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Abstract Keywords

Globally, Staphylococcus aureus (S. aureus), nota- Vancomycin-resistant Staphylococcus aureus, VRSA, Re-
bly methicillin-resistant S. aureus, is a leading cause of sistant Staphylococcus aureus, S. aureus, Antibiotic resis-
morbidity and mortality. Vancomycin is considered a tance

drug of last resort for severe MRSA and other resistant

Gram-positive infections. Vancomycin enjoyed a high lev- .

el of success for decades following MRSA outbreaks until Introduction

recent reports of increasing S. aureus MICs culminating . .

in high-level vancomycin-resistant S. aureus (VRSA), first S. aureus disease evolution

reported in 2002. Since then, there have been selected Staphylococcus aureus (S. aureus) is one of the
CEEE (EPRl O WA Aeess 0 Lie JI 2t Glisy sl world's most ubiquitous, yet sophisticated and fascinat-

tries. The resistance mechanism of VRSA is mediated by ) . . . . . .
the VanA operon carried on the mobile genetic element N8 bacteria due to its unique global epidemiology, dis-

Tn1546 acquired from vancomycin-resistant Enterococ- ease spectrum and adaptation to every antibiotic used
cus; co-infections with VRE have occurred in all cases. in its management including development of resistance
There has been no documented person to person VRSA  hefore or immediately following extensive use. Table 1

transmission. The prolonged interval between exposure . the timeli fs tibioti o
to vancomycin and VRSA development and the limited summarizes the timeline of >. gureus antiblotic resis

number of cases are reassuring; whether this translates tance.
to the needed extended period of clinical quiescence be- S . - ist inst I-
fore a global epidemic is unknown. According to the World o agureus ach|re's $e”e ¢ resis anC(::‘ against mu

Health Organization (WHO), S. aureus pathogenicity and  tiPle classes of antibiotics through a variety of mecha-
resistance patterns pose a significant threat to human nisms - an existing gene undergoes mutation or changes

health worldwide; MRSA, vancomycin intermediate-resis- in geneﬁc conﬁguraﬁon through the insertion of inser-
tant S. aureus (VISA) and VRSA are currently classified as tion sequences (IS), transposons and prophages [1]

bacteria of high priority with potential to cause significantly ! )
devastating worldwide mortality in the absence of effective A breakthrough in the management of previously

containment and therapeutic solutions. There are limited universally fatal S. aureus infections followed the avail-

choices of drugs that are effective against VRSA; several . C e s .
promising therapeutic options are in research and devel- ability of penicillin in the 1940s. Penicillin’s antibacte-

opment phases. VISA and VRSA have also been isolated rial effect is due to its core 6-lactam ring that inhib-

in animal husbandry from pigs, goats, and cattle. its bacterial cell wall biosynthesis. Indeed, S. aureus’

We review VRSA history and evolution, clinical spectrum fascinating nature in terms of resistance development

and management. We also speculate on future trends. was first described in clinical isolates pre-dating the
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Table 1: Timeline of Staphylococcus aureus antibiotic resistance [11].

Year Year Resistance
Antibiotic Antibiotic e Notes
Identified
Introduced
Penicillinase, a highly potent plasmid-encoded B-lactam ring hydrolyzer,
Penicillin 1943 1940 was extracted from naturally resistant strains of S. aureus samples,
collected before its clinical use
Before widespread use, resistance to Celbenin (Methicillin) was noted
Methicillin 1960 1962 in clinical isolates obtained from skin lesions and anterior nares of
hospitalized patients with no previous exposure to the drug.
Linezolid 2000 2001
. Resistance development evolved slowly over time with MIC creeps,
Vancomycin 1972 2002 therapeutic failures, VISA then VRSA
Ceftaroline 2010 2011

use of penicillin that showed the presence of penicil-
linase, a highly potent plasmid-encoded 8-lactam ring
hydrolyzer [2].

What followed was the development of the first
semisynthetic penicillin, methicillin. However, before its
widespread use, methicillin-resistant S. aureus (MRSA)
isolates were recovered from skin lesions and nares of
hospitalized patients [3] with no previous exposure to
the drug. This organism became the first epidemic clone
of what became known as MRSA.

MRSA disease mostly occurred initially in hospitals
and healthcare settings. In the early 1990s, a geneti-
cally different MRSA strain was isolated from infected
and colonized Western Australian hospitalized patients
with no prior health care exposure [4]. Later designated
community-acquired S. aureus (CA-MRSA), this strain
showed better antimicrobial susceptibility, different ge-
notypic and SCCmec types and was more likely to en-
code Panton-Valentine leukocidin (PVL), a potent toxin
that leads to white blood cell destruction and necro-
tizing skin and deep tissue lesions [5]. In addition to its
virulence, PVL-positive CA-MRSA pose significant public
health risks due to its rapid global spread and outbreaks
in households and social groups [6]. Contrariwise, the
Healthcare-acquired MRSA (HA-MRSA) is associated
with multidrug class resistance as well as inducible mac-
rolide, lincosamide and streptogramin resistance [5,6]
due to its SCCmec types (Il and Ill) that contain addition-
al resistance determinant genes.

MRSA with increased minimum inhibitory concen-
tration (MIC) to vancomycin, later designated vanco-
mycin intermediate-resistant S. aureus (VISA) was first
reported in Japan in 1997 [6,7]. Unlike the foreign SC-
Cmec gene conferring resistance in MRSA, VISA's MIC
values result from cumulative effects of novel muta-
tions that appear over time during vancomycin ther-
apy. Highly variable mutations in a large number of
loci affecting regulatory and coding genes lead to in-
creased vancomycin MIC of S. aureus strains [8]. The
first reports of VRSA (with a vancomycin MIC > 16 ug/
ml) infection was reported in the US in 2002, decades

Kest and Kaushik. J Infect Dis Epidemiol 2019, 5:093

following reports of similar European S. aureus strains
that showed reduced susceptibility to teicoplanin, a
glycopeptide antibiotic belonging to the same class
[9,10].

Resistant-bacteria related diseases are a major
global health threat that results in infections in an es-
timated 2 million people, causing 23,000 deaths each
yearin the United States alone [11]. Resistant S. aureus
(MRSA) is responsible for about 50% of deaths [11,12].
Therefore, the global burden of a VRSA disease epi-
demic burden would be catastrophic. Additionally, the
potentially devastating effect of global spread will like-
ly lead to resource-related inequity in its containment
creating a vicious cycle; with the globalization of travel
and organisms' ability to adapt to changing environ-
ments, containment would be quite challenging if not
impossible.

The estimated total economic burden caused by
antibiotic-resistant infections in the US is about $20
billion in health care costs and $35 billion a year in lost
productivity [12]; other indirect costs are likely to be
significantly higher. Therefore, without effective con-
trol and new antibacterial agents, annual deaths could
exceed 10 million by the year 2050 [13].

According to WHO, S. aureus pathogenicity and re-
sistance patterns pose a great threat to global health;
MRSA, VISA and VRSA are currently classified as bacteria
of high priority with the potential to cause significantly
devastating worldwide mortality if adequate solutions
are not found [14].

VRSA History and Evolution

In 1953, vancomycin was first isolated from a strain
of Amycolatopsis orientalis (formerly Nocardia orien-
talis) found in a soil sample [15]. The name vancomy-
cin was derived from “vanquish” because of its ability
to vanquish resistant Staphylococcus. It was first used
clinically after the Food and Drug Administration (FDA)
approval in 1955 to treat penicillin-resistant strains of S.
aureus [16].

Vancomycin belongs to a class of glycopeptide anti-
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biotics and is the conventional last resort antibiotic for
serious or suspected infections due to MRSA, Entero-
cocci, and penicillin-resistant Streptococcus pneumoni-
ae in hospitalized patients, especially those with severe
disease (pneumonias, severe skin/osteoarticular infec-
tions, deep tissue abscesses, and sepsis), immunocom-
promised and critically ill patients [17].

Despite its effectiveness for Gram-positive infec-
tions, vancomycin use was initially low due to its unde-
sirable therapeutic window in the setting of less toxic
and equally or more efficacious options. However, a
dramatic increase in vancomycin use started gradually
during the 1980s continuing exponentially with a > 100-
fold increase by the 1990s [18,19].

Multiple events drove these uses that eventually
led to significant expansion and current trends. First,
vancomycin became the drug of choice for pseudo-
membranous enterocolitis due to its effectiveness
against Clostridium difficile with the additional bene-
fit of poor systemic absorption [20]. Secondly, there
was an exponential increase in its use to treat resis-
tant pathogens, due to epidemics and eventual glob-
al spread of severe resistant Gram-positive infections
including MRSA diseases [21,22].

Over time, selective pressure led to complex MIC
expressions in S. aureus strains, noted in selected pa-
tients showing suboptimal response to clinical therapy:
strains showed MICs in susceptible range with subpop-
ulations of vancomycin-intermediate daughter cells.
With continued exposure, these heterogeneous vanco-
mycin-intermediate S. aureus (hVISA) strains may have
been precursors for the uniform population of vanco-
mycin-intermediate clones [22-24]. MRSA isolates with
vancomycin MICs 4-8 ug/mL, later designated vanco-
mycin intermediate-resistant S. aureus (VISA), was first
reported in Japan in 1997 [7]. VISA has been mostly de-
scribed in Asia and Europe/America where prevalence
in MRSA samples are reportedly at 3.42% and 2.75%,
respectively [24].

The first vancomycin-resistant S. aureus (VRSA) strain
(with a vancomycin MIC = 16 pug/ml) was reported in the
US in 2002, decades following reports of similar Europe-
an isolates that showed reduced susceptibility to teico-
planin, a glycopeptide antibiotic belonging to the same
class [9,10].

There have been 14 cases of VRSA infections report-
ed in the US. Table 2 summarizes reporting year, case
count, source, predisposing factors, and geographical
location.

The resistance mechanism of VRSA is mediated by
the VanA operon carried on the mobile genetic element
Tn1546 acquired from vancomycin-resistant Entero-
coccus faecalis. Co-infections with VRE have occurred
in all cases [21,25]. There are only a few selected cases
of other clinical S. aureus isolates with vanA-type re-
sistance pattern reported in literature. In 2013, VRSA
infection was reported in Europe in a 73-year-old with
renal and cardiovascular disease [26]. The patient
also harbored VRE. The strain showed similar genetic
background to US VRSA strains. Other reports include
vanA-positive ST239-SCCmec 11/t037 from samples of
hospitalized patients in Iran [27], and vanA-positive
isolates from India and Pakistan [28]. Of real concern
is the African study that showed a VRSA prevalence of
44.5% among samples from clinical isolates [29]. While
many of these may represent differences in laboratory
isolation methods, it is nonetheless concerning.

VISA and VRSA have also been isolated in animal
husbandry from pigs, goats, and cattle. The clinical im-
pact at this time is unknown [24,30,31].

According to the CDC, VRSA disease epidemiology
demonstrates geographic clustering that is probably
explained by the higher prevalence of precursor organ-
isms in geographically related areas: eight of ten VRSA
documented from 2002 to 2009 occurred in patients
from Michigan, and all four VRSA infections since 2010
occurred in patients from Delaware. There has been no
documented VRSA transmission to date.

Mechanisms of Resistance

The staphylococcal cell wall is a dynamic structure
that is critical in host-pathogen interaction. In S. aureus
cell wall synthesis, Penicillin-binding proteins (PBPs)
are transpeptidases that incorporates new peptidogly-
can precursors into pre-existing chains. 8-lactam an-
tibiotics are structural analogs of cell wall precursors
that targets PBP, thereby inactivating and inhibiting
the cross-bridge formation step with resultant cell ly-
sis [32].

MRSA produces PBP2A, which bypasses 8-lactam

Table 2: Historical US VRSA case count and geographical information [25,31].

Cases (Number) | Year Age range Source Diagnosis Underlying conditions
Michigan (8) 2002 t0 2009  40-78 Skln gnd skin structure Qbesﬂy, dlapete's, renal disease, rheumatologic
infections diseases, skin disease
Pennsylvania (1) 2002 70 Osteomyelitis Obesity
New York (1) 2004 63 Colonization Diabetes, renal disease, rheumatologic disorder
Skin and skin structure Diabetes, renal disease, Gl mucosal barrier
Delaware (4) 2010 to 2015 | 64-83 infections, prosthetic . L ’
L . infection
device infection
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antibiotics. PBP2A is encoded by the mecA gene lo-
cated on a mobile genomic island, the staphylococcal
cassette chromosome mec (SCCmec) that carries the
central determinant for broad-spectrum B8-lactam
resistance. Table 1 shows the timeline for S. aureus
resistance to various antibiotics.

Glycopeptides like vancomycin’s bactericidal activi-
ty occurs through inhibition of peptidoglycan synthesis
by binding to the D-ala-D-ala terminus of the peptido-
glycan precursor Lipid Il [18,23,33]. Additionally, the
D-Ala-D-Ala terminus is highly conserved in Gram-posi-
tive bacteria including S. aureus making vancomycin an
active drug against a broad spectrum of gram-positive
pathogens [23].

Specific operons that consist of genetic regulatory
systems coding for multiple antibiotic resistance deter-
minants occur in VRSA and enterococci; six resistance
patterns (designated “VanA” through “VanG”) have
been reported [21]. Resistance is conferred to vanco-
mycin through alteration in binding sites; in vancomy-
cin-resistant organisms, the cell wall dipeptide precur-
sors are altered to molecules with reduced affinity to
vancomycin including D-alanyl-D-lactate (VanA, VanB,
and VanD) or D-alanyl-D-serine (VanC, VanE, and VanG)
[18,34]. The resistance mechanism of VRSA is mediat-
ed by the VanA operon carried on the mobile genetic
element Tn1546 acquired from vancomycin-resistant
Enterococcus faecalis. Co-infections with VRE have oc-
curred in all cases [21,25].

VanA is carried on the mobile genetic element
Tn1546. Tn1546-based antibiotic resistance produces
alteration of the dipeptide residue from D-ala-D-ala to
d-alanyl-d-lactate (D-ala-D-lac), a dipeptide with sub-
stantially lower affinity for vancomycin [18,33]. Most
VRSA strains carry plasmid-borne copies of Tn1546 ac-
quired from vancomycin-resistant Enterococcus faecalis
[35]. Horizontal spread of resistance genes can occur
efficiently through bacterial conjugation. Inc18 incom-
patibility conjugative plasmids occur naturally in Entero-
coccus but not in naturally occurring staphylococci with
pSK41-like multi-resistant conjugative plasmids [36].
This pSK41-like plasmid has been shown to facilitate
the transfer of Inc18-like vanA plasmid from E. faecalis
to S. aureus, possibly via other molecules produced by
pSK41-carrying isolates [36-38]. VRSA plasmids contain
Tn1546: each strain contains both enterococcal and
staphylococcal plasmids. Polymicrobial infections with
VRE and MRSA strains in the health care setting have
been an essential factor in VRSA infections [25,35].

13 out of 14 characterized US VRSA strains belong
to the S. aureus clonal complex 5 (CC5) phylogenet-
ic lineage; PGFE typing showed USA100/800/nov-
el types [25,31,38]. The 13" US isolate belonged to
the S. aureus (CC30) phylogenetic lineage. PGFE and
spa typing showed USA1100/t019, a pattern typically
seen in community-acquired infections [31]; the clin-
ical significance of this variance is unknown. While
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VRSA isolates arise from lineages that are widespread
and pathogenic, efficient person to person transfer
has not been documented [25].

CC5 strains possess various traits that promote ad-
aptation and growth optimized for its environment;
additionally, they modulate host immunity through an
arsenal of superantigens and lipoproteins. CC5 strains
were identified in earlier MRSA isolates and have ac-
quired SCCmec > 20 separate times, with different reg-
ulatory genes, and the associated insertion sequences,
over the past 5-6 decades [39].

Selective genetic features may explain the efficient
mechanism of CC5 clonal complex resistance acquisi-
tion and spread. These include the absence of bacterio-
cin operon and mutation in the gene encoding DprA (a
molecule that promotes the efficiency of bacterial DNA
transformation), as well as other genes that encode
molecules and superantigens that negatively impact
host immune response [38]. CC5 also contains the most
diversity of SCCmec elements and clonal lineages that
possess a high degree of inter-species/strain transmis-
sibility. These SCCmec elements confer antibiotic resis-
tance properties and virulence factors [38]. CC5 strains
predominate in HA-MRSA disease among critically ill
patients with high-density infections that are more like-
ly to lead to high environmental impact; examples are
patients with burns, bacteremia and critically ill patients
[40-42]. These factors combined with frequent antibiot-
ic usage in the hospital environment create a favorable
selective environment for interspecies comingling and
transfer of resistance genes. Despite the global pan-
demic spread of CC5 strains and other HA-MRSA related
clonal complex, person to person transmission has not
been demonstrated for VRSA.

The prolonged interval between exposure to van-
comycin and VRSA development may be explained by
non-genome related factors that include limited vanco-
mycin use until the 1980s, need for an appropriate VRE
Tn1546-containing plasmid donor and patient/health
care factors that favored polymicrobial infection with
VRE and S. aureus [30]. Whether this translates to the
needed prolonged period of relative clinical quiescence
before a global epidemic is unknown.

Genomic analysis of the CC5 VRSA isolates showed
that Tn1546 DNA sequences from VRSA strains segre-
gate by region of isolation (Table 2) as opposed to the
year of acquisition leading to the conclusion of the
independent acquisition model of vancomycin resis-
tance at each of these locations [30,37,43]. Kos, et al.
[38] showed that transposable elements in all Michigan
Tn1546 sequences were similar or differed by few sin-
gle-nucleotide polymorphisms (SNPs), as opposed to
geographically distinct strains from New York, Pennsyl-
vania, and Delaware [strains VRS2, VRS3a, and VRS11a
or VRS11b {VRS11a/b}]) [38]. Explanations for the oc-
currence of some unrelated VRSA strains include the
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possibility of initial plasmid transfer event followed by a
series of other horizontal transfers over time with vari-
ability occurring at each step [38,44].

CC5 is one of the most studied S. aureus clonal com-
plexes due to its association with HA-MRSA, VISA
and VRSA. However, while whole genomic analysis
has become the gold standard for S. aureus due to
its comparatively larger annotated sequences, po-
tential drawbacks may include the fact that fully as-
sembled genomic information exists from only 2% S.
aureus assemblies [44], the majority of which are of
MRSA epidemic lineages of complexes (CC) 5 and 8.

Definitions and Testing Methods [28]

CDC definitions for classifying isolates of S. aureus
with reduced susceptibility to vancomycin are based on
the laboratory breakpoints established by the Clinical
and Laboratory Standards Institute (CLSI). Last modified
in 2009, CLSI breakpoints for S. aureus and vancomycin
are MIC £ 2 pg/ml, MIC = 4-8 pug/ml and MIC = 16 pug/ml
respectively for vancomycin-susceptible, intermediate
and resistant S. aureus [25].

Currently, methods approved for susceptibility test-
ing in the US include automated susceptibility testing
(AST), broth microdilution, agar dilution, gradient dif-
fusion, and vancomycin screen agar plates [brain heart
infusion (BHI) agar containing 6 pg/ml of vancomycin].
Disk diffusion is not currently recommended for vanco-
mycin susceptibility in S. aureus due to misleading zone
parameters for susceptible and indeterminate strains
[43].

For US isolates, there are mandatory requirements
for submission of all S. aureus with a vancomycin MIC of
>= 8 pg/ml for confirmation of susceptibility results. If
VRSA (vancomycin MIC 2 16 ug/ml) is suspected or con-
firmed, further testing is done to characterize VRSA pre-
cursor organisms. S. aureus strains are defined as VISA
or VRSA based on the MIC for vancomycin obtained by
reference broth microdilution. Additionally, CDC tests
all presumptive VISA/VRSA isolates by gradient diffu-
sion, followed by PCR if confirmed [43].

Of note is that the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST) changed its MIC
criteria in 2018. EUCAST defines glycopeptide-resistant
(VRSA, TRSA) S. aureus isolates based on MIC values for
vancomycin (VAN) and teicoplanin (TEI) of >2.0 mg/L.
Because EUCAST is more widely available and used by
developing countries, the stricter criteria will likely lead
to the reclassification of VISA strains to VRSA, possibly
triggering earlier surveillance and investigations, col-
laboration and perhaps more urgent and equitable re-
source allocation to combat its spread. However, the
CDC definition may create a less noisy background and
more efficient resource allocation.

Kest and Kaushik. J Infect Dis Epidemiol 2019, 5:093

Disease Spectrum

Disease spectrum has been mostly complicated
skin and skin structure infections in hospitalized pa-
tients with comorbidities (chronic skin ulcers, diabe-
tes, renal diseases) on previous prolonged vancomy-
cin therapy [26-29,43]. There have been no reports
of VRSA disease in children or adults without other
predisposing co-morbid factors.

Management

Primary prevention includes measures like immuni-
zation to promote individual and herd immunity against
preventable infections that may predispose to alter-
ation of human microbiota with secondary serious bac-
terial infections, safe food handling and preparation,
hand washing, and judicious use and prescription of an-
tibiotics in clinical and animal husbandry.

Other measures targeted at healthcare systems in-
clude adherence to recommended infection control
guidelines and control of both MRSA and VRE coloniza-
tion and infections.

Monitoring and surveillance in developing coun-
tries is a structured process that captures and confirms
new occurrences, monitors trends and combats spread
through policies and partnerships with agencies and
health systems. Strategic partnerships with developing
countries that create easy access to confirmatory labs
and public health resources would serve to better ad-
dress global spread and containment.

Antibiotic Management

The mainstay of VRSA treatment includes treating
underlying co-morbidities and antimicrobial therapy
combined with appropriate surgical intervention as clin-
ically indicated.

Since VRSA disease epidemiology is still evolving
with resultant high mortality rates; real-time infor-
mation about the efficacy of available drugs is limit-
ed. Several agents are in research and development
for highly-resistant Gram-positives including VRSA;
these include modifications of various classes of gly-
copeptides, carbapenems, oxazolidinones, quinolo-
nes, and tetracyclines.

Since the discovery of vancom modification of gly-
copeptide side chains and other synthetic derivatives
with varying degrees of potency have been proposed
for clinical use. Examples are telavancin which binds to
S. aureus D-ala-D-ala targets resulting in cell membrane
disruption and increased permeability [18]. Table 3a,
Table 3b, Table 3¢, Table 3d and Table 3e summarizes
currently approved antibiotics effective against VRSA.

As a general rule, alternative antibiotics or combina-
tion with at least one agent active against VISA/VRSA
should be used when vancomycin MIC is > 2 pug/ml [17].
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Table 3: Antibiotics for Vancomycin Resistant Staph aureus [17,34,49-51].
Table 3a: Oxazolidinones.

Drug Name Year FDA Approved Notes

® Protein synthesis inhibition through P site binding of ribosomal 50S subunit
interfering with peptidyl transferase and peptide bond formation.

* Resistance profile is superior to other protein synthesis inhibitors.

* Rare oxazolidinone resistance due to alterations of 23S rRNA has been
reported but remains uncommon.

* IDSA recommends usage in persistent MRSA bacteremia or vancomycin
treatment failure.

* Treatment failures have been noted in adults.

Linezolid 2000

* A second-generation oxazolidinone with superior activity against resistant
Tedizolid phosphate 2014 Gram-positive organisms compared with linezolid.

* FDA approved for ABSSI

Table 3b: Streptogramins.

* Combination of two semisynthetic pristinamycin derivatives.

* Dalfopristin A interferes with binding of aa-tRNA and inhibits peptide bond formation while
Quinupristin B binds at the beginning of the polypeptide exit tunnel where it blocks short pepti-
dyl tRNA chains entering the tunnel at the beginning of polypeptide translation. Both act syner-

Quinupristin/ gistically to alter rRNA conformation allowing tight binding and inhibiting cell growth.
Dalfopristin 1999, Exerts potent in vitro activity against gram positives. Demonstrates activity against VISA and
VRSA

* Either Streptogramin A or streptogramin B molecules can be affected by horizontally transferred
resistance determinants but not both.

*  Approved for serious infections caused by resistance Gram-positives

Table 3c: Glycopeptides, analogs and synthetic glycopeptides.

®* A cyclic anionic peptide with a decanoyl fatty acid side chain that interacts with calcium to form
Ca-Dap complex which binds to negatively charged phosphatidylglycerol groups in cell membrane
causing cell death through depolarisation, permeabilization and leakage of ions [34].

* Daptomycin resistance (DapR) results during prolonged therapy from complex mechanisms. One

well established mechanism is through the Multiple Peptide Resistance Factor protein (MprF). MprF
Daptomycin | 2003 confers broad-range resistance to host antimicrobial peptides, thereby promoting S. aureus cell
virulence and pathogenicity [51].

* IDSA recommends high-dose daptomycin, if the isolate is susceptible, in combination with another
agent (e.g., gentamicin, rifampin, linezolid, TMP-SMX, or a beta-lactam antibiotic).

* Recommended for treatment of high bacterial density or serious infections like endocarditis.
* Resistance is emerging in all of the targeted pathogens, but the resistance rates are currently low.

*  Semisynthetic lipoglycopeptides.

® Inhibits peptidoglycan biosynthesis and cause cell membrane damages [33].
* Approved for ABSSI. Use is limited because of the need for IV administration.
® Contraindicated in pregnancy.

Telavancin 2008

® Oritavancin is an analog of vancomycin that has the main heptapeptide core with other unique
substitutions.
Oritavancin 2014 ¢  Approved for ABSSI.

* It shows promise for the treatment of serious infections and activity against daptomycin-
nonsusceptible S. aureus [33].

Table 3d: Cephalosporins.

*  Fifth-generation cephalosporin with extended Gram-positive activity.

®*  Only FDA approved cephalosporin with activity against VISA, VRSA and linezolid- and daptomycin-
resistant S. aureus [49].

*  Approved for the treatment of acute bacterial SSSIs and community-acquired pneumonia.
Ceftaroline 2010 - . . .
* Demonstrates excellent affinity for prominent PBPs that are used by resistant strains [49-50].
*  Synergy with carbapenems, azactams and some aminoglycosides.

* Low probability of developing resistance.

* Favorable safety and tolerability profile.
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Table 3e: Others.

Other
®*  Novel benzamide analogs F6.

*  Natural products: Chitosan (poly (1-4) 2 amino 2-deoxy
B-D glucan).

®  Combination nontraditional agents.

Will likely be used in combination form after

Experimental . - .
P extensive clinical studies/research.

These include daptomycin, linezolid, telavancin, ceftar-
oline, and quinupristin-dalfopristin. IDSA recommends
the use of high-dose daptomycin (for susceptible iso-
lates) in combination with another agents (e.g., genta-
micin, rifampin, linezolid, TMP-SMX, or a beta-lactam
antibiotic) for MRSA bacteremia with vancomycin fail-
ure [17].

Several other therapies are in the research and de-
velopment phase, and some have been proposed for
off label use. Selected therapies are mentioned here.

Cell-penetrating peptides which can directly deliver
biomacromolecules (peptides, proteins, and nucleic ac-
ids) to their site of action have generated much atten-
tion [45] for VRSA and other Gram-positive infections. A
combination of traditional medicine with conventional
drugs has also generated much interest [46].

Derivatives of natural products like Chitosan (poly
(1-4) 2 amino 2-deoxy B-D glucan), shows potential
due to its ability to inhibit VRSA [46,47]. Chitin is one
of the most abundant polysaccharides found in na-
ture. Chitosan mechanism of action may be related
to its ability to alter the cell wall permeability lead-
ing to destabilization, leakage and cell death. Addi-
tionally other poorly understood series of multiple
simultaneous events may contribute to its bactericid-
al activity [47]. An example of its clinical application
includes promising use as part of a novel nanoscale
liquid film-forming system for treatment of resistant
S. aureus wound infections [48].

Future Trends and Speculations

The prolonged interval between vancomycin use
and the appearance of VRSA is reassuring. In the event
of a global epidemic, especially with the threat of VRSA
diseases with high mortality risk (complicated skin and
skin structure diseases, pulmonary, deep organ ab-
scesses and endovascular infections); a public health
emergency of potentially epic proportions would en-
sue. Spread to the developing world would compound
its effect; VRSA epidemic coupled with a poorly de-
veloped healthcare infrastructure and inequitable re-
source access would create a "triple whammy" effect,
potentially leading to a global public health crisis. Due
to these and other factors, VRSA is currently classi-
fied as bacteria of high priority with the potential to
cause significantly devastating worldwide mortality in
the absence of effective containment and therapeutic
solutions. Developed countries worldwide maintain an
active surveillance system to monitor and combat its

Kest and Kaushik. J Infect Dis Epidemiol 2019, 5:093

spread. Whatever the case, VRSA has come to stay. The
next 10-20 years will determine what happens next.
Hopefully, things stay silent.

Conclusion

The global threat of a VRSA epidemic is a public
health problem that is currently quiet but perhaps
brewing. Unlike S. aureus resistance to other antibiotic
classes, there has been a prolonged interval between
vancomycin use and VRSA development and disease
has occurred in selected patients with co-morbidities,
prolonged vancomycin use and co-infection with VRE.
There are limited choices of available drugs effective
against VRSA; several promising therapeutic options
are in research or development phases. Assessment of
the actual effectiveness of these antimicrobials would
need full-scale use during an epidemic, an event of
global catastrophic proportions that we all hope will
not occur.

Acknowledgement

The authors wish to acknowledge Patricia May and
Madeline Taylor, of Library Services, at St. Joseph's
Health, Paterson NJ for proofreading this paper. We
also wish to acknowledge Jessica Escobar of Library ser-
vices, St. Joseph Health, Paterson, NJ.

References

1. McGuinness WA, Malachowa N, DelLeo FR (2017) Van-
comycin resistance in Staphylococcus aureus. Yale J Biol
Med 90: 269-281.

2. Kirby WM (1944) Extraction of a highly potent penicillin in-
activator from penicillin resistant Staphylococci. Science
99: 452-453.

3. Jevons MP (1961) “Celbenin” - resistant Staphylococci. Br
Med J 1: 124-125.

4. Udo EE, Pearman JW, Grubb WB (1993) Genetic analysis
of community isolates of methicillin-resistant Staphylococ-
cus aureus in Western Australia. J Hosp Infect 25: 97-108.

5. David MZ, Daum RS (2010) Community-associated meth-
icillin-resistant Staphylococcus aureus: Epidemiology and
clinical consequences of an emerging epidemic. Clin Micro-
biol Rev 23: 616-687.

6. Monecke S, Coombs G, Shore AC, Coleman DC, Akpaka
P, et al. (2011) A field guide to pandemic, epidemic and
sporadic clones of methicillin-resistant Staphylococcus au-
reus. PLoS ONE 6: e17936.

7. Hiramatsu K, Hanaki H, Ino T, Yabuta K, Oguri T, et al.
(1997) Methicillin-resistant Staphylococcus aureus clinical
strain with reduced vancomycin susceptibility. J Antimicrob
Chemother 40: 135-136.

e Page 7 0of 9 e



https://doi.org/10.23937/2474-3658/1510093
https://www.ncbi.nlm.nih.gov/pubmed/28656013
https://www.ncbi.nlm.nih.gov/pubmed/28656013
https://www.ncbi.nlm.nih.gov/pubmed/28656013
https://doi.org/10.1126/science.99.2579.452
https://doi.org/10.1126/science.99.2579.452
https://doi.org/10.1126/science.99.2579.452
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1952888/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1952888/
https://www.ncbi.nlm.nih.gov/pubmed/7903093
https://www.ncbi.nlm.nih.gov/pubmed/7903093
https://www.ncbi.nlm.nih.gov/pubmed/7903093
https://cmr.asm.org/content/23/3/616
https://cmr.asm.org/content/23/3/616
https://cmr.asm.org/content/23/3/616
https://cmr.asm.org/content/23/3/616
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0017936
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0017936
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0017936
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0017936
https://www.ncbi.nlm.nih.gov/pubmed/9249217
https://www.ncbi.nlm.nih.gov/pubmed/9249217
https://www.ncbi.nlm.nih.gov/pubmed/9249217
https://www.ncbi.nlm.nih.gov/pubmed/9249217
https://en.wikipedia.org/wiki/Daptomycin
https://en.wikipedia.org/wiki/Linezolid
https://en.wikipedia.org/wiki/Telavancin
https://en.wikipedia.org/wiki/Ceftaroline_fosamil
https://en.wikipedia.org/wiki/Ceftaroline_fosamil
https://en.wikipedia.org/wiki/Quinupristin/dalfopristin

DOI: 10.23937/2474-3658/1510093

ISSN: 2474-3658

8. Liu C, Chambers HF (2003) Staphylococcus aureus with
heterogeneous resistance to vancomycin: Epidemiology,
clinical significance, and critical assessment of diagnostic
methods. Antimicrob Agents Chemother 47: 3040-3045.

9. Gottleib S (2003) CDC reports first case of vancomycin re-
sistant Staphylococcus aureus. BMJ 326: 783.

10. Kaatz GW, Seo SM, Dorman NJ, Lerner SA (1990) Emer-
gence of teicoplanin resistance during therapy of Staphylo-
coccus aureus endocarditis. J Infect Dis 162: 103-108.

11. Centers for Disease Control and Prevention (2013) Antibi-
otic resistance threats in the United States, 2013.

12.Ventola CL (2015) The antibiotic resistance crisis: Part 1:
Causes and threats. P T 40: 277-283.

13. deKraker ME, Stewardson AJ, Harbarth S (2016) Will 10
million people die a year due to antimicrobial resistance by
20507 PLoS Med 13: €1002184.

14. World Health Organization (2017) WHO model list of es-
sential medicines. 20" List, Geneva.

15. Anderson RCGR, Higgins HM Jr, Pettinga CD (1961) Sym-
posium: How a drug is born. Cinncinnati J Med 42: 49-60.

16. McCormick MH, McGuire JM, Pittenger GE, Pittenger RC,
Stark WM (1955) Vancomycin, a new antibiotic. I. Chemi-
cal and biologic properties. Antibiot Annu 3: 606-611.

17. Liu C, Bayer A, Cosgrove SE, Daum RS, Fridkin SK, et al.
(2011) Clinical practice guidelines by the infectious diseas-
es society of America for the treatment of methicillin-resis-
tant Staphylococcus aureus infections in adults and chil-
dren: Executive summary. Clin Infect Dis 52: 285-292.

18. Blaskovich MAT, Hansford KA, Butler MS, Jia Z, Mark AE,
et al. (2018) Developments in glycopeptide antibiotics. ACS
Infect Dis 4: 715-735.

19. Kirst HA, Thompson DG, Nicas Tl (1998) Historical yearly
usage of vancomycin. Antimicrob Agents Chemother 42:
1303-1304.

20.Fekety R, Shah AB (1993) Diagnosis and treatment of
Clostridium difficile colitis. JAMA 269: 71-75.

21.1to T, Okuma K, Ma XX, Yuzawa H, Hiramatsu K (2003)
Insights on antibiotic resistance of Staphylococcus aureus
from its whole genome: Genomic island SCC. Drug Resist
Updat 6: 41-52.

22.Levine DP (2006) Vancomycin: A history. Clin Infect Dis
42: S5-S12.

23.Kim SJ, Matsuoka S, Patti GJ, Schaefer J (2008) Vancomy-
cin derivative with damaged D-Ala-D-Ala binding cleft binds
to cross-linked peptidoglycan in the cell wall of Staphylo-
coccus aureus. Biochemistry 47: 3822-3831.

24.Zhang S, Sun X, Chang W, Dai Y, Ma X (2015) Systematic
review and meta-analysis of the epidemiology of vanco-
mycin-intermediate and heterogeneous vancomycin-inter-
mediate Staphylococcus aureus isolates. PLoS One 10:
e0136082.

25. Centers for Disease Control and Prevention (2014) Health-
care associated infections.

26. Melo-Cristino J, Resina C, Manuel V, Lito L, Ramirez M
(2013) First case of infection with vancomycin-resistant
Staphylococcus aureus in Europe. Lancet 382: 205.

27. Shekarabi M, Hajikhani B, Salimi Chirani A, Fazeli M,
Goudarzi M (2017) Molecular characterization of vancomy-
cin-resistant Staphylococcus aureus strains isolated from
clinical samples: A three year study in Tehran, Iran. PLoS

Kest and Kaushik. J Infect Dis Epidemiol 2019, 5:093

One 12: e0183607.

28.Moravvej Z, Estaji F, Askari E, Solhjou K, Naderi Nasab
M, et al. (2013) Update on the global number of vancomy-
cin-resistant Staphylococcus Aureus (VRSA) strains. Int J
Antimicrob Agents 42: 370-371.

29. Olufunmiso O, Tolulope |, Roger C (2017) Multidrug and
vancomycin resistance among clinical isolates of Staphylo-
coccus aureus from different teaching hospitals in Nigeria.
Afr Health Sci 17: 797-807.

30. Kobayashi SD, Musser JM, DeLeo FR (2012) Genomic
analysis of the emergence of vancomycin-resistant Staphy-
lococcus aureus. MBio 3.

31. Limbago BM, Kallen AJ, Zhu W, Eggers P, McDougal LK, et
al. (2014) Report of the 13th vancomycin-resistant Staph-
ylococcus aureus isolate from the United States. J Clin Mi-
crobiol 52: 998-1002.

32. Tomasz A (2006) The Staphylococcal cell wall. In: Fischetti
VA, Novick RP, Ferretti JJ, Portnoy DA, Rood JI, Gram-pos-
itive Pathogens. (2" edn), ASM Press, Washington, DC,
USA, 443-455.

33.Zeng D, Debabov D, Hartsell TL, Cano RJ, Adams S, et al.
(2016) Approved glycopeptide antibacterial drugs: Mecha-
nism of action and resistance. Cold Spring Harb Perspect
Med 6.

34.Foster TJ (2017) Antibiotic resistance in Staphylococcus
aureus. Current status and future prospects. FEMS Micro-
biol Rev 41: 430-449.

35. Arthur M, Molinas C, Depardieu F, Courvalin P (1993)
Characterization of Tn1546, a Tn3-Related Transposon
conferring glycopeptide resistance by synthesis of depsi-
peptide peptidoglycan precursors in Enterococcus faecium
BM4147. J Bacteriol 175: 117-127.

36.Zhu W, Clark N, Patel JB (2013) PSK41-like plasmid is nec-
essary for Inc18-like vanA plasmid transfer from Enterococ-
cus faecalis to Staphylococcus Aaureus in vitro. Antimicrob
Agents Chemother 57: 212-219.

37.Zhu W, Murray PR, Huskins WC, Jernigan JA, McDonald
LC, et al. (2010) Dissemination of an Enterococcus Inc18-
Like vanA plasmid associated with vancomycin-resistant
Staphylococcus aureus. Antimicrob Agents Chemother 54:
4314-4320.

38.Kos VN, Desjardins CA, Griggs A, Cerqueira G, Van
Tonder A, et al. (2012) Comparative genomics of vanco-
mycin-resistant Staphylococcus aureus strains and their
positions within the clade most commonly associated with
methicillin-resistant S. aureus hospital-acquired infection in
the United States. MBio 3.

39. Nubel U, Roumagnac P, Feldkamp M, Song J-H, Ko KS, et
al. (2008) Frequent emergence and limited geographic dis-
persal of methicillin-resistant Staphylococcus aureus. Proc
Natl Acad Sci USA 105: 14130-14135.

40.Chua T, Moore CL, Perri MB, Donabedian SM, Masch W,
et al. (2008) Molecular epidemiology of methicillin-resistant
Staphylococcus aureus bloodstream isolates in urban De-
troit. J Clin Microbiol 46: 2345-2352.

41.Limbago B, Fosheim GE, Schoonover V, Crane CE, Na-
dle J, et al. (2009) Characterization of methicillin-resistant
Staphylococcus aureus isolates collected in 2005 and 2006
from patients with invasive disease: A population-based
analysis. J Clin Microbiol 47: 1344-1351.

42. Murray CK, Holmes RL, Ellis MW, Mende K, Wolf SE, et
al. (2009) Twenty-five year epidemiology of invasive meth-

e Page 8 of 9 o



https://doi.org/10.23937/2474-3658/1510093
https://www.ncbi.nlm.nih.gov/pubmed/28854219
https://www.ncbi.nlm.nih.gov/pubmed/23880172
https://www.ncbi.nlm.nih.gov/pubmed/23880172
https://www.ncbi.nlm.nih.gov/pubmed/23880172
https://www.ncbi.nlm.nih.gov/pubmed/23880172
https://www.ncbi.nlm.nih.gov/pubmed/29085408
https://www.ncbi.nlm.nih.gov/pubmed/29085408
https://www.ncbi.nlm.nih.gov/pubmed/29085408
https://www.ncbi.nlm.nih.gov/pubmed/29085408
https://www.ncbi.nlm.nih.gov/pubmed/22736541
https://www.ncbi.nlm.nih.gov/pubmed/22736541
https://www.ncbi.nlm.nih.gov/pubmed/22736541
https://www.ncbi.nlm.nih.gov/pubmed/24371243
https://www.ncbi.nlm.nih.gov/pubmed/24371243
https://www.ncbi.nlm.nih.gov/pubmed/24371243
https://www.ncbi.nlm.nih.gov/pubmed/24371243
https://research.monash.edu/en/publications/gram-positive-pathogens
https://research.monash.edu/en/publications/gram-positive-pathogens
https://research.monash.edu/en/publications/gram-positive-pathogens
https://research.monash.edu/en/publications/gram-positive-pathogens
https://www.ncbi.nlm.nih.gov/pubmed/27663982
https://www.ncbi.nlm.nih.gov/pubmed/27663982
https://www.ncbi.nlm.nih.gov/pubmed/27663982
https://www.ncbi.nlm.nih.gov/pubmed/27663982
https://www.ncbi.nlm.nih.gov/pubmed/28419231
https://www.ncbi.nlm.nih.gov/pubmed/28419231
https://www.ncbi.nlm.nih.gov/pubmed/28419231
https://www.ncbi.nlm.nih.gov/pubmed/8380148
https://www.ncbi.nlm.nih.gov/pubmed/8380148
https://www.ncbi.nlm.nih.gov/pubmed/8380148
https://www.ncbi.nlm.nih.gov/pubmed/8380148
https://www.ncbi.nlm.nih.gov/pubmed/8380148
https://www.ncbi.nlm.nih.gov/pubmed/23089754
https://www.ncbi.nlm.nih.gov/pubmed/23089754
https://www.ncbi.nlm.nih.gov/pubmed/23089754
https://www.ncbi.nlm.nih.gov/pubmed/23089754
https://www.ncbi.nlm.nih.gov/pubmed/20660665
https://www.ncbi.nlm.nih.gov/pubmed/20660665
https://www.ncbi.nlm.nih.gov/pubmed/20660665
https://www.ncbi.nlm.nih.gov/pubmed/20660665
https://www.ncbi.nlm.nih.gov/pubmed/20660665
https://www.ncbi.nlm.nih.gov/pubmed/22617140
https://www.ncbi.nlm.nih.gov/pubmed/22617140
https://www.ncbi.nlm.nih.gov/pubmed/22617140
https://www.ncbi.nlm.nih.gov/pubmed/22617140
https://www.ncbi.nlm.nih.gov/pubmed/22617140
https://www.ncbi.nlm.nih.gov/pubmed/22617140
https://www.pnas.org/content/105/37/14130
https://www.pnas.org/content/105/37/14130
https://www.pnas.org/content/105/37/14130
https://www.pnas.org/content/105/37/14130
https://www.ncbi.nlm.nih.gov/pubmed/18508934
https://www.ncbi.nlm.nih.gov/pubmed/18508934
https://www.ncbi.nlm.nih.gov/pubmed/18508934
https://www.ncbi.nlm.nih.gov/pubmed/18508934
https://www.ncbi.nlm.nih.gov/pubmed/19321725
https://www.ncbi.nlm.nih.gov/pubmed/19321725
https://www.ncbi.nlm.nih.gov/pubmed/19321725
https://www.ncbi.nlm.nih.gov/pubmed/19321725
https://www.ncbi.nlm.nih.gov/pubmed/19321725
https://www.ncbi.nlm.nih.gov/pubmed/19477601
https://www.ncbi.nlm.nih.gov/pubmed/19477601
https://www.ncbi.nlm.nih.gov/pubmed/14506006
https://www.ncbi.nlm.nih.gov/pubmed/14506006
https://www.ncbi.nlm.nih.gov/pubmed/14506006
https://www.ncbi.nlm.nih.gov/pubmed/14506006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1169341/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1169341/
https://www.ncbi.nlm.nih.gov/pubmed/2141343
https://www.ncbi.nlm.nih.gov/pubmed/2141343
https://www.ncbi.nlm.nih.gov/pubmed/2141343
https://www.cdc.gov/drugresistance/biggest_threats.html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fdrugresistance%2Fthreat-report-2013%2Findex.html
https://www.cdc.gov/drugresistance/biggest_threats.html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fdrugresistance%2Fthreat-report-2013%2Findex.html
https://www.ncbi.nlm.nih.gov/pubmed/25859123
https://www.ncbi.nlm.nih.gov/pubmed/25859123
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5127510/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5127510/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5127510/
https://www.who.int/medicines/publications/essentialmedicines/20th_EML2017_FINAL_amendedAug2017.pdf?
https://www.who.int/medicines/publications/essentialmedicines/20th_EML2017_FINAL_amendedAug2017.pdf?
https://www.ncbi.nlm.nih.gov/pubmed/13355336
https://www.ncbi.nlm.nih.gov/pubmed/13355336
https://www.ncbi.nlm.nih.gov/pubmed/13355336
https://www.ncbi.nlm.nih.gov/pubmed/21217178
https://www.ncbi.nlm.nih.gov/pubmed/21217178
https://www.ncbi.nlm.nih.gov/pubmed/21217178
https://www.ncbi.nlm.nih.gov/pubmed/21217178
https://www.ncbi.nlm.nih.gov/pubmed/21217178
https://www.ncbi.nlm.nih.gov/pubmed/29363950
https://www.ncbi.nlm.nih.gov/pubmed/29363950
https://www.ncbi.nlm.nih.gov/pubmed/29363950
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC105816/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC105816/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC105816/
https://www.ncbi.nlm.nih.gov/pubmed/8416409
https://www.ncbi.nlm.nih.gov/pubmed/8416409
https://www.ncbi.nlm.nih.gov/pubmed/12654286
https://www.ncbi.nlm.nih.gov/pubmed/12654286
https://www.ncbi.nlm.nih.gov/pubmed/12654286
https://www.ncbi.nlm.nih.gov/pubmed/12654286
https://academic.oup.com/cid/article/42/Supplement_1/S5/275962
https://academic.oup.com/cid/article/42/Supplement_1/S5/275962
https://www.ncbi.nlm.nih.gov/pubmed/18302341
https://www.ncbi.nlm.nih.gov/pubmed/18302341
https://www.ncbi.nlm.nih.gov/pubmed/18302341
https://www.ncbi.nlm.nih.gov/pubmed/18302341
https://www.ncbi.nlm.nih.gov/pubmed/26287490
https://www.ncbi.nlm.nih.gov/pubmed/26287490
https://www.ncbi.nlm.nih.gov/pubmed/26287490
https://www.ncbi.nlm.nih.gov/pubmed/26287490
https://www.ncbi.nlm.nih.gov/pubmed/26287490
https://www.cdc.gov/hai/settings/lab/vrsa_lab_search_containment.html
https://www.cdc.gov/hai/settings/lab/vrsa_lab_search_containment.html
https://www.ncbi.nlm.nih.gov/pubmed/23791472
https://www.ncbi.nlm.nih.gov/pubmed/23791472
https://www.ncbi.nlm.nih.gov/pubmed/23791472
https://www.ncbi.nlm.nih.gov/pubmed/28854219
https://www.ncbi.nlm.nih.gov/pubmed/28854219
https://www.ncbi.nlm.nih.gov/pubmed/28854219
https://www.ncbi.nlm.nih.gov/pubmed/28854219

DOI: 10.23937/2474-3658/1510093

ISSN: 2474-3658

icillin-resistant Staphylococcus aureus (MRSA) isolates re-
covered at a burn center. Burns 35: 1112-1117.

43. Centers for Disease Control and Prevention (2015) Investi-
gation and control of vancomycin-resistant Staphylococcus
aureus (VRSA), 2015 update.

44 Copin R, Shopsin B, Torres VJ (2018) After the deluge:
Mining Staphylococcus aureus genomic data for clinical
associations and host-pathogen interactions. Curr Opin Mi-
crobiol 41: 43-50.

45. Wadia JS, Becker-Hapak M, Dowdy SF (2002) Protein
Transport. In: Langel U, Cell-Penetrating Peptides: Pro-
cesses and Applications. CRC Pres, New York, 365-375.

46.Yang W, Liu J, Blazekovi¢ B, Sun Y, Ma S, et al. (2018) In
vitro antibacterial effects of tanreqing injection combined with
vancomycin or linezolid against methicillin-resistant Staph-
ylococcus aureus. BMC Complement Altern Med 18: 169.

47.Raafat D, von Bargen K, Haas A, Sahl HG (2008) Insights

Kest and Kaushik. J Infect Dis Epidemiol 2019, 5:093

into the mode of action of chitosan as an antibacterial com-
pound. Appl Environ Microbiol 74: 3764-3773.

48.Yang S, Yang Y, Cui S, Feng Z, Du Y, et al. (2018) Chi-
tosan-polyvinyl alcohol nanoscale liquid film-forming sys-
tem facilitates MRSA-infected wound healing by enhancing
antibacterial and antibiofilm properties. Int J Nanomedicine
13: 4987-5002.

49. Bassetti M, Merelli M, Temperoni C, Astilean A (2013) New
antibiotics for bad bugs: where are we? Ann Clin Microbiol
Antimicrob 12: 22.

50. Olsufyeva EN, Shchekotikhin AE, Bychkova EN, Perever-
zeva ER, Treshalin ID, et al. (2018) Eremomycin pyrroli-
dide: A novel semisynthetic glycopeptide with improved
chemotherapeutic properties. Drug Des Devel Ther 12:
2875-2885.

51.Ernst CM, Peschel A (2019) MprF-mediated daptomycin
resistance. Int J Med Microbiol 309: 359-563.

0

|
—

CLINMED

INTERNATIONAL LIBRARY

)

e Page 9 of 9 e



https://doi.org/10.23937/2474-3658/1510093
https://www.ncbi.nlm.nih.gov/pubmed/18456858
https://www.ncbi.nlm.nih.gov/pubmed/18456858
https://www.ncbi.nlm.nih.gov/pubmed/30214202
https://www.ncbi.nlm.nih.gov/pubmed/30214202
https://www.ncbi.nlm.nih.gov/pubmed/30214202
https://www.ncbi.nlm.nih.gov/pubmed/30214202
https://www.ncbi.nlm.nih.gov/pubmed/30214202
https://www.ncbi.nlm.nih.gov/pubmed/23984642
https://www.ncbi.nlm.nih.gov/pubmed/23984642
https://www.ncbi.nlm.nih.gov/pubmed/23984642
https://www.ncbi.nlm.nih.gov/pubmed/30237697
https://www.ncbi.nlm.nih.gov/pubmed/30237697
https://www.ncbi.nlm.nih.gov/pubmed/30237697
https://www.ncbi.nlm.nih.gov/pubmed/30237697
https://www.ncbi.nlm.nih.gov/pubmed/30237697
https://www.ncbi.nlm.nih.gov/pubmed/19477601
https://www.ncbi.nlm.nih.gov/pubmed/19477601
https://www.cdc.gov/hai/pdfs/VRSA-Investigation-Guide-05_12_2015.pdf
https://www.cdc.gov/hai/pdfs/VRSA-Investigation-Guide-05_12_2015.pdf
https://www.cdc.gov/hai/pdfs/VRSA-Investigation-Guide-05_12_2015.pdf
https://www.ncbi.nlm.nih.gov/pubmed/29197673
https://www.ncbi.nlm.nih.gov/pubmed/29197673
https://www.ncbi.nlm.nih.gov/pubmed/29197673
https://www.ncbi.nlm.nih.gov/pubmed/29197673
https://www.ncbi.nlm.nih.gov/pubmed/29848316
https://www.ncbi.nlm.nih.gov/pubmed/29848316
https://www.ncbi.nlm.nih.gov/pubmed/29848316
https://www.ncbi.nlm.nih.gov/pubmed/29848316
https://www.ncbi.nlm.nih.gov/pubmed/18456858

	Title
	Corresponding authors
	Abstract
	Keywords
	Introduction
	S. aureus disease evolution 

	VRSA History and Evolution 
	Mechanisms of Resistance 
	Definitions and Testing Methods [28] 
	Disease Spectrum 
	Management
	Antibiotic Management 
	Future Trends and Speculations 
	Conclusion
	Acknowledgement
	Table 1
	Table 2
	Table 3
	Table 3a
	Table 3b
	Table 3c
	Table 3d
	Table 3e

	References

