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History

Staphylococcus aureus is a remarkably versatile
pathogen, able to adapt to changing environments
while developing increasingly complex resistance and
virulence mechanisms. In the pre-antibiotic era even
minor infections with S. aureus were serious while
pneumonia and bacteremia were often fatal. In 1941
penicillin was hailed as the cure-all for gram-positive
pathogens. However, within one year S. aureus
developed penicillinases able to lyse the antibiotic
before it could attach to binding proteins in the cell
membrane. Similarly, it was only one year after the
introduction of methicillin into clinical practice in
1960 that resistant Staphylococcus aureus strains
emerged. However, by that time Eli Lilly had
developed vancomycin from soil brought back from
the jungles of Borneo. Effective but toxic, it was
fortunate that this “Mississippi mud” was little needed
for several decades. Indeed, it was not until the mid
1980’s that methicillin resistant S. aureus (MRSA)
infection rates started to rise in the U.S. Fostered by
growing antibiotic use and increasingly invasive
diagnostic and therapeutic procedures, MRSA invaded
surgical wounds, ventilated lungs, and punctured
blood vessels, gradually replacing both methicillin-
susceptible Staphylococcus aureus (MSSA) and gram
negative bacilli as the predominate nosocomial
pathogen in the United States. Though slightly
ponderous as a result of its large, resistance-focused
genetic burden MRSA has been difficult to control
both as a commensal and as an invader.

As MRSA infection rates grew, so did the use of
vancomycin. Unfortunately suboptimal response rates
to vancomycin hampered clinicians. A slowly
bactericidal antibiotic, vancomycin has been shown to
be inferior to that of beta-lactams in the treatment of
MSSA bacteremia'. In addition, rapidly increasing use
of vancomycin over the past 15 years has resulted in
rising rates of MRSA resistance (vancomycin
intermediate Staphylococcus aureus (VISA),
heteroresistant VISA and vancomycin resistant
Staphylococcus aureus (VRSA)) and also vancomycin
tolerance. And perhaps even more important, recently
rising MRSA MICs to vancomycin appear to result in
lower response rates to serious infections®. Finally,

just as clinicians have started to feel comfortable
using new antibiotics such as linezolid and
daptomycin reports of non-susceptible strains have
appeared in the literature.

In the 1950’s the first cases of necrotizing skin
infections, pneumonia and sepsis due to S. aureus
infections in children and young adults were
reported, possibly as a result of the incorporation of
Panton-Valentine leukocidin (PVL) into spa type (ST)
30 MSSA to create the invasive phage type 80/81°.
Fortunately this organism gradually disappeared in
the 1960’s.

However, in the 1990’s the first cases of community
diagnosed MRSA were reported. Many of these
infections involved intravenous drug users, long-term
care facility residents, and patients with frequent
healthcare contact and were caused by hospital
strains of MRSA. However, a gradually increasing
group involved a new organism: community-acquired
MRSA. These infections occurred among healthy
persons without risk factors for MRSA acquisition and
were isolated primarily from cutaneous infections.
Initially children were involved (e.g. those at daycare
centers) though outbreaks soon developed in
prisoners, soldiers, athletes, intravenous drug users,
tattoo parlors, and Native American communities. The
emerging potential danger entailed with community-
associated MRSA (CA-MRSA) was illustrated by the
deaths of four healthy children in Minnesota and
North Dakota between 1997 and 1999 due to MW2".
Accompanied by reports first from France® and more
recently from the U.S.° describing CA-MRSA
pneumonia following an influenza-like illness and
resulting in a significant mortality, these cases have
emphasized the importance of understanding this new
virulent pathogen.

Traditional Virulence Factors

S. aureus is an organism with many weapons
contributing to disease pathogenesis. S. aureus is also
one of the most aggressive organisms infecting man.
This combination makes S. aureus extremely
dangerous to both the healthy and ill alike. To
emphasize this we prospectively evaluated 724



consecutive patients at Duke Hospital between 1994-
1999’. The results are enlightening; the metastatic
complication rate in this group of patients was 34%,
including endocarditis in over 12%. Ten percent
relapsed after therapy and nearly one quarter of
infected patients died during the 12-week follow-up.
It is little wonder that this organism has been labeled
the Darth Vader of gram positive cocci.

Establishment of infection involves the integration of
several virulence mechanisms under the control of the
accessory gene regulator. Initially, expression of
adhesins during exponential growth phase allows the
organism to attach to various tissues. As growth slows
adhesin expression is replaced by toxin release,
allowing diffusion of organisms within tissues.
Subsequent involvement of the many virulence factors
listed in Table 1 makes S. aureus a uniquely
dangerous pathogen.’
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One important group of virulence factors involved in
the initial adhesion of S. aureus to host tissues is the
MSCRAMMs. These proteins allow the organism to
attach to virtually any tissue and result in S. aureus’
extremely high metastatic infection potential.
Examples of this attachment potential include bones
and joints, heart valves, endothelial cells and foreign
bodies covered with fibrinogen/fibronectin/glycocalyx.
In endocarditis, fibronectin-binding proteins A and B
and clumping
factor A appear
to mediate
adherence and
colonization of
valvular
surfaces’. In
support of the
importance of
MSCRAMMs is
the finding that
mice deficient
in the surface
display of
MSCRAMMs
have reduced
virulence in an
abscess model
of infection."
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Attachment to endothelial cells triggers expression of
intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) resulting
in the internalization, another important S. aureus
virulence factor. The intracellular locale provides a
potential sanctuary protecting bacteria against host
defense mechanisms. Once inside the endothelial cell
staphylococci can persist as hypometabolic small
colony variants that are capable of reverting to wild
type phenotype in the future.

Toxins are another key group of virulence factors.
This group includes alpha toxin, a pore forming
cytotoxin, which can reproduce many of the
physiologic responses of endotoxin in sepsis. In
addition, the staphylococcal cell wall contains
peptidoglycan which manifests endotoxin-like activity
by stimulating release of cytokines by macrophages,
activation of complement, and aggregation of
platelets. The superantigens (e.g. TSST-1) and
staphylococcal enterotoxins (A- Y) are also important
in a select group of S. aureus. These exotoxins bind
to major histocompatibility complex (MHC) class II
proteins causing exponential T-cell expansion and
cytokine release. Similarly, exfoliative toxins including
epidermolytic toxins A and B, which cause
staphylococcal scalded skin syndrome through an
unknown mechanism, are found in a small subset of
this virulent organism. Finally, there are most
probably other unrecognized toxins as has been
suggested in the pathogenesis of staphylococcal
purpura fulminans'.

S. aureus is also capable of subversion of host
defense mechanisms. For example, S. aureus is able
to survive within leukocytes and as a result are
transported to extravascular sites facilitating metastatic
seeding."” Similarly, S. aureus can use platelets to its
advantage by facilitating staphylococcal aggregation
and adhesion to cardiac valvular sites.

Other traditional virulence factors of S. aureus
include chemotaxis inhibitory protein (CHIPS), an
exoprotein, which binds directly to the C5a receptor
and formylated peptide receptors on the extracellular
surface of neutrophils and monocytes, preventing
interaction with their natural ligands, activation, and
chemotaxis;"”," protein A with its antiphagocytic
properties which result from its ability to bind the Fc
receptor on immunoglobulins; and global regulatory
genes which coordinate the expression of various
groups of staphylococcal genes, including inducing
the expression of extracellular protein (secreted
during stationary growth phase) while suppressing the
expression of surface protein (synthesized during the
exponential growth phase).

With this armamentarium of weapons it is dismaying
that we now find ourselves with a new, even more
virulent organism, community-acquired methicillin
resistant S. aureus.

Environmental Pressures Help Create Two
Different Organisms: Healthcare-Associated MRSA
and Community-Associated MRSA

MRSA truly is a nimble organism with genetic
plasticity that responds to environment pressures.
Over the years hospital or health care associated
MRSA (HA-MRSA) has been exposed to numerous
antibacterials including both topical antiseptics and



oral/parenteral antibiotics. This constant
bombardment has resulted in a genetic adaptation
focused on the development of numerous resistant
mechanisms to enhance survival. As a result this
organism has acquired and incorporated a significant
amount of genetic material, slowing replication and
perhaps limiting additional virulence factors.

On the other hand, CA-MRSA, an “outpatient”
organism, has been focused primarily on competition
with other strains for colonization. Growth rate and
virulence are important and resistance less so. As a
result, this organism has acquired small but numerous
genetic islands containing toxins but few

resistance genes."”

What We Know About the Pathogenesis of These
CA-MRSA Infections: Not Much

Is CA-MRSA is really more virulent than
traditional MRSA?

The mouse model appears to show that it is. Both the
MW2 (USA400) and LAC (USA300) result in a
significantly higher mortality in infected mice than
MRSA252 (USA200)."

Where did this organism come from?

One important method of transformation of S. aureus
is the horizontal acquisition of genetic material
through mobile genetic elements (pathogenicity
islands, phages, etc.) containing virulence genes in
variable combinations. This transfer has the potential
to create particularly virulent strains. For example, the
MW?2 strain of CA-MRSA associated with fulminant
sepsis in four children in North Dakota appears to
have acquired SCCmec 1V, the S. aureus pathogenicity
island SaPI3, and the bacteriophage Sa2 in its
evolution from MSSA476. MW2 contained 19 putative
virulence genes not found in 5 simultaneously
examined HA-MRSA strains including several
superantigens such as enterotoxin B, C, and H as well
as PVL. Interestingly MW2 (USA 400) is no longer the
predominant clonal complex in the U.S., having been
replaced by clonal complex 8 (ST 8:USA 300)." "

The recent evolution of §. aureus appears to have
started with an ST8 MSSA which then acquired the
SCCmec IV gene complex to become USA500, an
endemic CA-MRSA. Subsequently the acquisition of
the /ukS-PV and [ukF-PV genes along with the genes
encoding sek and seq led to the creation of ST8 MRSA
IV; epidemic CA-MRSA (USA300)."”
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Methicillin resistance results from the production of
an altered low-affinity penicillin-binding protein

(PBP2a) encoded by the mecA gene. This gene
resides within a mobile genetic island, the
staphylococcal cassette chromosome (SCCmec), which
may also contain genetic elements that confer
resistance to other antibiotics. There are at least 5
SCCmec types (Table 2).” HA-MRSA strains are
typically associated with types II-1II which are large
as a result of a significant genetic burden of
resistance genes. CA-MRSA is almost exclusively
associated with SCCmec IV, a small, mobile, easily
transferable chromosomal cassette with few resistance
genes, thus allowing this organism to grow as quickly
as MSSA (doubling time 29 minutes versus 39 minutes
for HA-MRSA). SCCmec 1V appears to have been
originally transferred from coagulase negative
staphylococci to MSSA. This evolutionary route is
supported by the analysis of Dr. Gordon Archer’s
unique collection of endocarditis-associated CNS from
1973-83 in which 36% of the CNS contained the
SCCmec IV gene complex.”

In addition, SCCmec IV is often associated with (but
not necessarily co-transmitted with) genes encoding
PVL, staphylococcal enterotoxins, especially A, B, C,
H, K, Q and other virulence factors/pathogenicity
islands. Indeed, CA-MRSA is one of the most
promiscuous bacteria infecting man.'*

Panton-Valentine Leukocidin (PVL)

Described in 1932, PVL is a member of leukocidin
group of bacterial membrane toxins known as
synergohymenotrophic toxins. PVL is encoded by the
lukF-PV and the [ukS-PV genes and is able to kill
leukocytes by pore formation in the cell membrane
with cell death. Found primarily in CA-MRSA, it has
now moved into the MSSA population. PVL is closely
linked epidemiologically to serious skin infections
and necrotizing pneumonia, though the pathological
responses in these tissues is remarkably different.”*
PVL induces inflammation in the rabbit model of
cutaneous infections with an aggressive neutrophilic
response. Similarly, PVL-positive strains strongly
adhere to the basement membrane of pulmonary
alveoli due to stronger affinity for type I and IV
collagens and laminin® and induces apoptosis by
disrupting mitochondrial stability. Pathologic
examination of respiratory tissues infected with PVL
producing SCCmec 1V S. aureus shows small clusters
of gram-positive cocci on the surface of the laryngeal
mucosa with a zone of mucosal necrosis and
hemorrhage. The tracheal mucosa, coated by clusters
of cocci, is also extensively necrotic and hemorrhagic.
And the lung parenchyma is massively hemorrhagic
with alveoli filled with erythrocytes and clusters of
cocci. The absence of a neutrophilic response is
remarkable. But most importantly patients with PVL-
positive S. aureus pneumonia® had a 32% mortality at
48 hours compared to 6% in patients infected with a
PVL-negative strain.

On the other hand, PVL gene expression during in
vivo S. aureus infection has not been clearly
demonstrated. It appears that PVL is differentially
expressed and does not correlate with PMN lysis in
vitro. As a result there is still much debate whether
PVL itself is a human toxin or whether it is simply a
marker of more virulent strains of MRSA.** %



Global/Accessory Gene Regulator (agr): Virulence
and Resistance Factor

Virulence genes are frequently under regulatory
control and are often expressed in a coordinated
manner. Many critical virulence pathways, including
those involved with exotoxin, exoprotein, and
adhesin expression are coordinately controlled by
agr, a key global regulon. In general, agr upregulates
production of secreted virulence factors such as
hemolysins and proteases and downregulates
virulence factors expressed on the staphylococcal
surface. There are 4 types of agr and S. aureus
subtypes tending to be grouped in the following
categories: IT — VISA; I/TI1 -CAMRSA; IV - Exfoliatin-
producing strains.

Importantly, resistance also appears to be affected by
agr function. For example, prolonged exposure to
vancomycin may lead to tolerance due to agr
dysfunction. Similarly, persistent MRSA bacteremia is
associated with agr dysfunction. Moise-Broder et al’
demonstrated this when they showed that 31/36
patients with the agr group II polymorphism failed
vancomycin therapy. Interestingly, suppression of agr
function appears to end after vancomycin is stopped.
Finally, when nosocomial MRSA relinquishes agr
function there is a loss of exotoxin release; however,
these organisms produce more biofilm and tend to
survive the assault by vancomycin more frequently. ****

Other

Other factors that enhance the virulence of CA-MRSA
include an intrinsic resistance to killing by
neutrophils as well as upregulation of virulence
factors after phagocytosis. Indeed, phagocytosis often
results in neutrophil lysis. "

Arginine catabolic mobile element (ACME) is a mobile
genetic element that appears to contribute to
growth/survival of CA-MRSA by helping the organism
evade the host defensive response while also helping
the organism colonize various tissue surfaces. ACME
is found primarily in USA 300 and S. epidermidis. A
similar element has been found to be a virulence
factor in S. pyogenes where it inhibits mononuclear
cell proliferation and nitric oxide production."”

The distribution of other virulence genes differs by
continent of origin. For example, it was found that
almost all European and U.S. strains carried the /ukE-
lukD gene encoding for a non PVL leukocidin as well
as the gamma-haemolysin (hlg) gene. The hig gene
was found in strains from Oceania. And the
superantigens A, B, C, H, K have been variably
detected in U.S. and European strains.”

Horizontal Transfer of Virulence Genes is Central
The fundamental question remains: Why do some
patients have more severe illness than others? Are
specific S. aureus clones associated with more severe
infection? Though there has been conflicting findings
it does appear that specific clones are more
frequently associated with serious infection than
others.””* For example, a recent Intensive Care Unit —
based cohort investigation from the United Kingdom
found that MRSA Sequence Type 239 was significantly
more likely to cause bacteremia than other strain
types.” Thus, it appears that “all S. aureus are created

equal, but some more equal than others.” (Fowler V,
personal communication) In other words, any S.
aureus genotype carried by humans can potentially be
transformed into a life-threatening human pathogen.
However, strains from some clonal lineages appear to
make this transformation more frequently or more
“completely” than others and thus are labeled more
virulent, and clonal complexes 8 (ST8:USA300) and 30
(ST30:USA1100) appear to provide the “best” genetic
backbone for acquisition of new virulence factors"”
such as the genes for PVL and the enterotoxin Q and
K genes.

Conclusions

All common strains of S. aureus are able to cause all
forms of disease. Importantly, however, infections
with selected strains appear to result in more severe
disease than others. The reasons for this are twofold:
fundamental clonal differences and the acquisition of
new combinations of virulence/survival genes through
horizontal transfer of genetic material. The genetic
causes of these strain differences are multiple and
variable and as of yet only partially defined.

Community acquired MRSA is an aggressive, new,
acquisitive pathogen that continues to evolve. Factors
such as ACME, agr, enterotoxin/superantigen
acquisition are but a part of the virulence profile.
With its ability to acquire and combine multiple
genetic complexes, future S. aureus infections will
present the clinician with many difficult challenges.
Specifically, I believe we will see:

e Sporadic outbreaks with particularly virulent
organisms such as MW2

e An increase in antibiotic resistance as the
organism moves into the healthcare setting

e Increasing necrotizing pneumonia associated with
the looming influenza pandemic infection

¢ Increasing CA-MRSA bloodstream infections as a
result of CA-MRSA colonization of our hospitals.
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Self Assessment Examination
A minimum assessment score of 80% is required.

1) The mortality of S. aureus bacteremia is:

a. 8%

b. 14%
c. 19%
d. 24%
Answer:

2) The attachment protein expressed during
exponential growth phase of S. aureus

is called:

a. TSST

b. SSCmec

¢c.  MSCRAMMs
d. PVL
Answer:

3) Which of the following are virulence factors:

Volume XI, Issue 1

4) All of the following statements about the

regulon agr are true except:

a. Persistent MRSA bacteremia is associated with
agr dysfunction.

b. Agr upregulates production of secreted virulence
factors such as hemolysins and proteases.

¢.  Agr upregulates production of virulence factors
expressed on the staphylococcal surface.

d. prolonged exposure to vancomycin may lead to
agr dysfunction and subsequent
vancomycin tolerance.

Answer:

5) CA-MRSA is:

a.  More resistant than HA-MRSA.
b. Often found to contain PVL.
¢.  Less virulent than other staphylococci in pts with

a.  CHIPs post-influenza pneumonia.
b. ACME d.  None of these.
c. Protein A
d. CIfA Answer:
e. all of the above
f. a,bandc
Answer:
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