B Streptococcus. N Engl J Med.
2023;389(3):215-227. doi:10.1056/NEJMoa2116045

Vashishtha VM, Kumar P. The durability of vaccine-induced protection: an overview. Expert Rev Vaccines. 2024;23(1):389—408. doi:10.1080/
14760584.2024.2331065

Lu LL, Suscovich TJ, Fortune SM, Alter G. Beyond binding: antibody effector functions in infectious diseases. Nat Rev Immunol. 2018;18
(1):46-61. doi:10.1038/nri.2017.106

Chen Z, Gao X, Yu D. Longevity of vaccine protection: immunological mechanism, assessment methods, and improving strategy. View. 2022;3
(1):20200103. doi:10.1002/VIW.20200103

Irvine DJ, Aung A, Silva M. Controlling timing and location in vaccines. Adv Drug Delivery Rev. 2020;158:91-115. doi:10.1016/].
addr.2020.06.019

Cyster JG, Allen CD. B cell responses: cell interaction dynamics and decisions. Cell. 2019;177(3):524-540. doi:10.1016/j.cell.2019.03.016
Elsner RA, Shlomchik MJ. Germinal center and extrafollicular B cell responses in vaccination, immunity, and autoimmunity. /mmunity. 2020;53
(6):1136-1150. doi:10.1016/j.immuni.2020.11.006

Krogsgaard M, Davis MM. How T cells’ see’antigen. Nat Immunol. 2005;6(3):239-245. do0i:10.1038/ni1173

Taniuchi I. CD4 helper and CD8 cytotoxic T cell differentiation. Ann Rev Immunol. 2018;36(1):579—-601. doi:10.1146/annurev-immunol
-042617-053411

Constant SL, Bottomly K. Induction of Thl and Th2 CD4+ T cell responses: the alternative approaches. Ann Rev Immunol. 1997;15
(1):297-322. doi:10.1146/annurev.immunol.15.1.297

Raphael I, Nalawade S, Eagar TN, Forsthuber TG. T cell subsets and their signature cytokines in autoimmune and inflammatory diseases.
Cytokine. 2015;74(1):5-17. doi:10.1016/j.cyt0.2014.09.011

Bosma DM, Busselaar J, Staal MD, et al. CD4+ T-cell help delivery to monocyte-derived dendritic cells promotes effector differentiation of
helper and cytotoxic T cells. Immunol Lett. 2025;275:107022. doi:10.1016/j.imlet.2025.107022

Crotty S. T follicular helper cell biology: a decade of discovery and diseases. Immunity. 2019;50(5):1132—1148. doi:10.1016/j.
immuni.2019.04.011

Vinuesa CG, Linterman MA, Yu D, MacLennan IC. Follicular helper T cells. Ann Rev Immunol. 2016;34(1):335-368. doi:10.1146/annurev-
immunol-041015-055605

Deng J, Wei Y, Fonseca VR, Graca L, Yu D. T follicular helper cells and T follicular regulatory cells in rheumatic diseases. Nat Rev Rheumatol.
2019;15(8):475-490. doi:10.1038/s41584-019-0254-2

Krishnaswamy JK, Alsén S, Yrlid U, Eisenbarth SC, Williams A. Determination of T follicular helper cell fate by dendritic cells. Front
Immunol. 2018;9:2169. doi:10.3389/fimmu.2018.02169

Stebegg M, Bignon A, Hill DL, et al. Rejuvenating conventional dendritic cells and T follicular helper cell formation after vaccination. Elife.
2020;9:€52473. doi:10.7554/eLife.52473

MacLennan IC, Toellner KM, Cunningham AF, et al. Extrafollicular antibody responses. Immunol Rev. 2003;194(1):8—-18. doi:10.1034/j.1600-
065X.2003.00058.x

Lee SK, Rigby RJ, Zotos D, et al. B cell priming for extrafollicular antibody responses requires Bcl-6 expression by T cells. J Exp Med.
2011;208(7):1377-1388. doi:10.1084/jem.20102065

Infection and Drug Resistance 2025:18 hetps: 5037


https://doi.org/10.3389/fphar.2025.1413563
https://doi.org/10.1016/S0140-6736(17)31449-6
https://doi.org/10.1016/j.vaccine.2017.09.053
https://doi.org/10.1038/s41467-018-03949-8
https://doi.org/10.1016/S2468-2667(24)00161-0
https://doi.org/10.1093/infdis/jiae383
https://doi.org/10.1093/infdis/jiaa537
https://doi.org/10.1093/infdis/jiaa537
https://doi.org/10.1093/infdis/jiae273
https://doi.org/10.1038/s41541-024-00885-1
https://doi.org/10.1016/S2214-109X(25)00096-8
https://doi.org/10.1056/NEJMoa2116045
https://doi.org/10.1080/14760584.2024.2331065
https://doi.org/10.1080/14760584.2024.2331065
https://doi.org/10.1038/nri.2017.106
https://doi.org/10.1002/VIW.20200103
https://doi.org/10.1016/j.addr.2020.06.019
https://doi.org/10.1016/j.addr.2020.06.019
https://doi.org/10.1016/j.cell.2019.03.016
https://doi.org/10.1016/j.immuni.2020.11.006
https://doi.org/10.1038/ni1173
https://doi.org/10.1146/annurev-immunol-042617-053411
https://doi.org/10.1146/annurev-immunol-042617-053411
https://doi.org/10.1146/annurev.immunol.15.1.297
https://doi.org/10.1016/j.cyto.2014.09.011
https://doi.org/10.1016/j.imlet.2025.107022
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1146/annurev-immunol-041015-055605
https://doi.org/10.1146/annurev-immunol-041015-055605
https://doi.org/10.1038/s41584-019-0254-2
https://doi.org/10.3389/fimmu.2018.02169
https://doi.org/10.7554/eLife.52473
https://doi.org/10.1034/j.1600-065X.2003.00058.x
https://doi.org/10.1034/j.1600-065X.2003.00058.x
https://doi.org/10.1084/jem.20102065

Patil et al

56

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

. Deenick EK, Hasbold J, Hodgkin PD. Decision criteria for resolving isotype switching conflicts by B cells. Eur j immunol. 2005;35
(10):2949-2955. doi:10.1002/¢ji.200425719

Fagarasan S, Honjo T. T-Independent immune response: new aspects of B cell biology. Science. 2000;290(5489):89-92. doi:10.1126/
science.290.5489.89

Shlomchik MJ, Luo W, Weisel F. Linking signaling and selection in the germinal center. /mmunol Rev. 2019;288(1):49-63. doi:10.1111/
imr. 12744

Lau AW, Brink R. Selection in the germinal center. Current Opinion Immunol. 2020;63:29-34. doi:10.1016/j.c0i.2019.11.001

Luo W, Weisel F, Shlomchik MJ. B cell receptor and CD40 signaling are rewired for synergistic induction of the c-Myc transcription factor in
germinal center B cells. Immunity. 2018;48(2):313-326. doi:10.1016/j.immuni.2018.01.008

Zotos D, Coquet JM, Zhang Y, et al. IL-21 regulates germinal center B cell differentiation and proliferation through a B cell-intrinsic
mechanism. J Exp Med. 2010;207(2):365-378. doi:10.1084/jem.20091777

Teng G, Papavasiliou FN. Immunoglobulin somatic hypermutation. Annu Rev Genet. 2007;41(1):107-120. doi:10.1146/annurev.
genet.41.110306.130340

Stebegg M, Kumar SD, Silva-Cayetano A, Fonseca VR, Linterman MA, Graca L. Regulation of the germinal center response. Front Immunol.
2018;9:2469. doi:10.3389/fimmu.2018.02469

Pikor NB, Méorbe U, Liitge M, et al. Remodeling of light and dark zone follicular dendritic cells governs germinal center responses. Nat
Immunol. 2020;21(6):649-659. doi:10.1038/s41590-020-0672-y

Laidlaw BJ, Cyster JG. Transcriptional regulation of memory B cell differentiation. Nat Rev Immunol. 2021;21(4):209-220. doi:10.1038/
s41577-020-00446-2

Ise W, Kurosaki T. Plasma cell differentiation during the germinal center reaction. /mmunol Rev. 2019;288(1):64-74. doi:10.1111/imr.12751
Ise W, Fujii K, Shiroguchi K, Ito A, Kometani K. T follicular helper cell-germinal center B cell interaction strength regulates entry into plasma
cell or recycling germinal center cell fate. Immunity. 2018;48(4):702—715. doi:10.1016/j.immuni.2018.03.027

Zhang Y, Tech L, George LA, et al. Plasma cell output from germinal centers is regulated by signals from Tth and stromal cells. J Exp Med.
2018;215(4):1227-1243. doi:10.1084/jem.20160832

Kréautler NJ, Suan D, Butt D, et al. Differentiation of germinal center B cells into plasma cells is initiated by high-affinity antigen and completed
by Tth cells. J Exp Med. 2017;214(5):1259-1267. doi:10.1084/jem.20161533

Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines—a new era in vaccinology. Nat Rev Drug Discov. 2018;17(4):261-279.
doi:10.1038/nrd.2017.243

Lugli E, Galletti G, Boi SK, Youngblood BA. Stem, effector, and hybrid states of memory CD8+ T cells. Trends immunol. 2020;41(1):17-28.
doi:10.1016/}.it.2019.11.004

Wherry EJ, Ahmed R. Memory CD8 T-cell differentiation during viral infection. J Virol. 2004;78(11):5535-5545. doi:10.1128/JV1.78.11.5535-
5545.2004

McElhaney JE. Influenza vaccine responses in older adults. Ageing Res Rev. 2011;10(3):379-388. doi:10.1016/j.arr.2010.10.008

Schenkel JM, Masopust D. Tissue-resident memory T cells. Immunity. 2014;41(6):886—-897. doi:10.1016/j.immuni.2014.12.007

Wu L, Xu W, Jiang H, Yang M, Cun D. Respiratory delivered vaccines: current status and perspectives in rational formulation design. Acta
Pharmaceutica Sinica B. 2024;14:5132-60.

Hasso-Agopsowicz M, Sparrow E, Cameron AM, et al. The role of vaccines in reducing antimicrobial resistance: a review of potential impact
of vaccines on AMR and insights across 16 vaccines and pathogens. Vaccine. 2024;42(19):S1-S8. doi:10.1016/j.vaccine.2024.06.017

Jansen KU, Knirsch C, Anderson AS. The role of vaccines in preventing bacterial antimicrobial resistance. Nature Med. 2018;24(1):10-19.
doi:10.1038/nm.4465

Fine PE. Herd immunity: history, theory, practice. Epidemiol Rev. 1993;15(2):265-302. doi:10.1093/oxfordjournals.epirev.a036121

Leshem E, Lopman BA. Population immunity and vaccine protection against infection. Lancet. 2021;397(10286):1685-1687. doi:10.1016/
S0140-6736(21)00870-9

Greenwood B. The contribution of vaccination to global health: past, present and future. Philos Trans R Soc B. 2014;369(1645):20130433.
doi:10.1098/rstb.2013.0433

Wahl B, KL O, Greenbaum A, et al. Burden of Strepfococcus pneumoniae and Haemophilus influenzae type b disease in children in the era of
conjugate vaccines: global, regional, and national estimates for 2000—15. Lancet Glob Health. 2018;6(7):¢744-57. doi:10.1016/S2214-109X
(18)30247-X

Klatt TE, Hopp E. Effect of a best-practice alert on the rate of influenza vaccination of pregnant women. Obstetrics Gynecol. 2012;119(2
Part 1):301-305. doi:10.1097/A0G.0b013e318242032a

Kim YK, LaFon D, Nahm MH. Indirect effects of pneumococcal conjugate vaccines in national immunization programs for children on adult
pneumococcal disease. Infection Chemother. 2016;48(4):257. doi:10.3947/ic.2016.48.4.257

Bozzola E, Bozzola M, Krzysztofiak A, Tozzi AE, El Hachem M, Villani A. Varicella skin complications in childhood: a case series and
a systematic review of the literature. Int J Mol Sci. 2016;17(5):688. doi:10.3390/ijms17050688

Brooks LR, Mias GI. Streptococcus pneumoniae’s virulence and host immunity: aging, diagnostics, and prevention. Front Immunol.
2018;9:1366. doi:10.3389/fimmu.2018.01366

Mohanty S, Done N, Liu Q, et al. Incidence of pneumococcal disease in children< 48 months old in the United States: 1998-2019. Vaccine.
2024;42(11):2758-2769. doi:10.1016/j.vaccine.2024.03.013

World Health Organization (WHO). Pneumonia, 2017. Available from: https://www.who.int/health-topics/pneumonia#tab=tab 1. Accessed
September 16, 2025.

Feldman C, Anderson R. Epidemiology, virulence factors and management of the pneumococcus. F1000Research. 2016;5:2320. doi:10.12688/
f1000research.9283.1

Tomczyk S, Lynfield R, Schaffner W, et al. Prevention of antibiotic-nonsusceptible invasive pneumococcal disease with the 13-valent
pneumococcal conjugate vaccine. Clinl Infect Dis. 2016;62(9):1119-1125. doi:10.1093/cid/ciw067

Cohen R, Cohen JF, Chalumeau M, Levy C. Impact of pneumococcal conjugate vaccines for children in high-and non-high-income countries.
Expert Rev Vaccines. 2017;16(6):625-640. doi:10.1080/14760584.2017.1320221

5038 https: Infection and Drug Resistance 2025:18


https://doi.org/10.1002/eji.200425719
https://doi.org/10.1126/science.290.5489.89
https://doi.org/10.1126/science.290.5489.89
https://doi.org/10.1111/imr.12744
https://doi.org/10.1111/imr.12744
https://doi.org/10.1016/j.coi.2019.11.001
https://doi.org/10.1016/j.immuni.2018.01.008
https://doi.org/10.1084/jem.20091777
https://doi.org/10.1146/annurev.genet.41.110306.130340
https://doi.org/10.1146/annurev.genet.41.110306.130340
https://doi.org/10.3389/fimmu.2018.02469
https://doi.org/10.1038/s41590-020-0672-y
https://doi.org/10.1038/s41577-020-00446-2
https://doi.org/10.1038/s41577-020-00446-2
https://doi.org/10.1111/imr.12751
https://doi.org/10.1016/j.immuni.2018.03.027
https://doi.org/10.1084/jem.20160832
https://doi.org/10.1084/jem.20161533
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1016/j.it.2019.11.004
https://doi.org/10.1128/JVI.78.11.5535-5545.2004
https://doi.org/10.1128/JVI.78.11.5535-5545.2004
https://doi.org/10.1016/j.arr.2010.10.008
https://doi.org/10.1016/j.immuni.2014.12.007
https://doi.org/10.1016/j.vaccine.2024.06.017
https://doi.org/10.1038/nm.4465
https://doi.org/10.1093/oxfordjournals.epirev.a036121
https://doi.org/10.1016/S0140-6736(21)00870-9
https://doi.org/10.1016/S0140-6736(21)00870-9
https://doi.org/10.1098/rstb.2013.0433
https://doi.org/10.1016/S2214-109X(18)30247-X
https://doi.org/10.1016/S2214-109X(18)30247-X
https://doi.org/10.1097/AOG.0b013e318242032a
https://doi.org/10.3947/ic.2016.48.4.257
https://doi.org/10.3390/ijms17050688
https://doi.org/10.3389/fimmu.2018.01366
https://doi.org/10.1016/j.vaccine.2024.03.013
https://www.who.int/health-topics/pneumonia#tab=tab_1
https://doi.org/10.12688/f1000research.9283.1
https://doi.org/10.12688/f1000research.9283.1
https://doi.org/10.1093/cid/ciw067
https://doi.org/10.1080/14760584.2017.1320221

Patil et al

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Moore MR, Link-Gelles R, Schaffner W, et al. Effectiveness of 13-valent pneumococcal conjugate vaccine for prevention of invasive
pneumococcal disease in children in the USA: a matched case-control study. Lancet Respir Med. 2016;4(5):399-406. doi:10.1016/S2213-
2600(16)00052-7

Knol MJ, Wagenvoort GH, Sanders EA, et al. Invasive pneumococcal disease 3 years after introduction of 10-valent pneumococcal conjugate
vaccine, the Netherlands. Emerging Infectious Dis. 2015;21(11):2040. doi:10.3201/eid2111.140780

Khattak ZE, Anjum F. Haemophilus influenzae infection. In: StatPearis. StatPearls Publishing; Apr 27, 2023

Peltola H, Red TO, Jonsdottir K, Botttger M, Coolidge JA. Life-threatening Haemophilus influenzae infections in Scandinavia: a five-country
analysis of the incidence and the main clinical and bacteriologic characteristics. Rev Infect Dis. 1990;12(4):708-715. doi:10.1093/clinids/12.4.708
Tristram S, Jacobs MR, Appelbaum PC. Antimicrobial resistance in Haemophilus influenzae. Clin Microbiol Rev. 2007;20(2):368—389.
doi:10.1128/CMR.00040-06

Hoban D, Felmingham D. The PROTEKT surveillance study: antimicrobial susceptibility of Haemophilus influenzae and Moraxella catarrhalis
from community-acquired respiratory tract infections. J Antimicrob Chemother. 2002;50(suppl_2):49-59. doi:10.1093/jac/dk{810

Peltola H, Aavitsland P, Hansen KG, Jonsdottir KE, Nekleby H, Romanus V. Perspective: a five-country analysis of the impact of four different
Haemophilus influenzae type b conjugates and vaccination strategies in Scandinavia. J Infect Dis. 1999;179(1):223-229. doi:10.1086/314535
Adam HJ, Richardson SE, Jamieson FB, Rawte P, Low DE, Fisman DN. Changing epidemiology of invasive Haemophilus influenzae in Ontario,
Canada: evidence for herd effects and strain replacement due to Hib vaccination. Vaccine. 2010;28(24):4073—4078. doi:10.1016/j.vaccine.2010.03.075
Public Health Agency of Canada. Vaccine preventable disease: surveillance report to December 31, 2015 (Public Health Agency of Canada,
Ottawa, 2017).

Hargreaves RM, Slack MP, Howard AJ, Anderson E, Ramsay ME. Changing patterns of invasive Haemophilus influenzae disease in England
and Wales after introduction of the Hib vaccination programme. BMJ. 1996;312(7024):160-161. doi:10.1136/bmj.312.7024.160

Heilmann KP, Rice CL, Miller AL, et al. Decreasing prevalence of B-lactamase production among respiratory tract isolates of Haemophilus
influenzae in the United States. Antimicrob Agents Chemother. 2005;49(6):2561-2564. doi:10.1128/AAC.49.6.2561-2564.2005

Lin W, Shen C, Li M, et al. Programmable macrophage vesicle based bionic self-adjuvanting vaccine for immunization against monkeypox
virus. Adv Sci. 2025;12(1):2408608. doi:10.1002/advs.202408608

Fleming-Dutra KE, Hersh AL, Shapiro DJ, et al. Prevalence of inappropriate antibiotic prescriptions among US ambulatory care visits,
2010-2011. JAMA. 2016;315(17):1864—1873. doi:10.1001/jama.2016.4151

Sharma D. Repurposing of the childhood vaccines: could we train the immune system against the SARS-CoV-2. Expert Rev Vaccines. 2021;20
(9):1051-1057. doi:10.1080/14760584.2021.1960161

Dagan R. Impact of pneumococcal conjugate vaccine on infections caused by antibiotic-resistant Streptococcus pneumoniae. Clin Microbiol
Infect. 2009;15:16-20. doi:10.1111/1.1469-0691.2009.02726.x

Johnson CN, Wilde S, Tuomanen E, Rosch JW. Convergent impact of vaccination and antibiotic pressures on pneumococcal populations. Cell
Chem Biol. 2024;31(2):195-206. (). doi:10.1016/j.chembiol.2023.11.003

Peek LJ, Middaugh CR, Berkland C. Nanotechnology in vaccine delivery. Adv Drug Deliv Rev. 2008;60(8):915-928. doi:10.1016/j.
addr.2007.05.017

Andersen KG, Rambaut A, Lipkin WI, et al. The proximal origin of SARS-CoV-2. Nat Med. 2020;26(4):450—452. doi:10.1038/s41591-020-
0820-9

Zhang YZ, Holmes EC. A genomic perspective on the origin and emergence of SARS-CoV-2. Cell. 2020;181:223-227. doi:10.1016/j.
cell.2020.03.035

Abubakar AR, Sani IH, Godman B, et al. Systematic review on the therapeutic options for COVID-19: clinical evidence of drug efficacy and
implications. Infect Drug Resist. 2020;13:4673. doi:10.2147/IDR.S289037

Ahmed SF, Quadeer AA, McKay MR. Preliminary identification of potential vaccine targets for the COVID-19 coronavirus (SARS-CoV-2)
based on SARS-CoV immunological studies. Viruses. 2020;12:254. doi:10.3390/v12030254

Plotkin SA. Updates on immunologic correlates of vaccine-induced protection. Vaccine. 2020;38:2250-2257. doi:10.1016/j.
vaccine.2019.10.046

Osman AH, Kotey FC, Odoom A, et al. The potential of bacteriophage-antibiotic combination therapy in treating infections with
multidrug-resistant bacteria. Antibiotics. 2023;12(8):1329. doi:10.3390/antibiotics 12081329

La Guidara C, Adamo R, Sala C, Micoli F. Vaccines and monoclonal antibodies as alternative strategies to antibiotics to fight antimicrobial
resistance. Int J Mol Sci. 2024;25(10):5487. doi:10.3390/ijms25105487

Foltz IN, Karow M, Wasserman SM. Evolution and emergence of therapeutic monoclonal antibodies: what cardiologists need to know.
Circulation. 2013;127(22):2222-2230. doi:10.1161/CIRCULATIONAHA.113.002033

Sharma D, Singh I, Sharma J, Verma IK, Ratn A. Bacteriophage Therapy to Combat Microbial Infections and Antimicrobial Resistance. J Basic
Microbiol. 2025;¢70090. doi:10.1002/jobm.70090

Hatfull GF, Dedrick RM, Schooley RT. Phage therapy for antibiotic-resistant bacterial infections. Annual Rev Med. 2022;73(1):197-211.
doi:10.1146/annurev-med-080219-122208

Jeon G, Ahn J. Assessment of phage-mediated inhibition of Salmonella Typhimurium treated with sublethal concentrations of ceftriaxone and
ciprofloxacin. FEMS Microbiol Lett. 2020;367(19):fnaal59. doi:10.1093/femsle/fnaal 59

Luong T, Salabarria AC, Roach DR. Phage therapy in the resistance era: where do we stand and where are we going? Clin Ther. 2020;42
(9):1659-1680. doi:10.1016/j.clinthera.2020.07.014

Luscher A, Simonin J, Falconnet L, et al. Combined bacteriophage and antibiotic treatment prevents Pseudomonas aeruginosa infection of wild
type and cftr-epithelial cells. Front Microbiol. 2020;11:1947. doi:10.3389/fmicb.2020.01947

Chegini Z, Khoshbayan A, Taati Moghadam M, Farahani I, Jazireian P, Shariati A. Bacteriophage therapy against Pseudomonas aeruginosa
biofilms: a review. Ann Clinic Microbiol Antimicrob. 2020;19:1-7. doi:10.1186/s12941-020-00389-5

Torres-Barceldo C, Hochberg ME. Evolutionary rationale for phages as complements of antibiotics. Trends Microbiol. 2016;24(4):249-256.
doi:10.1016/j.tim.2015.12.011

Akturk E, Oliveira H, Santos SB, et al. Synergistic action of phage and antibiotics: parameters to enhance the killing efficacy against mono and
dual-species biofilms. Antibiotics. 2019;8(3):103. doi:10.3390/antibiotics8030103

Infection and Drug Resistance 2025:18 hetps: 5039


https://doi.org/10.1016/S2213-2600(16)00052-7
https://doi.org/10.1016/S2213-2600(16)00052-7
https://doi.org/10.3201/eid2111.140780
https://doi.org/10.1093/clinids/12.4.708
https://doi.org/10.1128/CMR.00040-06
https://doi.org/10.1093/jac/dkf810
https://doi.org/10.1086/314535
https://doi.org/10.1016/j.vaccine.2010.03.075
https://doi.org/10.1136/bmj.312.7024.160
https://doi.org/10.1128/AAC.49.6.2561-2564.2005
https://doi.org/10.1002/advs.202408608
https://doi.org/10.1001/jama.2016.4151
https://doi.org/10.1080/14760584.2021.1960161
https://doi.org/10.1111/j.1469-0691.2009.02726.x
https://doi.org/10.1016/j.chembiol.2023.11.003
https://doi.org/10.1016/j.addr.2007.05.017
https://doi.org/10.1016/j.addr.2007.05.017
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1016/j.cell.2020.03.035
https://doi.org/10.1016/j.cell.2020.03.035
https://doi.org/10.2147/IDR.S289037
https://doi.org/10.3390/v12030254
https://doi.org/10.1016/j.vaccine.2019.10.046
https://doi.org/10.1016/j.vaccine.2019.10.046
https://doi.org/10.3390/antibiotics12081329
https://doi.org/10.3390/ijms25105487
https://doi.org/10.1161/CIRCULATIONAHA.113.002033
https://doi.org/10.1002/jobm.70090
https://doi.org/10.1146/annurev-med-080219-122208
https://doi.org/10.1093/femsle/fnaa159
https://doi.org/10.1016/j.clinthera.2020.07.014
https://doi.org/10.3389/fmicb.2020.01947
https://doi.org/10.1186/s12941-020-00389-5
https://doi.org/10.1016/j.tim.2015.12.011
https://doi.org/10.3390/antibiotics8030103

Patil et al

124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

149.
150.
151.
152.
153.

154.

155.
156.

157.

158.

Chaudhry WN, Concepcion-Acevedo J, Park T, Andleeb S, Bull JJ, Levin BR. Synergy and order effects of antibiotics and phages in killing
Pseudomonas aeruginosa biofilms. PLoS One. 2017;12(1):e0168615. doi:10.1371/journal.pone.0168615

Torres-Barceld C, Arias-Sanchez FI, Vasse M, Ramsayer J, Kaltz O, Hochberg ME. A window of opportunity to control the bacterial pathogen
Pseudomonas aeruginosa combining antibiotics and phages. PLoS One. 2014;9(9):¢106628. doi:10.1371/journal.pone.0106628

Kortright KE, Chan BK, Koff JL, Turner PE. Phage therapy: a renewed approach to combat antibiotic-resistant bacteria. Cell Host Microbe.
2019;25(2):219-232. doi:10.1016/j.chom.2019.01.014

Hasani SM, Ghafouri E, Kouhpayeh S, et al. Phage based vaccine: a novel strategy in prevention and treatment. Heliyon. 2023;9(9):1.

Jafari N, Abediankenari S. Phage particles as vaccine delivery vehicles: concepts, applications and prospects. Asian Pac J Cancer Prev. 2016;16
(18):8019-8029. doi:10.7314/APJCP.2015.16.18.8019

Rao KV, He YX, Kalyanasundaram R. Expression of a 28-kilodalton glutathione S-transferase antigen of Schistosoma mansoni on the surface
of filamentous phages and evaluation of its vaccine potential. Clin Vaccin Immunol. 2003;10(4):536-541. doi:10.1128/CDLI.10.4.536-541.2003
Gomes-Neto JF, Sartorius R, Canto FB, et al. Vaccination with recombinant filamentous fd phages against parasite infection requires TLR9
expression. Front Immunol. 2018;9:1173. doi:10.3389/fimmu.2018.01173

Gamage LN, Ellis J, Hayes S. Immunogenicity of bacteriophage lambda particles displaying porcine Circovirus 2 (PCV2) capsid protein
epitopes. Vaccine. 2009;27(47):6595-6604. doi:10.1016/j.vaccine.2009.08.019

Hashemi H, Bamdad T, Jamali A, Pouyanfard S, Mohammadi MG. Evaluation of humoral and cellular immune responses against HSV-1 using
genetic immunization by filamentous phage particles: a comparative approach to conventional DNA vaccine. J Virol Meth. 2010;163
(2):440-444. doi:10.1016/j.jviromet.2009.11.008

Bastien N, Trudel M, Simard C. Protective immune responses induced by the immunization of mice with a recombinant bacteriophage
displaying an epitope of the human respiratory syncytial virus. Virology. 1997;234(1):118-122. doi:10.1006/viro.1997.8632

Tao P, Mahalingam M, Zhu J, et al. A bacteriophage T4 nanoparticle-based dual vaccine against anthrax and plague. MBio. 2018;9(5):10-128.
doi:10.1128/mBi0.01926-18

Chen F, Jiang R, Wang Y, et al. Recombinant phage elicits protective immune response against systemic S. globosa infection in mouse model.
Sci Rep. 2017;7(1):42024. doi:10.1038/srep42024

Shadidi M, Serensen D, Dybwad A, Furset G, Sioud M. Mucosal vaccination with phage-displayed tumour antigens identified through
proteomics-based strategy inhibits the growth and metastasis of 4T1 breast adenocarcinoma. Int J Oncol. 2008;32(1):241-247.

Razazan A, Nicastro J, Slavcev R, et al. Lambda bacteriophage nanoparticles displaying GP2, a HER2/neu derived peptide, induce prophylactic
and therapeutic activities against TUBO tumor model in mice. Sci Rep. 2019;9(1):2221. doi:10.1038/s41598-018-38371-z

Maphis NM, Peabody J, Crossey E, et al. QB Virus-like particle-based vaccine induces robust immunity and protects against tauopathy. Npj
Vaccines. 2019;4(1):26. doi:10.1038/s41541-019-0118-4

Ortega-Rivera OA, Pokorski JK, Steinmetz NF. A single-dose, implant-based, trivalent virus-like particle vaccine against “cholesterol
checkpoint” proteins. Adv Ther. 2021;4(8):2100014. doi:10.1002/adtp.202100014

Relman DA, Lipsitch M. Microbiome as a tool and a target in the effort to address antimicrobial resistance. Proc Natl Acad Sci. 2018;115
(51):12902-12910. doi:10.1073/pnas.1717163115

Li C, Niu Z, Zou M, et al. Probiotics, prebiotics, and synbiotics regulate the intestinal microbiota differentially and restore the relative
abundance of specific gut microorganisms. J Dairy Sci. 2020;103(7):5816-5829. doi:10.3168/jds.2019-18003

Gebre MS, Brito LA, Tostanoski LH, Edwards DK, Carfi A, Barouch DH. Novel approaches for vaccine development. Cell. 2021;184
(6):1589-1603. doi:10.1016/j.cell.2021.02.030

Leong KY, Tham SK, Poh CL. Revolutionizing immunization: a comprehensive review of mRNA vaccine technology and applications. Virol J.
2025;22(1):71. doi:10.1186/s12985-025-02645-6

Gote V, Bolla PK, Kommineni N, et al. A comprehensive review of mRNA vaccines. Int J Mol Sci. 2023;24(3):2700. doi:10.3390/
ijms24032700

Espeseth AS, Cejas PJ, Citron MP, et al. Modified mRNA/lipid nanoparticle-based vaccines expressing respiratory syncytial virus F protein
variants are immunogenic and protective in rodent models of RSV infection. Npj Vaccines. 2020;5(1):16. doi:10.1038/s41541-020-0163-z
John S, Yuzhakov O, Woods A, et al. Multi-antigenic human cytomegalovirus mRNA vaccines that elicit potent humoral and cell-mediated
immunity. Vaccine. 2018;36(12):1689-1699. doi:10.1016/j.vaccine.2018.01.029

Schlake T, Thess A, Fotin-Mleczek M, Kallen KJ. Developing mRNA-vaccine technologies. RNA Biol. 2012;9(11):1319-1330. doi:10.4161/ma.22269
Zeng C, Zhang C, Walker PG, Dong Y. Formulation and delivery technologies for mRNA vaccines. In: InmRNA Vaccines. Cham: Springer
International Publishing; 2020:71-110.

Lee CS, Bishop ES, Zhang R, et al. Adenovirus-mediated gene delivery: potential applications for gene and cell-based therapies in the new era
of personalized medicine. Genes Dis. 2017;4(2):43—63. doi:10.1016/j.gendis.2017.04.001

Barouch DH, Picker LJ. Novel vaccine vectors for HIV-1. Nat Rev Microbiol. 2014;12(11):765-771. doi:10.1038/nrmicro3360

Ertl HC. Viral vectors as vaccine carriers. Curr Opin Virol. 2016;21:1-8. doi:10.1016/j.coviro.2016.06.001

El Andari J, Grimm D. Production, processing, and characterization of synthetic AAV gene therapy vectors. Biotechnol J. 2021;16(1):2000025.
doi:10.1002/biot.202000025

Conrad SJ, Liu J. Poxviruses as gene therapy vectors: generating poxviral vectors expressing therapeutic transgenes. Viral Vectors Gene Ther.
2019;2019:189-209.

Artusi S, Miyagawa Y, Goins WF, Cohen JB, Glorioso JC. Herpes simplex virus vectors for gene transfer to the central nervous system.
Diseases. 2018;6(3):74. doi:10.3390/diseases6030074

Apolonia L. The old and the new: prospects for non-integrating lentiviral vector technology. Viruses. 2020;12(10):1103. doi:10.3390/v12101103
Yenkoidiok-Douti L, Jewell CM. Integrating biomaterials and immunology to improve vaccines against infectious diseases. ACS Biomater Sci
Eng. 2020;6(2):759-778. doi:10.1021/acsbiomaterials.9b01255

Bookstaver ML, Tsai SJ, Bromberg JS, Jewell CM. Improving vaccine and immunotherapy design using biomaterials. Trends immunol. 2018;39
(2):135-150. doi:10.1016/;.t.2017.10.002

Netea MG, Schlitzer A, Placek K, Joosten LA, Schultze JL. Innate and adaptive immune memory: an evolutionary continuum in the host’s
response to pathogens. Cell Host Microbe. 2019;25(1):13-26. doi:10.1016/j.chom.2018.12.006

5040

https: Infection and Drug Resistance 2025:18


https://doi.org/10.1371/journal.pone.0168615
https://doi.org/10.1371/journal.pone.0106628
https://doi.org/10.1016/j.chom.2019.01.014
https://doi.org/10.7314/APJCP.2015.16.18.8019
https://doi.org/10.1128/CDLI.10.4.536-541.2003
https://doi.org/10.3389/fimmu.2018.01173
https://doi.org/10.1016/j.vaccine.2009.08.019
https://doi.org/10.1016/j.jviromet.2009.11.008
https://doi.org/10.1006/viro.1997.8632
https://doi.org/10.1128/mBio.01926-18
https://doi.org/10.1038/srep42024
https://doi.org/10.1038/s41598-018-38371-z
https://doi.org/10.1038/s41541-019-0118-4
https://doi.org/10.1002/adtp.202100014
https://doi.org/10.1073/pnas.1717163115
https://doi.org/10.3168/jds.2019-18003
https://doi.org/10.1016/j.cell.2021.02.030
https://doi.org/10.1186/s12985-025-02645-6
https://doi.org/10.3390/ijms24032700
https://doi.org/10.3390/ijms24032700
https://doi.org/10.1038/s41541-020-0163-z
https://doi.org/10.1016/j.vaccine.2018.01.029
https://doi.org/10.4161/rna.22269
https://doi.org/10.1016/j.gendis.2017.04.001
https://doi.org/10.1038/nrmicro3360
https://doi.org/10.1016/j.coviro.2016.06.001
https://doi.org/10.1002/biot.202000025
https://doi.org/10.3390/diseases6030074
https://doi.org/10.3390/v12101103
https://doi.org/10.1021/acsbiomaterials.9b01255
https://doi.org/10.1016/j.it.2017.10.002
https://doi.org/10.1016/j.chom.2018.12.006

Patil et al

159.

160.
161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.
181.

182.

183.

184.

185.

Kuai R, Sun X, Yuan W, et al. Dual TLR agonist nanodiscs as a strong adjuvant system for vaccines and immunotherapy. J Control Release.
2018;282:131-139. doi:10.1016/j.jconrel.2018.04.041

Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune responses. Nat Immunol. 2004;5(10):987-995. doi:10.1038/nil112
Ilyinskii PO, Roy CJ, O’Neil CP, et al. Adjuvant-carrying synthetic vaccine particles augment the immune response to encapsulated antigen and exhibit
strong local immune activation without inducing systemic cytokine release. Vaccine. 2014;32(24):2882-2895. doi:10.1016/j.vaccine.2014.02.027
Thompson EA, Ols S, Miura K, et al. TLR-adjuvanted nanoparticle vaccines differentially influence the quality and longevity of responses to
malaria antigen Pfs25. JCI Insight. 2018;3(10):¢120692. doi:10.1172/jci.insight.120692

Tao W, Gill HS. M2e-immobilized gold nanoparticles as influenza A vaccine: role of soluble M2e and longevity of protection. Vaccine. 2015;33
(20):2307-2315. doi:10.1016/j.vaccine.2015.03.063

Bo Y, Wang H. Materials-based vaccines for infectious diseases. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2022;14(5):e1824.
doi:10.1002/wnan. 1824

Kasturi SP, Skountzou I, Albrecht RA, et al. Programming the magnitude and persistence of antibody responses with innate immunity. Nature.
2011;470(7335):543-547. doi:10.1038/nature09737

Andrasik M, Broder G, Oseso L, et al. Stigma, implicit bias, and long-lasting prevention interventions to end the domestic HIV/AIDS epidemic.
Am J Public Health. 2020;110(1):67-68. doi:10.2105/AJPH.2019.305454

Brunetti JE, Kitsera M, Munoz-Fontela C, Rodriguez E. Use of Hu-PBL mice to study pathogenesis of human-restricted viruses. Viruses.
2023;15(1):228. doi:10.3390/v15010228

World Health Organization. Child mortality and causes of death. 2020. Available from: https://www.who.int/gho/child health/mortality/
mortality under five text/en/. Accessed September 16, 2025.

Li H, Wu Q, Gao E, et al. HIV/AIDS-related knowledge and attitudes toward people living with HIV among college students in Xuzhou,
Jiangsu Province, China: a cross-sectional survey. Front Public Health. 2024;12:1398980. doi:10.3389/fpubh.2024.1398980

Kutty PK, Kutty PK. Clostridioides difficile Infection (Japanese Version). Ann Internal Med. 2018;169(7):JITC49-64. doi:10.7326/
IsTranslatedFrom_AITC201810020 Japanese

Kachrimanidou M, Tsintarakis E. Insights into the role of human gut microbiota in Clostridioides difficile infection. Microorganisms. 2020;8
(2):200. doi:10.3390/microorganisms8020200

Péchiné S, Janoir C, Collignon A. Variability of Clostridium difficile surface proteins and specific serum antibody response in patients with
Clostridium difficile-associated disease. J Clin Microbiol. 2005;43(10):5018-5025. doi:10.1128/JCM.43.10.5018-5025.2005

Edwards AN, Karim ST, Pascual RA, Jowhar LM, Anderson SE, McBride SM. Chemical and stress resistances of Clostridium difficile spores
and vegetative cells. Front Microbiol. 2016;7:1698. doi:10.3389/fmicb.2016.01698

Monaghan TM, Seekatz AM, Mullish BH, et al. Clostridioides difficile: innovations in target discovery and potential for therapeutic success.
Expert Opinion Therapeutic Targets. 2021;25(11):949-963. doi:10.1080/14728222.2021.2008907

Chai Q, Zhang Y, Liu CH. Mycobacterium tuberculosis: an adaptable pathogen associated with multiple human diseases. Front Cell Infect
Microbiol. 2018;8:158. doi:10.3389/fcimb.2018.00158

Ernst JD. Antigenic Variation and Immune Escape in the MTBC. Springer International Publishing; 2017.

Li F, Dang W, Du Y, et al. Tuberculosis vaccines and T cell immune memory. Vaccines. 2024;12(5):483. doi:10.3390/vaccines12050483
Pollitt EJ, Szkuta PT, Burns N, Foster SJ. Staphylococcus aureus infection dynamics. PLoS Pathogens. 2018;14(6):¢1007112. doi:10.1371/
journal.ppat.1007112

Touaitia R, Mairi A, Ibrahim NA, Basher NS, Idres T, Touati A. Staphylococcus aureus: a review of the pathogenesis and virulence
mechanisms. Antibiotics. 2025;14(5):470. doi:10.3390/antibiotics14050470

Proctor RA. Challenges for a universal Staphylococcus aureus vaccine. Clinl Infect Dis. 2012;54(8):1179-1186. doi:10.1093/cid/cis033

Lu E, Chen HH, Zhao H, Ozawa S. Health and economic impact of the pneumococcal conjugate vaccine in hindering antimicrobial resistance in
China. Proc Natl Acad Sci. 2021;118(13):¢2004933118. doi:10.1073/pnas.2004933118

Ozawa S, Chen HH, Rao GG, Eguale T, Stringer A. Value of pneumococcal vaccination in controlling the development of antimicrobial
resistance (AMR): case study using DREAMR in Ethiopia. Vaccine. 2021;39(45):6700-6711. doi:10.1016/j.vaccine.2021.04.024

Yemeke T, Chen HH, Ozawa S. Economic and cost-effectiveness aspects of vaccines in combating antibiotic resistance. Hum Vaccines
Immunother. 2023;19(1):2215149. doi:10.1080/21645515.2023.2215149

Nakamura MM, Tasslimi A, Lieu TA, et al. Cost effectiveness of child pneumococcal conjugate vaccination in middle-income countries.
Int Health. 2011;3(4):270-281. doi:10.1016/j.inhe.2011.08.004

Williams CT, Zaidi ST, Saini B, Castelino R. The role of adult vaccines as part of antimicrobial stewardship: a scoping review. Antibiotics.
2023;12(9):1429. doi:10.3390/antibiotics12091429

Infection and Drug Resistance Dovepress

Taylor & Francis Group

Publish your work in this journal

Infection and Drug Resistance is an international, peer-reviewed open-access journal that focuses on the optimal treatment of infection (bacterial,
fungal and viral) and the development and institution of preventive strategies to minimize the development and spread of resistance. The journal is
specifically concerned with the epidemiology of antibiotic resistance and the mechanisms of resistance development and diffusion in both hospitals and
the community. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use.
Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/infection-and-drug-resistance-journal

Infection and Drug Resistance 2025:18 E X in & 5041


https://doi.org/10.1016/j.jconrel.2018.04.041
https://doi.org/10.1038/ni1112
https://doi.org/10.1016/j.vaccine.2014.02.027
https://doi.org/10.1172/jci.insight.120692
https://doi.org/10.1016/j.vaccine.2015.03.063
https://doi.org/10.1002/wnan.1824
https://doi.org/10.1038/nature09737
https://doi.org/10.2105/AJPH.2019.305454
https://doi.org/10.3390/v15010228
https://www.who.int/gho/child_health/mortality/mortality_under_five_text/en/
https://www.who.int/gho/child_health/mortality/mortality_under_five_text/en/
https://doi.org/10.3389/fpubh.2024.1398980
https://doi.org/10.7326/IsTranslatedFrom_AITC201810020_Japanese
https://doi.org/10.7326/IsTranslatedFrom_AITC201810020_Japanese
https://doi.org/10.3390/microorganisms8020200
https://doi.org/10.1128/JCM.43.10.5018-5025.2005
https://doi.org/10.3389/fmicb.2016.01698
https://doi.org/10.1080/14728222.2021.2008907
https://doi.org/10.3389/fcimb.2018.00158
https://doi.org/10.3390/vaccines12050483
https://doi.org/10.1371/journal.ppat.1007112
https://doi.org/10.1371/journal.ppat.1007112
https://doi.org/10.3390/antibiotics14050470
https://doi.org/10.1093/cid/cis033
https://doi.org/10.1073/pnas.2004933118
https://doi.org/10.1016/j.vaccine.2021.04.024
https://doi.org/10.1080/21645515.2023.2215149
https://doi.org/10.1016/j.inhe.2011.08.004
https://doi.org/10.3390/antibiotics12091429
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Understanding the Role of Vaccines in Combating AMR
	Antimicrobial Resistance (AMR) and Related Issues
	Vaccine: AValuable Weapon to Decrease AMR

	Molecular Mechanisms of Vaccines
	Epidemiological Level of Vaccine Mechanisms
	Current Vaccine Strategies: Preventions and Limitations
	Combinatorial Strategies Combating AMR
	Vaccines with Monoclonal Antibodies (MAb)
	Antibiotics with Phages
	Vaccines with Phage Therapy
	Vaccines with Microbiome Modulators

	Novel Vaccine Technology
	mRNA Vaccines
	Viral Vector-Based Vaccines
	Biomaterial-Based Vaccines


	Attributes of Vaccine-Induced Protection
	Challenges to Vaccination Success
	Future Vaccine Development
	Challenges in Vaccine Development Against Drug-Resistant Pathogens
	Clostridium difficile
	Mycobacterium tuberculosis
	Staphylococcus aureus

	Economic and Policy Barrier
	Economic Barriers
	Policy Barriers


	Conclusion
	Future Directions
	Acknowledgment
	Author Contributions
	Funding
	Disclosure

