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Abstract

Staphylococcus aureus is a Gram-positive bacterium causing a wide range of infections ranging from
cutaneous infections to endocarditis and bacteremia. Beta-lactamases such as penicillin and, subsequently,
methicillin have been used in the treatment of S. aureus infections. With the emergence of methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin, a bacterial cell wall synthesis inhibitor, has been used
as the treatment of choice for MRSA infections.

However, over the past few decades, there have been reports of reduced susceptibility and resistance of S.
aureus to vancomycin globally, most recently from Michigan, United States, in July 2021. Based on the
minimum inhibitory concentration (MIC) of the antibiotic against S. aureus, there are three strains of
resistance, vancomycin-intermediate Staphylococcus aureus (VISA), vancomycin-resistant Staphylococcus
aureus (VRSA), and heterogeneous vancomycin-intermediate Staphylococcus aureus (hVISA).

The increasing prevalence of VISA and VRSA infections is a cause of global concern. This qualitative review
of peer-reviewed research publications aims to describe the cases of VISA and VRSA reported in the
literature globally and summarizes the genetic mechanisms implicated in their resistance. The most
common mechanism implicated in VRSA infections is the vanA operon, while cell wall thickening is
responsible for VISA infections. This review aims to perform a global comparison between the MIC
corresponding to the strength of resistance to vancomycin and the presence of the vanA operon. In this
review, VISA and VRSA are noted to be most susceptible to quinupristin-dalfopristin and linezolid,
respectively. Maintaining active systemic surveillance for such infections, employing strict infection control
measures, and continuing to mitigate indiscriminate and irrational use of antibiotics are some of the actions
that can be undertaken to reduce the incidence and transmission of VISA, VRSA, and hVISA infections
worldwide.
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Introduction And Background

Staphylococcus aureus, a Gram-positive bacterium, has been responsible for both community-acquired and
hospital-acquired infections. This bacterium is found on the skin and the mucosal membranes of healthy
individuals. It is a part of the normal human skin flora and is widely present in the environment [1]. Ranging
from the skin to the bloodstream, S. aureus causes severe infections. In the 1940s, penicillin was the first
antibiotic used to treat S. aureus infections [2]. Penicillin is a beta-lactam antibiotic that covalently binds to
various penicillin-binding enzymes, known as penicillin-binding proteins. This leads to the inhibition of
biosynthesis of the cell wall, causing a bactericidal effect on S. aureus [3]. S. aureus began producing an
extracellular beta-lactamase (penicillinase) enzyme which inactivated the antibiotic through hydrolysis of
the beta-lactam ring [3]. The adaptability of the bacteria to fight antibiotics through mutations and other
mechanisms led to penicillin resistance. Widespread resistance to penicillin was first noticed in the 1950s
[2]. Methicillin, a semi-synthetic beta-lactam antibiotic, was first used in the late 1950s as a treatment for
the new penicillin-resistant Staphylococcus aureus (PRSA) infections (PRSA) [4]. This antibiotic covalently
binds penicillin enzymes like carboxypeptidases and transpeptidases, which inhibits the synthesis of the
bacterial cell wall [3]. Within a few years of using this treatment against PRSA infections, the first case of
methicillin-resistant Staphylococcus aureus (MRSA) was reported [4]. By the 1970s, there was widespread
resistance to this semi-synthetic group of penicillinase-resistant antimicrobial agents [2]. Further studies
indicated that the resistance to both these classes of antibacterial agents was due to a low-affinity
penicillin-binding protein (PBP) called the PBP2a [5]. The MRSA isolates were reported to contain a genetic
element known as SCCmec within which a specific gene known as mecA was responsible for encoding PBP2a
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[6-8]. Beta-lactam antibiotics are unable to bind to PBP2a, leading to antibiotic resistance [5].

A new antibiotic was then needed to treat these infections that did not require attachment to the PBP2a site.
Vancomycin, a glycopeptide, was first used to treat MRSA infections in a hospital setting in the late 1980s
[4]. It functions by inhibiting cell wall synthesis of Gram-positive bacteria by attaching itself to the D-alanyl-
D-alanine (D-ala-D-ala) terminus of the peptidoglycan cell wall [9]. This leads to a conformational change
that prevents the precursor from attaching to the growing peptidoglycan chain, leading to cell wall
decomposition and lysis of the bacteria [10]. It is currently the prevalent drug of choice for the treatment of
severe MRSA infections. Vancomycin, and its structural relative teicoplanin, were the dominant drugs used
historically to treat MRSA infections. However, in the 1980s, the first case of reduced susceptibility to
teicoplanin was reported in Europe [4]. Vancomycin continued to be effective against MRSA infections.

The first case of reduced susceptibility of S. aureus to vancomycin was reported in Japan in 1997 [11].
Thereafter, various cases were reported in every continent except Oceania [12]. With the continued use of
vancomycin, the first case of vancomycin-resistant Staphylococcus aureus (VRSA) was reported in the United
States in Michigan in 2002, followed by cases in New York, New Jersey, and Delaware [13]. Further studies
indicated that the origin of VISA was preceded by heterogeneous vancomycin-intermediate Staphylococcus
aureus (hVISA) [14,15]. There were also cases of hVISA, vancomycin-intermediate Staphylococcus aureus
(VISA), and VRSA infections reported from every continent.

This indicates that resistance to vancomycin, which is currently a highly reliable antibiotic for the treatment
of MRSA infections, is a cause for global concern. This narrative review aims to identify and analyze the
most common causes of resistance to vancomycin, compare the genetic mechanisms of VISA and VRSA
infections, and their relationship with the strength of resistance against vancomycin, and determine which
antibiotics VRSA and VISA are most susceptible to.

Review
Methodology

Search Criteria

A qualitative analysis of peer-reviewed publications was conducted. The analysis focused on the genetic
causes of VISA and VRSA infections. Because these infections have been reported worldwide and have been
a source of public health concern, a qualitative analysis of the most common genetic cause of this resistance
to vancomycin was reviewed. The literature search was performed via PubMed, Web of Sciences databases,
and Google Scholar. The timeline set for the search was from January 1997 to September 2021 to track all
cases since the first report in 1997 of reduced susceptibility of S. aureus to vancomycin. Global case reports
were reviewed to provide a holistic view of the infections. The original data was gathered through published
case reports presented by physicians, microbiologists, infectious disease specialists, and public health
practitioners.

Inclusion and Exclusion Criteria

The cases were chosen based on the clinical report of the infections, analysis of the genetic causes,
investigation into potential hospital and community exposure, and treatment performed for the infections.
These factors would contribute toward the objective of the review to provide the incidence pattern and
genetic mechanism of the infections. Cases that did not include genetic analysis of the strain could not
contribute toward the aim of reviewing genetic mechanisms and were therefore excluded from the review.

Data Extraction

From each study, the genetic components of the strains, the minimum inhibitory concentration (MIC) of
vancomycin, and the antibiotic resistance and susceptibility data were extracted. Additionally, the year and
geographical location of the infection were extracted as well.

Data Analysis

The data were divided into groups of VRSA and VISA infections. The data were further divided into
subgroups of continents. A comparison between the genetic causes, MIC, and antibiotic susceptibility was
performed. In addition, a comparison of the cause of VRSA infection to its respective MIC was performed as
well. An intercontinental analysis of the most common antibiotics effective against these infections was also
performed. An analysis of the etiology, MIC, and treatment sensitivity can help curtail the incidence and
spread of these antibacterial strains. Because this group of S. aureus strains that are building resistance to
vancomycin is relatively new, there are significant limitations to this review. There could potentially be a
significant number of unreported cases, especially in developing countries. The resources to identify and
treat these infections could be limited by knowledge, medical infrastructure, and economic constraints. Even
if the cases were treated, there could be a lack of publications to track these infections. Due to the different
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sensitivity profiles of the infections, a primary treatment often could not be identified.

Discussion

There are three currently identified patterns of S. aureus resistance to the glycopeptide antibiotic
vancomycin. This is determined by the concentration of the antibacterial agent required to inhibit the
growth of the bacterium and is termed the MIC. When S. aureus is sensitive to vancomycin, it is termed
vancomycin-sensitive S. aureus (VSSA) and has an MIC of €2 pug/mL [16]. The Center for Disease and
Infection Control (CDC) has determined the concentrations for the classification of these strains with
reduced sensitivity to vancomycin. The first is VISA with an MIC of >8 pg/mL. The second is VRSA with an
MIC of >16 pug/mL. There is also a third resistant strain which is determined to be the precursor of VISA [17],
the hVISA strain. It has heterogeneous qualities with various degrees of resistance to vancomycin and
subpopulations of VISA daughter cells [17].

In 1997, a Japanese hospital reported its first case of S. aureus infection with reduced susceptibility to
vancomycin, which came to be termed as VISA [11]. Subsequently, cases of VISA were reported in the United
States, Europe, and Asia [2]. The first case of VRSA was reported in Michigan, United States, in 2002 [13]. As
of 2017, a total of 14 cases of VRSA were reported in the United States [4], with no further cases reported
over the next three years. However, in 2021, the 15th case of VRSA was reported in Michigan [18]. Shariati et
al. reported that since 2010, there has been an increase in the incidence of reported VISA, VRSA, and hVISA
infections by 3.6, 2.0, and 1.3 folds, respectively, compared to previous years [12]. As of 2020, there is a high
prevalence of VRSA (3.6%) and hVISA (5.2%) in the United States, while Asian countries reported a high
prevalence of VISA (2.1%) [12]. Due to the instability with concentration susceptibility and resistance to
vancomycin in hVISA, screening is difficult [17]. Therefore, this review focused on genetic factors leading to
VRSA and VISA infections.

There are various causes of S. aureus resistance to vancomycin. One study described the most common cause
of VRSA infections as resistance mediated by the vanA operon, which is also a cause of vancomycin-
resistant Enterococcus faecalis. For S. aureus to develop resistance via this mechanism, it requires the D-ala-
D-ala terminal to be replaced by D-ala-D-lactate [4]. This is mediated by the vanA operon found on the
transposon Tn1546 and is carried by Inc18-like plasmid to the mutation site [9]. The enzymes encoded on
the transposon are responsible for the conversion of D-ala-D-ala to D-ala-D-lactate, thereby decreasing the
affinity of vancomycin by a factor of 1,000 compared to the normal cell wall [4]. In attempts to understand
the emergence of the vanA operon in S. aureus, there were concerns of conjugate transfer of the vanA operon
from E. faecalis to S. aureus [9]. This led to in-vitro studies that indicated the presence of pSK-41-like
plasmid that could carry the Inc18-like vanA plasmids from enterococci to S. aureus. Other genetic
mutations were noted to cause vanA transfer from E. faecalis to S. aureus. However, the Inc18-like plasmid
appears to be the most common cause of this transfer. In the United States, the Inc18-like plasmid was
present in 8/15 VRSA cases [10]. The United States also designates names for their strains based on their
pulse-field gel electrophoresis (PFGE) patterns. There are two strains named USA 100 and ST5, which belong
to the clonal complex 5 (CC5) and clonal complex 8 (CC8) strains, respectively, and are commonly derived
from healthcare-associated MRSA infections [19].

Another common cause of VRSA and VISA infections is the cell wall thickening of S. aureus bacteria. The
strains with increased cell wall thickening are Mu50 and Mu3. Mu3 is the heterogeneous strain of Mu50 and
is therefore associated with hVISA infections with an MIC of €4 pug/mL [20]. Mu50 is associated with
vancomycin resistance with an MIC of >8 ug/mL, and it has double the cell wall thickness compared to Mu3
[21]. Due to its increased cell wall thickness, there is affinity trapping of vancomycin molecules on the outer
membrane of the peptidoglycan cell wall, and, thus, the antibiotic cannot reach the PBP2 and PBP2’ binding
sites on the cytoplasmic membrane to decrease cross-linking and interrupt cell wall biosynthesis, which
leads to resistance [21]. Mu50 and Mu3 strains of VISA and hVISA do not contain any of the enterococcal van
genes and, therefore, have been shown to develop resistance without transfer of van genes from VRE
infections [21]. However, studies indicate that prolonged and repeated use of vancomycin can lead to
increased cell wall thickening, which makes the bacterial strain more impermeable to the antibiotic.

The first case of VRSA infection was reported in the United States in 2002 [22,23]. The most common cause
of S. aureus resistance to vancomycin reported in the United States is the presence of a vanA gene [22-27].
All except one strain belong to the CC5 group, which is associated with hospital-acquired MRSA infections
[22-29]. Only the strain from Delaware, reported in 2002, was found to have the clonal complex 30 (CC30),
which belongs to the group of the community-acquired strains of MRSA infection [18]. In Asia, strains from
North India did not detect vanA genes [30]. The MICs were between 16 and 64 pug/mL [30]. Furthermore, the
soft tissue isolate from Tehran also did not detect the presence of the vanA gene. The MIC for this isolate was
64 pug/mL. The Nigerian VRSA isolate from a patient’s surgical infection site also did not detect vanA or vanB
genes, and the MIC for this isolate was 16 pug/mL.

An analysis of different countries from various continents that reported cases of resistance provides
evidence that VRSA infections are most commonly due to the vanA operon gene mutation in the presence of
VRE infections, MRSA infections, or both (Table 7). There are some exceptions to these observations, as
described above [30]. There is an observable difference between the MIC of vancomycin to the strain that
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does and does not have vanA or vanB genes. Most strains with vanA genes have MICs ranging between 128
pg/mL and 1,024 pg/mL (Figure ). The strains without vanA genes have MICs ranging between 16 and 64
ug/mL (Figure 7). This indicates that the presence of the vanA gene can cause a stronger resistance to
vancomycin. Further research and analysis are needed to determine the strength of the vanA gene resistance
to vancomycin in S. aureus. The resistance of the vanA-negative strains is hypothesized to be due to cell wall

thickening, the presence of MRSA/VRE infections, or prolonged exposure to vancomycin.

Antimicrobial

MIC Antimicrobial t:
Year Location Site Cause of resistance n |.m|cro i agen agent: Ref.
(ug/mL) Resistant i
Susceptible
United States
L Toe amputation vanA plasmid with CHL, LZD, QD,
2002  Michigan 32 - [22,23]
wound Tn1546 USA100 TMP-SMX
) CHL, LZD, MIN,
X i mecA, vanA plasmid
2002  Pennsylvania Chronic foot ulcer . 32 (044 QD, RIF, TMP- [24]
with Tn1546
SMX
Indwelling
CHL, LZD, RIF,
2004  New York nephrostomy tube vanA gene USA800 32-128 AMK, FQ, MAC, PEN, TET TMP-SMX [25]
in patient
2005 Michigan Toe wound vanA USA100 256 CLI, ERY, OXY, LVX, TEI DAP, DOX, GEN, [26]
= PERTL AT R LZD, QD, RIF
2005  Michigan Plantarwound 2"/ Plasmid with 1024 CLIERY, OXY, Lvx, TEl AP DOX.GEN. o
9 Tn1546 ST5 ’ ’ ’ ’ ’ LZD, QD, RIF
2006 Michigan T | e 512 CLI ERY, OXY, Lvx, TEl DAP-DOX. GEN. o
9 P plasmid P ERT AT BV LZD, QD, RIF
Plantar foot vanA Inc18-like DAP, LZD, @b,
2007  Michigan ) 1,024 TMP-SMX RIF, TET, TGC, [27]
wound plasmid
CHL
2007 Michigan | antarfoot vanA 1,024  TMP-SMX L ENL G I f o
: wound ’ TET, TGC
L Plantar foot
2009 Michigan USA100 CC5 - - - [28]
wound
2010 Delaware Wound drainage USA100 CC5 - - - [28]
2010 Delaware Vaginal swab CC5 - - - [28]
USA100 CC30
(community-acquired)
2012  Delaware Foot wound ) 256 CTX, CLI, ERY, LVX TMP-SMX [18]
vanA Inc-18-like
plasmid
Chronic toe
2015  Delaware vanA USA100 CC5 512 - - [29]
wounds
Asia
PEN, OXY, GEN, TOB,
Pus-surgery ward 64 AMK, CIP, CHL, ERY, TET, NIT
TMP-SMX, SCF
2002—- Northern PEN, OXY, GEN, TOB,
. . (-) vanA,(-) vanB [30]
2005 India Pus-skin wound 32 AMK, CIP, CHL, ERY, TET, SCF
TMP-SMX, NIT
Pus-orthopedic 16* PEN, OXY, GEN, TOB, CHL, TMP-SMX,
outpatient AMK, CIP, CHL, ERY, NIT SCF
Kolkata vanA vanHax- AMX, AMP, CFPM, CTX,
2005 (India) Pus-outpatient analogous to Tn1546- 1024 CEX, CHL, CLI, ERY, RIF, GEN, CIP [31]

like plasmid
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TEI, TET, LZD,
2005 Tehran (Iran) Soft tissue wound (-) vanA, (-) vanB 64 CTX, CRO, ceftizoxime DOX, ERY, CLI,
CFz (32]
Post-heart TEI, CFZ, CLI, CRO, CTX,
2005 Tehran (Iran) vanA 512 TET, LZD, DOX
surgery wound ERY
Wound swab,
Hyderabad urine, ear swab, 6/7 isolates (+) vanA
2008 . 16-64 CAZ, RIF TET, CHL, CLR [33]
(India) blood, throat blood (-) vanA
swab
Karachi . ) .
2010 . Diabetic foot ulcer vanA with Tn1546 512 - - [34]
(Pakistan)

) AMP, PEN, AMX, TET,
NICU patients,

2012  Shiraz (Iran) ) vanA, vanB ERY, OXY, CLI, RIF, LZD, CIP [35]
surgical wounds

TEI, QD
2012 Iran Diabetic foot ulcer vanA with Tn1546 512 - - [36]
Troat swab, PEN, CRO, KAN, CIP, CLI,
bronchial 512512 TET, ERY, TEU, AMK,
2017  Tehran (Iran) ) : VanA LZD [37]
aspirate, wound, 64 64 TOB, GEN, TMP-SMX,
blood RIF
Post-liposuction
2021 SouthKorea oo PoSUt vanA - CLI, MOX [38]
infection
Africa
. vanA gene via
2013  Egypt Skin swab . >/=16 PEN, AMX-CLV, AMP-SUL CIP, AMK [39]
conjugate transfer
Surgical infection  Nuc gene vanA, (- AMX, ERY, TET, GEN,
2018  Nigeria urgical infect ucgenevanA, () g ; [40]
site vanB CMX, CHL, FUS, NB

South America

_ vanA gene with ERY, CLI, CIP, GEN,
2012  Brazil Bloodstream Tn1546-like plasmid 32 - [41]

. . TMP-SMX
and Inc18-like plasmid

Europe
CMX, TET, TGC,
T tati LZD, DAP, QD,
2013 Portugal e ampuialion - anA gene >256  ERY, CLI, GEN, CIP Q [42]
wound FUS, CHL, RIF,
MUP

TABLE 1: Reported cases of VRSA with genetic analysis, MIC, resistant, and susceptible
antimicrobial agents.

AMK = amikacin; AMP = ampicillin; AMP-SUL = ampicillin-sulbactam; AMX = amoxicillin; AMX-CLV = amoxicillin-clavulunate; ARB = arbekacin; CAZ =
ceftazidime; CEX = cephalexin; CFPM = cefepime; CFZ = cefazolin; CHL = chloramphenicol; CIP = ciprofloxacin; CLI = clindamycin; CLR =
clarithromycin; CMX = co-trimoxazole; CRO = ceftriaxone; CTX = cefotaxime; CXM = cefuroxime; DAP = daptomycin; DOX = doxycycline; ERY =
erythromycin; FOX = cefoxitin; FQ = fluoroquinolone; FUS = fusidic acid; GEN = gentamycin; KAN = kanamycin; LVX = levofloxacin; LZD = linezolid;
MAC = macrolide; MET = methicillin, MIN = minocycline; MOX = moxifloxacin; MUP = mupirocin, NB = novobiocin; NIT = nitrofurantoin; OXY = oxacillin;
PEN = penicillin; PIS = pistinamycin; QD = quinupristin/dalfopristin; RIF = rifampin; SCF = cefoperazone-sulbactam; TEI = teicoplanin; TET = tetracycline;
TGC = tigecycline; TMP-SMX = trimethoprim-sulphamethoxazole; TOB = tobramycin; VRSA = vancomycin-resistant Staphylococcus aureus; MIC =
minimum inhibitory concentration
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SR,
ol T . =
2 jwl?u .
isol
Iran
SR vanA positive
6 isolates Pakistan
Clolrzat vanA posilive 1isolate

MIC = 512pg/mL van positive

MIC = 512yg/mL

Hyderabad, India
4isolates

WIC = 16yg/mL

MIC = 16pg/mL

Fuesinagen comion B

FIGURE 1: VRSA isolates with MIC to vancomycin related to the
presence/absence of the vanA gene.

VRSA = vancomycin-resistant Staphylococcus aureus; MIC = minimum inhibitory concentration

Similarly, the data for VISA infections from different countries indicates that cell wall thickening is the most
common cause of decreased efficacy of vancomycin to S. aureus infections (Table 2). The MIC is 4-8 pg/mL
(Figure 2). Comparing the genetic causes of VRSA to VISA infections, it is noted that none of the reviewed
VISA infections presented with vanA or vanB genes. Each of them appeared to have an increased cell wall
thickness, which included the Mu50 strain that had a seven-fold increase in thickness compared to normal
strains, and the Mu3 strain that had a few extra layers of thickness compared to normal strains [11,43-45].
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Year Location Site Cause of resistance L L. Ref.
(ng/mL) antibiotics antibiotics
United States
) PEN, OXY, CIP,
o Peritoneal . CHL, QD, TET,
1997 Michigan Increased cell wall thickness 8 ERY, CLI, GEN, [13]
catheter TMP-SMX, RIF
TEI
New ) PEN, OXY, CIP, CHL, QD, TET,
1997 Bloodstream Increased cell wall thickness 7 TMP-SMX, GEN, [13]
Jersey ERY, CLI, RIF
TEI
Asia
Sternal
1997 Japan surgical Mu50 3-fold increase in cell wall thickness 8 - ARB, AMP-SUL  [11]
incision site
Cell wall 2-3 times thicker than Mu3 (possibl TEI OXY, CL,
2000 Korea Bloodstream Mus0) P Y 8 ERY, CIP, RIF, - [43]
GEN, QD
2020 SN gioodstream  MudHlike profile 8 PEN.MET.CIP. e T6C,LzD  [44]
Arabia & LVX, FUS T
Africa
- : ) GEN, CHL, FUS,
2018 Nigeria - vanA, vanB (-) Possibly d/t thickened cell wall ~ 4-8 NB - [40]
Europe
1998 France Bloodstream vanA, vanB (-) restriction gel pattern indicates 8 TEL AMK PIS, TMP-SMX, [45]
derived from MRSA isolate ’ QD
Two-fold increase in cell wall thickening
1999 Germany - compared to Mu50 7-fold increase in cell wall 8 - QD [46]

thickening

MIC

Resistant

Susceptible

TABLE 2: Reported cases of VISA with genetic analysis, MIC, antibiotic resistance, and

susceptibility.

AMK = amikacin; AMP = ampicillin; AMP-SUL = ampicillin-sulbactam; AMX = amoxicillin; AMX-CLV = amoxicillin-clavulunate; ARB = arbekacin; CAZ =
ceftazidime; CEX = cephalexin; CFPM = cefepime; CFZ = cefazolin; CHL = chloramphenicol; CIP = ciprofloxacin; CLI = clindamycin; CLR =
clarithromycin; CMX = co-trimoxazole; CRO = ceftriaxone; CTX = cefotaxime; CXM = cefuroxime; DAP = daptomycin; DOX = doxycycline; ERY =

erythromycin; FOX = cefoxitin; FQ = fluoroquinolone; FUS = fusidic acid; GEN = gentamycin; KAN = kanamycin; LVX = levofloxacin; LZD = linezolid;
MAC = macrolide; MET = methicillin; MIN = minocycline; MOX = moxifloxacin; MUP = mupirocin; NB = novobiocin; NIT = nitrofurantoin; OXY = oxacillin;
PEN = penicillin; PIS = pistinamycin; QD = quinupristin/dalfopristin; RIF = rifampin; SCF = cefoperazone-sulbactam; TEI = teicoplanin; TET = tetracycline;
TGC = tigecycline; TMP-SMX = trimethoprim-sulphamethoxazole; TOB = tobramycin; MRSA = methicillin-resistant Staphylococcus aureus; VISA =
vancomycin-intermediate Staphylococcus aureus; MIC = minimum inhibitory concentration
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1 isolata

MIC = 8ug/mL

FIGURE 2: VISA isolates with MIC to vancomycin related to the
presence/absence of the vanA gene.

VISA = vancomycin-intermediate Staphylococcus aureus; MIC = minimum inhibitory concentration

An analysis of the antibiotic susceptibility from the cases reviewed indicates that VRSA infections were most
susceptible to linezolid (Figure 3) [22-42]. Similarly, VISA infections were most susceptible to
quinupristin/dalfopristin (Figure 4) [11,43-46]. However, as recommended by the CDC, susceptibility testing
is extremely important before implementing a focused treatment plan [2]. VISA and VRSA are reportable
infections. In the United States, CDC has issued guidelines to inpatient and outpatient healthcare facilities
to notify local and state authorities of identified cases for further analysis [2].

VRSA Infections Antibiotic Susceptibility

Mupirocin
Fusidic Acid
Co-trimoxazole
Amikacin
Moxifloxacin
Clarithromycin
Cefazolin
Teicoplanin
Ciprafioxacin
Cefoxitime/Sulbactam
Nitrofurantoin

Tigecycline

Antibiotics

Tetracycling

Gentamicin

Doxycycline

Daptomycin

Rifampin

Minocycline

TMP-SMX
Quinupristin/Dalfopristin
Linezolid
Chloramphenicol

Number of Reported Cases

4 6 14

=]
~
o
=
=3
=
1§}

FIGURE 3: Number of cases of VRSA with antibiotic susceptibilities.
VRSA infections worldwide appear to be most susceptible to linezolid.

VRSA = vancomycin-resistant Staphylococcus aureus
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VISA Infections Antibiotic Susceptibility

Aberkacin/Sulbactam
Pistinamycin
Linezolid

Tigecyeline
Teicoplanin

Gentamicin

Antibiotics

Rifampin

Tetracycline

Quinupristin/Dalfopristin

I
———
I
——
I
—
vee-svix |
——
—

Chleramphenicol

Number of Reparted Cases

FIGURE 4: Number of cases of VISA with antibiotic susceptibilities. VISA
infections worldwide appear to be most susceptible to
quinupristin/dalfopristin.

VISA = vancomycin-intermediate Staphylococcus aureus

There are several limitations to this study as all the reported infections worldwide did not have a genetic
analysis performed that identified the cause of resistance. There are limited resources available worldwide
to perform confirmatory tests for these infections. Additionally, there is still a lack of complete
understanding regarding the acquired resistance of S. aureus to vancomycin.

Conclusions

Vancomycin is the preferred treatment available against MRSA infections and remains the treatment of
choice globally. The development of resistance to vancomycin is a threat to global public health. There are
currently limited cases of VRSA and VISA infections reported. However, there is at least a two-fold increase
in the number of reported cases in the past 10 years, which is of major concern. The vanA operon is the most
common cause of VRSA infections worldwide, and increased cell wall thickness is the most common cause of
VISA infections. The irrational use of antibiotics in hospitals and the availability of antibiotics over the
counter in certain countries will likely aggravate this problem. Therefore, it is important to maintain active
systemic surveillance of these infections.

Additional Information
Disclosures

Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

References

1. Lowy FD: Staphylococcus aureus infections. N Engl ] Med. 1998, 339:520-32.
10.1056/NEJM199808203390806

2. Walters M, Lonsway D, Rasheed K, Albrecht V, McAllister S, Limbago B, Kallen A: Investigation and control
of vancomycin-resistant Staphylococcus aureus (VRSA). Centers for Disease Control and Prevention,
Atlanta, GA; 2015.

3. Jensen SO, Lyon BR: Genetics of antimicrobial resistance in Staphylococcus aureus . Future Microbiol. 2009,
4:565-82. 10.2217/fmb.09.30

4. McGuinness WA, Malachowa N, DeLeo FR: Vancomycin resistance in Staphylococcus aureus . Yale ] Biol
Med. 2017, 90:269-81.

5. Hartman BJ, Tomasz A: Low-affinity penicillin-binding protein associated with beta-lactam resistance in
Staphylococcus aureus. ] Bacteriol. 1984, 158:513-6. 10.1128/jb.158.2.513-516.1984

6. Ito T, Katayama Y, Asada K, Mori N, Tsutsumimoto K, Tiensasitorn C, Hiramatsu K: Structural comparison
of three types of staphylococcal cassette chromosome mec integrated in the chromosome in methicillin-
resistant Staphylococcus aureus. Antimicrob Agents Chemother. 2001, 45:1323-36. 10.1128/AAC.45.5.1323-

2021 Unni et al. Cureus 13(10): €18925. DOI 10.7759/cureus.18925 9of 11


https://assets.cureus.com/uploads/figure/file/268193/lightbox_6872dce0225711ec88db77e444fc07ef-VISA-fig-4.png
https://dx.doi.org/10.1056/NEJM199808203390806
https://dx.doi.org/10.1056/NEJM199808203390806
https://stacks.cdc.gov/view/cdc/79103
https://dx.doi.org/10.2217/fmb.09.30
https://dx.doi.org/10.2217/fmb.09.30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5482303/
https://dx.doi.org/10.1128/jb.158.2.513-516.1984
https://dx.doi.org/10.1128/jb.158.2.513-516.1984
https://dx.doi.org/10.1128/AAC.45.5.1323-1336.2001
https://dx.doi.org/10.1128/AAC.45.5.1323-1336.2001

Cureus

10.

11.

12.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

1336.2001

Ito T, Ma XX, Takeuchi F, Okuma K, Yuzawa H, Hiramatsu K: Novel type V staphylococcal cassette
chromosome mec driven by a novel cassette chromosome recombinase, ccrC. Antimicrob Agents
Chemother. 2004, 48:2637-51. 10.1128/AAC.48.7.2637-2651.2004

Ma XX, Ito T, Tiensasitorn C, et al.: Novel type of staphylococcal cassette chromosome mec identified in
community-acquired methicillin-resistant Staphylococcus aureus strains. Antimicrob Agents Chemother.
2002, 46:1147-52. 10.1128/AAC.46.4.1147-1152.2002

Périchon B, Courvalin P: VanA-type vancomycin-resistant Staphylococcus aureus . Antimicrob Agents
Chemother. 2009, 53:4580-7. 10.1128/AAC.00346-09

Zhu W, Clark N, Patel JB: pSK41-like plasmid is necessary for Inc18-like vanA plasmid transfer from
Enterococcus faecalis to Staphylococcus aureus in vitro. Antimicrob Agents Chemother. 2013, 57:212-9.
10.1128/AAC.01587-12

Hiramatsu K, Hanaki H, Ino T, Yabuta K, Oguri T, Tenover FC: Methicillin-resistant Staphylococcus aureus
clinical strain with reduced vancomycin susceptibility. ] Antimicrob Chemother. 1997, 40:135-6.
10.1093/jac/40.1.135

Shariati A, Dadashi M, Moghadam MT, van Belkum A, Yaslianifard S, Darban-Sarokhalil D: Global
prevalence and distribution of vancomycin resistant, vancomycin intermediate and heterogeneously
vancomycin intermediate Staphylococcus aureus clinical isolates: a systematic review and meta-analysis. Sci
Rep. 2020, 10:12689. 10.1038/541598-020-69058-z

Smith TL, Pearson ML, Wilcox KR, et al.: Emergence of vancomycin resistance in Staphylococcus aureus.
Glycopeptide-Intermediate Staphylococcus aureus Working Group. N Engl ] Med. 1999, 340:493-501.
10.1056/NEJM199902183400701

Howden BP, Johnson PD, Ward PB, Stinear TP, Davies JK: Isolates with low-level vancomycin resistance
associated with persistent methicillin-resistant Staphylococcus aureus bacteremia. Antimicrob Agents
Chemother. 2006, 50:3039-47. 10.1128/AAC.00422-06

Sieradzki K, Roberts RB, Haber SW, Tomasz A: The development of vancomycin resistance in a patient with
methicillin-resistant Staphylococcus aureus infection. N Engl ] Med. 1999, 340:517-23.
10.1056/NEJM199902183400704

Walters M, Lonsway D, Rasheed K, Albrecht V, McAllister S, Limbago B, Kallen A: Investigation and control
of vancomycin-resistant Staphylococcus aureus (VRSA). Centers for Disease Control and Prevention,
Atlanta, GA; 2015.

Liu C, Chambers HF: Staphylococcus aureus with heterogeneous resistance to vancomycin: epidemiology,
clinical significance, and critical assessment of diagnostic methods. Antimicrob Agents Chemother. 2003,
47:3040-5. 10.1128/AAC.47.10.3040-3045.2003

Limbago BM, Kallen AJ, Zhu W, Eggers P, McDougal LK, Albrecht VS: Report of the 13th vancomycin-
resistant Staphylococcus aureus isolate from the United States. ] Clin Microbiol. 2014, 52:998-1002.
10.1128/JCM.02187-13

McDougal LK, Steward CD, Killgore GE, Chaitram JM, McAllister SK, Tenover FC: Pulsed-field gel
electrophoresis typing of oxacillin-resistant Staphylococcus aureus isolates from the United States:
establishing a national database. | Clin Microbiol. 2003, 41:5113-20. 10.1128/JCM.41.11.5113-5120.2003
Hanaki H, Kuwahara-Arai K, Boyle-Vavra S, Daum RS, Labischinski H, Hiramatsu K: Activated cell-wall
synthesis is associated with vancomycin resistance in methicillin-resistant Staphylococcus aureus clinical
strains Mu3 and Mu50. ] Antimicrob Chemother. 1998, 42:199-209. 10.1093/jac/42.2.199

Cui L, Murakami H, Kuwahara-Arai K, Hanaki H, Hiramatsu K: Contribution of a thickened cell wall and its
glutamine nonamidated component to the vancomycin resistance expressed by Staphylococcus aureus
Mu50. Antimicrob Agents Chemother. 2000, 44:2276-85. 10.1128/AAC.44.9.2276-2285.2000

Weigel LM, Clewell DB, Gill SR, et al.: Genetic analysis of a high-level vancomycin-resistant isolate of
Staphylococcus aureus. Science. 2003, 302:1569-71. 10.1126/science.1090956

Flannagan SE, Chow JW, Donabedian SM, et al.: Plasmid content of a vancomycin-resistant Enterococcus
faecalis isolate from a patient also colonized by Staphylococcus aureus with a VanA phenotype. Antimicrob
Agents Chemother. 2003, 47:3954-9. 10.1128/AAC.47.12.3954-3959.2003

Tenover FC, Weigel LM, Appelbaum PC, et al.: Vancomycin-resistant Staphylococcus aureus isolate from a
patient in Pennsylvania. Antimicrob Agents Chemother. 2004, 48:275-80. 10.1128/AAC.48.1.275-280.2004
Weigel LM, Donlan RM, Shin DH, et al.: High-level vancomycin-resistant Staphylococcus aureus isolates
associated with a polymicrobial biofilm. Antimicrob Agents Chemother. 2007, 51:231-8.
10.1128/AAC.00576-06

Zhu W, Clark NC, McDougal LK, Hageman ], McDonald LC, Patel JB: Vancomycin-resistant Staphylococcus
aureus isolates associated with Inc18-like vanA plasmids in Michigan. Antimicrob Agents Chemother. 2008,
52:452-7.10.1128/AAC.00908-07

Finks ], Wells E, Dyke TL, et al.: Vancomycin-resistant Staphylococcus aureus, Michigan, USA, 2007 . Emerg
Infect Dis. 2009, 15:943-5. 10.3201/eid1506.081312

Cong Y, Yang S, Rao X: Vancomycin resistant Staphylococcus aureus infections: a review of case updating
and clinical features. ] Adv Res. 2020, 21:169-76. 10.1016/j.jare.2019.10.005

Walters MS, Eggers P, Albrecht V, et al.: Vancomycin-resistant Staphylococcus aureus - Delaware, 2015 .
MMWR Morb Mortal Wkly Rep. 2015, 64:1056. 10.15585/mmwr.mm6437a6

Tiwari HK, Sen MR: Emergence of vancomycin resistant Staphylococcus aureus (VRSA) from a tertiary care
hospital from northern part of India. BMC Infect Dis. 2006, 6:156. 10.1186/1471-2334-6-156

Saha B, Singh AK, Ghosh A, Bal M: Identification and characterization of a vancomycin-resistant
Staphylococcus aureus isolated from Kolkata (South Asia). ] Med Microbiol. 2008, 57:72-9.
10.1099/jmm.0.47144-0

Aligholi M, Emaneini M, Jabalameli F, Shahsavan S, Dabiri H, Sedaght H: Emergence of high-level
vancomycin-resistant Staphylococcus aureus in the Imam Khomeini Hospital in Tehran. Med Princ Pract.
2008, 17:432-4. 10.1159/000141513

Thati V, Shivannavar CT, Gaddad SM: Vancomycin resistance among methicillin resistant Staphylococcus

2021 Unni et al. Cureus 13(10): €18925. DOI 10.7759/cureus.18925

10 of 11


https://dx.doi.org/10.1128/AAC.48.7.2637-2651.2004
https://dx.doi.org/10.1128/AAC.48.7.2637-2651.2004
https://dx.doi.org/10.1128/AAC.46.4.1147-1152.2002
https://dx.doi.org/10.1128/AAC.46.4.1147-1152.2002
https://dx.doi.org/10.1128/AAC.00346-09
https://dx.doi.org/10.1128/AAC.00346-09
https://dx.doi.org/10.1128/AAC.01587-12
https://dx.doi.org/10.1128/AAC.01587-12
https://dx.doi.org/10.1093/jac/40.1.135
https://dx.doi.org/10.1093/jac/40.1.135
https://dx.doi.org/10.1038/s41598-020-69058-z
https://dx.doi.org/10.1038/s41598-020-69058-z
https://dx.doi.org/10.1056/NEJM199902183400701
https://dx.doi.org/10.1056/NEJM199902183400701
https://dx.doi.org/10.1128/AAC.00422-06
https://dx.doi.org/10.1128/AAC.00422-06
https://dx.doi.org/10.1056/NEJM199902183400704
https://dx.doi.org/10.1056/NEJM199902183400704
https://stacks.cdc.gov/view/cdc/79103
https://dx.doi.org/10.1128/AAC.47.10.3040-3045.2003
https://dx.doi.org/10.1128/AAC.47.10.3040-3045.2003
https://dx.doi.org/10.1128/JCM.02187-13
https://dx.doi.org/10.1128/JCM.02187-13
https://dx.doi.org/10.1128/JCM.41.11.5113-5120.2003
https://dx.doi.org/10.1128/JCM.41.11.5113-5120.2003
https://dx.doi.org/10.1093/jac/42.2.199
https://dx.doi.org/10.1093/jac/42.2.199
https://dx.doi.org/10.1128/AAC.44.9.2276-2285.2000
https://dx.doi.org/10.1128/AAC.44.9.2276-2285.2000
https://dx.doi.org/10.1126/science.1090956
https://dx.doi.org/10.1126/science.1090956
https://dx.doi.org/10.1128/AAC.47.12.3954-3959.2003
https://dx.doi.org/10.1128/AAC.47.12.3954-3959.2003
https://dx.doi.org/10.1128/AAC.48.1.275-280.2004
https://dx.doi.org/10.1128/AAC.48.1.275-280.2004
https://dx.doi.org/10.1128/AAC.00576-06
https://dx.doi.org/10.1128/AAC.00576-06
https://dx.doi.org/10.1128/AAC.00908-07
https://dx.doi.org/10.1128/AAC.00908-07
https://dx.doi.org/10.3201/eid1506.081312
https://dx.doi.org/10.3201/eid1506.081312
https://dx.doi.org/10.1016/j.jare.2019.10.005
https://dx.doi.org/10.1016/j.jare.2019.10.005
https://dx.doi.org/10.15585/mmwr.mm6437a6
https://dx.doi.org/10.15585/mmwr.mm6437a6
https://dx.doi.org/10.1186/1471-2334-6-156
https://dx.doi.org/10.1186/1471-2334-6-156
https://dx.doi.org/10.1099/jmm.0.47144-0
https://dx.doi.org/10.1099/jmm.0.47144-0
https://dx.doi.org/10.1159/000141513
https://dx.doi.org/10.1159/000141513
https://dx.doi.org/10.4103/0971-5916.91001

Cureus

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

aureus isolates from intensive care units of tertiary care hospitals in Hyderabad. Indian ] Med Res. 2011,
134:704-8. 10.4103/0971-5916.91001

Mirani ZA, Jamil N: Effect of sub-lethal doses of vancomycin and oxacillin on biofilm formation by
vancomycin intermediate resistant Staphylococcus aureus. J Basic Microbiol. 2011, 51:191-5.
10.1002/jobm.201000221

Saadat S, Solhjoo K, Norooz-Nejad MJ, Kazemi A: VanA and VanB positive vancomycin-resistant
Staphylococcus aureus among clinical isolates in Shiraz, South of Iran. Oman Med J. 2014, 29:335-9.
10.5001/0m;j.2014.90

Dezfulian A, Aslani MM, Oskoui M, et al.: Identification and characterization of a high vancomycin-resistant
Staphylococcus aureus harboring VanA gene cluster isolated from diabetic foot ulcer. Iran ] Basic Med Sci.
2012, 15:803-6.

Shekarabi M, Hajikhani B, Salimi Chirani A, Fazeli M, Goudarzi M: Molecular characterization of
vancomycin-resistant Staphylococcus aureus strains isolated from clinical samples: a three year study in
Tehran, Iran. PLoS One. 2017, 12:e0183607. 10.1371/journal.pone.0183607

Nelwan EJ, Andayani D, Clarissa G, Pramada T: Vancomycin-resistant Staphylococcus aureus infection post-
liposuction in South Korea. Cureus. 2021, 13:e14357. 10.7759/cureus. 14357

Abd El-Baky RM, Ahmed HR, Gad GF: Prevalence and conjugal transfer of vancomycin resistance among
clinical isolates of Staphylococcus aureus. Adv Res. 2013, 2:12-23. 10.9734/AIR/2014/7142

Bamigboye BT, Olowe OA, Taiwo SS: Phenotypic and molecular identification of vancomycin resistance in
clinical Staphylococcus aureus isolates in Osogbo, Nigeria. Eur ] Microbiol Immunol (Bp). 2018, 8:25-30.
10.1556/1886.2018.00003

Rossi F, Diaz L, Wollam A, et al.: Transferable vancomycin resistance in a community-associated MRSA
lineage. N Engl ] Med. 2014, 370:1524-31. 10.1056/NE]Moal303359

Melo-Cristino ], Resina C, Manuel V, Lito L, Ramirez M: First case of infection with vancomycin-resistant
Staphylococcus aureus in Europe. Lancet. 2013, 382:205. 10.1016/S0140-6736(13)61219-2

Kim MN, Pai CH, Woo JH, Ryu JS, Hiramatsu K: Vancomycin-intermediate Staphylococcus aureus in Korea. |
Clin Microbiol. 2000, 38:3879-81. 10.1128/]CM.38.10.3879-3881.2000

Al-Obeid S, Haddad Q, Cherkaoui A, Schrenzel ], Frangois P: First detection of an invasive Staphylococcus
aureus strain (D958) with reduced susceptibility to glycopeptides in Saudi Arabia. ] Clin Microbiol. 2010,
48:2199-204. 10.1128/]CM.00954-09

Ploy MC, Grélaud C, Martin C, de Lumley L, Denis F: First clinical isolate of vancomycin-intermediate
Staphylococcus aureus in a French hospital. Lancet. 1998, 351:1212. 10.1016/50140-6736(05)79166-2
Bierbaum G, Fuchs K, Lenz W, Szekat C, Sahl HG: Presence of Staphylococcus aureus with reduced
susceptibility to vancomycin in Germany. Eur J Clin Microbiol Infect Dis. 1999, 18:691-6.
10.1007/s100960050380

2021 Unni et al. Cureus 13(10): €18925. DOI 10.7759/cureus.18925

11 0of 11


https://dx.doi.org/10.4103/0971-5916.91001
https://dx.doi.org/10.1002/jobm.201000221
https://dx.doi.org/10.1002/jobm.201000221
https://dx.doi.org/10.5001/omj.2014.90
https://dx.doi.org/10.5001/omj.2014.90
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3586877/
https://dx.doi.org/10.1371/journal.pone.0183607
https://dx.doi.org/10.1371/journal.pone.0183607
https://dx.doi.org/10.7759/cureus.14357
https://dx.doi.org/10.7759/cureus.14357
https://dx.doi.org/10.9734/AIR/2014/7142 
https://dx.doi.org/10.9734/AIR/2014/7142 
https://dx.doi.org/10.1556/1886.2018.00003
https://dx.doi.org/10.1556/1886.2018.00003
https://dx.doi.org/10.1056/NEJMoa1303359
https://dx.doi.org/10.1056/NEJMoa1303359
https://dx.doi.org/10.1016/S0140-6736(13)61219-2
https://dx.doi.org/10.1016/S0140-6736(13)61219-2
https://dx.doi.org/10.1128/JCM.38.10.3879-3881.2000
https://dx.doi.org/10.1128/JCM.38.10.3879-3881.2000
https://dx.doi.org/10.1128/JCM.00954-09
https://dx.doi.org/10.1128/JCM.00954-09
https://dx.doi.org/10.1016/s0140-6736(05)79166-2
https://dx.doi.org/10.1016/s0140-6736(05)79166-2
https://dx.doi.org/10.1007/s100960050380
https://dx.doi.org/10.1007/s100960050380

	Reduced Susceptibility and Resistance to Vancomycin of Staphylococcus aureus: A Review of Global Incidence Patterns and Related Genetic Mechanisms
	Abstract
	Introduction And Background
	Review
	Methodology
	Discussion
	TABLE 1: Reported cases of VRSA with genetic analysis, MIC, resistant, and susceptible antimicrobial agents.
	FIGURE 1: VRSA isolates with MIC to vancomycin related to the presence/absence of the vanA gene.
	TABLE 2: Reported cases of VISA with genetic analysis, MIC, antibiotic resistance, and susceptibility.
	FIGURE 2: VISA isolates with MIC to vancomycin related to the presence/absence of the vanA gene.
	FIGURE 3: Number of cases of VRSA with antibiotic susceptibilities. VRSA infections worldwide appear to be most susceptible to linezolid.
	FIGURE 4: Number of cases of VISA with antibiotic susceptibilities. VISA infections worldwide appear to be most susceptible to quinupristin/dalfopristin.


	Conclusions
	Additional Information
	Disclosures

	References


