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1 | INTRODUCTION

1,2

Abstract

Salmonella Typhi, the invasive serovar of S.enterica subspecies enterica, causes ty-
phoid fever in healthy human hosts. The emergence of antibiotic-resistant strains has
consistently challenged the successful treatment of typhoid fever with conventional
antibiotics. Antimicrobial resistance (AMR) in Salmonella is acquired either by muta-
tions in the genomic DNA or by acquiring extrachromosomal DNA via horizontal gene
transfer. In addition, Salmonella can form a subpopulation of antibiotic persistent (AP)
cells that can survive at high concentrations of antibiotics. These have reduced the
effectiveness of the first and second lines of antibiotics used to treat Salmonella in-
fection. The recurrent and chronic carriage of S. Typhi in human hosts further com-
plicates the treatment process, as a remarkable shift in the immune response from
pro-inflammatory Th1 to anti-inflammatory Th2 is observed. Recent studies have also
highlighted the overlap between AP, persistent infection (Pl) and AMR. These inci-
dents have revealed several areas of research. In this review, we have put forward a
timeline for the evolution of antibiotic resistance in Salmonella and discussed the dif-
ferent mechanisms of the same availed by the pathogen at the genotypic and pheno-
typic levels. Further, we have presented a detailed discussion on Salmonella antibiotic
persistence (AP), Pl, the host and bacterial virulence factors that can influence PI, and
how both AP and PI can lead to AMR.
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fever, with an estimated mean all-age global case mortality of 0.95%,

Salmonella enterica subspecies enterica serovar Typhi, the Gram-
negative bacterium that causes typhoid fever in humans enters
the bodies of healthy human hosts through contaminated food
and water. Systemic dissemination of S. Typhi in humans results in
high fever, nausea, abdominal pain and abnormal bowel movements
(Masuet-Aumatell & Atouguia, 2021). Studies from 2017 have shown
that S. Typhi is the causative agent of 76.3% of the cases of enteric

primarily affecting children and older adults, especially in the low-
income countries (Buckle et al., 2012; Crump et al., 2004; Disease
et al., 2017; Stanaway et al., 2019).

Over the last century, various treatment strategies have been
developed to control Salmonella infections. These includes the use
of multiple classes of antibiotics targeting cell wall synthesis to
protein synthesis to clear Salmonella from the host body. However,

various strains of Salmonella resistant to antibiotics have emerged
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in different parts of the world, thereby challenging their efficacy
(Masuet-Aumatell & Atouguia, 2021). In addition, Salmonella can
form a subpopulation of antibiotic-tolerant and antibiotic persistent
(AP) populations during antibiotic treatment, which can hamper the
complete clearance by antimicrobial agents (Balaban et al., 2004).
Another threat posed by S. Typhi is its ability to subvert the body's
immune response and cause persistent infection (Pl), whereby they
sustain themselves inside the host's body asymptomatically de-
spite eliciting an adaptive immune response. It has been reported
that long-term PI can alter the antimicrobial resistance (AMR) re-
sponses of Salmonella (Marzel et al., 2016; Sabol et al., 2021). All
these factors have highlighted the urgent need for regulated and
judicial administration of antibiotics and the development of newer
therapeutic strategies. In this review article, we have revisited the
history of antibiotic resistance in S.Typhi, the different molecular
mechanisms behind antibiotic resistance and multidrug resistance,
common attributes in Salmonella pathogenesis and AMR, AP, PI, the
alteration in host immune response during PI, and how both AP and

Pl can lead to the emergence of AMR.

2 | HISTORY OF ANTIMICROBIAL
RESISTANCE IN SALMONELLA TYPHI

Typhoid fever in humans and its associated complications can be
treated by administering a wide range of antibiotics such as peni-
cillins (ampicillin and amoxicillin), cephalosporins (ceftriaxone and
cefuroxime), aminoglycosides (streptomycin and gentamycin),
macrolides (erythromycin) and fluoroquinolones (ciprofloxacin,
ofloxacin, pefloxacin) (Britto et al., 2018; Dyson et al., 2019; Murti
et al., 1962; Nair et al., 2018). Chloramphenicol was the first an-
tibiotic used successfully to treat typhoid fever in 1948 (Butler
et al., 1977; Masuet-Aumatell & Atouguia, 2021). It also led to un-
controlled and indiscriminate use of this antibiotic, leading to the
development of AMR. The first chloramphenicol-resistant strain of
Salmonella Typhi was isolated within 2 years in England (1950) (Akram
et al., 2020; Anderson & Smith, 1972; Colquhoun & Weetch, 1950).
The emergence of plasmid-mediated resistance to chloramphenicol
in S. Typhi and its rapid spread throughout the world (Mexico, India,
Vietnam and Korea) in the early and mid-1970s further increased
the need for new antibiotics with greater in vivo efficacy. The use
of ampicillin and trimethoprim-sulfamethoxazole (co-trimoxazole)
in 1964 has shown limited success in treating typhoid/enteric fever
(Akram et al., 2020; Brodie et al., 1970; Pettersson et al., 1964;
Whitby, 1964). In combination, chloramphenicol, ampicillin and co-
trimoxazole are considered the first-line antibiotics against typhoid
fever. The multidrug-resistant (MDR) strain of Salmonella Typhi, re-
sistant to all three first-line antibiotics, was isolated in the 1970s
and spread rapidly worldwide. The alarming epidemic outbreak of
MDR-S. Typhi in Mexico, with nearly 10,000 reported cases and
other sporadic outbreaks worldwide in the following two decades
made the discovery of novel anti-Salmonella drugs even more urgent
(Akram et al., 2020; Dyson et al., 2019; Feasey et al., 2015; Kumar

et al., 2001; Olarte & Galindo, 1973; Wain et al., 1999). In the next
few years, clinicians began prescribing fluoroquinolones (ciprofloxa-
cin, ofloxacin, lomefloxacin and pefloxacin) as potential means of
controlling typhoid fever (Eykyn & Williams, 1987; Hafiz et al., 1998;
Tanphaichitra et al., 1986). Fluoroquinolones inhibit bacterial DNA
gyrase, an enzyme responsible for maintaining the supercoiled state
of bacterial genomic DNA (division, coiling and supercoiling) dur-
ing replication (Cheng et al., 2020; Yu et al., 2020). The emergence
of MDR-Salmonella Typhi, which is also resistant to fluoroquinolo-
nes, was first reported in England in 1992 (Threlfall, 2000; Threlfall
et al., 1997). In subsequent years, massive outbreaks of quinolone-
resistant MDR S. Typhi were reported in several Southern Asia
countries, including India and Pakistan. From 2001 to 2006, the mul-
tidrug and quinolone resistance of S. Typhi increased from 34.2% to
48.5% and 1.6% to 64.1%, respectively (Akram et al., 2020; Britto
et al., 2018; Hasan et al., 2008). The emergence and overwhelming
spread of fluoroquinolone-resistant S. Typhi has become a serious
threat to global health.

Initially, cephalosporin and azithromycin were very effective in
reducing the severity of typhoid fever caused by quinolone-resistant
MDR-S. Typhi. Fluoroquinolones, third-generation cephalosporins
and azithromycin are collectively referred to as the second line of
antibiotics for the treatment of typhoid fever (Jabeen et al., 2023;
Laghari et al., 2019; Rathod et al., 2016). Prudent administration of
azithromycin with ceftriaxone allowed some cure for the infection
caused by MDR Salmonella (Girgis et al., 1999; Parry, 2004; Parry
et al., 2023; Veeraraghavan et al., 2021). The first occurrence of
the ceftriaxone-resistant MDR S. Typhi, also called extensively
drug-resistant (XDR) S. Typhi, was reported in Sindh, Pakistan, in
November 2016 (Akram et al., 2020; Hussain et al., 2019; Klemm
et al., 2018; Sah et al., 2019). The quinolone-resistant MDR S. Typhi
had an IncY plasmid that provided protection against fluoroquinolo-
nes. Furthermore, it acquired resistance to ceftriaxone by acquisition
of the CTX-M-15 gene bla and was thus converted into an XDR strain
(Djeghout et al., 2018; Jacob et al., 2021). Recent reports from the
WHO documented the first major outbreak of XDR typhoid infec-
tion, with 5274 cases from 8188 patients contracting typhoid fever
in Hyderabad, Sindh, Pakistan, from November 2016 to December
2018 (WHO, 2018). Between late 2018 and early 2019, interna-
tional transmission of XDR-related typhoid infections occurred in
the United States, the United Kingdom and Canada from Pakistan
(Akram et al., 2020; Chirico et al., 2020; Godbole et al., 2018; Wong,
Rawahi, et al., 2019). As an alarming decline in the anti-Salmonella
activity of azithromycin has been noticed recently, clinicians have
been prescribing tigecycline, carbapenems and azithromycin (the
newest line of antibiotics) to treat the critical infections caused by
XDR S. Typhi since 2019 (Capoor et al., 2009; Kleine et al., 2017;
Tang et al., 2016). A brief timeline of antibiotic resistance is shown
in Figure 1.

The origin of antibiotic resistance in S. Typhi is still not clear.
Instead, most scientific studies focus on the epidemiology of MDR
and XDR typhoid fever. The mechanisms underlying the develop-
ment of the multidrug resistance phenotype in S. Typhi are poorly

5U80| 7 SUOWWIOD 3A1e8.D 3|ded|jdde 8y} Aq peusenob are sspoiie VO ‘SN Jo Sa|n1 J0y AfeiqiT8ulUQ /8|1 UO (SUORIPUCO-pUe-SWLBH LD A8 I ARe1q 1 Ul UO//Sd1Y) SUORIPUOD PUe swiie | 83 88S *[¥202/T0/82] Uo A%eiqiauliuo A8 |IM ‘UetrelqiTay L Aq 602ST IWW/TTTT OT/I0p/L0o A8 | im Areiqjul|uo//Sdiy Woiy papeo|umod ‘0 ‘856259ET



CHOWDHURY ET AL.

Wi LEYJ—3

Epidemic outbreak of
MDR S. Typhi in
Mexico

Tigecycline,
carbapenems along
with azithromycin are
currently being
prescribed against

typhoid fever
LA

FIGURE 1 A brief timeline of antibiotic administration and resistance generation in Salmonella Typhi.

understood, leaving ample scope for future drug development

research.

3 | MECHANISMS OF DRUG RESISTANCE
IN SALMONELLA

3.1 | Genome encoded

Salmonella Typhi has achieved resistance against antimicrobials by
acquiring single or multiple foreign DNA elements, gene segments
or plasmids encoding antibiotic-modifying enzymes or by induc-
ing specific mutations in different loci of its chromosomal genes. S.
Typhi can acquire foreign DNA elements, gene segments or plasmids
by horizontal gene transfer (HGT), transformation, conjugation or
mobilization of transposons (Arnold et al., 2022; Burmeister, 2015).
Insertion elements (IS) on both sides of the resistance gene cassette
facilitate its transport from the donor to the recipient bacterium. The
incorporation of resistance gene cassette into the bacterial chromo-
some occurs by recombination, which provides protection against
antibiotics (Barquist et al., 2013; Doublet et al., 2008). Resistant bac-
teria can overcome the antibiotics in the following ways: modifying
the antibiotic both structurally and functionally, altering the target
site of the antibiotic, extruding the antibiotic from its cytoplasm by
using an efflux pump, and restricting the entry of the drug by chang-
ing the permeability of the outer membrane (Reygaert, 2018).

3.1.1 | Mechanisms of multidrug resistance (MDR)
The MDR isolates of S. Typhi show reduced susceptibility to all

first-line antibiotics, such as ampicillin, chloramphenicol and

co-trimoxazole.

e Resistance to chloramphenicol—Resistance to chloramphen-
icol in S.Typhimurium DT104 and other Gram-negative
Enterobacteriaceae is mediated by the chloramphenicol acet-
yltransferase (CAT) type | encoded by the cat gene (Arcangioli
et al., 2000).

e Resistance to ampicillin—The bla,g. and bla;,, genes of S. Typhi are
associated with the synthesis of f-lactamase enzymes that struc-
turally alter and inactivate ampicillin (Boyd et al., 2002; Crump
etal., 2015).

e Resistance to sulfamethoxazole and trimethoprim—The other two
first-line drugs, sulfamethoxazole and trimethoprim, exert their
effects by inhibiting the folate biosynthetic pathway, which
blocks DNA synthesis in bacteria. In Gram-negative bacilli, sull
and sul2 encode forms of dihydropteroate synthase that are not
inhibited by sulfamethoxazole (Antunes et al.,, 2005). S. Typhi
uses Sull and Sul2 to antagonize the action of sulfamethoxazole
(Crump et al., 2015). MDR Salmonella can bypass the inhibitory
effect of trimethoprim using the dfr family genes, which encode
the dihydrofolate reductases. In addition, the resistance against
trimethoprim is conferred by the presence of conjugative or non-
conjugative incompatibility plasmids (termed IncHI1/non-IncHI1).
Such plasmids possess a complete transposon that harbours mul-
tiple resistance genes such as blag,,., (ampicillin resistance), sull,
sul2, dfrA7 (trimethoprim-sulfamethaxazole resistance), strAB
(streptomycin resistance) and catA1 (chloramphenicol resistance)
(Klemm et al., 2018; Pham Thanh, Thompson, et al., 2016; Wong
et al., 2015). These plasmids are responsible for the occurrence
of multidrug resistance in the H58 haplotype of S. Typhi (Wong
et al., 2015). This complete transposon has also been integrated
into the chromosome of some S. Typhi H58 lines (Pham Thanh,
Thompson, et al., 2016; Wong et al., 2015). IncHI1 plasmids have
also been associated with ESBLs and gnr genes (fluoroquinolone
resistance) (Chenetal.,2016; McMillan et al., 2020). In Bangladesh,
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only 15% of clinical S. Typhi isolates with MDR phenotype were
attributed to the presence of the IncHI1 plasmid, and the remain-
der, 85% of the MDR phenotype, arose from the accumulation
of mutations in the bacterial chromosome (Chiou et al., 2014).
The IncQ1 plasmid was detected in the clinical isolates of MDR-
S. Typhi (QS468) found in Baluchistan (Fatima et al., 2023). The
IncQ1 plasmids are small (10-12kb), well-conserved and have
a broad host range. They are generally associated with tetAR,
strAB and sul2, although other antibiotic-resistance genes have
been identified (McMillan et al., 2020; Oliva et al., 2017; Poirel
et al.,, 2010). In Bangladesh, recently reported clinical isolates of
MDR S. Typhi showed higher resistance to nalidixic acid com-
pared to other antibiotics (Mina et al., 2023). Reports from 2014
to 2018 showed that MDR S. Typhi and Paratyphi A possessed
non-conjugative non-IncHI1 plasmids and multiple gene markers
of AMR such as blay,, ;, catA, sull, sul2, dfrA15 (Dutta et al., 2014;
Samajpati et al., 2020). These studies strongly suggest that non-
conjugative non-IncHI1 plasmids play a role in the emergence of
the MDR phenotype in S. Typhi and Paratyphi A. Moreover, it can
be concluded that in addition to the plasmids, resistance gene cas-
settes located in the bacterial chromosome such as bla,,, ,, catA1,
sull, sul2, strA, strB and a class 1 integron possessing the dfrA7,
gene can lead to MDR phenotypes in S.Typhi (Das et al., 2017,
Samajpati et al., 2020). Investigation of gene interaction networks
using clustering analysis and functional enrichment process pro-
vided substantial evidence of the involvement of three chromo-
somally encoded efflux pumps, namely MacAB-TolC, AcrAB-TolC
and major facilitator superfamily (MFS), in the development of the
MDR phenotype in S. Typhi CT18. We have summarized the func-
tions and localizations of the above genes in Table 1.

3.1.2 | Mechanisms of extensively drug-resistance
(XDR)

Cephalosporins such as ceftriaxone and cefixime, which belong to
the category of B-lactam antibiotics, inhibit bacterial cell wall synthe-
sis by interacting with penicillin-binding proteins (PBPs) and pepti-
doglycan cross-links. S. Typhi can build resistance to cephalosporins
by degrading the p-lactam ring of antibiotics with p-lactamase en-
zymes (Crump et al., 2015). The MDR-S. Typhi that exhibit resist-
ance to fluoroquinolones and third-generation cephalosporins are
termed extensively drug-resistant (XDR) (Akram et al., 2020; Bhatti
et al., 2019; Khurshid et al., 2019; Pereira & Shah, 2020).

e Quinolone resistance—The MDR S. Typhi develops resistance to
fluoroquinolone drugs (ciprofloxacin and nalidixic acid) using
the quinolone resistance determining region (QRDR), plasmid-
mediated quinolone resistance (PMQR) and efflux pumps (Crump
et al., 2015; Parry et al., 1998; Pham Thanh, Karkey, et al., 2016).
The S. Typhi genes encoding topoisomerase Il (3yrA and gyrB) and
topoisomerase |V (parC and parE), which help in bacterial DNA

replication, are referred to as QRDR (Chang et al., 2021; Ferrari
et al., 2013). The introduction of mutations in this QRDR region
makes the bacteria resistant to quinolones. One of the most com-
mon mutations found in the QRDR region of fluoroquinolone-
resistant S. Typhi and Paratyphi A isolates was GyrA_Ser83Phe
(Okanda et al., 2018). Other major mutations in the QRDR asso-
ciated with fluoroquinolone resistance include GyrA_Ser83Tyr,
GyrA_Ser83Phe, GyrA_Asp87Asn, GyrA_Asp87Tyr, GyrA_
Asp87Gly, GyrA_Ala131Gly, ParC_GIu80Gly and ParC_Ser80lle
(Akshay et al., 2023; Britto et al., 2018; Ferrari et al., 2013;
Qian et al., 2020; Shariati et al., 2022). A steady decline in the
percentage of MDR S.Typhi clinical isolates (46.4%-15.6%) was
compensated by a parallel increase in the percentage of nalidixic
acid-resistant isolates (60.7%-93.8%) and ciprofloxacin-resistant
isolates (0%-25%) (Das et al., 2017). Mutations in gyrA, the
presence of QnrS and the overexpression of efflux pumps were
thought to be responsible for this fluoroquinolone resistance phe-
notype in MDR S. Typhi (H58) (Chiou et al., 2014). The IncFIB(K)
plasmid carrying the bla 1y .15 and qnrS1 genes has been asso-
ciated with the emergence of quinolone resistance in Salmonella
Paratyphi A (Irfan et al., 2023). Identification of molecular deter-
minants of AMR in blood isolates of S. Typhi from 337 patients be-
tween January 2005 and December 2009 in Pondicherry, India,
revealed a prominent occurrence of quinolone resistance (78%
of the 337 samples) with a concomitant loss of MDR phenotype
(only 22% of 337 samples) (Menezes et al., 2012). In addition to
inducing mutations in the QRDR, the MDR-S. Typhi can achieve
quinolone resistance by acquiring an extrachromosomal plasmid.
This process is referred to as plasmid-mediated quinolone resis-
tance (PMQR), which facilitates horizontal gene transfer and a
high level of resistance (Geetha et al., 2014; Lin et al., 2015). In
contrast to QRDR isolates of S. Typhi, which exhibit low suscepti-
bility to ciprofloxacin and nalidixic acid, the PMQR genes, such as
the gnr family genes, aac(é')-Ib-cr, gepA and 0gxAB, are known to
confer resistance to ciprofloxacin (Campbell et al., 2018; Tanmoy
etal., 2018). The PMQR gnrA gene encodes a protein that protects
bacterial DNA gyrase and topoisomerase IV by inhibiting the ac-
tivity of ciprofloxacin (Tran et al., 2005). The PMQR aac(6')-1b
gene encodes for an enzyme, aminoglycoside acetyltransferase,
which reduces the antimicrobial potential of ciprofloxacin and
norfloxacin by adding N-acetyl groups to piperazinyl substituents
(Ferrari et al., 2013). QepA is an MFS-type efflux pump encoded
by the PMQR gene gepA that pumps quinolones out of the bac-
teria (Yamane et al., 2007). OgxAB encoded by the PMQR 0gxAB
gene is a novel transmissible resistance-nodulation-division
(RND) efflux pump that can remove a wide range of antibiotics
from bacterial cells (Wong et al., 2014). Whole-genome sequenc-
ing revealed that in addition to QRDR and PMQR, the quinolone-
resistant Salmonella Typhi had mutations in an additional 19 genes,
including tet, sul, aad, aac-, ant-, aph-, floR and cmlA (Piekarska
et al., 2023). The AcrAB-TolC efflux pump was an important resis-
tance factor to levofloxacin in the fluoroquinolone-resistant MDR
isolates of S. Typhi and Paratyphi A (Okanda et al., 2018). Efflux
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pump inhibition was responsible for the increased susceptibility
of MDR-S. Typhi to fluoroquinolones such as ciprofloxacin (Tariqg
et al., 2019). The emergence of MDR strains of Salmonella is on
the rise, and the field requires a deep understanding of how these
mechanisms evolve and are acquired. Table 1 summarizes the lo-
cations and mode of action of the genes.

e Cephalosporin resistance—The p-lactamase dependent resistance
to cephalosporins in Gram-negative bacteria can be divided into
three major groups: Extended-Spectrum p-Lactamase (ESBL), car-
bapenemase and AmpC-type-B-lactamase (Crump et al., 2015).
TEM, SHV and CTX-M are the three major ESBLs found in
Enterobacteriaceae that build resistance to the third-generation
cephalosporins. The clinical isolate of XDR S. Typhi reported in
Pakistan exhibits an abundance of a plethora of resistance genes
for the first (blayg,,.4, sull, catAl and dhfR7) and second line (gyrB,
gyrA, parC, parE and gnrS) antibiotics as well as the derivatives of
CTX-M ESBLs such as blacry . Placrym-1r Plactrym-s Placrxm-o
blacty..g and blac1y ..o (Jabeen et al., 2023). The experimental
evidences showed the presence of two other ESBLs (SHV and
TEM) in the clinical isolates of S. Typhi (purified from blood),
which are associated with resistance to ceftriaxone, cefixime and
ceftazidime (Ahamed Riyaaz et al., 2018). In 2016, for the first
time, nearly 300 XDR S. Typhi infection cases were reported in
Sindh, Pakistan. Whole-genome sequencing of the XDR S. Typhi
isolates revealed the presence of an additional resistance plasmid
element carrying the bla ;.5 gene within the bacterial chro-
mosome encoding an extended-spectrum B-lactamase (ESBL),
along with a mutated gnrS gene. The resistance plasmid carrying
the blac;y .15 8€ne and the gnrS gene belonged to the IncY cat-
egory and was named p600056 in this study (Klemm et al., 2018).
In China, the MDR strains of Salmonella isolated from fattening
pigs showed the presence of the IncHI2 plasmid harbouring the
ESBLs gene blac;y_\-14 and the colistin resistance gene mcr-1
(Zhou et al., 2023). A ceftriaxone-resistant isolate of S. Typhi from
Bangladesh harboured an incompatibility plasmid 11 (Incl1-ST31)
carrying an ESBL encoding bla;, .5 8ene associated with ISEcp-1
(Djeghout et al., 2018). Because cephalosporins are inadequate in
the treatment of XDR typhoid fever, azithromycin, erythromycin

and clindamycin are used as potential therapeutic agents.

3.1.3 | Emerging mechanisms of resistance to
macrolides and carbapenems

Macrolides can inhibit bacterial protein synthesis by binding to the
50S subunit of the bacterial ribosome (Crump et al., 2015).

e Macrolide resistance—The efficacy of azithromycin in curing XDR
S. Typhi has been reduced due to its indiscriminate use. Gram-
negative bacteria belonging to the Enterobacteriaceae family also
possess several genes (erm genes encoding methylases to mod-
ify target sites; ere genes and mph genes encoding esterases
and phosphorus transferases, respectively, to alter the structure

of the antibiotics) to fight against macrolides (Phuc Nguyen
et al., 2009). A recent study by Ahsan et al. found that out of 40
clinical isolates of S. Typhi (n=33) and Paratyphi A (n=7), 95%
showed resistance to azithromycin, while 100% of the isolates
were resistant to clindamycin. The absence of the mefA gene,
which encodes for macrolide-resistant efflux pumps, in any of
these resistant isolates suggests the role of another independent
protein in the development of macrolide resistance phenotype
(Ahsan & Rahman, 2019). S. Typhi, which had a single mutation
R717Q in the AcrB efflux pump, showed a higher MIC (232 pg/mL)
for azithromycin (Igbal et al., 2020). The recent development of
azithromycin resistance in S. Typhi has raised concerns among cli-
nicians regarding the antimicrobial treatment needed to manage
typhoid fever successfully.

e Carbapenem resistance—The carbapenems are a potent class of -
lactam antibiotics that are considered as the last resort for curing
life-threatening bacterial infections. XDR typhoid can be treated
with carbapenems such as imipenem and meropenem (Al-Rashdi
et al.,, 2021; Capoor et al., 2009; Eshaghi et al., 2020; Mylona
etal., 2021; Petrin et al., 2020; Pokharel et al., 2006). Carbapenem
resistance is not uncommon. E. coli and K. pneumoniae, two bacte-
rial pathogens responsible for causing nosocomial infections, have
been shown to exhibit carbapenem resistance through plasmid-
borne carbapenemases and the modifications of outer membrane
influx proteins (Aubron et al., 2005; Mathers et al., 2015; Wong,
Romano, et al., 2019). To date, there are few reports of carbape-
nem resistance in S. Typhi. Studies conducted in Pakistan in 2000
identified emerging resistance to carbapenems as a new threat in
the treatment of S. Typhi. They found meropenem resistance in
47.7% of the S. Typhi isolates and 11.3% of the isolates were par-
tially sensitive. However, 100% of the isolates were sensitive to
imipenem (Ali Shah et al., 2020). Studies conducted in Faisalabad,
Pakistan, have identified VIM (Verona integron-encoded metallo-
B-lactamase) and GES (Guiana extended-spectrum p-lactamase)
as two carbapenemase genes in S. Typhi (Ain et al., 2022; Huang
etal., 2023).

With the emergence of numerous drug-resistant strains, it is a
challenge for researchers worldwide to develop new generations
of antibiotics. Perhaps a different approach to modify mammalian
targets instead of bacterial targets can serve the purpose. We have
listed the mechanisms of drug resistance in Salmonella in Table 1 and
Figure 2.

3.1.4 | S. Typhi virulence overlaps with AMR

In a bacterium, the resistome refers to all the resistance-associated
genes (Wright, 2007). It includes the proto-resistance genes
(which have the potential to develop a resistance function) and
cryptic resistance genes (a resistance gene that is distributed in
the chromosome of the bacterium but not necessarily expressed)
(Kumar & Kumar, 2021; Wright, 2007). Although the proteins
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FIGURE 2 Determinant factors of antimicrobial response in Salmonella Typhi. Created by Biorender.com.

specific to AMR are largely different from those responsible for
virulence in S. Typhi, there are several attributes in the bacterium
that support both functions. In Gram-negative bacteria, the cell
envelope is the front line of this system. It consists of an asym-
metric lipopolysaccharide-phospholipid bilayer that serves as a
physical barrier to the entry of molecules (including many anti-
microbial agents) into the cells. An array of proteins spanning the
outer membrane facilitates the entry of small molecules into the
cell and passively precludes the entry of many antibiotics (Akshay
et al., 2022). Sigma factors can initiate bacterial gene expression
and are controlled by various regulators (activators and inhibitors).
They are important means by which bacteria can adapt to differ-
ent conditions (Baruzzo et al., 2023; Mascher, 2013; Missiakas &
Raina, 1998; Qin et al., 2020). RpoE has been reported to promote

the expression of flagellar genes under hyperosmotic stress, and
a strong cross-talk between the two sigma factors RpoE and
RpoS was observed (Du et al., 2011). Xie et al. identified RpoE as
a putative regulator of antimicrobial response in S. Typhi. It has
been reported that the RpoE mutant of S. Typhi exhibits resist-
ance to multiple antimicrobial agents, including aminoglycosides,
quinolones and B-lactams. This is caused by the upregulation of
RamA, a member of the efflux pump AraC/XylS family, and the
downregulated expression of two prominent outer membrane
proteins, OmpC and OmpF (Xie et al., 2016). The role of OmpC
and OmpF in the survival to the bile salt sodium deoxycholate was
previously reported in S. Typhi (Villarreal et al., 2014). Our labo-
ratory has extensively characterized the role of outer membrane
protein A (OmpA) in combating innate immune responses and
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AMR in S. Typhimurium (Chowdhury et al., 2022; Roy Chowdhury
et al., 2022).

During infection in macrophages, Salmonella encounters oxida-
tive stress mounted in the form of a respiratory burst. Phagocytes
sequentially employ specific oxygen-derived antimicrobial ef-
fectors to clear off the infection. ROS can pervade through the
bacterial membrane and cause damage to proteins and nucleic
acids (Chanana et al., 2006; Hajra et al.,, 2022; van der Heijden
et al., 2016). This stimulates a change in the membrane permea-
bility so that the antimicrobial agents cannot penetrate the bac-
terial cell. This, in turn, leads to resistance to cefotaxime (van der
Heijden et al., 2016). This study was performed in Typhimurium se-
rovar and a similar incidence may occur with Typhi serovar as well.
Castanheira et al. have shown that the major penicillin-binding
proteins or PBPs (PBP2 and PBP3) involved in cell elongation and
division in Salmonella under extracellular conditions are replaced
by other PBPs (PBP2,,, and PBP3, ) during their intracellular life
in a phagosome. This replacement helps Salmonella survive in the
face of acidic pH and nutrient limitation in the phagosome. These
modifications also protect against the currently available beta-
lactam antibiotics. The development of novel drugs targeting the
modified PBPs could help eliminate intracellular and intraphagoso-
mal Salmonella (Castanheira et al., 2020; Thilliez & Kingsley, 2020).
Thus, the properties of the bacterial cell that protect the pathogen
from the innate immune response also provide protection against
antimicrobial agents. Although there are not multiple reports of
this intersection, preliminary studies do indicate more such over-

laps and open a new domain for future research.

3.2 | Antibiotic persistence mediated

Resistance mechanisms facilitate bacterial growth in elevated drug
concentrations. This may be considered a major cause of treatment
failure. In addition, population-wide tolerance mechanisms, shield-
ing effects of the physical niches in vivo and the emergence of AP
populations are also considered important factors in treatment failure
(Windels et al., 2019). Tolerance refers to the ability of genetically sus-
ceptible bacteria to survive bactericidal antibiotics at concentrations
above the minimum inhibitory concentration (MIC). Unlike resistant
bacteria, tolerant populations cannot proliferate in the presence of
antimicrobials, but they are killed at a slower rate. AP cells refer to ge-
netically identical bacteria that tend to form smaller or larger subpopu-
lations that exhibit transient tolerance (Bakkeren et al., 2020; Pontes
& Groisman, 2019). Extensive phenotypic variation in the intracellular
Salmonella species may influence the treatment efficacy. Eradication
of S. Typhimurium in host cells is delayed primarily by the abundant
subset of moderately growing bacterial cells with partial tolerance.
Slow-growing Salmonella survived the best after each dose (Claudi
et al., 2014). Furthermore, it has been shown that in a population of E.
coli cells, increased persistence has been shown to promote more cells
in the reservoir of viable cells and increase the likelihood of resistance-
conferring mutations (Windels et al., 2019).

S. enterica and E. coli harbour multiple resistance plasmids and dif-
ferent strains are often observed to colonize the same host (Apperloo-
Renkema et al., 1990; Coque et al., 2008; Crump et al., 2015; San
Roman et al., 2018; Tenaillon et al., 2010; Wilcock et al., 1976;
Wood et al., 1989). High cell densities in the intestinal lumen favour
high rates of plasmid transfer between and within species (Diard
et al., 2017; Moor et al., 2017; Stecher et al., 2012). Bakkeren et al.
have shown that S. Typhimurium APs can promote the spread of resis-
tance plasmids. In their study, they showed that tissue-associated S.
Typhimurium are long-lived reservoirs of resistance plasmid donors or
recipients. Re-seeding of these persister bacterial cells into the intesti-
nal lumen allows for the co-occurrence of donors and recipients in the
gut. This promotes the plasmid transfer between different species of
Enterobacteriaceae. Their study has shown that bacterial persistence
can promote the spread of antibiotic resistance along with disease re-
lapse in chronic infections (Bakkeren et al., 2019). Induction of an SOS
response by bactericidal antibiotics such as $-lactams and fluroquino-
lones can induce the expression of genes responsible for conjugative
transfer in suitable donor bacteria such as S. enterica, V.cholerae and
S. aureus. This increases the frequency of transfer of plasmids, trans-
posons, integrons and lysogenic phages harbouring the antibiotic re-
sistance genes between the donor and recipient bacteria (Bearson &
Brunelle, 2015; Blazquez et al., 2018; Eisenreich et al., 2022; Hebrard
et al., 2009; Liu et al., 2017; Maiques et al., 2006). From these studies,
we can infer that bacterial antibiotic persistence may be an under-
studied and unexplored cause of AMR. We have summarized these
literature studies in Figure 2.

Although these studies have been strictly limited to the non-
typhoidal serovar of Salmonella, it would be very interesting to
extend the same in the Typhi serovar. Over the years, S.Typhi has
undergone pseudogenization to optimize host specificity (Chatterjee
et al., 2023). Elucidating specific similarities or differences in AP
mechanisms due to pseudogenization will indeed open a fascinating

area for future research.

3.3 | Persistentinfection and its role in AMR

In addition to the development of resistant strains in the form of
MDR and XDR, the intra-host Pl of Salmonella leads to chronic infec-
tion. The presence of asymptomatic and chronic typhoid carriers has
been documented for more than a century, with the case of Mary
Mallom or Typhoid Mary being the best example. The ability of bac-
terial pathogens to cause long-lasting infection despite host immune
surveillance is referred to as intra-host PI. It should be noted that AP
and Pl are two distinct phenomena. In the following sections, we will
focus exclusively on PI, unless stated otherwise. Pl is also a major ob-
stacle to the elimination of Salmonella by antibiotics. Approximately
3%-5% of the individuals infected with S. Typhi become chronic
carriers of the pathogen. They are asymptomatic and may transmit
the disease through fecal excretions (Schioler et al., 1983). Although
typhoid infections in humans are temporary and efficiently cleared
by the human immune system, there is always a subset of pathogens
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that can stealthily evade the strict host immune surveillance and
colonize one or more niches to cause long-lasting infections. The
Pl of S. Typhi in the human host may be asymptomatic when the
infected person shows no sign of pathology (carriage), or it may be
symptomatic, characterized by repetitive typhoid fever (recurrence).
Depending upon the shedding time of the bacteria through the
stools of infected individuals, the carriage of the persistent S. Typhi
can further be categorized into two groups: temporary carriage
(when the bacterial shedding lasts up to 12 months) and chronic car-
riage (bacterial shedding lasts beyond 12months) (Gal-Mor, 2019;
Ruby et al., 2012; Vogelsang & Boe, 1948). Although typhoid fever
carriers are asymptomatic, they are highly contagious.

The gallbladder and the biliary tract are the primary sites in
the human body for the chronic carriage of typhoidal serovars of
S. enterica (Hoffman et al., 2023). The diagnosis of the majority of
the individuals with chronic carriage of persistent S. Typhi with gall-
stones and cholecystitis (chronic inflammation of the gallbladder)
showed that individuals with pre-existing complications in the gall-
bladder tend to become a reservoir for Pl (Lai et al., 1992; Schioler
et al., 1983). There are multiple studies that have investigated the
intra-gallbladder niche of S. Typhi during Pl and its release from the
gallbladder for excretion in the feces (Crawford et al., 2010). Pl bac-
teria either grow freely in the lumen of the gallbladder or invade the
epithelial lining of the gallbladder and multiply there without migrat-
ing into the mucosa (Menendez et al., 2009).

There is more than one mechanism of bile resistance present
in S. enterica. However, several reports suggest that the initial re-
sistance is mediated by the envelope structure of the lipopoly-
saccharide (Crawford et al., 2012; Hernandez et al., 2012; May &
Groisman, 2013; Murata et al., 2007; Picken & Beacham, 1977; van
Velkinburgh & Gunn, 1999) and the common enterobacterial antigen
(Ramos-Morales et al., 2003). This surface protection reduces the
overall uptake of bile salts inside the bacterial cell. Several studies
have also shown that S. Typhi can form a biofilm on cholesterol-
coated gallstones in the gallbladder. The capsular Vi antigen of the
bacteria and the extracellular polymeric substances (EPS) of the bio-
film protect the bacteria from the bactericidal action of bile salts in
the gallbladder (Di Domenico et al., 2017; Prouty et al., 2002; Tsai
et al., 2019). The Vi capsule of S. Typhi also protects the biofilm
resident bacteria from the bactericidal innate immune response of
macrophages and neutrophils by reducing their ability to generate
RNS and ROS, respectively (Hahn & Gunn, 2020). The reduction of
porins in the bacteria also limits the uptake of bile salts (Hernandez
et al., 2012). Another prominent resistance mechanism is efflux
pumps, which efficiently inhibit bile salt accumulation. RND efflux
systems are among the most studied and can transport bile salts out-
side the cell (Lyu et al., 2022; Murakami et al., 2002; Nikaido, 1996;
Williams et al., 1984).

In the case of PI, a staggered or continuous manifestation of dis-
ease pathology in the symptomatic carrier of typhoid occurs, and the
recurrence of the disease generally occurs in episodes linked to a single
infection event. However, it is well-differentiated from re-infection in

which the host becomes infected with the same pathogen in multiple

independent cases (Gal-Mor, 2019). Even after acute S. Typhi infec-
tion has resolved, approximately 10% of the convalescent untreated
infected patients excrete the bacteria in their feces for up to 3 months.
The asymptomatic carrier usually excretes 10*-10%s. Typhi bacteria
per gram of stool for more than 12 months (Levine et al., 1982; Musher
& Rubenstein, 1973). Even without clinical symptoms, they may pe-
riodically excrete considerable number of bacteria in their stool for
decades (Levine et al., 1982; Vogelsang & Boe, 1948). The chronic car-
rier of S. Typhi is always human, as the pathogen is human-restricted
and only humans provide a natural reservoir for this pathogen in the
population (Bhan et al., 2005; Kidgell et al., 2002). There is a largely
unexplored area of asymptomatic carriage of S. Paratyphi A, B and
C. However, one of the recent reports from Nepal showed a similar
incidence of Pl and carriage of S. Typhi and Paratyphi A in endemic
areas (Dongol et al., 2012). A similar finding suggests that 11% of the
reported S.Paratyphi B Pl cases are temporary carriage and 2% are
chronic carriage (Vogelsang & Boe, 1948).

The Pl of typhoidal and NTS Salmonella in human hosts depends
on many physiological factors such as the age and sex of the in-
fected individuals, their immune system, gallbladder abnormalities,
the health of the gut microbiota and history of antibiotic therapy.
The healthy gut microbiota of individuals can limit the coloniza-
tion of invading pathogens by nutrient deprivation, activating the
innate and adaptive immune response, and secreting antimicrobial
substances (Endt et al., 2010; Fabich et al., 2008; Macpherson &
Uhr, 2004; Salzman et al., 2003, 2010; Slack et al., 2009; Stecher &
Hardt, 2011). Prolonged antibiotic therapy can cause dysbiosis of the
gut microflora and promote chronic Pl of S. Typhi in the human host
by delaying their clearance by the immune system (Endt et al., 2010;
Lawley et al., 2008). In addition to the gallbladder and biliary tract,
the Pl population of S. Typhi can invade various other organs of the
human body, such as the MLN, liver, bone marrow, kidney, urinary
tract, etc. (Gal-Mor, 2019).

3.3.1 | Models to study S. Typhimurium PI

Since S. Typhi infection is restricted to humans, the investigation
of S. Typhi Pl is challenging. Nowadays, 129X1/SvJ mice carrying a
wild-type allele of Nramp1 are used to study S. Typhimurium Pl in
the host (Gonzalez et al., 2018). These mice can survive for 1 year
even after oral infection with a lethal dose of 108CFU of wild-type
S. Typhimurium (Monack et al., 2004). 129X1/SvJ mice fed with a
lithogenic diet form gallstones that support bacterial biofilm forma-
tion, which may be an excellent model for studying S. Typhimurium
Pl (Crawford et al., 2010). Studies on S. Typhi persisters are incred-
ibly sparse and thus, the scope of exploration is vast.

3.3.2 | Hostimmune responses during Salmonella Pl

Despite being unique in their virulence, S.Typhi and Typhimurium
share about 89% of the genes (McClelland et al., 2001; Sabbagh
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et al., 2010). The lack a suitable infection model for S. Typhi made
persister-related in vivo studies extremely difficult. The high genetic
homology between the two serovars and the availability of several
in vivo infection models (including C57BL/6, BALB/c and 129X1/Sv))
made S. Typhimurium an excellent candidate for studying Salmonella
Pl. During acute infection and the early stages of systemic spread in
mice, when S. Typhimurium is phagocytosed by the macrophages and
remains in the SCV (Chaudhuri et al., 2018; Majee et al., 2021), they
are strongly challenged by a strong Th1l and a weak Th2 response
of the host. The Th1l response is characterized by increased expres-
sion and secretion of pro-inflammatory cytokines like IFN-y, TNF-a,
IL-12, generation of bactericidal ROS and RNS, etc. (Gal-Mor, 2019;
Sashinami et al., 2006; Mastroeni, 2002). Salmonella use their SPI-2
encoded virulent factors to survive in the hostile environment of the
host (Chakravortty et al., 2002; Roy Chowdhury et al., 2022). In the
chronic stage of Salmonella infection, the Th1 response is diminished
by the enhanced Th2 response, leading to increased expression of
the anti-inflammatory cytokine I1L-10. Overexpression of IL-10 atten-
uates the secretion of IFN-y, TNF-a and IL-12 from macrophages and
reduces the biogenesis of ROS and RNS, which eventually promotes
the intracellular proliferation of the bacteria (Chausse et al., 2014;
Ruby et al., 2012). During the first Pl phase of Salmonella infection in
the mouse model (129CvJ X C57BL/6) (21-28 dpi), the effector T cell
population outnumbered the FOXP3™" Treg population, which pro-
moted the growth of persisters in mice. Subsequently, the FOXP3™"
Treg population decreases, and the increasing effector T cell popula-
tion regulates the bacteria growth in vivo (Johanns et al., 2010). The
documentation of a distinct switch from the pro-inflammatory Thl
response (observed on day 7 post-infection, i.e. the early stage of
infection) to the anti-inflammatory Th2 response (found on day 21
post-infection, i.e. of chronic infection) in the transcriptomic analysis
of the gallbladder of 129X1/SvJ) mice fed with a lithogenic diet and
infected with S. Typhimurium 14028S also confirmed the authentic-
ity of the above system for the in vivo model host of S. Typhimurium
Pl (Gonzalez et al., 2019). The anti-inflammatory Th2 response in the
infected gallbladder was characterized by the ameliorated expres-
sion of the Th2 master regulator GATA3, the Th2 marker IL-4 and
STAT-6 (Gonzalez et al., 2019).

3.3.3 | Bacterial effector proteins required for Pl of
S. Typhimurium

S. Typhimurium uses several genes to promote Pl in response to the
host signaling and immune attacks in the organs or the body fluids.
Several genes belonging to the virulence determining major patho-
genicity islands of the bacterium, such as sipB, sipC, sipD of SPI-1
and sseK2, sseJ of SPI-2, play an active role in the long-term systemic
infection of mice (Lawley et al., 2006). During macrophage infec-
tion, antibiotic-resistant S. Typhimurium persisters can transform
the pro-inflammatory cytokine profile into an infection-permissive
anti-inflammatory state with the help of the virulence factor SteE
encoded by the SPI-2 (Stapels et al., 2018). SteE can promote the

M2 polarization state of granuloma macrophages by antagonizing
the action of TNF signaling, which further facilitates the survival of
S. Typhimurium persisters in the spleen of 129X1/SvJ) mice (Pham
et al., 2020). The phosphorylated form of SteE makes mammalian
serine/threonine kinase GSK3 to phosphorylate STAT3 specifically
at the 705th residue, which eventually activates the M2 macrophage
marker IL-4Ra and promotes bacterial Pl (Panagi et al., 2020). In ad-
dition to the virulence factors encoded by SPI, other bacterial genes
play equally important role in promoting and establishing chronic in-
fection in vivo. The fimbrial operon genes Ipf, bcf, stb, stc, std and sth
of S. Typhimurium play a critical role in long-term intestinal carriage
in a genetically resistant CBA/J mouse model (Weening et al., 2005).
Mig-14, an inner membrane protein of S. Typhimurium, associated
with its resistance to the cathelin-related antimicrobial peptide
(CRAMP) in macrophages, also promotes the Pl in mesenteric lymph
nodes and spleen of chronically infected 129X1/SvJ mice (Brodsky
et al., 2005). The two outer membrane proteins, namely ShdA and
RatB of S. Typhimurium, play a critical role in bacterial shedding in
the CBA/J mouse model (Kingsley et al., 2003). Previous reports
suggest that Salmonella genes such as virK, rcsC and somA, which
are transcriptionally co-activated with SPI-2, play an important role
in long-term infection in the mouse model (Detweiler et al., 2003).
The unique ability of the APs to initiate infection relapse in the
face of macrophage-induced dsDNA breaks has been demonstrated
by Hill et al. They have shown that this AP-specific ability is largely
due to RecA-mediated DNA repair as the few ArecA bacteria that
were able to resist antibiotic treatment were unable to initiate infec-
tion relapse, quite in contrast to the wild-type strain (Hill et al., 2021).
It has also been demonstrated that acidification and most likely star-
vation inside the macrophages play key roles in the generation of AP
cells (Helaine et al., 2014). A clear connection, if any, between AP
and Pl has not been established till date. However, it is very likely
that the environment of the host cell leads to the formation of APs

and selects them specifically, leading to Pl in the long term.

3.34 | Planditsrolein AMR

Preliminary studies have shown that PI leads to an altered antimi-
crobial response in S.Typhimurium. Profiling of antibiograms of
early and later isolates from patients who had Pl of S. Typhimurium
revealed MDR responses to piperacillin, ceftriaxone, trimethoprim-
sulfamethaxazole, in one of the later isolates. This phenotype was
associated with the acquisition of a large plasmid conferring ESBL
activity. Thus, the resistance profile of Salmonella may change dur-
ing the course of infection which could have different implications
for the treatment methods (Marzel et al., 2016). However, this study
did not address the source of the plasmid in Salmonella Pl. We have
summarized this section in Figure 2.

These studies show that there are many unexplored areas of
Salmonella pathogenesis and antibiotic resistance development. An
important approach to combat these phenomena may be to alter the
host immune responses and prevent any chance of PI.
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4 | CONCLUSION

Over the years, there have been significant scientific advances in
the development of therapeutic interventions to combat S. Typhi
infections. However, in the race against drug-resistant S. Typhi,
there is still a continuous need to develop newer therapeutics. The
recent insights into the role of AP and PI populations of Salmonella
have opened new areas for comprehensive exploration of alterna-
tive antimicrobial strategies. The interplay of multiple mechanisms
in persister populations leads to heterogenous phenotypes and
the emergence of highly drug-resistant variants. This prolongs the
treatment time for the patients and greatly increases the economic
burden on the healthcare infrastructure. In such cases, comprehen-
sive high-end research to study single-cell and population dynamics
would help us identify new targets in host and bacterial cells. This
will enable us to successfully target the drug-resistant, Pl and AP
populations that cause recurrent and deadly infections.
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