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B i oM e d i c i n e 3 ( 2 0 1 3 ) 1
Editorial

Infectious diseases: A never-e

Infectious diseases are a constant threat caused by pathogens

or alien forms that enter the body andmultiply. Due to the (re-)

emergence aswell as the persistence of old and new infectious

diseases, they remain the leading causes of death worldwide,

despite remarkable advances in basic research and clinical

treatment during the 20th century. We at BioMedicine have

therefore chosen “infectious diseases” as the focus of this

Available online at

journal homepage: http
Bacteria such as Staphylococcus aureus, Vibrio vulnificus, and

Helicobacter pylori cause diseases by disrupting vital processes

in hosts. Methicillin-resistant S. aureus (MRSA) is one major

multidrug-resistant pathogen in hospitals. Following the

emergence of community-acquired MRSA, traditional MRSA

was designated hospital-acquired MRSA. Comparing the ge-

netic nature and virulence of community-acquired- and

hospital-acquired MRSA, Yamamoto’s laboratory indicates

that the MRSA epidemic, including invasive diseases, in the

community is dynamic. Themarine Gram-negative bacterium

V. vulnificus invades and damages tissue in hosts. Its two cy-

totoxins, MARTXVv and VvhA, have been identified and char-

acterized. While MARTXVv is required for the survival of

V. vulnificus, VvhA plays a minor role in its pathogenesis.

Persistent infection by Helicobacter pylori, a spiral Gram-

negative microaerophilic bacterium, correlates with clinical

outcomes: gastritis, peptic ulcer, and gastric adenocarcinoma.

Utilization of lipid rafts promotes its inhabitation. Dissecting

mechanisms underlying the orchestration between mem-

brane cholesterol and H. pylori might yield novel approaches

to controlling H. pylori-mediated diseases.

Mounting evidence reveals that cellular and viral long non-

coding RNAs (lncRNAs) are linked with viral infection. The

interactions and functions of several cellular lncRNAs (XIST,

HOTAIR, NEAT1, BIC and virus-encoded lncRNAs) are sur-

veyed, summarized, and discussed. Severe acute respiratory

syndrome (SARS) is caused by coronavirus (CoV). Depending
ding threat

on the strain, manifestations of human CoV (HCoV) infection

can either be self-limiting in healthy adults or severe in hosts

with poor immunity. Recently, a novel HCoV strain has been

designated as SARS-CoV, and another novel human betacor-

onavirus, 2C EMC2012, has been reported. Phylogenetic anal-

ysis between SARS-CoV and EMC2012 has revealed

similarities and differences that might provide insights in the

development of therapeutic agents for HCoV infection cases.

Candida albicans is a prevalent fungal opportunistic patho-

gen in humans. Its penetration and traversal of the epithelial

barrier to gain entry into the bloodstream can cause systemic

and invasive infections. Tsai et al summarize the knowledge

that has been gained from the use of experimental tools

developed in the post-genomic era to understand C. albicans

pathogenesis and its interactions with the host.

The availability of pathogens’ genomic sequences and the

development of genome-wide technology portends a thor-

ough understanding of the pathogenehost relationship dur-

ing infection. This no doubt will provide novel strategies to

prevent, control, and treat infectious diseases that challenge

global health.

Ming-Chei Maa

w.sciencedirect.com

www.e-biomedicine.com
China Medical University, 91 Hsueh-Shin Road,

Taichung City, Taiwan

E-mail address: mcmaa@mail.cmu.edu.tw

Available online 4 February 2013

2211-8020/$ e see front matter

Copyright ª 2013, China Medical University. Published by

Elsevier Taiwan LLC. All rights reserved.

http://dx.doi.org/10.1016/j.biomed.2012.12.006
issue.

w

Graduate Institute of Molecular Systems Biomedicine,

mailto:mcmaa@mail.cmu.edu.tw
http://dx.doi.org/10.1016/j.biomed.2012.12.006
www.sciencedirect.com/science/journal/22118020
http://www.e-biomedicine.com
http://dx.doi.org/10.1016/j.biomed.2012.12.006
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. Introduction

he history of modern chemotherapy, which started with the

ntroduction of the antibiotic penicillin in a clinical setting in

941 [1] is, however, a series of fierce battles with resistant

acteria. Penicillin-resistant (penicillinase-producing) Staph-

lococcus aureus emerged immediately after its introduction,

ollowed by the further emergence of penicillinase-producing

multidrug-resistant” S. aureus, exhibiting resistance to

* Corresponding author. International Medical Education and Resea
E-mail address: tatsuoy@med.niigata-u.ac.jp (T. Yamamoto).

211-8020/$ e see front matter Copyright ª 2012, China Medical Un
ttp://dx.doi.org/10.1016/j.biomed.2012.12.001
enicillin G, chloramphenicol, tetracyclines, macrolides (e.g.,

rythromycin), and aminoglycosides (e.g., streptomycin and

anamycin) [2,3]. Semi-synthetic penicillins, such as methi-

illin (followed by oxacillin and cloxacillin), which were stable

gainst hydrolysis by penicillinase (penicillinase resistant),

ere clinically introduced in 1960 as a countermeasure

gainst penicillinase-producing “multidrug-resistant” S. aur-

us at that time [1]; however, methicillin-resistant S. aureus

MRSA) emerged in the United Kingdom in 1961, again just

Center, Niigata, Japan.

rsity. Published by Elsevier Taiwan LLC. All rights reserved.
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hylococcus aureus (MRSA) emerged in 1961, just after the intro-

s a countermeasure against penicillinase-producing “multidrug-

eat at that time. Since then, MRSA has posed a continuous threat

r multidrug-resistant pathogen in hospitals. In 1997e1999, severe

RSA occurred in the community, and this attracted attention as

RSA (CA-MRSA). The evolutionary steps include species-to-

alvage of key genetic structures, responsible for community

sistance. The MRSA epidemic, including invasive diseases, in the

Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.
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after the introduction of methicillin [1,4]. Therefore, histori-

cally, MRSA is multidrug resistant [3,4]. Since then, MRSA has

continued to be a life-threatening multiple drug-resistant

bacterium in hospitals, albeit with hospital outbreak peaks

(e.g., “hospital panics” in Japan) during the 1980se1990s

[3,5,6].

Severe invasive infection with MRSA in the community

first occurred in the United States in 1997-1999 [7], slightly

after the hospital outbreak peak of MRSA in the 1980s-1990s;

and this attracted attention as community-associated MRSA

(CA-MRSA). The term CA-MRSA was used earlier (in 1981) [8],

but more commonly on this occasion.

After the emergence of CA-MRSA, traditional MRSA has

come to be called healthcare-associated MRSA (HA-MRSA),

starting the new era of two classes of MRSA. Update, there

have been several open questions, such as why did MRSA

emerge in the community? Is CA-MRSA more virulent than

HA-MRSA?What are themajor virulence factors of CA-MRSA?

In this review, attempts were made to summarize accumu-

lated knowledge on MRSA that originated and/or selected in

the community, focusing on these questions.

2. MRSA lineages and epidemics

2.1. Mechanism of MRSA generation

MRSA is generated from methicillin-susceptible S. aureus

(MSSA) by the acquisition of a mobile genetic element called

staphylococcal cassette chromosome mec (SCCmec) at the 30

end (i.e., 15-bp SCCmec insertion site, att) of orfX of the

chromosome [9,10]. SCCmec carries the mecA gene, encoding

a penicillin-binding protein called PBP20 (or PBP 2a), which

shows low affinity to b-lactam agents [10e12]; therefore, for

MRSA, the Clinical and Laboratory Standards Institute (CLSI)

currently instructs that minimal inhibitory concentration

(MIC) results for b-lactam agents, including penicillins,

cephems, and carbapenems, should be reported as resistant

(R), for example [13].

2.2. HA-MRSA

Historically, the origin of MRSA is “healthcare-associated”

methicillin-susceptible S. aureus (MSSA), and the acquisition

of SCCmec by these pre-existing MSSA strains has occurred

only a limited number of times, resulting in MRSA epidemics

in hospital settings [3,14e16]. Major epidemic clones include

the archaic clone (ST250/SCCmecI; reported in the UK in the

1960s), Iberian clone (ST247/SCCmecIA; reported in Spain in

1989), New York/Japan clone (ST5/SCCmecII; reported in the

United States in 1998, but actually much earlier in Japan, in

1992), EMRSA-16 clone (ST36/SCCmecII; reported in the UK in

1993), Brazilian clone (ST239/SCCmecIIIA; reported in Brazil in

1992), Hungarian clone (ST239/SCCmecIII; reported in Hungary

in 1993), EMRSA-15 clone (ST22/SCCmecIV; reported in the UK

in 1993), pediatric clone (ST5/SCCmecIV or IVa; reported in

Portugal in 1992), and Berlin clone (ST45/SCCmecIVa; reported

in Germany in 1998). Some MRSA clones have spread globally

and adapted to each region with microevolution. MRSA
epidemics have been dynamic and include replacement by

a distinct clone.

2.2.1. ST5/SCCmecII lineage
This is one of the most worldwide-disseminated MRSA

lineages [14e16]; it became dominant in Tokyo, Japan in

1992 [17] by replacing previous type IV coagulase MRSA.

This Japanese MRSA clone was originally characterized by

type II coagulase, a ribotype pattern similar to N315, toxin

type positive for toxic shock syndrome toxin-1 (TSST-1)

and staphylococcal enterotoxin C (SEC), and multiple

antibiotic resistance, including fluoroquinolone (ciproflox-

acin). In the United States, a dominant MRSA clone, which

was characterized by mecA polymorph I, Tn554 pattern A

and pulsed-field gel electrophoresis (PFGE) pattern A (clonal

type I:A:A) was isolated in New York in 1994 [18], and the

same genotype MRSA (the New York clone) was isolated in

Connecticut, New Jersey, and Pennsylvania in 1998 [19]. In

2000, it was found that the Japanese major MRSA clone

isolated in 1997 and 1998 in Tokyo and the New York clone

shared the same genotype (I:A:A) and drug resistance pat-

tern, including ciprofloxacin, suggesting the trans-

continental spread of the same single MRSA clone from

Japan to the United States [20]. In 2001 [16] and 2002 [15,21],

the MRSA clone from Japan and the United States was

recognized as the epidemic New York/Japan clone with

genotype ST5/SCCmecII. The New York/Japan clone spread

to several US states and other (at least five) countries be-

tween 1995 and 2004. The Japanese type is positive for tst

(encoding TSST-1), while the US type is negative [22,23]. In

Taiwan, the Japanese type appeared in the early 2000s and

is currently a dominant hospital-acquired MRSA (HA-

MRSA) clone [24,25]. Vancomycin-intermediate MRSA was

first detected in this lineage (strain Mu50) in Tokyo in 1997

[23].

2.2.2. ST239/SCCmecIII lineage
This worldwide-disseminated lineage was first identified as

the Brazilian clone (with SCCmecIIIA), which spread among

hospitals in Brazil in 1992 [26], and then spread inter-

continentally to hospitals in Portugal, possibly linked to the

Brazil-to-Portugal migration of human populations since

1992-1993 [16,27]. The Hungarian clone (with SCCmecIII)

emerged in hospitals in Hungary in 1993 and became pre-

dominant in hospitals until 1998. The ST239 lineage con-

sisted of more than five MRSA clades reflecting their

continental origin, such as Asia, North America, South

America, Europe (with marked divergence), and Australia,

with some intercontinental transmission cases [28]. For

instance, the ST239 TW clone (strain TW20), which was

noted as intensive care unit (ICU)-associated MRSA in Lon-

don between 2002 and 2004 [29], clustered within the Thai
east Asia to London [28]. Besides transmission in hospital

settings, ST239 MRSA also spreads in the community as an

agent of urethritis in Russia [30]. In Taiwan, the ST239 lineage

(with SCCmecIIIA and III) appeared in the 1990s, and ST239/

SCCmecIII is currently a dominant HA-MRSA clone [31]; some

strains have exhibited fusidic acid resistance with fusA as

a dominant gene ( fusC since 2007) [32,33]. In Japan, no
clade, most probably suggesting transmission from south-

http://dx.doi.org/10.1016/j.biomed.2012.12.001
http://dx.doi.org/10.1016/j.biomed.2012.12.001
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d tectable ST239 MRSA is spreading. ST239 includes regional

v riants [28] in terms of spa, SCCmec, and others. For

i tance, ST239 in Krasnoyarsk, Russia (ST239Kras), carried

a ovel pathogenicity island (SaPI2R) with the tst gene for the

fi t time in the ST239 lineage [34].

2 . CA-MRSA

C -MRSA includes divergent MRSA lineages, which are also

d ergent from MRSA in hospital settings [35e38]. CA-MRSA

o en produces Panton-Valentine leukocidin (PVL) [35e38].

I tially, CA-MRSA was synonymous with PVL-positive

M SA; with representatives such as ST30, which was

a worldwide clone [37]; ST80, which was dominant in

E rope [37]; ST1 (USA400), which was dominant in the

U ited States [38]; ST8 (USA300), which is currently domi-

n nt in the United States [35,38]; and ST59 (Taiwan clone),

w ich was (and is still) dominant in Taiwan [39].

The origin of CA-MRSA is drug-susceptible MSSA (in

m ny cases) in the community, and CA-MRSA is generated

b the acquisition of SCCmec types IV or V at the orfX (att)

[ ,41]. Essentially, CA-MRSA of community origin is

r istant to b-lactam agents only or to some agents in

r tricted classes, although some successful PVL-positive

C -MRSA (e.g., ST8 and ST59) has become or was initially

r istant to multiple antibiotics [38,42]. Moreover, for

“ ewborn” CA-MRSA, MIC levels of (e.g.) imipenem and

o acillin are lower than those for MRSA in hospital settings,

p bably reflecting the exposed period of time or mass in

a tibiotic use [43].

2 .1. ST8/SCCmecIV lineage (USA300)
U A300 (PVL-positive) was isolated locally from two infectious

c es of college football players in Pennsylvania and prisons

i Missouri in 2000 in the United States [44]; however, MRSA

i ection, largely USA300, then swept through the United

S tes reaching a peak in 2005e2006with an estimated patient

n mber of 94,360 and 18,650 deaths (rate: 19.8%) from invasive

M SA infections [44,45]. USA300 became remarkable in both

c mmunity and hospital settings in the United States [45]; it

a ounts for >50% of all S. aureus infection [46] or themajority

( %) of invasive community MRSA infection [45]. Moreover,

U A300 has also spread globally, including Europe [44,47] and

J an [48]. In Europe, USA300-related MRSA is growing as

a ajor clone in the community (the most common clone in

s e cases), together with the ST80/SCCmecIV European clone

[ ,50]; PVL-positive clones are the predominant MRSA

i Europe [49]. USA300 is one of the most characterized

C -MRSA [41,51].

2 .2. ST59/SCCmec IV and V lineages (Taiwan clones)
T iwan clones have been isolated from skin and soft tissue

i ection (SSTI) cases (and pyomyositis cases) of children

s ce 1997 in Taiwan [52]. ST59/SCCmecV (PVL-positive) has

b come the most dominant CA-MRSA in Taiwan, accounting

f 69-84% in CA-MRSA isolates in 1997-2005 [39,52,53]. ST59/

S CmecIV (PVL-negative) is the second most dominant CA-

M SA (accounting for 8.8-17.6%), but it is the most dominant

( counting for 46-59%) MRSA in nasal carriage in the com-
recognized as an important nosocomial pathogen [31,58]. ST59

Taiwan clones have been isolated even from livestock [59] and

from pets such as dogs and cats [60]. Moreover, ST59 Taiwan

clones have spread globally, including to Europe [49] and

Japan [61].

2.3.3. ST8/SCCmecIV lineage (ST8 CA-MRSA/J)
ST8 CA-MRSA/J (PVL-negative) was isolated from bullous

impetigo cases of children in Niigata in 2003 in Japan [62,63]

and has become a successful CA-MRSA in Japan, accounting

for 16-34% in the community during 2008e2010; it has even

spread to public transport [64]. ST8 CA-MRSA/J was also iso-

lated in Hong Kong from an infected/colonized Japanese

family [63].

2.4. Definition of CA-MRSA and HA-MRSA

The Centers for Disease Control and Prevention (CDC) has

described the criteria for the epidemiological definition of CA-

and HA-MRSA [45]; according to the definition, CA-MRSA is

identified as MRSA from outpatients (patients in the com-

munity) with no history of hospitalization, surgery, dialysis, or

indwelling percutaneous medical devices and catheters in the

past one year or inpatients isolated within 48 hours after

hospital admission; that is, MRSA from patients with noMRSA

risks. The CDC CA-MRSA definition was later evaluated by

David et al [65].

In addition, accumulated knowledge has established the

bacteriological identification of CA- and HA-MRSA clones, as

described above. For instance, for genotypes, CA-MRSA is

discriminated from HA-MRSA in terms of ST types, spa types,

agr types, and coagulase types [35,37,38]. For SCCmec types,

CA-MRSA carries SCCmecIV or V in many cases, while HA-

MRSA carries SCCmecII or III in many cases [41]. For viru-

lence, CA-MRSA likely possesses a CA-MRSA-specific adhesin/

colonization factor, such as arginine catabolic mobile element

(ACME) [51], unique cell-wall-anchored bacterial surface pro-

teins (CWASPs) [66,67], and enhanced biofilm [68]; often pro-

duces toxins, such as PVL [35,37], exfoliative toxin (ET) [62,69],

or staphylococcal enterotoxin B (SEB) [24,42]; and expresses

the cytolytic peptide (or phenol-soluble modulin, PSM) genes

(e.g., psma [encoding PSMa] or hld [encoding d-hemolysin]) at

higher levels than HA-MRSA [70].

3. CA-MRSA infections

3.1. Associated diseases

CA-MRSA infection occurs in healthy individuals, especially

children, adolescents, and the elderly, through skin-to-skin

contact, causing nasal or other body surface carriage

[36,37,40,45,71e74]. Clinically noted CA-MRSA infections are

summarized in Fig. 1 [38,40,63,68,72,74e78;unpublished

data]. The vast majority (70-80%) of CA-MRSA infections

manifest as SSTIs, including pyogenic skin infection. PVL-

positive CA-MRSA has been especially isolated from “deep”

skin infection, such as furuncle, carbuncle, and cellulitis;

patients complain of severe pain due to unusually large

http://dx.doi.org/10.1016/j.biomed.2012.12.001
http://dx.doi.org/10.1016/j.biomed.2012.12.001


ta

A

B i oM e d i c i n e 3 ( 2 0 1 3 ) 2e1 8 5
isolated from impetigo, the most common SSTI disease in

children, which occurs in superficial skin; bullous impetigo

is generally caused by ET-positive S. aureus [79], albeit with

Fig. 1 e Summary of diseases related to CA-MRSA. Data are

Numbers (%) represent the incidence of the disease. MRSA

Valentine leukocidin; UTI [ urinary tract infection.
negative CA-MRSA cases, MRSA is isolated in combination

with ET-positive S. aureus [80]. ET-positive CA-MRSA has

also been isolated in a neonatal intensive care unit (NICU)

from neonates with staphylococcal scalded skin syndrome

(SSSS) [79,81]. CA-MRSA has also been isolated from young

athletes (e.g., with atopic dermatitis) [63,82,83]. MRSA SSTIs

may be decreasing in the United States [84].

Moreover, CA-MRSA can cause wound infections and has

been detected from surgical site infection [85]. Bacterial

chronic wounds (diabetic ulcer and venous stasis ulcer) have

increased over the past years and themajority of these are due

to CA-MRSA [86].

The prevalence of CA-MRSA invasive infection is rare;

however, it occasionally surprises clinicians who are used to

MRSA (HA-MRSA) infections. The first surprise was fatal
States in 1997 to 1999 [7]; this was followed by a wide range of

invasive infections worldwide, as shown in Fig. 1. CA-MRSA

nasal carriage and SSTI are risk factors for bloodstream in-

fections (BSIs) [87,88]. Iliopsoas abscesses (IPAs), which could

have originated in bacteremia, may be increasing [89]. CA-

MRSA accounts for 2.4% of severe community-acquired

pneumonia (CAP) in 2006 and 2007 [90], including influenza

prodrome cases [77,91]. MRSA coinfection increased the
mortality from influenza (H1N1) in childrenby eightfold [78]. In

the United States, most CA-MRSA cases are from USA300 [73].

3.2. Transmission core of CA-MRSA in the community

CA-MRSA is likely transmitted from a core in the community,

such as infected families, athlete groups, and hurricane

evacuees [68,72,82,92]. In the United States, themost common

S. aureus colonized from household contacts of patients with

skin infections was USA300 (53%) [73]. MRSA transmission to

household contacts has also been reported in Europe [93].

Since long-term CA-MRSA carriage/transmission with inva-

sive diseases in a community core has not been understood

well, two family infection clusters from CA-MRSA were care-

fully investigated in Japan.

3.2.1. PVL-positive ST22 CA-MRSA case
The series of cutaneous abscesses started with a Japanese

infant, who had stayed in India with her parents [68]. Most

probably, MRSA transmission had occurred from a housemaid

(the first person with deep cutaneous abscesses, who was in

contact with the residents) to the infant. MRSA infection

spread to the parents in India and then to four other related

families after their return to Japan. For four related families,

the targets in the first study, at least six of 12 individuals (50%)

developed deep cutaneous abscesses, including recurrent and

multifocal abscesses, every 1.2 months on average. MRSA

persisted for up to three years, finally causing infection/

ken from Refs. [36,40,63,68,72,74e78; unpublished data].

P [ MRSA community-acquired pneumonia; PVL [ Panton-
10-30% cases due to CA-MRSA [69,72,80]. In some ET-

necrotizing pneumonia and sepsis in children in the United

C

http://dx.doi.org/10.1016/j.biomed.2012.12.001
http://dx.doi.org/10.1016/j.biomed.2012.12.001
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olonization in at least 11 of 14 members (79%) of five related

amilies. It should be noted that the economic levels of the five

elated families were higher than the average in Japan, and no

ndividuals had had deep abscesses before. This super sticky

RSA exhibited strong biofilm formation.

.2.2. USA300 transmission case
he series of cutaneous abscesses started with a housewife,

ho visited Hawaii, United States, and was treated in a hos-

ital there [94]. After her return to Japan, she suffered from

STIs, which spread to seven of 11 members (64%) of three

elated families. Nine months later, an infant in a family,

istinct from the housewife in the first episode, suffered from

ellulitis and sepsis, followed by osteomyelitis two months

ater [94,95]. After the successful treatment of the infant, no

SA300 was detected in the three related families.

.2.3. MRSA-positive pus acted as a repeated source
he families in the two cases in Japan had infants or children

nd frequently got together on New Year’s Day or other holi-

ays; therefore, MRSA was likely transmitted through close

ody contact such as hugs and kisses. The most common

olonized body surface site was the cheek (87.5%) and nares

75%), followed by the inguinal area (37.5%), hands (37.5%),

xilla (25%), and umbilicus (25%) [68]. MRSA occasionally

hanged its location at the body surface sites; sometimes no

RSA was detected from nares. Especially for PVL-positive

ases, MRSA-positive pus acted as a repeated source, and

us contact enabled long-term infection/colonization in

family cluster; household members never wore gloves.

.3. MRSA nasal carriage at specific ages in the
ommunity

hildren are at high risk for CA-MRSA carriage [96,97]. Healthy

hildren in the community carry nasal MRSA at 1.9-11.6% in

aiwan [55,98,99] and at 3.7-4.3% in Japan [96,97]. In Japan,

RSA carriage is age-dependent which peaks in the 5-9-year

ge group (3.7%); more MRSA strains were isolated from

ealthy children in the community than from pediatric out-

atients [96]. By contrast, no MRSA was isolated from healthy

niversity students (<0.2%); however, recent preliminary data

uggested markedly high MRSA carriage in the elderly (>10%

n some cases), suggesting a possible important source of

nfection (because the elderly population has been increasing

orldwide).

. SCCmec: Classification and linked
tructures

.1. SCCmec structure and classification

CCmec basically consists of the mec gene complex (encoding

-lactam resistance) and the ccr gene complex (encoding

ecombinase) with three joining regions J1eJ3 (Fig. 2A)

10,51,67,100e105;unpublished data]. The mec gene complex

ncludes six types, classes A, B, C1, C2, D, and E, while the ccr

ene complex includes three types, ccrA, ccrB, and ccrC.
oreover, allotypes exist in each type: five (A1eA5) for ccrA, S
ix (B1eB6) for ccrB, and one (C1) for ccrC. Based on the

ombination, SCCmec is typed as IeXI according to the In-

ernational Working Group on the Staphylococcal Cassette

hromosome elements (IWG-SCC) [10], as shown in Fig. 2A.

ecently, SCCmecXI carrying a novel homologue of mecA

called mecC or mecALGA251) was found in the MRSA isolates

mainly ST130 clones (including other STs of clonal complex

30) and ST425 clones] from animals and humans (albeit

arely) in European countries [106,107]. The mecALGA251 has

pproximately 70% identity (63% in amino acid level) with

ecA [100]. The entire SCCmec type, including J1, J2, and J3

egions, is expressed as e.g., SCCmecIV.1.1.1, SCCmecIV.1.1.2,

r SCCmecIV.new.1.1. Traditional nomenclature has also been

sed for subtyping SCCmecIV, such as IVa or IVc.

As shown in Fig. 2A, SCCmecIV (ZH47) and V (TSGH17, PM1)

arry an additional ccrC gene complex in J3 region, which was

reviously named as the ccrC-carrying unit [108]. This ccrC

egion is indicated by the type 5 ccr gene complex (&5)

description: 2B&5 and 5C2&5), according to IWS-SCC [10]. By

ontrast, the corresponding region of SCCmecVII (JCSC6082) is

ssigned as ccr gene complex 5 (description: 5C1). This com-

lication (&5 vs. 5) is followed by the suggestion of two groups

I and II) [109].

.2. SCCmec-linked or -associated virulence functions

.2.1. ACME
he ACME is a mobile genetic element with att at both ends,

hich was found linked to SCCmecIVa of USA300 (Fig. 2B, top

gure) [51]. The ACME of USA300 (ACMEI) carries the arc gene

luster (arcC, arcB, arcD, arcA, and arcR) and the oligopeptide

ermease operon (opp-3 operon; opp-3A, opp-3B, opp-3C, opp-

D, and opp-3E ). These gene clusters are possibly associated

ith, for example, growth under lower pH conditions (at the

kin surface), interruption of nitric oxide production of the

ost, uptake of peptide nutrition, and quorum sensing [51].

SA300 ACME is considered to enhance colonization and

urvival on the skin [41].

Type II ACME (ACMEII), carrying only the arc gene cluster,

s also often found in ST5, ST8, ST22, ST59, ST239, and ST764

RSA [41,101,105,110e112], linked to SCCmec as shown in

ig. 2B (middle and bottom figures). Such ACMEII is also

inked with part of the J1 region of SCCmecI (called DJ1

CCmecI or cJR1), which encodes a bacterial cell surface pro-

ein. The role of ACMEII and DJ1 SCCmecI (or cJR1) remains

ess understood, but may be associated with MRSA

olonization.

.2.2. IE25923
E25923 is a mobile genetic element with att at both ends and

arries a putative transposase gene [102]. IE25923 is linked to

CCmecIVc and to SCCmecI, albeit rarely (Fig. 2C) [102,103]. Its

unction remains unknown.

.2.3. Bacterial cell surface proteins from the J1 region
successful PVL-negative CA-MRSA clone in Japan, ST8 CA-

RSA/J, carries SCCmecIV.new.1.1; the J1 region of SCCmecIVl

arries the spj gene encoding a 1602-amino acid CWASP with

n LPXTG motif (CWASP/J) [67]. CWASP/J may contribute to
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Fig. 2 e SCCmec structures and classification (A), SCCmec-li

structures (D). a Data are taken from Refs. [10,51,67,100e10

HomeEN.html., and described in the text. ACME [ arginine
chromosome mec.
d structures (B, C), and SCCmecJ1-associated virulence

npublished data] and http://www.sccmec.org/Pages/SCC_

tabolic mobile element; SCCmec [ staphylococcal cassette
n

5

http://www.sccmec.org/Pages/SCC_HomeEN.html
http://www.sccmec.org/Pages/SCC_HomeEN.html
http://dx.doi.org/10.1016/j.biomed.2012.12.001
http://dx.doi.org/10.1016/j.biomed.2012.12.001
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In addition, the J1 region of SCCmecI in strain COL carries

he pls gene encoding a 1548-amino acid CWASP with an

PXTG motif (Pls) [113]. The expression of Pls reduces either

acterial adherence to, for example, fibronectin and the Fc

omain of immunogloblin or cellular invasion of bacteria

n vitro [114].

Accumulated knowledge, therefore, suggests that the J1

egion of SCCmec is not a “junkyard” [10], but rather it may act

s a “hot spot” and play an important role in MRSA colo-

ization/infection.

.2.4. PSM-mec from mec gene complex
SM-mec, 22-amino acid peptide, exhibits cytolytic activity to

uman polymorphonuclear neutrophils (PMNs) and induces

L-8 production [115]. PSM-mec is encoded by the psm-mec

ene present in class A mec gene complex, in the order of

S431-mecA-mecR1-mecI-psm-mec/fudoh ( psm-mec is over-

apped by fudoh in the opposite direction) [116]. Class A mec

ene complex is associated with, for example, SCCmecII and

II, indicating that PSM-mec is a virulence factor of HA-MRSA

and maybe of HA-MRSA variants adapted to the community)

64,76,96,105].

. Emergence of multidrug resistance in the
ommunity

ome successful CA-MRSA became multidrug resistant

hroughmultiple steps, but rarely by a single step. HA-MRSA is

lso spreading in the community through mutations.

.1. Multidrug-resistant CA-MRSA

.1.1. USA300
SA300 was initially resistant to erythromycin (gene: msrA)

nly, followed by the acquisition of a series of resistance,

epending on strains, to mupirocin (gene: ileS-2, mupA),

acrolides/clindamycin (genes: ermA and C ), and tetracycline

genes: tetK, and M ), mostly by plasmids; resistance to levo-

oxacin (gene: gyrA mutation), gentamicin (gene: aac[60]-aph
200]), and sulfamethoxazole-trimethoprim (gene: dfrA);

educed susceptibility to vancomycin and daptomycin; and

esistance to phenicols and others (genes: cfr and fexA)

117,118].

.1.2. ST30 and ST80 CA-MRSA
T30 CA-MRSA (a worldwide clone) is generally susceptible to

on-b-lactam agents, but a strain acquired a gentamicin/

anamycin and tetracycline resistance plasmid (pGKT1 car-

ying aac[60]-aph[200] and tetK ) in Japan [62]. ST80 CA-MRSA in

urope carries a plasmid encoding fusidic acid resistance

gene: fusB) and also other resistance genes [119].

.1.3. ST59/SCCmecV Taiwan clone
y contrast, the ST59 Taiwan clone has been unusually

ultidrug resistant since its initial isolation [24,42,52,54]

nd carries a unique mobile multidrug resistance structure

IS1216V-mediated composite transposon MESPM1, originat-
ng from enterococci), which encoded resistance to

rythromycin/clindamycin (gene: ermB), kanamycin (gene:

[

(

ph[30]-IIIa), streptomycin (gene: aadE ), and chlor-

mphenicol (gene: cat) [42]. ST59 CA-MRSA also carried a tet-

acycline resistance-encoding (tetK ) penicillinase plasmid,

PM1. There is a possibility that ST59CA-MRSAoriginated from

multidrug-resistant” ST59 MSSA with MESPM1 (and pPM1) by

cquiring SCCmecV, or that initial “non-b-lactam-susceptible”

T59 CA-MRSA acquired MESPM1 and became multidrug

esistant in a single step. The distinct resistance patterns of

T59 CA-MRSA may have resulted from IS1216V-mediated

eletion within the IS1216V-rich structure [42].

.2. Adaptation of HA-MRSA to the community

he variants of HA-MRSA (multidrug resistant), which were

pidemiologically classified as CA-MRSA, have been isolated

rom patients or households in the community.

.2.1. ACMEII-positive ST764 MRSA
variant, exhibiting ST764 (single locus variant of ST5), of the

T5/SCCmecII lineage (New York/Japan) was positive for

CMEII, SEB, and the enhanced expression of cytolytic peptide

enes ( psma and hld ), but was negative for TSST-1 (lacking

aPIm1/n1) [105]. It was isolated from the blood of a 54-year-

ld patient with bacteremia, who had been infected in the

ommunity, in addition to patients or students in hospitals

unpublished data). ST764 MRSA is the second most frequent

solate, following ST8 CA-MRSA/J, in household colonization

n Niigata, Japan. ST764 MRSA is multidrug resistant, includ-

ng levofloxacin and fosfomycin.

.2.2. ST5/SCCmecII MRSA with a characteristic of CA-
RSA
variant of the ST5/SCCmecII lineage (New York/Japan),

hich was positive for enhanced expression of psma and hld,

as isolated from an 89-year-old patient with necrotizing CAP

76]. The variant (named NY/Jv) was multidrug resistant,

ncluding levofloxacin. This fatal MRSA CAP case of multidrug

esistancemay pose a new threat, since the elderly population

as been increasing.

. Virulence factors in CA-MRSA

iep et al [35], based on data from animal infection models,

mphasized the role of some key virulence factors in USA300

nfection: ACME in colonization, a-hemolysin (Hla) in necrot-

zing pneumonia, and PSMs (with high expression levels) in

acteremia and abscess formation. In addition to these

SA300 prevalent factors, many virulence factors have been

eported for S. aureus and MRSA, depending on strains. Those

irulence factors are summarized in Fig. 3 [41,67,70,120–149];

irulence factors may exhibit multiple functions and syner-

istic actions.

.1. Factors for adherence

. aureus adhesins include microbial surface components

ecognizing adhesive matrix molecules (MSCRAMMs)
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150,151], such as spike-like proteins anchored to the cell wall

CWASPs) through a C-terminal LPXTG-motif, secretable

http://dx.doi.org/10.1016/j.biomed.2012.12.001
http://dx.doi.org/10.1016/j.biomed.2012.12.001
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expanded repertoire adhesive molecules (SERAMs) [152], bio-

films [153], and signal peptides of PVL-S [154]. MSCRAMMs

commonly found in MRSA are, for example, adhesins for

laminin (Eno), fibronectin (FnBPA, FnBPB), elastin (EbpS),

fibrinogen (SdrC, SdrD, and SdrE), and protein A (Spa). SERAMs

do not possess an LPXTG motif, and are secreted into culture

supernatant or associated with the bacterial cell surface by

noncovalent binding [152]. SERAMs include, for example,

fibrinogen-binding protein (Efb) and extracellular adherence

protein (Eap; alternatively, known asmajor histocompatibility

complex class II [MHC class II] analog protein [Map]) [152].

Therefore, S. aureus (and MRSA) is potentially adhesive to

host skins, mucosa, the endothelial cell surface, extracellular

matrix molecules, and plasma proteins. In addition, some

MRSA clones or strains have unique additional adhesin or

Fig. 3 e Summary of Staphylococcus aureus virulence factors

and in animal models. S. aureus, including MRSA, produce a

medical devices (I), immune evasion (II), and development

specific functions are summarized here. a Data are taken fr

ACME [ arginine catabolic mobile element; Bbp [ bone si

protein of S. aureus; Cna [ collagen-binding protein; CWAS

Eap [ extracellular adherence protein (alternatively, MHC c

FnBP [ fibronectin-binding protein; Hla [ a-hemolysin; Hl

(HlgB and HlgC); LukED [ leukocidin (LukE, LukD); MSCRAM

molecules; NTED [ neonatal TSS-like exanthematous dise

soluble modulin a; PVL [ Panton-Valentine leukocidin; SA

inhibitor; SEB [ staphylococcal enterotoxin B; SEC [ staph

repertoire adhesive molecules; Spa [ staphylococcal protei

SSSS [ staphylococcal scalded skin syndrome; TSST-1 [ t
colonization factors (including candidates), such as ACME for

USA300 [51], ACMEII for some ST types (ST764 and others
[101,105,110]), CWASP/J for ST8 CA-MRSA/J [67], or SasX for

ST239 MRSA (TW20 and others [121]).

6.2. Factors for immune evasion

S. aureus (and MRSA) possesses various factors that interfere

with the functions of immunoglobulins and complements,

disrupt host phagocytes, and promote internalization.

Spa is an MSCRAMM with an LPXTG motif, but is partially

released into culture supernatant. Spa captures Fc domains

of IgG and IgM, resulting in interruption of Fc-receptor-

medicated phagocytosis and the classical pathway of

complement activation [130]. In addition, Spa is a proin-

flammatory factor through TNF receptor activation [155] and

d their possible roles in the pathogenicity, proposed in vitro

mber of virulence factors for adherence to skin, tissues, and

esions and symptoms (III). Some of these factors and their

Refs. [41,67,70,120e149] and described in the text.

protein-binding protein; CHIPS [ chemotaxis inhibitory

J [ CWASP produced by ST8 CA-MRSA/J clone (spj gene);

s II analog protein [Map]); ETs [ exfoliative toxins;

b-hemolysin; Hld [ d-hemolysin; HlgBC [ g-hemolysin

; microbial surface components recognizing adhesive matrix

; PMNs [ polymorphonuclear neutrophils; PSMa [ phenol

[ superantigens; SCIN [ staphylococcal complement

coccal enterotoxin C; SERAMs [ secretable expanded

; SSLs [ staphylococcal superantigen-like proteins;

c shock syndrome toxin-1.
its expression level is stimulated by the expression of

PVL [143].

http://dx.doi.org/10.1016/j.biomed.2012.12.001
http://dx.doi.org/10.1016/j.biomed.2012.12.001
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PVL, g-hemolysin (Hlg), and LukED are bi-component leu-

ocidins; e.g., PVL consists of PVL-S and PVL-F. They disrupt

uman phagocytes, including PMNs, monocytes, and macro-

hages [72,127e129]; e.g., PVL induces necrosis at >10 nM and

poptosis at <5 nM against human PMNs [72,126,156].

The immune evasion cluster (IEC) includes secretory fac-

ors, staphylococcal complement inhibitor (SCIN, encoded by

cn) and chemotaxis inhibitory protein of S. aureus (CHIPS,

ncoded by chp), and also staphylococcal enterotoxin A (SEA,

ncoded by sea) and staphylokinase (SAK, encoded by sak)

ith some exceptions [157]. The SCIN interrupts complement

ctivation by inhibiting C3 converting enzymes [133], while

HIPS inhibits the binding of C5a and formylated peptides to

heir receptors, resulting in interruption of phagocyte che-

otaxis [132]. The IEC is located on a phage (with att in the

-hemolysin gene, hlb) [157].

Staphylococcal superantigen-like proteins (SSLs; with no

uperantigen activity) include 14 SSL species [158] and inter-

upt the functions of immunogloblins and complements (for

SL7 and SSL10) [136,137], macrophage activation (for SSL3)

134], matrix metalloproteinase 9 function (for SSL5) [135], and

dherence of PMNs to endothelial cells (for SSL11) [138].

FnBPA and FnBPB [125] and also Eap (Map) [120] mediate

. aureus (MRSA) internalization by professional and non-

rofessional phagocytes. b-Hemolysin (Hlb; sphingomyeli-

ase) and d-hemolysin (Hld; cytolytic peptide) synergistically

isrupt phagosome membrane, resulting in staphylococcal

scape into cytosol (intracellular survival) [131]. Further

tudies are needed because hlb is disrupted by IEC-carrying

hage in ST8 CA-MRSA (such as USA300 and CA-MRSA/J); in

his regard, the potential virulence of ST59 Taiwanese MRSA,

ith intact hlb and b genomic island vSAb with IEC [42], is

oted.

.3. Factors for specific lesions and symptoms

T digests desmoglein 1 (Dsg-1) of desmosomse, causing the

isruption of stratum granulosum and subsequent blister

ormation and exfoliation of the epidermis [159]. ET involves

TA, ETB, and ETD. ETA and ETB are responsible for SSSS in

nfants and bullous impetigo in children, while ETD is

esponsible for bullous impetigo and deep pyoderma in

dults [140]. The genetic location is phage (for ETA), plasmid

for ETB), and SaPI (for SED) [160,161]. ETA or ETB-producing

RSA is a successful CA-MRSA clone (ST88 or ST89/ST91),

ccounting for 10e30% of S. aureus from bullous impetigo in

apan [80]. ST80 European CA-MRSA carries the ETD gene

162,163].

Bi-component toxins (PVL, Hlg, LukED, and LukGH) and

single-component toxin (Hla) are b-barrel pore-forming

xotoxins (BPTs) [129,164,165]. Of those, PVL has historically

een noted as a causative factor of cutaneous abscesses, such

s furunculosis by S. aureus [166e168], and as the first CA-

RSA-associated virulence factor for necrotizing pneumonia

nd sepsis [143,169e171]. Synergistic exacerbating effects of

VL and Spa or influenza virus on lung tissue damage were

lso reported [143,172]. For osteomyelitis, PVL was epidemio-

ogically and experimentally associated with severe tissue

amage (e.g., severe bone deformation, muscle inflammation,
nd abscess formation) as an exacerbating factor [145,173]. n
n vitro, PVL induces potent cytolytic activity in human and

abbit phagocytes by binding to lipid rafts, but minor activity

o murine cells [126]. In addition, PVL at lower concentrations

nduces the production of inflammatory mediators (e.g., IL-1b,

L-8, IL-18, and TNF-a) by host phagocytes [174,175]. PVL genes

re carried by a phage [176]. PVL action in animal models is

ontroversial. In rabbit models using USA300, PVL showed

irulence in necrotizing pneumonia, osteomyelitis, and skin

nfection, but minor effects in bacteremia [139,144,145,177]. In

urine pneumonia models, Hla, which shows potent cyto-

oxicity in monocytes and lymphocytes [178], has been con-

idered as amajor virulence factor [141]. Hla also played a role

n abscess formation in rabbit skin infection models using

SA300 [139].

Hld and PSMs are peptide cytolysins: Hld has 26 amino

cids; PSMa1-4, 20-22 amino acids; and PSMb1, 2, 44 amino

cids [70]. To date, all S. aureus (and MRSA) carry genes for

SMa, PSMb, and Hld (and also for Hla). hld is located in the

NAIII region; however, for PSMs and Hld, the expression

evels of the genes are greater in community isolates than in

ospital isolates [63,70,76,103]. In vitro, Hld and PSMa induce

he lysis of human PMNs. These peptides activate the in-

ammatory reaction of PMNs through formylated peptide re-

eptor [179]. In animal models using USA100 and USA300,

SMa, but not PSMb, contributed to skin lesion development.

SMa and Hld contributed to blood stream infections in

murine model using USA100. In addition, PSM-mec is also

ound in SCCmec regions (class A mec gene complex), asso-

iated with SCCmecII, III, and VIII, [116]. In a murine bacter-

mia model, PSM-mec affected mortality, although in skin

nfection models, the role of PSM-mec is controversial [115].

Staphylococcal superantigens include TSST-1 (previously

alled SEF) and at least 24 SEs (SEA-E, SEG-V, and SEX)

146,147,180]. Superantigens cross-linkMHC class II molecules

f antigen-presenting cells and the variable part of the b-chain

f certain T-cell receptors (Vb-TCRs), resulting in the abnor-

al activation of T cells [147]. SEA (and a combination of

ultiple superantigens) is associated with severe diseases

149]. TSST-1 is responsible for TSS and neonatal TSS-like

xanthematous disease (NTED) [146,148]. SEB is included in

he list of Category B biological weapons by CDC. A recent

tudy also showed the virulence of TSST-1, SEB, and SEC in the

evelopment of lethal pneumonia using a rabbit model [142].

oreover, TSST-1 and SEB may suppress the motility of PMNs

hrough the inhibition of exoprotein expression, and allow

RSA to invade and damage tissues [181]. Superantigen genes

re located on a pathogenicity island such as SaPI5 (seq2 and

ek2), USa3mw (sek, sea, sek2, and seq), SaPI3 (seb, sek, seq, or

eb, sel, and sek), SaPI1 (tst and sek), SaPI2R (tst), SaPIm1/n1 (tst,

ec, and sel ), and SaPIj50 (tst, sec, and sel ) [34,42,63,182,183]. In

ddition, sea is sometimes located on the IEC-carrying

hage [157].

. Human invasive infections in the
ommunity: MRSA genotypes and symptoms

he MRSA invasive infections in the community in Japan,

hich surprised clinicians, were investigated for MRSA ge-
otypes, and the data are summarized in Table 1
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[63,74,76,95,105,184e186]. In this table, SSTI cases are omitted;

however, invasive infections could be caused by successful

MRSA clones in the community, mostly causing SSTIs (Table

1). Of nine MRSA cases, eight possessed bacterial adhesin/

colonization factor (including a candidate) related to CA-

MRSA, suggesting the importance of these factors not only

in community spread, but also in the pathogenesis.

“Deep” pyogenic skin infection (with unusually large ab-

scesses) was especially noted for PVL-positive USA300

[48,95,187] and ST22 CA-MRSA [68]; however, no severe inva-

sive infections were observed for ST22 CA-MRSA in a previous

study [68]. Instead, PVL-negative CA-MRSA, such as ST8 CA-

MRSA/J [63], often caused severe invasive infections; ST8 CA-

MRSA/J was also associated with SSTIs, albeit without

unusually large abscesses [63].

Initially, PVL was especially emphasized as a causative

toxin of necrotizing pneumonia [143] and pleural infiltrates

with multiple nodular and cavity lesions have been noted,

especially in necrotizing pneumonia caused by PVL-positive

CA-MRSA [171]. Although cavity formation may be observed

insomecasesofCAP frommethicillin-susceptibleS. aureusand

Klebsiella pneumoniae and in septic pulmonary embolism, it has

not usually been observed in HA-MRSA infections (in Japan);

however, such necrotizing pneumonia cases have been found

even in PVL-negativeMRSA, including ST8 CA-MRSA/J [63] and

a variant of ST5 HA-MRSA (NY/Jv) [76]. Some toxin patterns

were consistent with those described by Diep et al [35].

Nine invasive cases were caused by only three genotype

groups: ST30worldwide CA-MRSA, ST8 CA-MRSA (CA-MRSA/J,

its variant CA-MRSA/Jv, and USA300), and ST5 HA-MRSA-

related variants (NY/Jv and ST764). Further studies, such as

close collaboration between clinical and basic aspects, are

necessary for better and accurate understanding of invasive

CA-MRSA infections in terms of virulence genotyping,

including comparative genomics.

8. Characteristics found by CA-MRSA
genome analysis

USA300 [51] carried ACME, which may have originated in

Staphylococcus epidermidis and is linked with SCCmecIVa. ST59/

SCCmecV Taiwan clone [42] carried MESPM1 originating in

enterococci; and ST59/SCCmecIV Taiwan clone carried an

MESPM1-related structure (unpublished data). ST8 CA-MRSA/J

in Japan [63] carried SCCmecIV.new.1.1 with spj and SaPIj50

with tst loci, originated in ST5 HA-MRSA (New York/Japan).

CA-MRSA evolution, as above, includes horizontal gene

transfer with an insertion sequence (IS), transposon (Tn),

pathogenicity island (SaPI), SCC, genomic island (vSa), plas-

mid, and phage, and also includes gene salvage.

9. Conclusions

Successful CA-MRSA clones possess a unique adhesin/colo-

nization factor to facilitate MRSA spread in the community,

albeit with unknown causes. PVL, which causes secretion of

MRSA as pus at the skin surface, allows more MRSA spread

through touch (thus acting as a spread factor). There are

infection cores in the community. Hand hygiene is strongly

requested in the cores. MRSA SSTIs may be decreasing in

some countries, but invasive infections (rare cases compared

to SSTIs) are increasing in some cases. CA-MRSA invasive

factors have been proposed, but further molecular genetic

study including comparative genomics is needed, especially to

clarify the role of combination (adherence-colonization-

spread factor/toxin/immune evasion factor) in the patho-

genesis. Some CA-MRSA acquired their virulence cassette

from HA-MRSA or other staphylococci, and a resistance cas-

sette from enterococci, and some have spread even to live-

stock, pets, and public transport, or originated from animals.

The evolution and the resulting epidemic of MRSA with

“community characteristics” are dynamic, posing a threat

even to hospitals and the elderly.
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[127] Löffler B, Hussain M, Grundmeier M, Brück M, Holzinger D,
Varga G, et al. Staphylococcus aureus panton-valentine
leukocidin is a very potent cytotoxic factor for human
neutrophils. PLoS Pathog 2010;6:e1000715.

[128] Kaneko J, Kamio Y. Bacterial two-component and hetero-
heptameric pore-forming cytolytic toxins: structures, pore-
forming mechanism, and organization of the genes. Biosci
Biotechnol Biochem 2004;68:981e1003.

[129] Morinaga N, Kaihou Y, Noda M. Purification, cloning and
characterization of variant LukE-LukD with strong
leukocidal activity of staphylococcal bi-component
leukotoxin family. Microbiol Immunol 2003;47:81e90.

[130] Matic G, Bosch T, Ramlow W. Background and indications
for protein A-based extracorporeal immunoadsorption.
Ther Apher 2001;5:394e403.

[131] Giese B, Glowinski F, Paprotka K, Dittmann S, Steiner T,
Sinha B, et al. Expression of d-toxin by Staphylococcus aureus
mediates escape from phago-endosomes of human
epithelial and endothelial cells in the presence of b-toxin.
Cell Microbiol 2011;13:316e29.

[132] de Haas CJ, Veldkamp KE, Peschel A, Weerkamp F, Van
Wamel WJ, Heezius EC, et al. Chemotaxis inhibitory protein
of Staphylococcus aureus, a bacterial antiinflammatory agent.
J Exp Med 2004;199:687e95.

[133] Rooijakkers SH, Ruyken M, Roos A, Daha MR, Presanis JS,
Sim RB, et al. Immune evasion by a staphylococcal

B i oM e d i c i n e 3 ( 2 0 1 3 ) 2e1 816

http://dx.doi.org/10.1016/j.biomed.2012.12.001
http://dx.doi.org/10.1016/j.biomed.2012.12.001


complement inhibitor that acts on C3 convertases. Nat
Immunol 2005;6:920e7.

[134] Yokoyama R, Itoh S, Kamoshida G, Takii T, Fujii S, Tsuji T,
et al. Staphylococcal superantigen-like protein 3 binds to
the Toll-like receptor 2 extracellular domain and inhibits
cytokine production induced by Staphylococcus aureus, cell
wall component, or lipopeptides in murine macrophages.
Infect Immun 2012;80:2816e25.

[135] Itoh S, Hamada E, Kamoshida G, Takeshita K, Oku T, Tsuji T.
Staphylococcal superantigen-like protein 5 inhibits matrix
metalloproteinase 9 from human neutrophils. Infect
Immun 2010;78:3298e305.

[136] Langley R, Wines B, Willoughby N, Basu I, Proft T, Fraser JD.
The staphylococcal superantigen-like protein 7 binds IgA
and complement C5 and inhibits IgA-Fc alpha RI binding
and serum killing of bacteria. J Immunol 2005;174:2926e33.

[137] Itoh S, Hamada E, Kamoshida G, Yokoyama R, Takii T,
Onozaki K, et al. Staphylococcal superantigen-like protein
10 (SSL10) binds to human immunoglobulin G (IgG) and
inhibits complement activation via the classical pathway.
Mol Immunol 2010;47:932e8.

[138] Chung MC, Wines BD, Baker H, Langley RJ, Baker EN,
Fraser JD. The crystal structure of staphylococcal
superantigen-like protein 11 in complex with sialyl Lewis X
reveals the mechanism for cell binding and immune
inhibition. Mol Microbiol 2007;66:1342e55.

[139] Kobayashi SD, Malachowa N, Whitney AR, Braughton KR,
Gardner DJ, Long D, et al. Comparative analysis of USA300
virulence determinants in a rabbit model of skin and soft
tissue infection. J Infect Dis 2011;204:937e41.

[140] Nishifuji K, Sugai M, Amagai M. Staphylococcal exfoliative
toxins: "molecular scissors" of bacteria that attack the
cutaneous defense barrier in mammals. J Dermatol Sci 2008;
49:21e31.

[141] Bubeck Wardenburg J, Bae T, Otto M, Deleo FR,
Schneewind O. Poring over pores: a-hemolysin and Panton-
Valentine leukocidin in Staphylococcus aureus pneumonia.
Nat Med 2007;13:1405e6.

[142] Strandberg KL, Rotschafer JH, Vetter SM, Buonpane RA,
Kranz DM, Schlievert PM. Staphylococcal superantigens
cause lethal pulmonary disease in rabbits. J Infect Dis 2010;
202:1690e7.

[143] Labandeira-Rey M, Couzon F, Boisset S, Brown EL, Bes M,
Benito Y, et al. Staphylococcus aureus Panton-Valentine
leukocidin causes necrotizing pneumonia. Science 2007;
315:1130e3.

[144] Diep BA, Chan L, Tattevin P, Kajikawa O, Martin TR,
Basuino L, et al. Polymorphonuclear leukocytes mediate
Staphylococcus aureus Panton-Valentine leukocidin-induced
lung inflammation and injury. Proc Natl Acad Sci USA 2010;
107:5587e92.

[145] Crémieux AC, Dumitrescu O, Lina G, Vallee C, Côté JF,
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a b s t r a c t

Vibrio vulnificus, a marine Gram-negative bacterium, may cause systemic infections in

humans and eels. In humans, particularly those with chronic liver disorders, this organism

produces severe soft tissue damage via infecting a wound and fulminant sepsis with a high

mortality rate in those who ingest contaminated shellfish. The ability of V. vulnificus to

invade the bloodstream from an intact gastrointestinal tract and cause hemorrhagic

necrosis of soft tissue, the most prominent features of its infectious disease, has been the

focus of studies on the pathogenesis mechanism. This organism is cytotoxic to a variety of

host cells, and this property may be associated with its invasiveness and tissue damaging

ability. Two cytotoxins, VvhA and MARTXVv, have been identified. The former exhibits

pathological effects resembling those observed in patients, however, it plays only minor

roles in cytotoxicity to cocultured host cells and virulence in a mouse model. MARTXVv has

a predicted molecular weight of 556 kDa, and neither the full-length protein nor processed

peptides have been purified. This has hampered research on its functions and mechanism

of cytotoxicity. Nevertheless, by characterizing the MARTXVv-deficient mutants, this

cytotoxin has been demonstrated to be required for survival of V. vulnificus at the primary

infection site and internal organs as well by preventing the organism from engulfment by

the phagocytes. The identification of the functional domains in MARTXVv should facilitate

future studies to reveal how this toxin blocks phagocytosis and causes cell lysis.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

Vibrio vulnificus is a marine bacterium that causes infectious

diseases worldwide, with strikingly high mortality rates,

mostly due to fulminant septicemia in persons with under-

lying conditions, particularly liver cirrhosis and hepatoma

[1,2]. This bacterium has also caused systemic infection,

called vibriosis, in the cultured eels, and has resulted in

economical losses in Japan and Europe [3,4]. In studies that

have aimed at understanding how this bacterium causes such

serious infectious diseases in both hosts, several factors

potentially attributing to virulence have been proposed. Some

of them, including the capsule, iron-acquisition ability, and

cytotoxicity, have been demonstrated as the important

* Corresponding author. Department of Microbiology and Immunology, College of Medicine, National Cheng-Kung University, Tainan
70160, Taiwan.

E-mail address: h061453@mail.ncku.edu.tw (L.-I Hor).

Available online at www.sciencedirect.com

journal homepage: http : / /www.e-biomedicine.com

B i oM e d i c i n e 3 ( 2 0 1 3 ) 1 9e2 6

2211-8020/$ e see front matter Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights reserved.
http://dx.doi.org/10.1016/j.biomed.2012.12.003

mailto:h061453@mail.ncku.edu.tw
www.sciencedirect.com/science/journal/22118020
http://www.e-biomedicine.com
http://dx.doi.org/10.1016/j.biomed.2012.12.003
http://dx.doi.org/10.1016/j.biomed.2012.12.003
http://dx.doi.org/10.1016/j.biomed.2012.12.003


virulence determinants of V. vulnificus in mice, an animal

model for human pathogens, and the eel [5e9]. Interestingly,

different sets of virulence factors are used in these two

animals [10].

Two cytotoxins, the cytolysin/hemolysin and multi-

functional autoprocessing repeats in toxin (MARTX), have

been identified in V. vulnificus. The cytolysin/hemolysin,

designated VvhA, has been purified and its biological activities

observed in the animals suggest that it might be associated

with the invasiveness of the organism and the formation of

skin lesions observed in most patients [11,12]. However,

a mutant deficient in VvhA is as virulent as the wild-type

strain in mice, indicating that VvhA is dispensable for viru-

lence in this animal [13]. In contrast, theMARTX cytotoxin has

been recently demonstrated to be required for the virulence of

V. vulnificus in both mice and eels [6,7,14]. This article reviews

and discusses the studies on the functions of these two

cytotoxins and their roles in the pathogenesis of systemic

infections caused by V. vulnificus in mice.

2. V. vulnificus and infectious diseases

The identification of unnamed lactose-positive Vibrio isolates

from patients’ blood and wounds was first reported by the US

Centers for Disease Control in 1976 [15]. This new species,

which could be differentiated from Vibrio parahaemolyticus by

a lower tolerance for NaCl and fermentation of lactose, was

later given a new species name, vulnificus, which means

“wound” in Greek to reflect one of its infection types. V. vulni-

ficus is distributed worldwide, either freely in estuarine water

or as a commensal organism in a variety of fish or shellfish,

with thehighestdensity inoysters [16,17]. Itwasestimatedthat

about50%ofV.vulnificusenvironmental isolatesarepotentially

pathogenic to humans [17]. This organism has been shown to

enter a viable but nonculturable condition at low temperature

[18], and this may explain why this bacterium is almost

undetectable in seawater at a temperature below 15�C during

the winter in temperate zones. Cells in a viable but non-

culturable condition are capable of resuscitation as the water

temperature rises to above 15�C [18].

Strains of this species are divided into three biotypes, BT1,

BT2, and BT3, based on the biochemical trait, host range, and

epidemiological pattern [3,19,20]. All biotypes have been iso-

lated from human cases, but only the BT2 strains are patho-

genic to eels [3]. The BT1 strains comprise most of the clinical

and environmental isolates collected worldwide and are

genetically heterogeneous [17,20], whereas the BT3 strains are

isolated only in Israel and are genetically homogeneous [20].

The eel-pathogenic BT2 strains possess a common plasmid

that is absent from other biotypes [10]. This plasmid carries

the genes that are required for bacterial survival in the eel

serum and virulence in the eels [10]. Nevertheless, the

common plasmid-cured BT2 strain, although it loses virulence

in eels, remains fully virulent in mice indicating that the

virulence genes for eels in this plasmid are dispensable in

rodents [10]. This might be the first example to show that

a microbial species could utilize distinctive survival strategies

in response to the different defense systems encountered in

different hosts.

Although V. vulnificus infection in humans was first re-

ported in 1976, it was suspected that an acute, fatal illness

with a swollen reddish foot, high fever, and delirium in a man

who lived on an island in the Aegean Sea described by Hip-

pocrates in the fifth century BC was caused by this organism

[21]. Infection by V. vulnificus is acquired mainly via two

routes: ingestion of contaminated seafood, typically raw

oysters, and exposure of a wound, pre-existing or newly

formed, to substances carrying this organism [1,2]. Individuals

with underlying conditions, particularly those with liver

cirrhosis and hepatoma that are usually accompanied by

elevated iron levels and impaired immune response, are

highly susceptible [22]. Patients, whether infected via the

mouth or a wound, may develop skin lesions with bullae and

hemorrhagic necrosis, which may turn into necrotizing fas-

ciitis, and/or fulminant septicemia [1,23]. Themortality rate of

primary septicemia acquired per os can be>50%, depending on

the timing of treatment relative to the appearance of signs of

bacteremia, while that of secondary septicemia developed

after wound infection is about 25% [1,2].

Intriguingly, the BT3 strains, which are genetically homo-

geneous and geographically restricted to Israel, exhibit clinical

characteristics different from those of the BT1 strains. About

95% of BT3 infections are associated with percutaneous

exposure to fish, typically tilapia, while people are purchasing

or preparing fish for cooking, selling fish, or cleaning fish

ponds. In addition, most of the BT3 victims have no under-

lying diseases, and < 20%, even for the fatal cases, have liver

disorders [20]. Therefore, BT3 strains are considered more

virulent than BT1 and BT2 strains for humans.

The BT2 strains rarely cause human infection, but they

produce lesions, including skin ulcer, hemorrhagic fins,

protrusion of the rectum, and hemorrhages of the internal

organs, in an infected eel [4] similar to those observed in

human cases.

3. Virulence mechanism of V. vulnificus

As described above, V. vulnificus infection is characterized by

high invasiveness, rapid progression to septicemia, and

formation of severe necrotic skin lesions. These features have

been the subjects of studies aiming to reveal the virulence

mechanism of this pathogen. Although several potential

virulence determinants have been proposed, it is only recently

that the mechanisms of how V. vulnificus invades from local

infection sites into the bloodstream to cause systemic infec-

tion and how it defends against immune attack have been

better understood.

Normalmice or those with iron overload have been used as

an animal model for V. vulnificus, because mice receiving

a clinical isolate via intraperitoneal, subcutaneous, or intra-

venous injection, or by force feeding can also develop fulmi-

nant sepsis [5,24,25]. So far, the capsular polysaccharides,

iron-acquisition ability, flagella, type IV pili, non-pilus adhe-

sins, and cytotoxins have been demonstrated as important

virulence factors in mice.

The capsular polysaccharides of most, but not all, strains

protect the bacterial cells from phagocytosis and complement-

mediated bactericidal activity of human serum [5], and can
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induce type-specific protective antibodies in mice [26]. Vulni-

bactin, a siderophore, and its receptor as well as a heme

receptor, HupA, are inducedunder iron-limited conditions, and

they are required for bacterial virulence in mice [9,27]. The

genes involved in the utilization of two heterologous side-

rophores, aerobactin and ferrioxamine B, have also been iden-

tified inV.vulnificus [28,29], but theirassociationswithvirulence

have not been determined. The flagellum is involved in bacte-

rial adherence to the host cells and virulence in mice [30], and

the type IV pili are associated with biofilm formation, adher-

ence to host cells, and virulence inmicewith iron overload [31].

The most abundant outer membrane protein in V. vulnificus,

OmpU, interacts with host extracellular matrix proteins

including fibronectin, and is associated with adherence and

toxicity to the epithelial cells [32]. A membrane-bound lipo-

protein, IlpA, is involved in adherence to aswell as cytotoxicity

of the host cells and induction of cytokines [33]. Lysine decar-

boxylase breaks down lysine to form cadaverine, which may

neutralize the highly acidic environment and act as a super-

oxide scavenger when the bacteria are ingested into the

stomach with raw shellfish [34].

V. vulnificus also secretes several enzymes such as the

metalloprotease, Vvp [35], phospholipases [36], and nuclease

[37]. Purified Vvp has been shown to cause manifestations in

animals similar to those observed in humans [38,39].

However, none of these extracellular products is needed for V.

vulnificus virulence in mice [25,37,40,41].

V. vulnificus is cytotoxic to a variety of cells such as

epithelial cells, phagocytes, and endothelial cells by producing

twomain cytotoxins, VvhA andMARTXVv. VvhAhas long been

identified in the culture supernatant of V. vulnificus [42,43],

and the purified recombinant protein has been used to

examine its biological activities in animals. It was not until the

vvhA gene was knocked out that the existence of a second

cytotoxin, MARTXVv, was recognized. It was later found that

these two cytotoxins were not equally important for the

virulence of V. vulnificus in mice. Although VvhA seems to be

dispensable for bacterial virulence in mice [13], MARTXVv is

required for the colonization of V. vulnificus at the infection

sites and in the internal organs [6,44], by preventing the

bacteria from engulfment by the phagocytes [6].

Based on these findings, a model for the pathogenesis of V.

vulnificus (Fig. 1) is proposed, in which various virulence

factors that may be involved in different stages of the infec-

tious disease are indicated. In the following discussion, the

functions and roles of VvhA andMARTXVv in pathogenesis are

summarized.

4. Functions of VvhA and its role in
pathogenesis

Kreger and Lockwood were the first to report the cytolytic

activity of VvhA against mammalian erythrocytes and

Chinese hamster ovary cells in the mid-log-phase culture

filtrate of a virulent strain [43]. This culture filtrate also

conveyed vascular permeability enhancing activity in guinea

pig skin as well as lethal activity for mice [43]. Gel filtration of

the culture filtrate revealed two peaks of about 38.5 kDa (major

peak) and >150 kDa (minor peak), with the four activities [43].

It was not examined whether the molecule in the minor peak

represented another cytotoxin or a multimer of the molecule

in the major peak. They also noted in a kinetic assay that the

cytolytic activity decreased simultaneously with the appear-

ance of extracellular protease activity in the culture, sug-

gesting that the cytolysins may be degraded by the

extracellular protease. Consistent with this observation,

a mutant deficient in this protease exhibits increased and

prolonged cytolysin activity in the culture supernatant [40].

However, in another study, Shin et al demonstrated in

a protease-deficient mutant of another strain that the oligo-

merization, but not degradation, of VvhA by an unknown

mechanism increased with the concomitant loss of hemolytic

activity in the late growth phase [45]. A protein of 56 kDa with

the four activities of cytolysin was further purified from the

culture supernatant [42]. The gene encoding this cytolysin,

designated vvhA, was later cloned and sequenced [46]. This

gene resembles the V. cholerae El Tor hemolysin gene, hlyA, in

the amino acid sequences of two short regions as well as the

arrangement of cystine residues that may relate to critical

domains for cytolytic activity [46]. From the DNA sequence of

vvhA, a pair of V. vulnificus-specific primers has been designed

Fig. 1 e Model for thepathogenesis ofVibrio vulnificus inmice. Progressionof systemic infection leading to sepsis isdivided into

five stages (in boxes). The contributing factors in each stage are indicated above or below the box. GI[ gastrointestinal tract.
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and shown to be useful for the identification of this pathogen

by polymerase chain reaction [47].

Kim et al studied the hemolytic mechanism of VvhA and

found that the hemolysis induced by a high dose of recombi-

nant VvhA (rVvhA) was accompanied by the conversion of

membrane-bound cytolysin into a tetramer. Moreover,

cholesterol could inactivate VvhA by converting the active

monomer into inactive oligomer [48]. These results suggest

that VvhA may lyse the erythrocytes by cholesterol-mediated

oligomerization that leads to formation of small pores on the

erythrocyte membrane. Nevertheless, it was later shown that

treatment of human endothelial cells and cancer cells with

a low dose of rVvhA induced a rapid efflux of intracellular Kþ

without lysing the cells. Instead, these rVvhA-treated cells

underwent apoptosis via the mitochondrion-dependent cas-

pase-9/3 signaling pathway [49,50]. Collectively, VvhA is

cytotoxic to a variety of host cells by causing necrotic cell

death or apoptosis, depending on the amount of toxin to

which a cell is exposed. Other than cytotoxicity, VvhA can also

activate the calcium/calmodulin signaling pathway, which

results in stress fiber formation and phosphorylation of

myosin in the endothelial cells, and this effect may lead to

blood vessel hyperpermeability [51].

The biological effects of rVvhA have been extensively

studied in animals. This cytotoxin is lethal to mice at a submi-

crogram level [11], and is capable of inducing hemoconcentra-

tion, increasing pulmonary vascular permeability [11], and

causing acute cellulitis in mice [12]. It can also dilate the

thoracic aorta, leading tohypotensionand tachycardia [52], and

damage themast cells, resulting in release of histamine [53] in

rats. Collectively, the cytolysinwas thought to be important for

the pathogenesis of V. vulnificus. The presence of VvhA in the

skin lesions and sera of V. vulnificus-infected mice [54] and the

detection of antibodies against VvhA in the sera of mice and

a human that survived V. vulnificus disease [55] further support

the role of cytolysin in disease development. However, the

mutants deficient in VvhA are as virulent as the wild-type

strains in mice [13,25], indicating that this cytotoxin is

dispensable for bacterial virulence. Surprisingly, mutants defi-

cient inVvhAaloneorbothVvhAand theextracellularprotease

Vvp, although they completely lose the cytolytic activity in

culture supernatant, exhibit a wild-type cytotoxicity when the

bacteria are co-incubated with the host cells [25]. This result

implies the presence of at least an unidentified cytotoxin,

whose activity is not detectable in the culture supernatant ofV.

vulnificus. Thus,whether it is becauseVvhA indeedplaysno role

or the unknown cytotoxinmay compensate for loss of VvhA, so

that the VvhA-deficient mutant remains virulent, cannot be

known unless this novel cytotoxin is identified.

5. Functions of MARTXVv and its role in
pathogenesis

5.1. Identification of MARTXVv

Six years after the report of detecting the activity of an

unidentified cytotoxin in the VvhA-deficient mutant, two

papers on the identification of a homolog of MARTX cytotoxin

in Vibrio cholerae (MARTXVc) as an important virulence factor

were published. By screening a mutant library generated by

transposon mutagenesis, Lee et al obtained a mutant with

greatly reduced cytotoxicity for the enterocyte cell line INT-

407. In this mutant, the transposon was found inserted in

a homolog ofV. cholerae rtxE, which is involved in the secretion

of MARTXVc. A mutant with deletion of rtxA, which encodes

MARTXVv, a homolog of MARTXVc, was isolated and shown to

be impaired for both cytotoxicity to INT-407 cells and viru-

lence in mice infected intraperitoneally [14]. In parallel, Liu

et al compared the gene expression profiles of a wild-type

strain and an isogenic mutant with deletion of hlyU (DhlyU

mutant). HlyU was previously identified as an antigen recog-

nized by the pooled convalescent sera of V. vulnificus septi-

cemia patients and shown to regulate positively expression of

VvhA [56]. The rtx gene cluster, in addition to vvhA, was

downregulated in the DhlyU mutant. They further demon-

strated that a V. vulnificus mutant with deletion of rtxA1

(formerly rtxA) lost its cytotoxicity for HeLa cells and was less

virulent by three orders in mice with iron overload [57].

5.2. Structure and function of MARTXVv

The MARTX cytotoxins, together with other RTX toxins

produced by many Gram-negative bacteria, contain a GD-rich

tandemnonapeptide repeat near the C terminus as a common

feature [58]. The production and secretion of MARTXVv are

executed by the genes in two divergent operons, rtxC-rtxA1

and rtxB-rtxD-rtxE, which show high homology in nucleotide

sequence and gene organization with those of V. cholerae

[14,57]. The rtxA1 gene encodes MARTXVv itself, whereas rtxB,

rtxD, and rtxE encode the proteins that form a complex

required for the translocation of MARTXVv across the cyto-

plasmic membrane. Although the rtxC gene is required for

activation of MARTXVc by acylation, it is dispensable for the

cytotoxicity of MARTXVv [57,59].

The unprocessed MARTXVv predicted from the nucleotide

sequence of rtxA1 is 556 kDa, the largest among the RTXs

known to date. Nevertheless, western blotting analyses with

antibodies against various regions in this toxin always detect

multiple peptides with sizes ranging from about 75 kDa to

300 kDa in the concentrated supernatant or total cell lysate of

the bacteria cocultured with host cells [14,60,61]. Both

MARTXVc and MARTXVv contain a conserved domain, CPD,

which exhibits cysteine protease activity and is involved in

autoprocessing and cytotoxicity of MARTXVc [62]. The

recombinant CPD of MARTXVv has also been shown to

undergo autoprocessing [63]. However, the MARTXVv mutant

with deletion of CPD is similarly processed into smaller

peptides and is as cytotoxic as the wild-type [64], suggesting

that MARTXVv may also be processed by some cytoplasmic

proteases in V. vulnificus.

Unlike V. cholerae, which causes only cell rounding of the

epithelial cells in the presence of MARTXVc [65,66], V. vulnifi-

cus, either BT1 or BT2, forms pores on the cell membrane and

causes cell lysis in the presence of MARTXVv [10,61]. This

functional discrepancy may be attributed to the difference in

the nucleotide sequence of rtxA. Comparison of the modular

structures of MARTXVc and MARTXVv produced by BT1 and

BT2 strains is shown in Fig. 2. These MARTXs contain two

conserved modules with the repeated motifs at the N and C
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termini, and one variable internalmodule containing different

functional domains [67]. Interestingly, differences in the

internal modular structure are seen not only between

MARTXVc and MARTXVv but also between the BT1 and BT2

MARTXVv. The BT2 MARTXVv shows a mosaic structure

composed of regions from those of MARTXVc and BT1

MARTXVv. It is suspected that the ability to lyse host cells may

reside in the N terminus (359 amino acids) of U2; the only

region of substantial length that is absent from MARTXVc, but

is present in both BT1 and BT2 MARTXVv. However, the cell

lytic ability of amutant with deletion of the entire U2 region in

BT1 MARTXVv is not impaired (our unpublished data), sug-

gesting that sequences other than U2 may be responsible for

cell lysis. Alternatively, an unknown factor that is absent in V.

cholerae but present in V. vulnificus may function in concert

with a region that is shared by MARTXVc and MARTXVv to lyse

the host cell. Notably, it has recently been reported that

MARTXVc can also mediate cell lysis, although with low

activity, in mouse bone-marrow-derived macrophages [68],

meaning that this toxinmay exert different effects in different

cells. In this case, the ability to lyse cells is possibly deter-

mined by sequences shared by these two toxins.

Several studies have been conducted to uncover the

mechanism of cell death caused by MARTXVv. Toma et al have

proposed that this toxin may cause caspase-1-mediated

necrotic death in mouse macrophages [68]. However, Lee

et al noticed that the human intestine epithelial cells exposed

to the wild-type, but not MARTXVv-deficient mutant, can

undergo apoptosis via a mitochondrion-dependent pathway

[69]. In another study, it has been demonstrated in themurine

intestine epithelial cell line, CMT-93, that MARTXVv may

activate NAD(P)H oxidase to induce the generation of reactive

oxygen species, which kill the host cell, by modulating the

small GTPase Rac2 [70]. Although more studies are needed to

reveal how MARTXVv results in cell death, it is possible that

this toxin exerts different effects depending on the target cell,

multiplicity of infection (MOI) and incubation period.

5.3. Role of MARTXVv in pathogenesis

In mice infected subcutaneously with a MARTX-deficient V.

vulnificus mutant, Lo et al found that colonization at the

infection site and subsequent spread into the bloodstream

were impaired [6]. Phagocytes play important roles in clear-

ance of invading bacteria, therefore, association of MARTXVv

with bacterial resistance to clearance and phagocytosis by the

phagocytes were investigated. It was shown that the defects

of the MARTXVv-deficient mutant in colonization were

restored either in mice depleted of neutrophils or when this

mutant was administered into normal mice with equal

numbers of wild-type strain. Furthermore, compared to the

wild-type strain, this mutant was more readily cleared from

the macrophage-rich mouse peritoneal cavity. In addition, at

a low MOI, under which the macrophages remained viable

throughout the experiment, the number ofMARTXVv-deficient

mutant detected in murine macrophages was significantly

higher than that of the wild-type strain. Nevertheless, the

survival rates of the internalized bacteria were similar

between the wild-type and mutant strains [6]. These results

suggest that MARTXVv is required for V. vulnificus survival

during infection by protecting the organism from engulfment

by phagocytes.

The role of MARTXVv in pathogenesis of V. vulnificus was

also investigated by Jeong et al in mice orally infected with

a different strain, and they concluded that this toxin

contributes to rapid in vivo growth of bacteria in the gut [44].

However, they did not examine whether the rapid bacterial

Fig. 2 e Modular structures of the MARTXs produced by Vibrio cholerae, Vibrio vulnificus biotype 1 and V. vulnificus biotype 2.

ACD [ actin cross-linking domain; a/b [ a/b hydrolase; CPD [ cysteine protease domain; DUF [ domain with unknown

function; ERM [ ezrin/radixin/moesin domain for actin binding; Mcf [ Photorhabdus luminescens Mcf toxin;

PMT_C [ Pasteurella mitogenic toxin C terminus; RGD [ Arg-Gly-Asp motif; RID [ rho GTPase inactivation domain;

U1 [ biotype 1 MARTXVv unique sequence 1; U2 [ biotype 1 MARTXVv unique sequence 2.
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colonization was associated with reduced phagocytosis in the

presence of MARTXVv.

Whether MARTXVv promotes bacterial spread into the

bloodstream and internal organs by causing tissue damage is

controversial. Lo et al have found that in neutropenic mice

infected subcutaneously, the number of MARTX-deficient

mutants in the bloodstream reached a wild-type level, and

this mutant resulted in severe tissue damage at the primary

infection site. These results imply that MARTXVv is dispens-

able for tissue destruction [6]. In contrast, Jeong et al have

observed only minor damage in the guts of mice infected

orally by theMARTXVv-deficientmutant at a dose high enough

to reach a concentration in the lumen 8 hours after infection,

at which the wild-type strain caused severe tissue damage

[44]. This suggests that MARTXVv may also contribute to tissue

damage, which facilitates bacterial dissemination. As

mentioned above, V. vulnificus produces a variety of tissue-

damaging factors, such as Vvp and VvhA, other than

MARTXVv. It is plausible that the environmental factors

affecting the expression levels of these factors at different

anatomical sites might not be the same. As such, MARTXVv

might not be equally required in causing tissue damage at the

primary infection sites in mice infected via different routes.

MARTXVv has also been shown to be involved in the

production of interleukin-1b by bone-marrow-derived

macrophages after infection by V. vulnificus via activation of

the NLRP3 inflammasome [68]. As such, MARTXVv may also

contribute to the induction of inflammation after bacterial

infection and, consequently, the formation of severe skin

lesions and the development of septicemia.

6. Additive effects of VvhA and MARTXVv on
cytotoxicity and virulence

By comparing the cytotoxicity of various V. vulnificus mutants

deficient in either one or both of VvhA and MARTXVv, several

laboratories have shown that both cytotoxins contribute,

although not equally, to the cytotoxicity observed in a bacter-

iumehost co-culture system. The DvvhA mutant shows

a wild-type level of cell lysis; DrtxA1 mutant exhibits residual

cytotoxicity detected only at high MOI or after prolonged

incubation; and the DrtxA1DvvhA doublemutant does not lyse

cells [44,68,71]. Consistently, VvhA exerts less impact on

bacterial in vivo growth and progression of infection than

MARTXVv, and the double mutant is essentially avirulent in

mice infected orally [44]. Therefore, although MARTXVv is no

doubt required for the virulence of V. vulnificus in mice [6,44],

the effect of VvhA, although small, may not be overlooked.

7. Conclusions and future directions

Although rarely reported, V. vulnificus still causes life-

threatening infections worldwide. Understanding the patho-

genetic mechanism of infectious diseases caused by this

organism would help us better control or prevent severe

outcomes, such as necrotizing fasciitis and sepsis, for

example, by developing effective vaccines or therapeutic

agents. The cytotoxins, VvhA and MARTXVv, produced by V.

vulnificus have both been shown to result in host cell lysis by

forming pores on cell membranes and participating in path-

ogenesis. Despite the clinical manifestations resembling local

and systemic pathological effects that it produces in rodents,

VvhA appears to play aminor role at most in the pathogenesis

of V. vulnificus systemic infection in mice via involvement in

tissue destruction. In contrast, MARTXVv alone is potent

enough to abolish bacterial engulfment by phagocytes and

cause host cell lysis. MARTXVv-deficient mutants are readily

cleared from the primary infection site, therefore, inactivation

of this toxin in the early stage of infection may impede the

colonization and, subsequently, spread of the organism to

result in systemic infection.

In contrast to VvhA, which is 56 kDa in size and can be

purified as a recombinant protein,MARTXVv is huge, 556 kDa if

unprocessed, and therefore is extremely difficult to clone or

purify. As such, although the biological effects of VvhA are

mostly determined with the recombinant proteins, those of

MARTXVv can only be deduced from the phenotypes of a gene

knockout mutant compared to those of the wild-type strain.

Moreover, further explorations to disclose the molecular

mechanisms of MARTXVv in cytotoxicity and blocking

phagocytosis are hampered. The identification of functional

domains by characterizing either the cloned domain peptides

or mutants deleted of various domains is therefore antici-

pated to solve this problem. Our laboratory has already found

that several regions are not required for the function of

MARTXVv. Hopefully, a functional, shortened form of this

toxin could be generated, with which studies on the functions

of MARTXVv can be accelerated.

It is plausible that upon interaction with the host cell, the

processed MARTXVv may interfere with signaling for actin

rearrangement to block the internalization of bacteria. Our

laboratory has identified the signaling pathway affected by

MARTXVv in mouse macrophages. Exactly how this cytotoxin

causes the alteration of signaling status awaits further

studies.
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a b s t r a c t

Lipid rafts are mainly composed of phospholipids, sphingolipids, and cholesterol and

dispersed in the cell membrane; these dynamic structures amplify signaling cues into the

cells. A number of pathogens and virulence factors are found to favorably interact with

lipid rafts as a major route to enter cells, followed by pathogenic effects. Helicobacter pylori,

a gastric pathogen, subtly utilizes lipid rafts for its persistent inhabitation. In this review,

we outline the underlying molecular mechanisms of the orchestration between membrane

cholesterol and H. pylori as its infectious strategy. Understanding the particular niches for

H. pylori-host equilibrium may provide novel approaches for the potential therapy of H.

pylori infection.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

Helicobacter pylori, a spiral Gram-negative microaerophilic

bacterium, colonizes in the stomach and infects approxi-

mately half of the human population in the world [1,2].

Persistent infection by H. pylori is associated with several

clinical outcomes, including gastritis, peptic ulcer, gastric

adenocarcinoma, and mucosa-associated lymphoid tissue

(MALT) lymphoma [3,4]. H. pylori infection in the gastric

mucosa is thought to be crucial in inducing stomach

inflammation. H. pylori can evade host immune responses by

utilizing its particular strategies to manipulate immune cells

in the harsh environment of the stomach [5e8]. Additionally,

H. pylori can penetrate across the mucosal layer, which may

enable the bacteria to survive in the gastric epithelial cells

[9,10]. Numerous reports have focused on the identification of

virulence factors involved in pathogenesis and the under-

lying mechanisms that lead to different clinical sequelae in

a specific host niche [11e14]. Interestingly, mounting

evidence suggested that H. pylori exploits cholesterol-rich

microdomains (also called lipid rafts) for the internalization

of cells as many other pathogens. This review focuses on the

role of lipid rafts in the initial step of H. pylori infection of

host cells as well as how the bacteria manipulates this
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particular region for their own benefits and induction of

pathogenesis.

2. Specialized membrane microdomains:
lipid rafts

2.1. Structure and composition of lipid rafts

The major composition of lipid rafts includes cholesterol,

sphingolipids, and phospholipids, which interact tightly and

create rigid microdomains in the cell membrane [15]. The

structure of lipid rafts is known to remain stabilized in cold

nonionic detergents such as Triton X-100 [16]. After the treat-

ment of the membrane with cold Triton X-100, insoluble

components that were considered to be in the lipid rafts,

including lipids and proteins, remain in the composition of

detergent-resistant membrane (DRM), also called detergent-

insoluble glycolipid-enrichedmembrane (DIG) [15]. Notably, the

lipid rafts contained not only cholesterol and phospholipids,

but also a significant level of glycosylphosphatidylinositol

anchored proteins (GPI-APs), double-acylated proteins, and

palmitoylated proteins [17,18]. It is thought that cholesterol

exists in intact cell membranes between raft and nonraft

regions. In the rafts, cholesterol serves as a spacer for sphin-

golipids and functions as a dynamic glue that keeps the lipids

and proteins assembly tightly [19]. Several lipid rafts disruption

agents, including methyl-b-cyclodextrin (MbCD), filipin, lova-

statin, and nystatin, have been extensively employed in the

investigation of their particular functions and compositions

[19]. After the depletion of membrane cholesterol by MbCD or

filipin, the raft-associated proteins and lipids can be dissociated

and, rendering the structure nonfunctional [20,21].

2.2. Involvement of lipid rafts in microbial infection

Lipid rafts are not only a dynamic structure on the cell

membrane, but also provide an amplified signaling for the

activation of the cells [22]. Those are also known to invaginate

the cell membrane and lead to endocytosis mediated through

a different clathrin-mediated endocytosis [23]. Several studies

have demonstrated that lipid rafts might serve as platforms

for entry portals of pathogens, including bacteria [24e32],

viruses [33e37], as well as prions [38]. There are two possible

benefits for pathogen entry through rafts: one is the preven-

tion of intracellular degradation, and the other is the trig-

gering of signaling that causes membrane fission and

cytoskeleton rearrangement, which are both required for

bacterial infection [39]. Therefore, it can be suggested that

pathogens may favorably interact with lipid rafts, which are

potential gateways to enter the host cells.

2.3. Lipid rafts provide a route for bacterial components
to interact with host cells

One of the popular examples of lipid rafts as bacterial entry

portals is Shigella flexneri, which harbors a type III secretion

system (TTSS) for the induction of pathogenesis in the host

cells. When S. flexneri attaches to the host cells, the TTSS is

activated and the bacterial effectors are directly injected into

the cytoplasm [40]. The machinery of bacterial effectors’

delivery into host cells is dependent on the interaction of

cholesterol with TTSS [41]. The bacterial effector, IpaB, is

found to interact with the raft-associated CD44 within the

specialized membrane microdomains [25]. Similar to S. flex-

neri, Salmonella enterica employed a TTSS to invade into the

host cells. Likewise, cholesterol is not only required for entry

of S. enterica, but also for providing cholesterol-rich vacuoles

for bacterial multiplication and survival inside the cells [32].

Type 1 fimbriated Escherichia coli is also found associated with

caveolae and raft components that may facilitate bacterial

internalization and enable bacteria to survive intracellularly

[26]. Additionally, some bacteria capitalize on an amplified

host inflammatory response by co-opting raft-associated

signaling. For instance, Pseudomonas aeruginosa, those

cholesterol-rich microdomains are served as platforms for

bacterial attack, whereas also for host counterattack [27].

It has been reported that nonintracellular bacteria also

hijack host membrane rafts for delivery of their toxins [39].

The most important example is the cholera toxin subunit B

from Vibrio cholera bound to ganglioside GM1, which is local-

ized in the raft microdomains [42]. The anthrax toxin

produced by Bacillus anthracis is also targeted to its receptor via

a lipid raft-mediated clathrin-dependent process [43]. More-

over, a bacterial membrane-associated proteindcytolethal

distending toxin (Cdt)dsecreted by Actinobacillus actino-

mycetemcomitans, Campylobacter jejuni, or Haemophilus ducreyi is

found interacted with lipid rafts, leading to the cytopathic

effect by its genotoxicity [44e46]. Overall, the interaction of

toxins with lipid rafts may play an important role in the toxin

delivery inside cells and magnify the signaling for their

pathogenesis (Table 1) [30, 42–55].

3. H. pylori virulence factors

H. pylori contains a set of virulence factors that enables it to

survive, multiply, escape from immune surveillance, and

eventually lead to persistent infection in a particular niche of

the host. Although gastric mucosa is well protected against

other bacterial infection, H. pylori is highly adapted to its

Table 1 e Bacterial toxins that interact with cholesterol-
rich microdomains.

Pathogen Bacterial toxin References

Actinobacillus

actinomycetemcomitans

Cytolethal-distending

toxin

[44]

Aeromonas hydrophila Aerolysin [47]

Bacillus anthracis Anthrax toxin [43]

Campylobacter jejuni Cytolethal-distending

toxin

[46]

Haemophilus ducreyi Cytolethal-distending

toxin

[45]

Helicobacter pylori Vacuolating cytotoxin A [48e52]

Cytotoxin-associated

gene A

[30,53]

Listeria monocytogenes Listeriolysin O [54]

Vibrio cholera Cholera toxin [42]

Cytolysin [55]
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ecological niche. These approach support the colonization

and persistence of H. pylori in the gastric mucus, including

polar flagella, urease, adhesins, and two major virulence

factors: vacuolating cytotoxin A (VacA) and cytotoxin-

associated gene A (CagA) [56]. Previously, on the basis of the

expression of CagA and VacA, H. pylori clinical isolates are

grouped into two major types: type I strains harbor VacA and

CagA, whereas type II bacteria do not express VacA or CagA

[57]. Type I strains are closely associated with peptic ulcers

and thus considered to be more virulent [58]. In addition to

VacA and CagA, an important study byWunder et al. revealed

that the H. pylori enzyme, cholesterol-a-glucosyltransferase,

which is responsible for cholesterol glucosylation in macro-

phages, is thought to havemodulated the innate immunity [5].

3.1. VacA hijacks lipid rafts

VacA, one of themajor virulence factors ofH. pylori, is secreted

from the bacteria and found in the culture supernatant [59],

but a large portion remains on the bacterial surface [60]. After

H. pylori colonizes the cells, the bacterial surface-contacted

VacA directly transfers from the bacteria to the host cells,

followed by uptake and intoxication. VacA is also reported to

inhibit T-cell proliferation, suggesting that H. pylori might

evade the adaptive immune response of the host [11]. Apart

from its cytotoxicity, VacA is first reported to exploit

cholesterol-rich microdomains for its assembly on the cell

membrane and intracellular delivery [48]. Several reports

reveal that depletion of membrane cholesterol significantly

reduces the assembly and entry of VacA into the target cells

[48e50]. We and Gauthier et al. found that VacA exploits rafts

via the endocytic pathway of GPI-APs [51,61]. The binding of

VacA to lipid rafts is then observed by atomic force micros-

copy at pH 4.0 [62]. However, this effect did not occur at pH 7.6,

suggesting that cholesterol is essential for VacA assembly in

lipid rafts, preferring an acid environment.

Although the receptor-dependent translocation of VacA to

lipid rafts is found to be critical for signaling pathways,

including p38 MAP kinase/ATF-2 activation and toxin-

mediated vacuolation [63], the specificity of the VacA-raft

interactions remained unclear at that time. The evidence

from our previous study indicated that a GPI-AP, fasciclin I, is

required for the internalization of VacA in epithelial cells [51].

However, this report shows that the binding of VacA to lipid

rafts is not affected by the presence of fasciclin I. Further,

Gupta et al. found that sphingomyelin is important for VacA

association to lipid rafts and for VacA-mediated vacuolation

[52]. This trend occurs not only in gastric epithelial cells of

AGS and AZ-521, but also in other mammalian cells, including

CHO-K1, Vero, and HeLa cells, suggesting that VacA exploits

sphingomyelin as a specific receptor in the cholesterol-rich

microdomains.

Little evidence suggests that H. pylori is a dominant intra-

cellular pathogen. However, the infection models in vitro and

in vivo show that H. pylori can survive and replicate in the

intracellular niche [64e66]. Moreover, type I H. pylori (CagAþ/

CagAþ) delays uptake by macrophages, followed by the

formation of megasomes as a result of phagosome fusion [67].

Likewise, VacA-expressed H. pylori promotes the recruitment

and retention of the tryptophan aspartate-containing coat

protein (TACO) by phagosomes, thereby disrupting the phag-

osome maturation in monocytes and promoting enhanced

survival of this bacteria [68]. Both the depletion of cholesterol

and mutation of VacA show significantly reduced H. pylori

internalization in gastric epithelial cells [30]. Additionally, the

infection of H. pylori induces autophagosome formation not

only in phagocytes but also in gastric epithelial cells [69]. This

observation is in line with the result of cell treatment with

VacA that induces autophagosome formation [70,71], and it is

supported by a previous study, which demonstrated that the

internalization of pathogen and stimulation of autophagy are

cholesterol-sensitive [72]. Although the association of H. pylori

exploitation of lipid rafts and triggering of autophagy has not

been well investigated, the bacteria survives intracellularly

and is protected from antimicrobial agent therapy [10,73].

3.2. CagA exploits cholesterol-rich microdomains

Another major virulence factor of H. pylori is the cag patho-

genicity island, (cag PAI)-encoded type IV secretion system

(TFSS), which mediates the translocation of CagA cytotoxin-

associated gene (CagA) into host cells [74,75]. On injection,

CagA is subsequently phosphorylate at one or more tyrosine

phosphorylation in the Glu-Pro-Ile-Tyr-Ala (EPIYA) motifs and

induces host cell pathogenesis, which includes a phenotype

associated with cell scattering (the hummingbird phenotype)

[75], induction of nuclear factor (NF)-kB activation and inter-

leukin (IL)-8 secretion [76], and disruption of tight junctions

[77]. Higashi et al. first indicated that the EPIYA motif is

responsible for the association of CagA with cell membrane,

presuming that the translocation of CagA occurs inmembrane

rafts [78]. Our study then demonstrates that the disruption of

lipid rafts by the depletion of cholesterol attenuates CagA

translocation, hummingbird phenotype, and IL-8 secretion,

suggesting that the delivery of CagA into epithelial cells is

mediated in a cholesterol-dependent manner [30]. Subse-

quently, the CagA C-terminal domain-containing EPIYA

regions directly target the lipid rafts of gastric epithelial cells,

which was further reported by our recent study; however, the

number of EPIYA motifs does not interfere with the ability of

CagA to bind to raft microdomains [79].

A recent study by Murata-Kamiya et al. demonstrates that

the initial contact of H. pylori with cells induces phosphati-

dylserine externalization from the inner leaflet of the cell

membrane to the outer leaflet, thus facilitating the trans-

location of CagA into the cytoplasm [53]. The translocated

CagA is then tethered in the inner leaflet of the plasma

membrane through the direct binding of phosphatidylserine.

Moreover, CagA is shown to interact with partitioning-

defective 1b (PAR1b)/microtubule affinity-regulating kinase

2 (MARK2), which contributes to the disruption of tight junc-

tions [77]. The infection of cells with H. pylori recruits MARK2

from the cytoplasm to the plasmamembrane, which localizes

mainly in DRMs [80]. These results indicate that H. pylori CagA

is able to delicatelymanipulate lipid rafts for its functioning in

host cells and to establish a successful infection.

H. pylori peptidoglycan (PG) has previously shown to be

recognized by nucleotide-binding oligomerization domain

protein (NOD1) and delivered by TFSS to host cells [81]. Kwok

et al. reported that H. pylori CagL is presented in TFSS and
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activated a5b1 integrin, which triggers CagA translocation and

Src kinase activation [82]. This interaction is then found to

occur in lipid rafts, which requires the delivery of PG to NOD1

and activation of NF-kB-dependent responses to H. pylori

[83]. All these findings suggest that H. pylori TFSS involves

specialized a5b1 integrin interaction in cholesterol-rich

microdomains, which leads to intimate attachment and effi-

cient delivery of the bacterial components to the host cells.

4. Modulation of cholesterol regulates
immune responses by H. pylori

A previous report by Wunder et al. shows that H. pylori fol-

lowed a cholesterol gradient and extracted the lipid from

cytoplasmic membranes of epithelial cells for subsequent

glucosylation [5]. A crucial enzyme, cholesterol-a-glucosyl-

transferase encoded by HP0421, is identified to be responsible

for cholesterol glucosylation in macrophages, hence protect-

ing H. pylori from phagocytosis and reducing the antigen-

specific T-cell responses [5,84]. The exposure of human

CD4þ T cells to isogenic HP0421 mutant H. pylori results in the

significant inhibition of T-cell proliferation [85]. We recently

demonstrated that the glycosylated cholesterols synthesized

by H. pylori partition in cholesterol-rich microdomains around

host-pathogen contact sites alters membrane architecture.

Further, HP0421-knockout H. pylori significantly lost the cag

TFSS-associated activity [86].

Toll-like receptors (TLRs) are pattern-recognition receptors

that recognize conserved microbial components [87]. Lipo-

polysaccharide (LPS) from H. pylori is reported to induce the

formation of TLR2, TLR1, CD36, and CD11b/CD18 complexes in

lipid rafts, leading to TLR2-mediated inflammatory responses

in vascular endothelial cells [88]. In contrast, evidence

supports the possibility that H. pylori LPS-induced signal

transduction in gastric epithelial cells is mediated through

TLR4 [89]. Another H. pylori virulence factor, HP0175, is found

be able to transactivate epidermal growth factor receptor

through TLR4, which occurred in lipid rafts [90]. Our recent

finding indicates that ceramide and TLR4 are mobilized to

membrane rafts and involved in the regulation of H. pylori-

induced inflammatory responses [91]. These lines of evidence

support the hypothesis that that manipulation of cholesterol

by H. pylori during the infection, which facilitate the bacteria

to colonize the unique niche in the host, evade immune

surveillance, stimulate inflammatory responses, and eventu-

ally lead to chronic diseases in the host (Fig. 1).

5. Conclusions and perspectives

It is now evident that several virulence factors fromH. pylori are

able to exploit or modulate cholesterol to gain a foothold in the

host niche. The molecules distributed in the cholesterol-rich

microdomains sense and respond to H. pylori via an orches-

trated manner during persistent infection, which together play

a role in disease progression. It is believed thatH. pylori exploits

cholesterol for two purposes. First, the lipid rafts efficiently

serve as a platform required for the delivery of bacterial viru-

lence factors. Second, the lipid rafts provide a gateway for

H. pylori infection inside the host cells and multiply in

a particular niche for its long-term persistent infection. While

both the hypotheses posit the pathogenesis by H. pylori, sup-

porting that this bacteria manages the dynamics of the

membrane rafts for its benefits. The depletion of cholesterol is

Fig. 1 e Model depicting Helicobacter pylori manipulating

host cholesterol through an infectious strategy. (A) VacA

secreted by H. pylori binds to receptors, which are localized

in the cholesterol-rich microdomains, and facilitates rafts

which coalescence into the sites of bacteria infection.

(B) The clustering rafts initiate TFSS to inject CagA and PG

into the cytoplasm and induce downstream signaling

events. (C) The raft-associated membrane may extend to

form autophagosomes, which provide compartments forH.

pylori to survive intracellularly. CagA [ cytotoxin-

associated gene A; IL-8 [ interleukin-8;

PG [ peptidoglycan; TFSS [ type IV secretion system;

VacA [ vacuolating cytotoxin A.
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found to be successful in anti-HIV activity, particularly in

decreasing viral replication and production [92]; these results

shed light on the new therapeutic approach: inhibition of

cholesterol-enriched binding sites for microbial infection.

Therefore, it is worthy to develop therapeutic agents that

inhibit lipid rafts, which may lead to the failure of H. pylori

infection in the initial stage. In parallel, understanding the

molecular mechanism for pathogen-host interaction may

provide an insight into the development of novel strategies that

target lipid rafts to control the infection of these pathogens.
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In this review, we focus on the roles of long noncoding RNAs (lncRNAs), including cellular

and viral lncRNAs, in virus replication in infected cells. We survey the interactions and

functions of several cellular lncRNAs such as XIST, HOTAIR, NEAT1, BIC, and several virus-

encoded lncRNAs.
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1. Introduction

A small portion (less than 2%) of the human genome is used to

encode about 25,000 protein-encoding genes, while based on

the findings from genome tiling arrays and RNA sequencing,

>70% of the human genome is transcribed into RNAs, with the

vast majority of these RNAs being devoid of obvious protein-

coding capacity [1,2]. These numbers suggest that noncoding

RNAs (ncRNAs) may not simply be effete materials, and they,

like their protein counterparts,may play significant functional

roles [3].

Operationally, ncRNAs can be grouped into small non-

coding RNAs (sncRNAs) and long noncoding RNAs (lncRNAs)

according to their length [4]. Within these two groups, there

can be additional subclassifications of the moieties [5,6].

Of these two RNA groups, sncRNAs are transcripts that are

<200 nt in length. Housekeeping RNAs, such as transfer RNAs

(tRNAs) and ribosomal RNAs (rRNAs) (5S, 5.8S), fall within this

noncoding category [7]. Thefirst characterizedncRNAs, tRNAs,

serve as adaptors between messenger RNAs (mRNAs) and

proteins for the elongation of polypeptide; rRNAs are essential

elements for protein translation [8,9]. Other sncRNAs include

small nucleolar RNAs and small nuclear (snRNAs) that play

certain roles in rRNA modification and RNA splicing [10,11].

Besides these entities, sncRNAs also include threemajor types

of regulatory RNAs: piwi-interacting RNAs (piRNAs), micro-

RNAs (miRNAs), and small interferingRNAs (siRNAs) [12,13]. Of

these regulatory RNAs, piRNAs are involved in the regulation

of transposon activity and chromatin state in germline and

somatic cells [14,15]; miRNAs and cell endogenous siRNAs

contribute to RNA interference (RNAi) or post-transcriptional

gene silencing [16]. Approximately 2000 miRNAs are encoded

by the human genome [17,18]; miRNAs serve as guide RNAs in

an RNA-induced silencing complex (RISC) to target mRNAs

through imperfect complementarity leading to repression of

translation or degradation of the mRNAs [19e21]. Similarly,

cell endogenous siRNAs also participate with RISC proteins in

silencing gene expressionusually via perfect complementarity
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with mRNA targets [22]. The functional roles of sncRNAs have

been reviewed extensively elsewhere [12,18,23e26]. This cur-

rent review focuses on the still lesswell-studied counterpart of

sncRNAs and lncRNAs, and their interactions with viruses.

2. Long noncoding RNAs

The lncRNAs are transcripts that are>200 nt in length [5]. This

class of RNAs includes intergenic ncRNAs, pseudogene tran-

scripts, and many antisense RNAs [5,6]. The majority of

lncRNAs are transcribed by RNA polymerase II; they are

50-capped, spliced, and polyadenylated, and are mRNA-like in

many ways [27]. A small minority of lncRNAs are transcribed

by RNA polymerase III; these include 7SK and 7SL [28,29]. The

21A lncRNA is also an RNA Pol-III transcript, but it is not pol-

yadenylated [30]. Additionally, several other features fre-

quently define lncRNAs, such as epigeneticmarks sharedwith

protein-coding gene (H3K4me3 at the gene promoter and

H3K36me3 throughout the gene body), splicing of multiple

exons via canonical splice site motifs, regulation by tran-

scription factors, and expression in a tissue-specific manner

[6]. It is now increasingly understood that lncRNA sequences

are abundant in the mammalian genome. To date, approx-

imately 6700 lncRNAs have been identified in the human

genome [31,32], and it is estimated that 7000e23,000 lncRNAs

putatively exist in the human genome [33,34]. Whether many

of these deduced lncRNAs are authentically expressed and

serve functional roles remain to be demonstrated. As of

November 2012, 194 lncRNAs have been recorded in the

lncRNAdb, a database that archives lncRNAs reported in

published literature [35].

3. Functions of lncRNAs

Accumulating data support the fact that lncRNAs contribute

functions that affect many cellular processes [6,27,36,37].

Extant findings indicate contributions of lncRNAs to both

transcriptional and post-transcriptional regulations [6,37].

Here, we discuss a few of the better characterized lncRNAs

such as XIST, HOTAIR, H19, HMGA1-p, MALAT1, and NEAT1

among others. Many of these RNAs are expressed during

tumorigenesis or disease pathogenesis, or in different stages

of embryonic stem cell differentiation [36].

4. Transcriptional regulation

Several lncRNAs play roles in transcriptional regulation. XIST,

which was first discovered by searching cDNA libraries [38], is

perhaps the most well-known lncRNA. A double-hairpin RNA

motif in the RepA domain in XIST binds polycomb repressive

complex 2 (PRC2), the complex that has been shown to be

recruited by many lncRNAs to target genes [39] and that

propagates function leading to X chromosome inactivation, as

observed in some breast cancers [40e42]. Hypomethylation of

XIST in lymphoma and male testicular germ-cell tumors has

also been described, although their functional significance

needs more study [6,43].

Another well-studied lncRNA is HOTAIR. The HOTAIR gene

is located within the HoxC gene cluster on chromosome 12

[44]. The HOTAIR transcript represses the expression of genes

in the HoxD gene cluster on chromosome 2. The 50-domain of

HOTAIR binds PRC2, while its 30-domain interacts with the

LSD1/CoRES/REST complex [44,45], leading to methylation of

histone H3 lysine 27 and demethylation of lysine 4, and gene

repression by chromatin remodeling [45]. Mechanistically,

HOTAIR serves as a modular scaffold for assembling a multi-

protein complex [45].

Separately, it has been demonstrated that lncRNAs can

regulate gene expression by increasing enhancer activity [4].

Evf-2, a 3.8-kilobase (kb) alternatively spliced form of Evf-1, is

transcribed from the highly conserved region between theDlx-

5 and Dlx-6 genes, members of the Dlx/dll homeodomain-

containing protein family [46]. Evf-2 specifically recruits DLX

and MECP2 transcription factors to increase the transcrip-

tional activity of the Dlx-5/6 enhancer [47].

5. Post-transcriptional regulation

Recent studies have also provided insights into the post-

transcriptional regulatory roles of lncRNAs. One view sug-

gests that lncRNAs can be precursors of small RNAs, e.g.,

miRNAs [48]. H19, a 2.5-kb RNA polymerase II-dependent

transcript, is an imprinting-associated lncRNA located on

chromosome 11 [49]. The function of H19 has remained elu-

sive since its discovery over 20 years ago. Recently, H19 has

been reported to serve as the precursor of miR-675, which can

act to moderate cell growth. The excision ofmiR-675 from H19

is under the control of the stress-response RNA-binding pro-

tein HuR; miR-675 is specifically expressed in the placenta

from time of gestation and may function to limit placental

growth [50].

Emerging reports suggest that pseudogenes can play

important roles in regulating coding gene expression. For

example, HMGA1-p, the pseudogene of HMGA1, encodes

a transcript that competes with the HMGA1 30-UTR for a criti-

cal RNA stability factor; this competition triggers a significant

decline in the stability of HMGA1 mRNA [51]. In the case of

PTEN, the transcribed pseudogene PTENP1 competes for

miRNA-binding sites with the authentic PTEN RNA, thereby

regulating the cellular abundance of PTEN mRNA [52].

Recently, Gong andMaquat [53] described a new functional

mechanism of lncRNAs. The half-STAU1-binding site RNA 1

1/2-sbsRNA1 contains an Alu element that can base-pair with

the Alu element in the 30-UTR of SERPINE1mRNA and FLJ21870

mRNA. This base-pairing between twoAlu elements forms the

binding site for Staufen 1 (STAU1) protein, which recognizes

double-stranded RNA [54], resulting in STAU1-mediated

mRNA decay [53].

The lncRNAs can also bind to cellular protein andmodulate

their localization and activity. One of the well-characterized

examples is MALAT1, which regulates alternative splicing by

modulating the phosphorylation of the serine/arginine splic-

ing factors [55]. Another example is NRON (an ncRNA

repressor of the nuclear factor of activated T cells), which is

proposed to block specifically nuclear trafficking of tran-

scription factor NFAT (the nuclear factor of activated T cells)
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as an RNA component of a protein complex that acts to

repress NFAT activity [56].

6. Structural lncRNAs

There is also evidence that lncRNAs contribute structural/

scaffolding functions. The lncRNA NEAT1, also known as

MEN 3/b, was reported recently to be essential for the forma-

tion and maintenance of the nuclear substructure para-

speckles [48,57e59]. Paraspeckles are found in the

interchromatin space of a nucleus and serve as depots for

RNA-binding proteins in the nucleus [60]. Similarly, the

lncRNA Xlsirts is suggested to be necessary for maintaining

the cytokeratin cytoskeleton in Xenopus oocytes [61,62].

7. Cellular lncRNAs in virus-infected cells

Viruses are parasites that interact with their hosts. Since the

functions of lncRNAs are highly pleiotropic, ranging from gene

regulation to sncRNA precursors [4] and from cell develop-

ment to cancer growth [6,12], it is not surprising that lncRNAs

may be involved in virus replication. Early studies of the

relationship between ncRNAs and viruses mainly focused on

sncRNAs, such as miRNAs [63,64], while the roles of lncRNAs

were not well studied. However, there is emerging evidence

that cellular lncRNA expression can be regulated by virus

infection. Thus, whole transcriptome analyses showed that

during an infection by severe acute respiratory syndrome

coronavirus, approximately 500 annotated lncRNAs and 1000

nonannotated genomic regions are differentially expressed in

lung samples, and 40% of these changes are similarly observed

during influenza virus infection and interferon treatment,

indicating that many lncRNAs may be involved in regulating

the host response to virus infection [65]. A concordant inter-

pretation was separately proposed based on findings that the

expression patterns of eight mRNA-like lncRNAs in immune

tissues of chickens were changed after Marek’s disease virus

infection, similarly suggesting that they may play a role in

host immune response [66]. Another example is PRINS (pso-

riasis susceptibility-related RNA gene induced by stress),

which is increased by herpes simplex virus infection [67].

Separately, we recently profiled 83 disease-related lncRNAs in

HIV-1-infected T cells and identified several lncRNAs that

were changed in both Jurkat and MT4 cells, e.g., BIC, NEAT1,

and PANDA [68].Our findings are also consistent with the

overall notion that some lncRNAs serve in host responses to

viral infections. Finally, studies have found a non-protein-

coding infection-specific gene family called Pinci1, which is

upregulated by Phytophthora infestans infection, in potatoes

[69].

Although the lncRNAs discussed above have differential

expression in virus-infected cells, their specific functions in

virus replication remain incompletely characterized. In the

following, we will discuss briefly some examples of lncRNAs

whose roles in viral life cycle and viral pathogenesis are

beginning to be better understood (Fig. 1).

8. 7SL

The 7SL, a 300-nt RNA transcribed by RNA Pol-III, is the

architectural RNA component of the signal recognition parti-

cle (SRP) ribonucleoprotein complex [70,71], which is a uni-

versally conserved ribonucleoprotein that directs the traffic of

proteins within the cell and allows them to be secreted [72]. In

mammals, six SRP proteins, named SRP9, SRP14, SRP19, SRP54,

SRP68, and SRP72, assemble on 7SL and form SRPs [73,74].

The 7SL was first detected in avian and murine oncogenic

RNA virus particles and then was found to be packaged by

a broad range of retroviruses [75,76]. Tian et al [77] showed

that 7SL RNA is more selectively packaged into HIV-1 virions

than other abundant Pol-III-transcribed RNAs, such as Y

RNAs, 7SK RNA, U6 snRNA, and cellular mRNAs. Interestingly,

7SL has been suggested to participate as a cofactor in the

innate antiviral function of host cytidine deaminases such as

cytidine deaminases APOBEC3G (A3G) and APOBEC3F (A3F)

[78,79]. Wang et al [78] demonstrated that A3G selectively in-

teracts with 7SL RNAs and both are incorporated into virions,

while A3Gmutants that reduce 7SL RNA binding but maintain

wild-type levels of mRNA and tRNA binding are packaged

poorly and have impaired antiviral activity. Reducing 7SL RNA

packaging by overexpression of SRP19 proteins inhibits 7SL

RNA, and A3G and A3F virion packaging, and impairs their

antiviral functions [78,79]. Moreover, virion packaging of both

A3G and cellular 7SL RNA was mapped to the same regions in

the HIV-1 nucleocapsid (NC) domain [77].

9. NEAT1

NEAT1 serves as a structural scaffold for nuclear paraspeckles

[80]. It has two isoforms: NEAT1_1 (3.7 kb in human) and

NEAT1_2 (23 kb in human); the isoforms are also namedMEN 3

and MENb [60]. Besides NEAT1 RNA, paraspeckles contain

more than 30 nuclear proteins including p54nrb, PSF, and

PSPC1, which are all RNA-binding proteins [60]. Despite much

progress, the function of paraspeckles is still not well defined,

but they are suggested to be involved in regulation of gene

expression through nuclear RNA retention [81].

NEAT1 expression was reported to be increased in the

central nervous system of mice during their infection with

Japanese encephalitis virus (JEV) or Rabies virus [82]. More inter-

estingly, several cellular proteins that play roles in HIV-1

replication are found in paraspeckles (e.g., PSF, p54nrb, and

Matrin 3) [83,84]. Recently, we identified NEAT1 as one of

several lncRNAs whose expression is changed by HIV-1

infection, and we reported that the knockdown of NEAT1

enhances virus production through increased nuclear to

cytoplasmic export of Rev-dependent INS-containing HIV-1

mRNAs [68].

10. BIC

BIC was first identified as an ncRNA upregulated by avian

leukosis virus infection [85]. The integrated provirus activates

bic gene expression by promoter insertion, resulting in high
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levels of expression of BIC RNA, which was suggested to be

responsible for virus-induced lymphomas [85]. More recently,

BIC was found to be the precursor of oncogenic miR-155 [86],

which is induced by several oncogenic viruses, e.g., Eps-

teineBarr virus, hepatitis C virus, and reticuloendotheliosis

virus strain T [87e89]. Interestingly, Kaposi’s sarcoma-

associated herpesvirus, a gammaherpesvirus, and Marek’s

disease virus, an avian alphaherpesvirus, encode viral miR-

NAs, miR-K11, andmiR-M4, as functional orthologs ofmiR-155

[90,91]. Of interest, it has been shown that EpsteineBarr virus

attenuates NF-kB signaling and stabilizes latent virus persis-

tence by inducing miR-155 [92]. In hepatitis C virus infection,

upregulated miR-155 has been demonstrated to promote

hepatocarcinogenesis by activating Wnt signaling [88]. Retic-

uloendotheliosis virus strain T induces miR-155 to target

JARID2, a cell-cycle regulator that is a part of a histone

methyltransferase complex, in order to promote cell survival

[89]. Induction of miR-155 by virus infection may not only be

due to the induction of BIC RNA, but also arise from enhanced

RNA processing [93].

11. Long ncRNA high expression in HCC and
lncRNAs highly upregulated in liver cancer

Hepatitis B virus (HBV) infection is a major cause of hepato-

cellular carcinoma (HCC) [94]. Recent research has shown that

some lncRNAs are aberrantly expressed in HBV-related HCCs.

Two of these lncRNAs, lncRNA-HEIH (lncRNA high expression

in HCC) and HULC (lncRNA highly upregulated in liver cancer),

are reported to play key roles in HBV-related hepatocarcino-

genesis [95,96]. Of these two lncRNAs, lncRNA-HEIH was

reported to play a key role in G0/G1 arrest and be associated

with enhancer of zeste homolog 2 (EZH2, an important sub-

unit of the PRC2 complex), resulting in the repression of EZH2

target genes [95]. The other lncRNA HULC, a w500 nt mRNA-

like ncRNA, was reported to be upregulated by the hepatitis

B virus X (HBx) protein through activation of the HULC pro-

moter via cAMP responsive element binding protein. Upre-

gulated HULC promotes proliferation of hepatoma cells

through suppressing a tumor suppressor gene p18 [96].

Fig. 1 e Illustrations of the functions of selected cellular lncRNAs in virus-infected cells. (A) The cytidinedeaminase

APOBEC3G and APOBEC3F selectively interact with 7SL RNAs and are incorporated into virions. (B) The lncRNANEAT1 serves

as a structural scaffold for the nuclear substructure paraspeckles. Paraspeckle proteins PSF and p54nrb bind to HIV-1 RNA

and retain the RNA in paraspeckles. (C) The integrated ALV activates bic gene expression by promoter insertion. BIC RNA, the

precursor of miR-155, is suggested to be responsible for virus-induced lymphomas. (D) The lncRNA-HEIH, which is highly

expressed in HBV-related HCC, recruits the PRC2 complex to repress EZH2 (an important subunit of the PRC2 complex)

targeted genes. (E) HULC is upregulated by HBx protein through activation of the HULC promoter via CREB, leading to the

suppression of the tumor suppressor gene p18. ALV [ avian leukosis virus; CREB [ cAMP responsive element binding

protein; EZH2 [ enhancer of zeste homolog 2; HBV [ hepatitis B virus; HBx [ hepatitis B virus X; HCC [ hepatocellular

carcinoma; lncRNAs [ long noncoding RNAs; lncRNA-HEIH [ lncRNA high expression in HCC; HULC [ lncRNAs highly

upregulated in liver cancer; PRC2 [ polycomb repressive complex 2.
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12. Theiler’s murine encephalomyelitis virus
persistence candidate gene 1

Previously, the Tmevp3 locus, located on the telomeric re-

gion of chromosome 10, was shown to control the persis-

tence of Theiler’s virus in the central nervous system of

mice [97]. More recently, an ncRNA Tmevpg1 (Theiler’s

murine encephalomyelitis virus persistence candidate gene

1) was identified, at that locus through a positional cloning

approach, as a candidate gene for controlling the persis-

tence of Theiler’s virus [98]. The promoter of Tmevpg1

contains binding sites for E2A and the Ets family of tran-

scription factors, indicating that it is regulated by tran-

scription factors involved in the immune system [99]. Since

Tmevpg1 and its human ortholog, TMEVPG1, are located in

a cluster of cytokine genes that includes the genes for

gamma interferon and homologs of interleukin-10, Tmevpg1

is suggested to be involved in the control of Interferon-

gammagene (Ifng) expression [98]. However, its precise

role requires further characterization.

13. Virus-encoded lncRNA

To date, over 200 miRNAs encoded by several virus families

have been identified [18]. Similarly, several lncRNAs encoded

by viruses have also been discovered [100,101] (Table 1)

[102e110]. Although each is less than 200 nt in size, Eps-

teineBarr virus-encoded RNAs (EBERs) [102], herpesvirus sai-

miri U-rich RNAs (HSURs) [103,104], and virus-associated RNA I

and II (VA I and II ) encoded by adenovirus [105e108] are

sometimes also referred to as viral lncRNAs, because they are

significantly longer than viral miRNAs [111]. Here, we focus an

illustrative discussion on two viral lncRNAs, b2.7 and sfRNA,

which are longer than 200 nt in size.

14. Viral lncRNA b2.7

b2.7 RNA, a highly conserved 2.7-kb transcript of human cyto-

megalovirus, accounts for more than 20% of total viral gene

transcription during the early phaseof infection [100]. Since the

replication rate of a b2.7 deletionmutant virus is similar to that

of a wild-type virus, the b2.7 gene was considered not to be

essential for virus replication in vitro [112]. However, recently,

byNorthwestern screeningof ahumancDNA librarywith a b2.7

probe, Reeves et al [109] found that b2.7 binds directly to the

mitochondrial enzyme complex I (reduced nicotinamide ade-

nine dinucleotideeubiquinone oxidoreductase). This binding

protects virus-infected cells from apoptosis and results in

continued adenosine triphosphate (ATP) production, which is

critical for the successful completion of the viral life cycle. The

b2.7 RNA can also protect rat aortic endothelial cells from

ischemia/reperfusion injury-inducedapoptosisby reducing the

formation of reactive oxygen species [113].

15. Subgenomic flavivirus RNA

The subgenomic flavivirus RNA (sfRNA), 0.3e0.5 kb, is derived

from the 30 untranslated region of the RNA genome of flavi-

viruses, a large group of single-stranded, positive-sense RNA

viruses that includes several human pathogenic viruses, such

as yellow fever virus, JEV, and West Nile virus (WNV)

[101,114,115]. The sfRNA has been demonstrated to be pro-

duced from the incomplete degradation of the viral genome by

the host 50 to 30 exonuclease XRN1. The rigid secondary

structure stem-loop II located at the beginning of the 30-UTR of

the above viral genomes is resistant to nuclease XRN1 degra-

dation and results in the production of sfRNA [116]. Production

of sfRNA has been shown to increase the replication efficiency

of WNVs and is important for virus-induced cytopathicity in

Table 1 e Virus-encoded lncRNAs.

Length Name Virus Characteristics References

<200 nt EBERs EpsteineBarr

virus

w170 nt, play roles in oncogenesis and

modulate innate immune signaling

[102]

(EBER1, EBER2)

HSURs Herpesvirus

saimiri

HSUR1 (143 nt), HSUR2 (115 nt);

HSUR1 directs degradation of miR-27

to manipulate host T-cell gene expression

[103,104]

(HUSR1, HUSR2)

VA I and II Human

adenovirus

w160 nt, block PKR activity, avoiding

phosphorylation of eIF-2a and inhibition

of viral mRNA translation; can be processed

by Dicer into small RNAs that are

incorporated into RISC

[105e108]

>200 nt b2.7 Human

cytomegalovirus

2.7 kb, binds to the mitochondrial enzyme

complex I, protecting virus-infected cells

from apoptosis, resulting in continued ATP

production

[100,109]

sfRNA Flaviviruses 0.3e0.5 kb, produced from the incomplete

degradation of the viral genome by the host

exonuclease XRN1 and required for virus-induced

cytopathicity and pathogenicity

[110]

ATP ¼ adenosine triphosphate; EBERs ¼ EpsteineBarr virus-encoded RNAs; HSURs ¼ Herpesvirus saimiri U-rich RNAs; lncRNAs ¼ long non-

coding RNAs; mRNA¼messenger RNA; PKR¼ double-stranded RNA-activated protein kinase; RISC ¼ RNA-induced silencing complex; VA I and

II ¼ virus-associated RNA I and II.
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cell culture and also for viral pathogenicity in mice [110,117].

However, the exact mechanisms explaining how sfRNA leads

to increased virus replication and cell death remain elusive.

sfRNA is also found in JEV infection. In this setting, sfRNA

becomes apparent at the time during which minus-strand

RNA (antigenome) reaches a plateau, suggesting a role for

sfRNA in the regulation of antigenome synthesis. The pres-

ence of sfRNA may inhibit antigenome synthesis and may

exert a negative effect on JEV translation [118].

16. Perspective

In recent years, technological advances have made it possible

to investigate the expression of whole transcriptomes in an

unbiased manner. This new capability has driven the dis-

covery of an increasing number of lncRNAs. Nonetheless, our

knowledge regarding the functions of these lncRNA tran-

scripts remains quite limited [119]. Because lncRNAs have

diverse functions, they likely represent important bioentities

that merit further investigation. Here, we have focused on

a few examples of lncRNAs, including cellular and viral

lncRNAs. Our brief survey shows that we are at the initial

stages of uncovering their functions and their relationships

with viruses. This review is meant to serve as a brief illus-

trative introduction to lncRNAs, which we hope may spur

interest by readers for conducting further studies on these

interesting and important biomolecules.
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a b s t r a c t

Strains of human coronavirus (HCoV), namely HCoV-OC43, HCoV-229E, HCoV-NL63, and

HCoV-HKU1, primarily infect the upper respiratory and gastrointestinal tracts and are the

most common cause of non-rhinovirus-induced common cold in humans. Although the

manifestations of coronavirus infection (i.e., rhinorrhea, sneezing, cough, nasal obstruc-

tion, and bronchitis) are generally self-limiting in healthy adults, certain strains such as

HCoV-NL63 and HCoV-HKU1 can cause severe lower respiratory tract infection and febrile

seizure, especially in infants, people of advanced age, and immunocompromised hosts. In

2003, a novel HCoV strain was identified as the causative agent of the severe acute respi-

ratory syndrome (SARS) epidemic that began in Asia in 2002. The strain has hence been

referred to as SARS-CoV. In addition, as recently as September 2012, another novel HCoV,

human betacoronavirus 2c EMC2012, was identified as being the cause of fever, renal

failure, pneumonia, and severe respiratory distress in two patients in the Middle East.

Phylogenetic analysis has revealed highly conserved sequences of ORF1ab, spike, nucleo-

capsid, and envelope protein genes, but not membrane protein genes, between human

betacoronavirus 2c EMC2012 and SARS-CoV. This review focuses on the differences in the

genomes of certain HCoV strains, the pathogenesis of said strains, and recent de-

velopments in the establishment of therapeutic agents that might aid in the treatment of

patients with such infections.

Copyright ª 2013, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Coronaviruses

Coronaviruses, which are enveloped, single-stranded, posi-

tive-sense RNA viruses belonging to the subfamily Corona-

virinae in the family Coronaviridae, primarily cause

respiratory and enteric diseases in mammals and birds [1e9].

The genus is subdivided into three main groups (alpha, beta,

and gamma) based on the genetic and serological properties of

each virus [10e13]. Most coronaviruses in the three groups

infect animals or birds only. Of the viruses that infect human

hosts, human coronavirus (HCoV)-229E and HCoV-OC43, both

alphacoronaviruses, are the best characterized and are

responsible for most non-rhinovirus-induced cases of the

common cold [14]. Other respiratory pathogens in the coro-

navirus genera that have recently been characterized include

the alpha virus HCoV-NL63 and the beta virus HCoV-HKU1.
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Those two viruses tend to be isolated from young patients,

patients of advanced age, and immunocommpromised hosts

[13,15,16]. Recently, however, more virulent strains have

emerged, including severe acute respiratory syndrome

(SARS)-associated coronavirus (SARS-CoV), a betacoronovirus

that was responsible for the outbreak of SARS in Asia and

other countries in 2002e2003, and a novel HCoV, 2c EMC2012,

which was identified as the causative agent of rapidly pro-

gressive acute respiratory infection in two men from the

Middle East in 2012 [17e19].

Coronavirus virions typically range in size from 80 nm to

100 nm in diameter, contain an RNA genome of approximately

26e32 kb in size, and are characterized microscopically by

their crown- or halo-shaped appearance [20e26]. The genome

of most coronaviruses encodes two replicases, expressed in

the form of two polyproteins, open reading frame (ORF)1a,

measuring approximately 450 kDa, and ORF1ab, measuring

approximately 750 kDa. These polyproteins are processed into

a number of non-structural (NS) proteins and four structural

proteins, namely spike (S) protein, envelope (E) protein,

membrane (M) protein, and nucleocapsid (N) protein (Fig. 1)

[3,27]. ORF1a and ORF1ab are predecessors of NS proteins,

being cleaved by papain-like protease (PLpro, nsp3) and

3C-like protease (3CLpro, nsp5) to generate the final NS

proteins [28,29]. Some members of betacoronavirus subgroup

A also code for a shorter spike-like protein called hemagglu-

tinin esterase [30e32]. Studies have shown that, at least in

SARS-CoV, a receptor-binding domain on the S protein me-

diates the attachment of said virus to its cellular receptor,

angiotensin-converting enzyme 2 (ACE2) [33,34]. Lin et al

found that HCoV-NL63 also makes use of the S protein-ACE2

mechanism for cell entry [35].

Very recently, van Boheemen et al. and Xingyi Ge et al.

constructed a phylogenetic tree of conronaviruses using the

polymerase gene nsp12 and found that coronaviruses could be

grouped according to the presence of ORFs, namely Groups 1,

2a, 2b, 2c, 2d, and 3 [36,37]. According to their data, HCoV-229E,

HCoV-NL63, porcine epidemic diarrhea virus, and trans-

missible gastroenteritis virus belong to Group 1; HCoV-OC43

and mouse hepatitis virus belong to Group 2a; SARS-CoV be-

longs to Group 2b; human betacoronavirus 2c EMC2012 be-

longs to Group 2c; and avian infectious bronchitis virus

belongs to Group 3 [36,37]. Other phylogenetic trees that have

been constructed in our laboratory have revealed that 53% of

the ORF1ab sequences, 33% of the envelope protein

sequences, 45% of the nucleocapsid protein sequences, 34% of

the spike protein sequences, and 41% of the membrane

protein sequences in SARS-CoV are conserved in human

betacoronavirus 2c EMC2012, indicating that SARS-CoV

and betacoronavirus 2c EMC2012 are very similar (Fig. 2)

[36e39].

2. Epidemiology and pathogenesis of SARS
coronavirus

SARS-CoV is the causative agent of SARS and causes an

atypical pneumonia that spread rapidly throughout parts of

Asia, North America, and Europe during 2002e2003 [37,38].

Shortly after the first case of SARSwas reported in the Chinese

province of Guangdong in November 2002, the disease quickly

spread worldwide, with cases having been reported in some

30 countries in 2003. By the time the outbreak had been con-

tained, over 8000 cases had been confirmed and 916 people

had died due to the disease [40e45]. According to the World

Health Organization, the mortality rate associated with SARS

was >10% [46,47]. People of advanced age were at the greatest

risk of death, with a case-fatality rate approaching 50% in

people >65 years who were infected by the virus [48].

The major route of transmission of SARS-CoV is close

person-to-person contact, primarily via contact with aero-

solized droplets or other bodily fluids. Many studies have

shown that this virus can survive formore than 3 days outside

the human body in sputum and feces, resulting in the po-

tential for continuous infection during an epidemic. In addi-

tion to causing respiratory symptoms, chills, headache,

muscle ache, and fever, infection with SARS-CoV has been

shown to result in severe diffuse pneumonia, pulmonary fib-

rosis, and in the most severe cases, death. Pathological ex-

aminations of specimens taken from patients with SARS-

related acute lung injury, acute respiratory distress syn-

drome, and pulmonary fibrosis show bronchial epithelial cell

exfoliation, cilia loss, multinucleated syncytia cells, squa-

mous epithelial tissue deformation, and increased levels of

immune response cells in lung tissue [49,50]. In addition,

clinical laboratory tests have shown that patients with SARS

often present with thrombocytopenia and leukopenia [51,52]

as well as overexpression of serum inflammatory cytokines,

including interferon (IFN)-g, interleukin (IL)-18, transforming

Fig. 1 e Coronavirus genome. ORF1a and 1b are located at the 5’-terminal 2/3 gene of the coronavirus and encode two

polyproteins, namely pp1a (w450 kDa) and pp1ab (w750 kDa). The four structural proteins in coronavirus include the spike

(S) protein, envelope (E) protein, membrane (M) protein, and nuclepcapsid (N) protein.
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growth factor (TGF)-b1, tumor necrosis factor (TNF)-a, and IL-6

[50,53].

SARS-CoV infection can cause bronchial epithelial cell

peeling, cilia damage, the formation of multinucleated giant

cells, squamous cell aplasia, alveolar interstitial fiber cell hy-

perplasia, and fibrotic lung disease [54,55]. Although blood

tests in some patients with SARS-CoV infection show a nor-

mal white blood cell count, most show evidence of leukope-

nia, lymphopenia, and thrombocytopenia. Other biochemical

signs typically exhibited in blood samples from patients with

SARS include abnormal levels of proteins indicative of

abnormal liver function, increased C-reactive protein levels,

increased levels of creatine phophokinase and lactate dehy-

drogenase, overexpression of inflammatory cytokines IL-1, IL-

6, IL-8, IL-12, IL-18, TGF-b1, TNF-a, IFN-g-inducible Protein 10

(IP-10), IFN-g, monokine induced by IFN-g (MIG) as well as

overexpression of chemokines chemokine [C-Cmotif] ligand 2

(CCL2)/monocyte chemoattractant protein-1 (MCP-1), CCL3/

MIP-1a, and chemokine [C-X-C motif] (CXCL10)/IP-10

[50,53,56e62]. In the early stage of infection, TGF-b1 has been

shown to be markedly elevated in serum and in lung tissue

[50,63,64]. In addition, patients with late-phase SARS-related

acute respiratory distress syndrome and pulmonary fibrosis

often present with activated T-helper type-1 cells [53,65],

neutrophil aggregation, the accumulation of immune

response cells, such as monocytes, macrophages, T cells, and

B cells in the lungs [50], and rapid depletion of T cells [57e62].

The most effective treatment for patients with SARS-CoV

infection is the combination of ribavirin and steroids; howev-

er, this treatment is associated with a number of side effects.

Ribavirin can cause red blood cell rupture, anemia, and death,

while steroid treatment can cause stomach ulcers, edema,

cardiac stress, and osteoporosis [66]. Controlled trials of drugs

for the treatment of patients with SARS are urgently needed.

The innate immune response of type I IFN has a vital role in

anti-viral replication, but SARS-CoV was demonstrated to

antagonize type I IFN in mouse models [67,68]. Mice lacking

innate immunity suffer from signal transducer and activator

of transcription-1 (STAT1) or myeloid primary response gene

88 (MyD88) deficiency and higher SARS-CoV infection rates

[67,68]. In addition, it has been reported that SARS-CoV-

infected macrophages release CXCL10/IFN-g-inducible pro-

tein 10 and CCL2/monocyte chemotactic protein 1, but do not

induce the production of IFN-b [69].

Several SARS-CoV structural and NS proteins and genomes

have been shown to participate in immune regulation and to

induce cytokine expression. For example, the nucleocapsid of

the SARS-CoV virion has been shown to induce the expression

of plasminogen activator-1 via a Smad3-dependent induction

of TGF-b1 expression [70e72], where Smad3 is an intracellular

protein that transduces extracellular signals from TGF-b li-

gands to the nucleus, where they activate downstream TGF-

b gene transcription. Nuclepcapsid protein was also identified

as antagonizing IFN-b [73]. Furthermore, baculovirus-

synthesized SARS-CoV spike protein has been shown to

induce activator protein-1 (AP-1) and IL-8 upregulation by

activating mitogen-activated protein kinases (MAPKs) in lung

cells [74]. Moreover, it was found that spike protein induces

innate immune response through the activation of the nuclear

factor-kappaB (NF-kB) pathway [75]. In addition, Law et al

found that SARS-CoV NSP1 induces CCL5, CXVL10, and CCL3

mRNA expression via the activation of NF-kB [76]. The 3a DNA

vaccine is reported to stimulate IFN-g production mainly by

stimulating the production of CD8þ T cells, and IL-2mainly by

stimulating the production of CD4þ T cells [77]. Overall,

structural and NS proteins and also SARS genomes are dem-

onstrated to interfere with cell immunity.

Unlike other coronaviruses, the SARS-CoV genome only

codes for one papain-like protease (PLpro). PLpro recognizes

the amino acid fragments of LNGG and cleaves polyprotein

replicase 1a at NS1/2, NS2/3, and NS3/4 boundaries, resulting

in a mature viral protein [29,78]. In a cell model of SARS-CoV

infection, Speigal et al showed that PLpro de-ubiquitinating/

de-ISGylating activity was associated with the inhibition of

type I IFN expression [79]. Other studies have demonstrated

that PLpro inhibits polyI:C-induced activation of IFN-b, NF-kB,

and IFN-stimulated response element by blocking the export

of phosphorylated regulatory factor 3 into the nucleus,

thereby preventing the biosynthesis of type I IFN [80,81]. In

addition, Li et al showed that elevated levels of PLpro result in

an attenuation of type I IFN-induced activation of the IFN-

stimulated response element and AP-1, and that PLpro

downregulates ERK1 (MAPK3) by upregulating the ubiq-

uitineproteasome system and suppressing the interaction

between ERK1 and STAT1, resulting in type I IFN antagonism

of SARS-CoV PLpro [82]. Furthermore, PLpro has been shown

to induce TGF-b1, IL-1a, and CCL5 expression as well as trig-

gering TGF-b1 production via ubiquitin proteasome-, p38

MAPK-, and ERK1/2-mediated signaling [46]. Therefore, it ap-

pears that PLpro plays an important role in the maturation

process of SARS-CoV and in avoiding detection by the innate

immune response system.

3. HCoV-NL63

HCoV-NL63, a Group 1 coronavirus, was first identified in

a child with bronchiolitis in the Netherlands in 2004. Since

then, cases of HcoV-NL63 have been documented worldwide.

Infection ismost prevalent during thewintermonths, tends to

affect children under the age of 6 years, normallymanifests as

cough, fever, sore throat, rhinitis, expectoration, and upper

and lower respiratory tract infection, such as bronchitis,

bronchiolitis or pneumonia and has been shown to be asso-

ciated with croup [83e85].

4. HCoV-HKU1

HCoV-HKU1, a Group 2 coronavirus that was first identified in

an adult with chronic pulmonary disease in Hong Kong in 2005

[86,87], causes rhinorrhea, fever, coughing, andwheezing, and

can result in bronchiolitis and pneumonia if left untreated

[15,88].

5. Human betacoronavirus 2c EMC/2012

Human betacoronavirus 2c EMC2012 first appeared in the

Middle East in April 2012 and was laboratory proven in nine
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patients by December 30, 2012 [17e19,89e92]. All of the

laboratory-confirmed cases have been reported in Qatar (two

cases), Saudi Arabia (five cases) and Jordan (two cases) [92]. All

patients were severely ill, and five have died. The first con-

firmed case of betacoronavirus 2c EMC2012 infection occurred

in Saudi Arabia. The patient presented with symptoms and

signs of acute respiratory illness (high fever, cough, shortness

of breath, and difficulty in breathing) and died in hospital. The

second confirmed case was diagnosed in a man of Qatari

origin who had recently travelled to Saudi Arabia. The patient

presented with respiratory disease and renal failure. He was

sent to London for treatment and recovered from the disease

in hospital [89,90]. The recent three confirmed cases in Saudi

Arabia are epidemiologically linked and occurred in one

family living within the same household in Saudi Arabia, and

two of these have died [92]. In these three cases, at least two

family members with direct personal contact increases the

suspicion that person-to-person transmission may have

occurred [92]. Two confirmed cases in Jordan were discovered

through the testing of stored samples from a cluster of

pneumonia cases in healthcare workers that occurred in April

2012. Both of these patients died [92].

This novel coronavirus was identified by real-time poly-

merase chain reaction based on pan-coronavirus primers

[93e95] and there is evidence that the virus might have ori-

ginated from bats [94]. It is not clear whether the symptoms

and signs in these patients are typical of infection with this

virus and no specific treatment recommendations have been

made thus far. Acute respiratory support is advised for hos-

pitalized patients with severe symptoms.

Like other coronaviruses, 2c EMC2012 is a very fragile virus,

with a survival time not exceeding 24 hours outside the body.

The pathogenic function of human betacoronavirus 2c

EMC2012 PLpro(s) is not clear. Preliminary studies suggest that

maturation of viral replication involves the cleavage of poly-

protein replicase 1a at NS1/2, NS2/3, and NS3/4 boundaries,

a mechanism shared by other coronaviruses [29,78]. More-

over, phylogenetic tree analyses have shown that human

betacoronavirus 2c EMC2012 and SARS-CoV have a similar

ORF1ab subgenome (Fig. 2). Further studies are needed to

differentiate between 2c EMC2012 and SARS-CoV.

6. Conclusion

HCoVs cause upper respiratory and gastrointestinal tract

problems and the common cold in humans inworldwide, 2012

HCoVs cause upper respiratory and gastrointestinal tract

problems and the common cold in humans in worldwide. The

major method of transmission of HCoVs is from person-to-

person and by droplet infection. Since the first two HCoVs,

HCoV-229E and HCoV-OC43, were identified and studied

extensively from the 1960s to 1980s, SARS-CoV has caused

a mortality rate >10% globally in 2003 [14,45]. HCoV-NL63 and

HCoV-HKU1 were identified in 2004 and 2005 [13,15,16]. Since

then, a novel coronavirus, human betacoronavirus 2c

EMC2012, appeared in Saudi Arabia in April 2012, that has so

far infected nine people and resulted in five deaths [92]. In the

phylogenetic trees constructed with ORF1ab, E, N, S, and M,

human betacoronavirus 2c EMC2012, has shown high

similarities with SARS-CoV. All of these facts prove that novel

coronaviruses have appeared in recent years and are becom-

ing more severe, causing high mortality in humans.
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a b s t r a c t

Candida albicans is an important fungal pathogen in humans. The interaction between C.

albicans and its host is dynamic and complex. This pathogen exhibits multifaceted strat-

egies for growth, proliferation, and survival within the host accompanied with mecha-

nisms to escape from the host defense. The host triggers complex immune responses in

response to C. albicans. This review outlines selected aspects in the current understanding

of C. albicans pathogenesis and its interactions with the host, and presents several exper-

imental tools developed in the postgenomic era to study these topics.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

Mycoses are diseases caused by fungi.With the increase in the

population of patients with immunodeficiency or undergoing

immunosuppressive therapy, mycoses have become

a growing problem in modern medical care. In addition, the

diagnosis of these diseases can be problematic, drug resis-

tance is of great concern, and fewer drugs are available

compared to bacterial or viral diseases [1e3]. Fungal infections

lead to various diseases that can be local, superficial, allergic,

or systemic [1]. Systemic infections are particularly serious

and potentially life-threatening [4e6].

Of the more than 1.5 million estimated species of fungi,

fewer than 150e200 species can cause disease in humans [7].

The fungal pathogens involved in systemic infections are

either acquired from the surrounding environments of the

host or constitute part of the normal flora in humans. The

former include Blastomyces dermatitidis, Coccidioides immitis,

Histoplasma duboisii, Histoplasma capsulatum, Paracoccidioides

brasiliensis, and Penicillium marneffei [8,9]. The latter are

opportunistic, and include Candida albicans, Aspergillus fumi-

gatus, and Cryptococcus neoformans [8,9]. Among the opportu-

nistic pathogens in humans, C. albicans is one of the most

studied.

Yeasts are unicellular fungi, and the Candida species

represents one of the yeast species of special importance to

human health [10]. Candida is a part of the normal flora in

healthy individuals, and is usually confined to the skin and

mucosal surfaces of the oral cavity, gastrointestinal and

urogenital tracts, and vagina [10]. However, Candida spp. can
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cause a wide variety of infections on mucosal surfaces under

certain conditions. The most common examples include

oropharyngeal candidiasis (OPC) and vulvovaginal candidiasis

(VVC). OPC is associated with underlying illness such as dia-

betes [10]. In addition, OPC was one of the first manifestations

of HIV-induced immunodeficiency to be recognized [11] and is

a sentinel indicator for HIV disease progression before the

appearance of more severe symptoms [12,13]. C. albicans is the

most common cause of OPC [14,15]. However, Candida glabrata,

Candida tropicalis, and Candida dubliniensis are also associated

with OPC [14,15]. C. albicans causes approximately 90% of VVC

cases, and C. glabrata is responsible for the remaining 10% of

this infection [16]. Although the relationship between VVC

and HIV is unclear, VVC is an important concern for women

infected with HIV [17]. The majority of C. albicans isolates

causing disease in AIDS patients are derived from strains

originally associated with commensal infections, and disease

recurrence can result from the same strains of C. albicans

[18,19].

In addition to causing mucosal diseases, Candida spp. can

also cause systemic and invasive infections in which Candida

penetrates and traverses the epithelial barrier to gain entry

into the bloodstream (known as candidemia) [20]. Once in the

bloodstream, Candida can disseminate to infect almost any

organs. Consequently, Candida has emerged as the fourth

most common cause of blood-borne infection in the United

States [21]. The mortality associated with these invasive

infections for adults ranges from 14.5% to 49% [22,23], and C.

albicans is estimated to be responsible for 50e60% of the cases

of invasive candidiasis [24,25]. As such, C. albicans is the most

prevalent fungal pathogen in humans. Therefore, here we

only review our current understanding of C. albicans and its

interactions with the host.

2. Virulence factors of C. albicans in
pathogenehost interactions

To establish an infection successfully, C. albicans must adapt

to different niches at various anatomic sites of the host and

express infection-associated genes. The products of infection-

associated genes contribute to C. albicans pathogenicity, and

function as virulence factors [26]. Researchers have reported

several virulence factors for C. albicans, including morpho-

logical transition, adhesins, secreted hydrolytic enzymes, and

phenotypic switching [20,26,27]. This review focuses on

several important findings related to virulence factors. For

other details, the reader should refer to other recent reviews

[28e35].

2.1. Morphological transition in C. albicans

The ability of C. albicans to switch reversibly between a single-

celled budding yeast (blastospore) and an elongated filament

form (both pseudohyphae and true hyphae) plays a crucial

role in infections [36]. Hyphal cells may promote tissue inva-

sion, whereas yeast cells facilitate dissemination of the

pathogen [37e40]. C. albicans morphogenesis is controlled by

a complex network of signaling pathways that is commonly

accompanied by the regulation of genes associated with the

morphological states [34]. The signaling and regulatory

network is activated by various environmental signals,

including serum, N-acetyl-D-glucosamine, neutral pH, a phys-

iological temperature of 37�C, 5% CO2, and nutrient starvation

[28,35,41,42].

The cyclic AMPeprotein kinase A (cAMPePKA) pathway is

involved in C. albicans yeastehyphae transition. The

cAMPePKA pathway transfers environmental signals through

the adenylyl cyclase Cyr1, which activates cAMP production.

In the case of serum-induced hyphae formation, signals pass

through the small GTPase Ras1, which subsequently activates

Cyr1 by direct interaction between Ras1 and the Ras-

association domain of Cyr1. Alternatively, G protein-coupled

receptor 1 (Gpr1) seems to sense amino acids such as methi-

onine and activates Cyr1 through Gpa2 (the associated G

protein a2 subunit), independent of Ras1 [43]. The activation of

Cyr1 increases intracellular levels of cAMP, which binds to the

regulatory subunit (Bcy1) of PKA to release and thereby acti-

vate the catalytic subunits (Tpk1 and Tpk2) of PKA [44].

Consequently, the active form of PKA controls the transcrip-

tion factor Efg1 to enhance expression of hypha-specific

genes, such as HGC1, ALS3, and HWP1. The Als3 and Hwp1

are both cell wall proteins and relevant to cell adhesion (see

the descriptio below). The HGC1 gene encodes a hypha-

specific G1 cyclin, which associates with the cyclin-

dependent protein kinase Cdc28 to phosphorylate septin

cytoskeleton proteins such as Cdc11. This in turn promotes

polarized growth, cell separation, and hyphae formation [45].

The mitogen-activated protein kinase (MAPK) cascade is

another important signaling pathway regulating C. albicans

morphogenesis. The cascade controlling morphogenesis

consists of Cst20 (MAPK kinase kinase kinase), Ste11 (MAPK

kinase kinase), Hst7 (MAPK kinase), and Cek1 (MAPK). The

activation of Cek1 through the signaling cascade subsequently

activates the downstream transcription factor Cph1, through

phosphorylation. Although the deletion of the CPH1 gene

reduces hyphal growth on solid medium, it still forms hyphae

in liquid culture and after serum induction [46]. The cph1/efg1

double deletion mutant is defective in filamentous growth

even in the presence of serum and is avirulent in a mouse

model of systemic infection [39]. In addition to activators,

there are also negative regulators of filamentation. Mutants

lacking TUP1, RFG1, MIG1, or NRG1 genes exhibit the pheno-

type of constitutive filamentation [47e50].

Nitrogen availability also affects the morphological tran-

sition of C. albicans. In the case of nitrogen limitation, upre-

gulation is involved in the expression of the MEP2 gene that

encodes a permease and sensor for ammonium, a preferred

nitrogen source for C. albicans [51,52]. The Mep2 protein

receives the signal and may induce morphogenesis by acti-

vating the cAMPePKA pathway and the Cph1-dependent

MAPK pathway [53]. Recent research has indicated that the

small GTPase Rhb1 and target of rapamycin (TOR) signaling is

also involved in regulatingMEP2 expression and low nitrogen-

mediated morphogenesis [54]. The C. albicans transcription

factors Gat1 and Gln3 control the expression ofMEP2 [52]. The

gln3- and gat1-deleted mutants exhibit reduced sensitivity to

rapamycin [55], a TOR kinase inhibitor, suggesting that these

regulators are also involved in C. albicans TOR signaling.

Ambient pH also affects C. albicans morphogenesis through
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a conserved signal transduction pathway with Rim101 as the

key regulator [56,57]. Rim101 is a zinc-finger-containing tran-

scription factor that is full length and inactive under acidic

conditions [58,59]. However, at neutral to alkaline conditions,

Rim13 cleaves the C-terminal portion of Rim101, activating

the protein that alters gene expression [60]. Hypoxia and

embedding cells in a matrix can also promoter C. albicans

morphogenesis. The Efg1 and Cfz1 transcription factors are

involved in hypoxia-induced and matrix-dependent hyphae

formation, respectively [61e63].

C. albicans integrates multiple environmental cues into

complex signaling networks that coordinate various tran-

scription factors to control hypha-specific genes. Conse-

quently, C. albicans differentially express various cell surface

proteins and virulence factors. This may be significant for the

pathogen to penetrate into deep tissues to acquire nutrients or

escape from the host defense, and may also hinder detection

by the host immune systems.

2.2. Adhesins of C. albicans

The adherence to host cells and tissues is the initial and

critical step in microbial infections. In the case of mucosal

infections, C. albicans first colonizes and proliferates on the

mucosal surfaces of epithelial cells. This may be followed by

invasion, dissemination, and tissue damage [38,64]. The

outmost layer of C. albicans, the cell wall, contains diverse

carbohydrates and proteins that may contact with host

proteins, epithelial, and endothelial cells [65e67]. In addition,

C. albicans can adhere to abiotic substrates, such as medical

devices, and form surface-associated cell communities

known as biofilms [68]. Biofilm and planktonic cells differ in

many aspects, including their susceptibility to host immune

defense and antifungal agents [69e73]. Biofilm is also a dense

colonial source of cells, which are continually released into

the immediate environment, providing a reservoir for persis-

tent sources of infection.

Previous research has shown several C. albicans molecules

related to adherence, known as adhesins. The agglutinin-like

sequence (Als) protein family is the most recognized of these

adhesins [26,30]. Eight ALS genes (ALS1eALS7 and ALS9)

encode cell-wall-associated glycoproteins with similar struc-

tures. The N terminus of Als proteins, which contains a signal

sequence, an immunoglobulin-like domain, and a threonine-

rich domain, is involved in ligand binding [74e76]. These

proteins also include a central domain containing a variable

number of 36-amino-acid tandem repeats rich in serine and

threonine residues [75]. Finally, the C terminus of the Als

proteins contains a glycosylphosphatidylinositol (GPI)

anchorage sequence [77]. Studies on theALS-deletionmutants

of C. albicans or heterologous expression of C. albicans ALS

genes in Saccharomyces cerevisiae have suggested that a subset

of Als proteins is involved in adherence to host surfaces. For

example, the heterologous expression of C. albicans ALS1 or

ALS5 genes in nonadhesive S. cerevisiae causes cell binding to

extracellular matrix proteins (e.g., fibronectin, laminin, and

type IV collagen) and buccal and pharyngeal epithelial and

vascular endothelial cells [77,78]. ALS4 deletion decreases

C. albicans adherence to endothelial cells, but not to epithelial

cells [79]. In addition, Als6 can bind to collagen and Als9 to

laminin [80].

Other proteins related to C. albicans adhesion include

Hwp1, Eap1, and Int1 [26,31]. Hwp1 is a major protein on the

hyphal cell wall and is able to adhere to epithelium mediated

by host transglutaminase [81]. Hwp1 is also required for bio-

film formation [82e84]. Eap1 is a GPI-anchored cell wall

protein required for biofilm formation and binding to a poly-

styrene surface or host cells. However, its host ligands are still

unknown [85,86]. Int1 is an integrin-like protein, and the

deletion of the INT1 gene reduces C. albicans colonization on

the murine intestinal epithelium [87].

2.3. Secreted hydrolytic enzymes

Researchers have identifiedmany types of secreted hydrolytic

enzymes in C. albicans. These enzymes help C. albicans in

nutrient acquisition and disseminationwithin the host. These

enzymes can also modulate host immune responses and

cause host tissue damage [88].

Secreted aspartyl proteases (Saps) are encoded by 10

members of the SAP gene family, SAP1eSAP10 [89]. These SAP

genes are differentially expressed in different C. albicans cell

types and during various stages of C. albicansehost interac-

tion. SAP1e3 and SAP4e6 are highly expressed in yeast and

hyphal cells, respectively [32,90]. The expression of SAP7 has

been detected in some clinical samples of human oral infec-

tion [91] and SAP8 appears at high levels in human vaginal

infection [89]. SAP9 and SAP10 are expressed in both yeast and

hyphae. Their gene products contain N-glycosylation sites

and putative GPI-anchor attachment sequences, suggesting

their association with the cell wall [92,93]. Moreover, C. albi-

cans biofilms secrete more Sap proteins than planktonic cells

[94]. When proteins are the only available nitrogen source,

TOR signaling also helps regulate SAP2 transcription and Sap2

protein levels, coordinated with the small GTPase Rhb1 [95].

Under these conditions, the transcription factors Gat1 and

Gln3 induce the expression of the STP1 gene, which encodes

a proteolytically activated transcription factor that subse-

quently mediates SAP2 gene expression [96].

Different Sap proteins possess unique enzymatic charac-

teristics and substrate specificities [89]. Sap1e3 proteins

exhibit the highest activity at pH 3e5, whereas Sap4e6 are

most active at pH 5e7. These enzymesmay help the pathogen

to develop infections at different anatomical sites in humans

[32,97]. For example, Sap2 is capable of digesting human

albumin, hemoglobin, keratin, and secreted IgA [98]. Sap2

digests proteins into oligopeptides that are subsequently

taken up by oligopeptide transporters encoded by the OPT

gene family [99]. Therefore, Sap2 and other Saps may be crit-

ical for cell growth in humans using host proteins as

a nitrogen source. The degradation of human proteins also

allows C. albicans to destroy host barriers and is followed by

deep penetration into tissues or the bloodstream.

The four secreted phospholipase A to D (PLA, PLB, PLC and

PLD) hydrolyze one or more ester linkages of glycer-

ophospholipids on the host cell membrane, and are critical

factors in tissue invasion. PLB represents the major activity of

C. albicans phospholipase, and contains both hydrolase and

lysophospholipaseetransacylase activities [100,101]. PLB
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proteins have broad substrate specificity and hydrolase

activity releases fatty acids from phospholipids and lyso-

phospholipids by hydrolyzing acyl ester bonds and further

catalyzing lysophospholipaseetransacylase reactions [102].

Previous studies on several C. albicans PLB genes have impli-

cated PLB1 and PLB5 in C. albicans virulence [102e104]. In

addition to Saps and phospholipases, C. albicans also secretes

a serine peptidase and at least nine lipases. The peptidase

degrades human serum proteins and extracellular matrix

components [105], and the lipases hydrolyze the ester bonds

of mono-, di-, and triacylglycerols [88].

2.4. Phenotypic switching in C. albicans

Phenotypic switching helps C. albicans adapt to changing

environments at different anatomic loci in the host. Pheno-

typic switching enables C. albicans cells to spontaneously and

reversibly switch phenotypes at a high frequency. The most

studied switching system is the WO-1 strain, which alters

between white hemispherical colonies (designated as white,

W) and gray flat colonies (designated as opaque, O). WeO

switching also changes the shape and size of cells, their ability

to form hyphae, cell surface properties (e.g., adhesion and

permeability), membrane composition, protease secretion,

biofilm formation, sensitivity to phagocytes and oxidants,

antigenicity, drug susceptibility, andmetabolism [31,106e109].

Moreover, misexpression of the opaque-phase-specific gene

PEP1 in the white phase of C. albicans confers increased viru-

lence in amousemodel of cutaneous infection [110]. Amurine

model for systemic infection shows that considerably moreW

cells colonize the kidneys than O cells, and most of the cells

recovered from the kidneys switch from O to W [111].

C. albicans has long been designated as an asexual yeast;

however, there is a mating type-like locus (MTL) in the C.

albicans genome [112]. Interestingly, C. albicans strains with

subtle changes at the MTL locus can mate after inoculation

into a mammalian host [113]. Recent research has linked the

MTL toWeO switching. Only cells homozygous at theMTL can

switch from the W phase to the O phase and mate with other

O cells, producing progeny [114e116]. In addition, DNA

microarray analysis indicates that W and O cells have distinct

gene expression profiles [106] and Wor1 is a master tran-

scription regulator for WeO switching [117e120]. Deletion of

the WOR1 gene disables switching and locks the cells in the

white phase. Subsequent studies have identified additional

transcription factors (Wor2, Efg1, and Czf1) that function with

Wor1 in a network of feedback loops [121,122]. A sophisticated

regulatory network controls phenotypic switching. Pheno-

typic switching helps C. albicans survive within the host and

makes the cells become more virulent and effective during

infection.

2.5. Other factors related to C. albicans virulence

In addition to the factors discussed previously, other factors

are closely related to C. albicans virulence. One important

example is the ability of C. albicans to acquire iron from the

host during infection. Several types of evidence support the

correlation between iron acquisition and virulence. The iron-

free forms of host lactoferrin and transferrin inhibit cell

growth and render cells more susceptible to damage by

neutrophils [123]. Iron deprivation also affects the adhesive

properties and cell wall antigen compositions of C. albicans

cells [124,125]. The hypha-associated adhesin Als3 mediates

iron acquisition from host ferritin [126], and other cell surface

proteins including Rbt51 are involved in hemin and

hemoglobin-iron utilization [127]. Studies on suspension

cultures and biofilm cells indicate that iron availability affects

the drug resistance of C. albicans [124,128e131]. For example,

iron limitation contributes to the antifungal activity of ciclo-

pirox olamine, a topical antimycotic drug of the hydroxypyr-

idone class [132e134]. The siderophore transporter (Arn1) is

also required for epithelial invasion and penetration, and

endothelial cell injury caused by C. albicans is iron dependent

[135]. More importantly, the deletion mutants lacking the

high-affinity iron permease Ftr1 are unable to establish

systemic infection in mice, indicating that Ftr1-mediated iron

acquisition is an important factor in C. albicans virulence [136].

In response to iron availability, the control of iron acquisition

is complex and mediated by a regulatory circuit consisting of

transcription factors such as Sfu1, Hap43, and Sef1 [137e141].

2.6. Host responses to C. albicans

The interaction between a pathogen and its host is complex

and dynamic [142]. This is particularly true for a pathogen like

C. albicans, which can establish chronic, long-lasting, and

recurrent infections and persist in both latent and active

forms. To establish an infection, C. albicans adopts various

strategies to overcome host defense systems. These strategies

allow the pathogen to survive and proliferate within the host

by sensing and responding to host environments and by

expressing virulence factors. In response to the pathogen, the

host triggers defense mechanisms consisting of innate and

acquired (or adaptive) immunity.

2.7. Recognition between C. albicans and the host cell

The interaction of C. albicans and the host beginswith cellecell

recognition. In C. albicans, several cell wall components can

act as pathogen-associated molecular patterns (PAMPs).

These PAMPs include O- or N-linked mannans, man-

noproteins, a- or b-glucans, and chitin. Conversely, human

cells have pattern recognition receptors (PRRs) to recognize

pathogens and activate host defenses. Previous research has

described several PRR families including Toll-like receptors

(TLRs), C-type lectin receptors, Nacht-like receptors, RIG-like

receptors (RLRs), and the galectin family [143e146]. The

complexity of C. albicansehost interaction arises from the

manyways that PRRs recognize PAMPs. Although a PAMPmay

be only recognized by a particular PRR, other PAMPs can be

recognized by more than one PRR. For example, b-glucans can

be recognized by both Dectin-2 and TLR 2 [147], whereas PRRs

such as Dectin-2 are able to recognize more than one ligand,

including a-glucans and N-linked mannans [148]. Different

PRRs, such as TLR2 and Dectin-1, can work independently or

together [144,145,149]. The complexity of C. albicansehost

interaction is enhanced by the expression of different sets of

PRRs in various cell types and locations within the human

host. Phenotypic switching and morphological plasticity may
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also change the distributions of C. albicans cell-surface PAMPs

within distinct host niches.

2.8. Host innate immunity to C. albicans

The integration of innate and acquired responses protects the

host against pathogens. The innate system acts early during

infection, recognizing and destroying most pathogens.

Therefore, this article only focuses on some key points of

innate defenses against C. albicans. Discussion of other rele-

vant topics and acquired immunity is available in several

excellent reviews [150e154].

Many cell types including epithelial cells and phagocytic

cells such as polymorphonuclear neutrophils (PMNs), mono-

cytes/macrophages, and dendritic cells (DCs), are involved in

innate responses. During mucosal infections, the epithelium

provides the first line of defense against C. albicans, acting as

a passive physical barrier [155]. However, epithelial cells can

also activate immune responses and secrete antimicrobial

peptides such as b-defensins and human cathelicidin. Recent

studies have shown that LL-37, the active form of human

cathelicidin, inhibits C. albicans adhesion by interacting with

cell wall carbohydrates and the b-1,3-exoglucanase Xog1

[156,157]. In response to C. albicans, epithelial cells secrete

various proinflammatory cytokines and chemokines that

recruit and activate various immune cells, such as PMNs

[152,158]. The recruitment of PMNs is not only mediated by

epithelial cytokines and chemokines, but also by cytokines

from other cells and by other factors. For example, interleukin

(IL)-17 from T helper (Th)17 cells plays a crucial role in

recruiting neutrophils to the site of infection [159]. The

importance of Th17 cells in immunity to C. albicans has

recently been reviewed [160,161]. Granulocyte colony-stimu-

lating factor (G-CSF) and granulocyte-macrophage colony-

stimulating factor (GM-CSF) are also involved in the recruit-

ment and activation of PMNs [162e164]. Neutrophils can

effectively take up and kill C. albicans cells using oxidative

mechanisms, including the generation of reactive oxygen and

nitrogen intermediates [152,165]. Interestingly, neutrophils

prefer to attract and kill hyphae rather than yeast cells, by

activating extracellular signal-regulated kinase signaling

[166]. In addition to killing C. albicans through endocytosis,

neutrophil extracellular traps containing the antimicrobial

peptide calprotectin can also inhibit cell growth of C. albicans

[165].

Based on previous studies, neutrophils may account for

more of the innate immunity defense than mononuclear

phagocytes [167]. The elimination of mouse splenic macro-

phages results in a slower clearance of C. albicans from blood

[168]. However, another study has indicated that monocytes

or exudate macrophages do not play important roles in

resistance against C. albicans in systemic infection [169]. DCs

are antigen-presenting cells and the interface between innate

and acquired immunity [170]. These cells can ingest both

yeast and hyphal cells of C. albicans, leading tomaturation and

activation of DCs to present Candida-specific antigens [171].

DCs can also induce the differentiation of Th cells. The

ingestion of yeasts primes Th1 cells, whereas hyphae inhibit

IL-12 and Th1 differentiation and favor Th2 differentiation

[155,172]. Th1 cells then secrete tumor-necrosis factor-b and

interferon-g to recruit other leukocytes to the site of inflam-

mation. In contrast, Th2 cells produce cytokines, such as IL-4,

to promote the synthesis of IgE in B cells [172].

3. Postgenomic approaches to studying
C. albicans and its interactions with the host

3.1. Whole genome sequencing of C. albicans and non-
albicans Candida spp

The genome sequencing of the SC5314 strain was a significant

and recent achievement in studying C. albicans [173] and

a human-curated annotation for the Candida genome is now

available [174]. Genome sequencings of various strains of C.

albicans and several non-albicans Candida spp. have also

emerged recently [175e178]. These genome sequences

provide a great challenge and opportunity for genome

comparisons. This genome information can be accessed on

the internet-based Candida Genome Database (CGD; http://

www.candidagenome.org).

The development of new and more efficient strategies for

genetic analysis has also promoted the study of C. albicans.

Examples include the genome-wide construction of deletion

mutants [179e183], and emerging technologies for global

measurement of steady state mRNA concentrations [184] and

protein expression levels/phosphorylation states [185e187].

With this armamentarium of methods and technologies,

researchers are better able to develop C. albicans as an easily

accessible model for understanding mechanisms in opportu-

nistic fungal pathogenesis and fungal pathogenehost inter-

action. This review presents several developments in

methodologies and technologies for studying C. albicans as

follows.

3.2. Transcriptional profiling by DNA microarray, RNA-
seq and others

DNA microarray-based studies have been used to study

various aspects of C. albicans biology, physiology, and patho-

genesis. Some of these studies were related to morphogenesis

[188e190], susceptibility to antifungal drugs [191,192],

signaling and stress responses [95,193e195], metabolism

[139,140,196,197], mating type [198,199], phenotypic switching

[106], biofilms [200e202], and cell responses to environmental

changes [203].

Meanwhile, microarray analysis has begun to show the

interactions of C. albicans with different host cells [204,205].

Gene expression is detected in the pathogen side during

pathogenehost interactions. For example, C. albicans genes

encoding the key enzymes of the glyoxylate cycle and proteins

with nonmetabolic functions are upregulated when the

pathogen is ingested by a mammalian macrophage [205,206].

After challenging with human blood, C. albicans expresses

unique sets of genes at different stages of the model,

mimicking bloodstream infections. The functions of these

genes are related to the general stress response, antioxidative

response, glyoxylate cycle, and virulence attributes [204]. A

previous study has analyzed the transcriptome of C. albicans

isolated from the mammalian kidney [207]. Compared to the
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control cells, C. albicans from infected tissues shows upregu-

lation of genes related to adhesion, stress responses, and the

assimilation of alternative carbon sources. However, genes

involved in morphogenesis, fermentation, and translation are

downregulated [207]. In addition, the basic leucine zipper

(bZIP) transcription factor Rca1 activates C. albicans carbonic

anhydrase during contact with mammalian phagocytes [208].

Moreover, gene expression for the host side is also detected

when pathogenehost interactions occur. For example, human

DCs sense diverse pathogens of C. albicans, Escherichia coli, and

influenza virus, and elicit pathogen-specific immune

responses [209]. With the treatment of C. albicans cell wall b-

glucan, human leukocytes activate genes that relate to various

categories, including those that encode effectors with proin-

flammatory properties [210]. A study of Candidaegranulocyte

interaction has shown that C. albicans modulates the HL60

granulocytoid response by downregulating known antimi-

crobial genes at a high pathogenehost ratio [211]. Endothelial

cells respond differently to low and high densities of C. albi-

cans [212]. In response to heat-killed C. albicans, miRNA tran-

scription in macrophages is differentially regulated to

modulate PRR signaling [213]. Experimental keratomycosis

shows that TLR and proinflammatory chemokines are differ-

entially regulated in murine corneas with C. albicans inocula-

tion [214,215].

Except for using DNA microarrays alone, chromatin

immunoprecipitation coupledwithmicroarray analysis (ChIP-

chip) have also recently been developed to study in vivo pro-

teineDNA association in C. albicans at the whole genome level.

Some examples include studies of transcriptional control of

WeO switching [122], the regulation of gene expression of

ribosome proteins and carbohydrate metabolism [196,216],

and the regulation of morphogenesis by the transcription

factors Efg1 and Hms1 [217,218],

RNA-seq (deep-sequencing of cDNA) has been used to

identify novel transcribed regions, detect new splicing events,

and quantify gene expression [219e223]. This method reduces

some common concerns in using DNA microarray such as

platform-related effects, and is significantly more sensitive

than amicroarray. More recently, this approach has been used

to study C. albicans and its interaction with host. Bruno et al

have used RNA-seq to generate a high-resolution map of the

C. albicans transcriptome, to determine all the regions tran-

scribed under various environmental conditions [224]. They

have identified 602 novel transcriptionally active regions in

the genome; many of which are expressed in a condition-

specific manner. They also have shown several novel introns

not present in the current genome annotation [224]. The RNA-

seq technology has also been used to compare the tran-

scriptomes of a drug-resistant clinical isolate and its isogenic

drug-sensitive counterpart [225]. There are 228 genes differ-

entially expressed, and many of them have never been linked

to the phenotype of drug resistance. The acquisition of drug

resistance is also correlated with an overexpression of the

CZF1 gene, which encodes a transcription factor. The czf1-

deleted mutants are susceptible to many drugs, indepen-

dently of known multidrug resistance mechanisms [225].

Tierney et al have demonstrated the use of RNA-seq to profile

simultaneously genome-wide gene expression of both

C. albicans and the host [226]. Although each technology of

DNA microarray, ChIP-chip and RNA-seq is powerful in

studying C. albicans and its interaction with the host,

combined tools have been used to study the complex tran-

scription network in regulation of C. albicans biofilm devel-

opment [227].

3.3. Proteomic research

Several researchers have reviewed the use of the proteomic

approach in studying C. albicans and its interaction with the

host [185e187,228e230], and this article highlights only a few

recent applications. The C. albicans cell wall consists of poly-

saccharides and many integral and covalently attached

proteins. Proteomic approaches make it possible to study the

C. albicans cell wall in detail. For example, the cell wall pro-

teome is affected by hypoxic conditions, iron restriction,

ambient pH, and hyphal growth [231e233]. Moreover, many

antifungal drugs target C. albicans. The proteomic approach

also shows the effects of fluconazole on cell wall proteome

and integrity [234]. It seems that C. albicans adapts to the

environmental conditions by changing the protein composi-

tion of its cell wall, and some cell wall proteins identified may

be candidates for vaccine development [235]. After interaction

with heat-killed C. albicans, proteins differentially expressed

in murine macrophages are shown by comparison to the

control. These proteins function in various cellular processes,

including cytoskeletal organization, signaling, metabolism,

protein synthesis, and stress response. Many of them are

known to be involved in the inflammatory process [236]. The

responses of murine macrophages are further analyzed using

live cells of C. albicans and enriched fractions of cytosol,

organelle/membrane, and nucleus from the macrophages.

This study has identified 17 new differentially expressed

proteins, including two mitochondrial proteins, a membrane

receptor, galectin-3, and several endoplasmic-reticulum-

related proteins [237]. These proteins are also involved in the

proinflammatory and oxidative responses, immune response,

unfolded protein response, and apoptosis. These processes

may increase the host response to the pathogen or may arise

from C. albicans resistance to phagocytosis [237].

3.4. Network and systems biology

Although understanding the functions of individual genes and

proteins remains necessary, the importance of studying the

structure and dynamics within a cell or an organism has

become increasingly recognized. In a single cell or an

organism, genes and proteins not only function individually,

but also form networks with interconnectivity between genes

and proteins in response to environmental conditions [238].

Systems biology approaches aim to understand networks

such as those that regulate signaling, metabolism, and gene

transcription, showing the basis of gene or protein interac-

tions. Furthermore, systems biology studies correlate biolog-

ical networks with various cellular processes. In the past few

years, methodologies of network and systems biology have

been used to study C. albicans and its interaction with the host

[226,239e241]. This review presents several recent cases to

illustrate how approaches of network and systems biology can

be used to study C. albicans and pathogenehost interactions.

B i oM e d i c i n e 3 ( 2 0 1 3 ) 5 1e6 456

http://dx.doi.org/10.1016/j.biomed.2012.12.004
http://dx.doi.org/10.1016/j.biomed.2012.12.004


Case 1. An integrative systems biology approach to show

the regulation of C. albicans adaptation to thermal conditions.

C. albicans lives in warm-blooded animals, and the heat shock

response is essential for its survival. This response is also

correlated to C. albicans infection [242]. For example, the heat

shock protein Hsp90 orchestrates temperature-dependent

morphogenesis, which is an important virulence factor of

C. albicans [243]. Mutations blocking the activity of the heat

shock transcription factor Hsf1 prevent thermal adaptation

and significantly reduce C. albicans virulence [244]. However,

the detailed mechanisms of thermal adaptation in C. albicans

are still not yet fully understood. This study presents

a dynamic model of heat shock adaptation, followed by

experimental validation. Results indicate that Hsf1 and the

chaperone protein Hsp90 are dynamically autoregulated [245].

In addition, this model shows that Hsf1 is activated during

thermal transitions that mimic fever, and also explains

evolutionary conservation of the heat shock response in

C. albicans [245].

Case 2. A cellular network approach to predict genes

associated with phenotypes during mucosal infection of

C. albicans. Mucosal infections caused by C. albicans can be

roughly divided into three stages: adhesion, invasion, and

host cell damage [89,184]. Using a cellular network approach,

a recent study has aimed to predict phenotype-associated

genes during these three stages and their roles in C. albi-

cansehost interactions. Assumptions applied to this study are

that proteins that lie closer to one another in a protein inter-

action network are more likely to have similar functions, and

that genes regulated by the same transcription factors tend to

have similar functions [246]. From this study, 19 genes have

been identified to relate to adhesion-, invasion-, and damage-

associated functions. Moreover, the predicted genes suggest

that cell surface components are critical for cell adhesion, and

morphogenesis is crucial for cell invasion [246].

Case 3. Identification of the hubs in regulatory networks of

C. albicans. Within a biological network, hubs are the nodes

with high connectivity (degree) and play significant roles in

maintaining topology and functional flow of the network.

Removing hubs may break the network and makes the hubs

potential drug targets or biomarkers for developing a new

therapy. In a recent study, scale-free gene regulatory

networks have been inferred to identify hubs from collections

of gene expression data of C. albicans [247]. One hundred and

twenty-six genes with an outward degree of at least seven are

further examined, including 16 hubs sensitive to antifungal

treatment [147]. In addition, the transcriptional network

controlling biofilm formation is also inferred using combined

information from genetic screenings, genome-wide

approaches, and two animal models. The network consists

of six transcription regulators that control approximately 1000

target genes [227].

Case 4. A robust network inference map to predict inter-

actions between pathogen and host. This study presents an

inferred regulatory network to predict novel interactions

between C. albicans andmouse DCs during phagocytosis [226].

Results indicate that the subnetworks comprising the tran-

scription factor Hap3 in C. albicans, and pentraxin (Ptx3) and

metastasis-associated protein (Mta2) in the host cell are

interdependent. C. albicans Hap3 is a component of the

CCAAT-binding complex, which regulates gene expression.

Murine Ptx3 is a soluble PRR that acts as an endogenous

modulator of the inflammatory response. Murine Mta2 is

a component of a nucleosome remodeling deacetylase

complex, involved in transcriptional regulation. To verify the

predictions from network inference, recombinant Ptx3 has

been prepared and found to bind to the cell wall of C. albicans

and to alter expression of Hap3 target genes. Moreover, C.

albicans preincubated with recombinant Ptx3 significantly

attenuates the expression of Mta2-regulated cytokines, such

as IL-2 and IL-4, in a Hap3-dependent manner. Together, this

study indicates that the pathogenehost interplay can cause

remodeling of the pathogen and the pathogen affects the host

immune response. This study demonstrates the usefulness of

the systems biology approach to decipher mechanisms of

microbial pathogenesis [226].

4. Conclusions

The interactions between C. albicans and host are critical for

persistence and pathogenesis of the pathogen and the

immune defense of the host. To establish infection success-

fully, C. albicans uses multiple ways to attach, colonize, and

even penetrate the host tissues. For example, cell surface

adhesins, hyphae formation, and secreted hydrolytic

enzymes are associated with these processes. Phenotypic

switching also helps C. albicans adapt to changing environ-

ments within the host. To recognize C. albicans, different host

cells have developed diverse PRRs that function indepen-

dently or synergistically. Consequently, the host triggers

immune responses to defend against C. albicans. This review

presents an outline of several important topics on these

processes. With the complement of the genome sequences of

C. albicans and humans, the development of genome-wide

technologies for analyzing pathogenehost interactions has

dramatically increased. These developments will no doubt

broaden our view of the pathogenehost relationship and the

processes during infection. A better understanding of C. albi-

cansehost interactions will provide important insights for

other fungal pathogens.
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[39] Lo HJ, Köhler JR, DiDomenico B, Loebenberg D,
Cacciapuoti A, Fink GR. Nonfilamentous C. albicans mutants
are avirulent. Cell 1997;90:939e49.

[40] Thompson DS, Carlisle PL, Kadosh D. Coevolution of
morphology and virulence in Candida species. Eukaryot Cell
2011;10:1173e82.

[41] Cottier F, Mühlschlegel FA. Sensing the environment:
response of Candida albicans to the X factor. FEMS Microbiol
Lett 2009;295:1e9.

[42] Eckert SE, Sheth CC, Mühlschlegel FA. Regulation of
morphogenesis in Candida species. In: d’Enfert C, Hube B,
editors. Candida: comparative and functional genomics.
Wymondham, UK: Caister Academic Press; 2007. p. 263e91.

[43] Maidan MM, De Rop L, Serneels J, Exler S, Rupp S, Tournu H,
et al. The G protein-coupled receptor Gpr1 and the Galpha
protein Gpa2 act through the cAMP-protein kinase A
pathway to induce morphogenesis in Candida albicans. Mol
Biol Cell 2005;16:1971e86.

B i oM e d i c i n e 3 ( 2 0 1 3 ) 5 1e6 458

http://hivinsite.ucsf.edu/InSite%3fpage%3dkb-00%26doc%3dkb-05-02-03
http://hivinsite.ucsf.edu/InSite%3fpage%3dkb-00%26doc%3dkb-05-02-03
http://hivinsite.ucsf.edu/InSite%3fpage%3dkb-00%26doc%3dkb-05-02-03
http://hivinsite.ucsf.edu/InSite%3fpage%3dkb-00%26doc%3dkb-05-02-03
http://dx.doi.org/10.1016/j.biomed.2012.12.004
http://dx.doi.org/10.1016/j.biomed.2012.12.004


[44] Cloutier M, Castilla R, Bolduc N, Zelada A, Martineau P,
Bouillon M, et al. The two isoforms of the cAMP-dependent
protein kinase catalytic subunit are involved in the control
of dimorphism in the human fungal pathogen Candida
albicans. Fungal Genet Biol 2003;38:133e41.

[45] Sinha I, Wang YM, Philp R, Li CR, Yap WH, Wang Y. Cyclin-
dependent kinases control septin phosphorylation in
Candida albicans hyphal development. Dev Cell 2007;13:
421e32.
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