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INTRODUCTION
Medical mycology is a relatively new field within the area of
medical microbiology. Fungal diseases became recognized as
being of clinical importance in the second half of the last
century, mainly due to advances in medical technologies. However, within the last 20 years, the advent of the AIDS epidemic
has opened up the clinical mycology field. The discovery that
reduction of the CD4⫹ lymphocyte population of the cellmediated immune system could predispose patients to a multitude of opportunistic fungal infections uncovered a whole
new area of host susceptibility and disease. As a result, a
notable increase in basic research on pathogenic fungi, predominantly Candida species, Cryptococcus neoformans, and Aspergillus fumigatus, has taken place (162). The outcome of this
research has led to the unraveling of many fundamental biological processes that take place in the main fungal pathogens,
particularly Candida albicans.
Candida infections are a problem of growing clinical importance. The incidence of infections has increased dramatically
over the past two to three decades, and this trend will inevitably continue into the 21st century. C. albicans is the most
common fungal pathogen of humans and has become the
fourth leading cause of nosocomial infections (59, 167). At the
most serious level, mortality rates from systemic candidiasis
are high. However, the majority of patients, notably immunosuppressed individuals with human immunodeficiency virus
(HIV) infection, experience some form of superficial mucosal
candidiasis, most commonly thrush, and many suffer from recurrent infections. In addition, nearly three-quarters of all
healthy women experience at least one vaginal yeast infection
and about 5% endure recurrent bouts of disease (211, 212).
Candida species usually reside as commensal organisms as
part of an individual’s normal microflora and can be detected
in approximately 50% of the population in this form. However,
if the balance of the normal flora is disrupted or the immune
defenses are compromised, Candida species often become

pathogenic. Determining exactly how this transformation from
commensal to pathogen takes place and how it can be prevented is a continuing challenge for the medical mycology field.
Given the limited number of suitable and effective antifungal
drugs, the continuing increase in the incidence of Candida
infections, together with increasing drug resistance, highlights
the need to discover new and better agents that target fundamental biological processes and/or pathogenic determinants of
C. albicans.
PATHOGENESIS AND VIRULENCE OF
CANDIDA INFECTIONS
The physiological status of the host is the primary factor
governing the etiology of candidiasis. However, the observation that only slight alterations in the host can turn normally
harmless commensal yeasts into agents able to inflict severely
debilitating illness points to the pathogenic potential of Candida species. Indeed, it appears that the transition from harmless commensal to unrelenting pathogen is a fine line and one
that is attributable to an extensive repertoire of virulence determinants selectively expressed under suitable predisposing
conditions (232).
All pathogenic microorganisms have developed mechanisms
that allow successful colonization or infection of the host (69).
As a result, most pathogens, including Candida species, have
developed an effective battery of putative virulence factors and
specific strategies to assist in their ability to colonize host
tissues, cause disease, and overcome host defenses. The virulence factors expressed or required by Candida species, and in
particular C. albicans, to cause infections may well vary depending on the type of infection (i.e., mucosal or systemic), the
site and stage of infection, and the nature of the host response.
It seems apparent that a panel of virulence attributes are involved in the infective process, but no single factor accounts for
Candida virulence and not all expressed virulence attributes
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TABLE 1. Principal virulence attributes of C. albicans

Virulence attribute
a

Adhesins (e.g., Als family, Hwp1, Int1)
Hypha production
Extracellular hydrolytic enzymes (e.g., Sap,
Plb, and Lip families)b
Phenotypic switching
a
b

Putative virulence roles

References

Adhesion and colonization
Adhesion, invasion, tissue damage
Nutrient acquisition, invasion, tissue damage,
evasion of host response
Adhesion, evasion of host response

22, 23, 33, 93, 230, 231
18–20, 62, 63, 79, 127
94, 95, 97, 98
214–216, 218

Als, agglutinin-like sequence; Hwp1, hyphal cell wall protein 1; Int1, integrin-like protein.
Sap, secreted aspartyl proteinases 1 to 10; Plb, phospholipase B1 and B2; Lip, Lipases 1 to 10.

may be necessary for a particular stage of infection (40, 161).
Although many factors have been suggested to be virulence
attributes for C. albicans, hyphal formation, surface recognition molecules, phenotypic switching, and extracellular hydrolytic enzyme production have been the most widely studied in
recent years (24). The reader is guided to several excellent
reviews on the topics of hyphal formation, surface recognition
molecules, and phenotypic switching listed in Table 1.
The significance of these different putative virulence factors
to C. albicans pathogenicity can possibly be ascertained by
determining whether similar homologous attributes exist in
other nonpathogenic or less pathogenic yeasts such as Saccharomyces cerevisiae (145). Sequencing of the Candida genome
with 10.4 coverage has recently been completed (http://www
-sequence.stanford.edu/group/candida), and a comparative
genomic analysis between C. albicans and S. cerevisiae has been
performed (239). Preliminary information on the Candida genome suggested that although approximately 90% of all S.
cerevisiae genes have a counterpart in C. albicans, 6 to 7% of C.
albicans genes are not found in S. cerevisiae (135). Interestingly, the genes that appear to have no equivalent in S. cerevisiae tend to be grouped in protein families, such as the agglutinin-like sequence (ALS) and secreted aspartyl proteinase
(SAP) families, and are implicated in C. albicans virulence.

Extracellular proteinases of saprophytic fungi such as Aspergillus niger or Neurospora crassa are secreted primarily to
provide nutrients for the cells; however, pathogenic fungi appear to have adapted this biochemical property to fulfill a
number of specialized functions during the infective process in
addition to the simple role of digesting molecules for nutrient
acquisition. These more direct virulence functions may include
digesting or distorting host cell membranes to facilitate adhesion and tissue invasion, which has been demonstrated in
plants (35, 155) and insects (209), or damaging cells and molecules of the host immune system to avoid or resist antimicrobial attack by the host (191).
Most studies investigating the role of extracellular hydrolytic
enzymes in fungal pathogenicity have focused on humanpathogenic fungi, including the filamentous fungus Aspergillus
fumigatus (104, 176, 208), the dermatophytes Trichophyton
rubrum (5) and Trichophyton mentagrophytes (236), and the
dimorphic yeasts Cryptococcus neoformans (21), Coccidioides
immitis (253), and C. albicans (50, 75, 94, 97, 145). While little
is known about the extracellular proteinases of most dimorphic
human pathogenic fungi, the proteolytic system of C. albicans
is well described.

HYDROLYTIC ENZYMES

SECRETED ASPARTYL PROTEINASES OF CANDIDA

One factor that contributes to the process of virulence is
hydrolytic enzyme production, which is known to play a central
role in the pathogenicity of bacteria (69), protozoa (141), and
pathogenic yeasts (163). Although many microorganisms possess a variety of hydrolytic enzymes, proteinases are by far the
most commonly associated with virulence.
All proteinases catalyze the hydrolysis of peptide bonds
(CO—NH) in proteins but can differ markedly in specificity
and mechanism of action (7). Proteinases are classified on the
basis of their catalytic mechanism and not according to their
anatomical origin, substrate specificity, or physiological function. In 1978, Enzyme Nomenclature distinguished four classes
of proteinases: serine, cysteine, and aspartyl proteinases and
metalloproteinases. Examples of serine proteinases are the
divergent trypsin, chymotrypsin, and subtilisin subfamilies; cysteine proteinases include streptococcal proteinase and papain;
and metalloproteinases include collagenases and microvillus
proteinases (6). Aspartyl proteinases are ubiquitous in nature
and are involved in a myriad of biochemical processes (41).
Well-known aspartyl proteinases include the HIV aspartyl proteinase, and pepsin and renin in humans.

The three most significant extracellular hydrolytic enzymes
produced by C. albicans are the secreted aspartyl proteinases
(Sap), phospholipase B enzymes, and lipases. Of these, the Sap
proteins, encoded by a family of 10 SAP genes (66, 146, 147),
have been the most comprehensively studied as key virulence
determinants of C. albicans and are the subject of this review.
For more information on phospholipases and lipases, the
reader is guided to references 75 and 98.
C. albicans is not the only Candida species known to produce
extracellular proteinases. Many of the pathogenic Candida
species have been shown to posses SAP genes, including C.
dubliniensis (76), C. tropicalis (147, 234, 254), and C. parapsilosis (53, 147), all of which produce active extracellular proteinases in vitro (76, 185). C. tropicalis is thought to possess
four SAP genes (254), whereas C. parapsilosis possesses at least
two SAP genes (53). Little published information is available
with regard to the importance of Sap proteins in the virulence
of C. dubliniensis. However, since C. dubliniensis probably possesses at least nine SAP genes (76) (J. R. Naglik, unpublished
data), it is highly likely that proteinase production contributes
to the virulence of this fungus. Less pathogenic or nonpatho-

Extracellular Proteinases of Pathogenic Fungi
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TABLE 2. C. albicans SAP genes and deduced proteinsa
Gene

Prepropeptide
size (aa)c

SAP1
SAP2
SAP3
SAP4
SAP5
SAP6
SAP7
SAP8
SAP9
SAP10

50
56
58
75
76
76
211
73
50
38

No. of KR and
KK sitesb

2
2
1
4
4
4
1
2
1
1

KR
KR
KR
KR
KR
KR
KK
KR
KR, 1 KK
KR

ORF size
(bp)c

Mature enzyme
size (aa)c

No. of
N-glycosylation
(propeptide)
sitesd

Chromosomed

Reference

1,173
1,194
1,194
1,254
1,254
1,254
1,764
1,215
1,632
1,326

341
342
340
342
342
342
377
405
544
403

1 (0)
0 (2)
1 (1)
0 (1)
0 (0)
0 (1)
1 (4)
1 (1)
4 (0)
8 (0)

6
R
3
6
6
6
1
3
3
4

101
250
247
144
147
147
147
146
146
66

Reprinted from reference 98 with permission.
All Sap proteins contain Lys/Arg (KR)- or Lys/Lys (KK)-processing sites and four conserved cysteine residues.
c
The sizes of the prepropeptide (signal peptide and propeptide) and the mature enzyme are shown in amino acids (aa), and the size of the open reading frame (ORF)
is shown in base pairs.
d
The number of potential N-glycosylation sites, including those located in the propeptide (in parentheses), and the chromosomal location of the gene are also shown.
Sap9 and 10 have structural elements typical of GPI proteins (27).
b

genic Candida species do not appear to produce significant
amounts of proteinase, even though they may possess aspartyl
proteinase genes (see “Correlation between Sap production in
vitro and Candida virulence” below). Finally, one should note
that all secreted Candida secreted proteinases belong to the
same class of enzyme: the aspartyl proteinases. Neither extracellular serine nor cysteine proteinases nor metalloproteinases
have been identified in pathogenic Candida species.
Molecular and Biochemical Properties of the
Candida SAP Family
Basic structure of the C. albicans SAP family. All 10 SAP
genes of C. albicans encode preproenzymes approximately 60
amino acids longer than the mature enzyme (Table 2), which
are processed when transported via the secretory pathway. The
mature enzymes contain sequence motifs typical for all aspartyl
proteinases, including the two conserved aspartate residues of
the active site and conserved cysteine residues implicated in
the maintenance of the three-dimensional structure. Most Sap
proteins contain putative N-glycosylation sites (Table 2), but it
remains to be determined which Sap proteins are glycosylated.
Unlike Sap1 to Sap8, Sap9 and Sap10 both have C-terminal
consensus sequences typical for glycosylphosphotidylinositol
(GPI) proteins (66, 146). The dendrogram illustrated in Fig. 1
displays the relationship by sequence homology of the C. albicans Sap isoenzyme family.
Structural studies of the C. albicans proteinase family have
concentrated on Sap2 (1, 39), which is the most abundant
secreted protein in vitro when grown in the presence of protein
as the sole source of nitrogen (96, 246). The overall structure
of Sap2 conforms to the classical aspartic proteinase fold typified by pepsin. For more details relating to Sap2 structure and
how it may affect subtrate specificty, see “Degradation of human proteins and structural analysis in determining Sap substrate specificity” below.
Processing, activation, and regulation of the C. albicans proteinases. The pathway of proteinase synthesis starts in the
nucleus, from where the newly synthesized mRNA is transferred to the cytoplasm and translated into the preproenzyme

on the rough endoplasmic reticulum. The N-terminal signal
peptide is removed in the rough endoplasmic reticulum by a
signal peptidase (242), and the proenzyme transferred to the
Golgi apparatus, where it is further processed after Lys-Arg
sequences by a Kex2 proteinase (159, 235). Alternative but less
efficient processing pathways for Saps are thought to exist (9,
115). Once activated, the enzyme is packaged into secretory
vesicles and transported to the plasma membrane and either
remains attached to the cell membrane, is incorporated into
the cell wall via a GPI anchor (Sap9 and Sap10), or is released
into the extracellular space.
Since the SAP gene family encode preproenzymes, the regulation of proteinase expression can be controlled either at the

FIG. 1. Dendrogram displaying the relationship by sequence homology of the C. albicans Sap isoenzyme family. Three distinct groups
are clustered within the family. Sap1 to Sap3 are up to 67% identical,
and Sap4 to Sap6 are up to 89% identical, while Sap7 is only 20 to 27%
identical to other Sap proteins. Sap9 and Sap10 both have C-terminal
consensus sequences typical for GPI proteins and constitute the third
distinct group. Similar Sap families exist in C. dubliniensis and C.
tropicalis. Reprinted from reference 225a with permission.
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TABLE 3. Properties of purified C. albicans proteinases

Proteinase

Mol mass (kDa)

pH range

pH for optimal
activity

Isolectric
point (pI)

Sap1
Sap2
Sap3
Sap4
Sap5
Sap6
Sap7
Sap8
Sap9
Sap10

38, 40, 40
40, 41, 43, 45, 48, 49
41, 42
40a
37a
40a
NDb
41
NDb
NDb

2.5–5.5
2.5–5.5
2.0–5.0
4.0–7.0
3.0–7.0
3.0–7.0
NDb,c
ND
NDb
NDb

3.2–4.5
3.2–3.5
3.2–3.5
5.0
5.0
5.0
NDb
ND
NDb
NDb

4.0
4.25, 4.4
5.7
ND
ND
ND
NDb
ND
NDb
NDb

Reference(s)

16, 210, 247
16, 148, 177, 182, 210, 247
16, 148, 210, 247
16
16
16
148

a

mRNA or protein level. Comparisons of Sap protein and
mRNA levels at identical time points (246) and kinetic studies
of proteinase secretion by protein labeling and immunoprecipitation (pulse chase experiments) (91) suggested that proteinase synthesis and secretion were tightly coupled, strongly
implying that regulation of Sap activity occurred predominantly at the mRNA level. Studies using the proteinase inhibitor pepstatin A demonstrated that SAP2 expression in C.
albicans was also regulated via a positive-feedback mechanism,
since the proteolytic products of Sap2 and peptides of 8 amino
acid residues or more induced this gene (96, 125).
Biochemical properties of the C. albicans proteinases. The
Sap proteinases have been purified and characterized either by
direct purification from Candida culture supernatants (reviewed in reference 94) or by expression in recombinant Pichia
pastoris (16, 254) or Escherichia coli (115). This has provided a
more detailed insight into the characteristics of the Sap isoenzymes, whose general biochemical properties are described in
Table 3.
The Sap1 to Sap10 proteins are between 35 to 50 kDa in size
(66, 146, 147) and account for all of the extracellular proteolytic activity of C. albicans. Distinct difference in pH optima are
evident between the heterologously expressed proteinases
Sap1 to Sap6, with Sap1 to Sap3 having highest activity at lower
pH values and Sap4 to Sap6 having highest activity at higher
pH values, with a pH range of activity between 2.0 and 7.0
(Table 3). This versatile property may prove vital to the success
of C. albicans as an opportunistic pathogen, by allowing the
fungus to survive and cause infections on a variety of different
tissues such as numerous mucosal surfaces, skin, and internal
organs. In addition to different pH optima, a cleavage site
specificity of Candida Sap proteins is suggested (70, 78).
Koelsch et al. (115) investigated the functional aspects and
substrate specificities of Sap1, Sap2, Sap3, and Sap6. All four
cleaved peptide bonds between larger hydrophobic amino acids but had preferences at the P1 and P⬘1 sites. For example,
Sap1, Sap2, and Sap6 preferred phenylalanine while Sap3 preferred leucine at the P1 site.
Based on present data (see the following sections), it is
highly probable that the main roles of the C. albicans proteinases are to provide nutrition for the cells, to aid penetration
and invasion, and to evade immune responses. However, the
biochemical and proteolytic properties of the Sap7 to Sap10

enzymes are not presently known, and thus the full functional
repertoire of the Sap family has yet to be elucidated.
For more details, the reader is guided to review articles on
discovery and characterization of the SAP gene family; structure, processing, activation and regulation; purification, activity
and enzymatic properties; and in vitro SAP gene expression in
culture medium (50, 88, 94, 95, 97, 98, 145, 163, 185, 227). The
present review is restricted to studies addressing the relationship between proteinase production and C. albicans pathogenesis.
SECRETED ASPARTYL PROTEINASES AND
C. ALBICANS PATHOGENESIS
Over the past two decades, a plethora of studies have contributed to our understanding and knowledge of the SAP gene
family. The existence of 10 SAP genes in C. albicans and their
controlled expression and regulation raises a number of questions concerning the roles and functions of these proteinases
during the infective process. The complexity of Sap involvement in C. albicans virulence has been highlighted by the fact
that Sap production is associated with a number of other putative virulence attributes of C. albicans including hyphal formation, adhesion, and phenotypic switching. Although the consequences of proteinase secretion during human infections is
not precisely known, the roles and functions of the Sap family
can perhaps be deduced from in vitro and in vivo animal model
data. As a result, nearly all the studies have implicated the
proteinases in C. albicans virulence in one of the following
seven ways, with perhaps the most definitive data obtained
from the behavior of the various SAP-disrupted strains: (i)
correlation between Sap production in vitro and Candida virulence, (ii) degradation of human proteins and structural analysis in determining Sap substrate specificity, (iii) association of
Sap production with other virulence processes of C. albicans,
(iv) Sap protein production and Sap immune responses in
animal and human infections, (v) SAP gene expression during
Candida infections, (vi) Modulation of C. albicans virulence by
aspartyl proteinase inhibitors, and (vii) The use of SAP-disrupted mutants to analyze C. albicans virulence.
This review critically discusses the data relevant to each of
these seven criteria, with specific emphasis on how this proteinase family could contribute to Candida virulence and
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No information regarding the biochemical properties are presently available.
c
ND, not determined.
b
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TABLE 4. Correlation between Sap production and activity with C. albicans virulence
Main findings

Reference(s)

Oral candidiasis
Increased Sap activity occurred in C. albicans strains isolated from HIV-positive patients with oral candidiasis compared with
HIV-negative C. albicans carriers.................................................................................................................................................................... 46, 252
C. albicans from HIV-positive patients with oropharyngeal candidiasis produced more proteinase activity than did C. albicans
from HIV-negative asymptomatic oral carriers or HIV-negative subjects with oral candidiasis............................................................ 166
Vaginal candidiasis
C. albicans isolates from patients with vaginal candidiasis were significantly more proteolytic than isolates from asymptomatic
vaginal carriers. .................................................................................................................................................................................................. 4, 28, 43
C. albicans isolates from HIV-positive women with vaginitis produced significantly higher levels of Sap than did C. albicans
strains isolated from HIV-positive asymptomatic carriers or HIV-negative subjects with candidal vaginitis....................................... 49

Other diseases
There was no difference in Sap production from oral C. albicans isolated from patients with autoimmune polyendocrinopathycandidiasis-ectodermal dystrophy and healthy controls................................................................................................................................ 87
Production of Sap did not differ between patients with antibiotic-associated diarrhea and control subjects........................................... 118
Higher levels of Sap were produced by C. albicans from children with acute diarrhea than those with chronic diarrhea, which
may account for the more severe symptoms.................................................................................................................................................. 136

pathogenesis in human infections. Each of the seven criteria is
discussed in its own section.
Correlation between Sap Production In Vitro and
Candida Virulence
Main focus points. The main focus points are as follows.
(i) The virulence of C. albicans species appears to correlate
with the level of Sap activity in vitro and may correlate with the
number of SAP genes.
(ii) Infected patients (oral or vaginal) harbor C. albicans
strains that are significantly more proteolytic than are isolates
from asymptomatic carriers.
(iii) HIV infection appears to lead to the selection of C.
albicans strains with heightened virulence attributes such as
proteinase production.
Numerous studies have correlated extracellular proteolytic
activity in vitro with the virulence of Candida species and have
shown that only the most virulent species such as C. albicans,
C. tropicalis and C. parapsilosis produce more proteinases in
vitro than do less virulent species (185). Less common clinical
isolates such as C. kefyr, C. glabrata, and C. guilliermondii
appear to be nonproteolytic when tested in culture medium
with bovine serum albumin (BSA) as the sole nitrogen source
(131, 174, 189). The apparent clear-cut correlation between
proteinase production and virulence may be due in part to the
sensitivity of the assays used to determine proteolytic activity.
For example, the BSA-agar method, which has been routinely
used over the years (163), is a relatively insensitive hydrolysis
assay that is unlikely to detect low levels of proteinase activity.
This notion was supported when a sensitive, rapid fluorescence-based assay was developed that was able to detect aspartyl proteinase activity in all Candida species tested, in the
order C. albicans ⬎ C. tropicalis ⬎ C. kefyr ⬎ C. lusitaniae ⬎ C.
krusei (26). Since the proteolytic activity could be inhibited

with pepstatin, this study demonstrated that some non-C. albicans species that were previously thought not to possess Sap
activity are in fact proteolytic. It should be noted that although
more virulent Candida species may in fact produce more detectable proteolytic activity in vitro, this does not necessarily
imply that the production of Sap enzymes is the sole reason for
virulence.
Many Candida species possess aspartyl proteinase genes.
Monod et al. (147) used Southern analysis with SAP1 as a
probe to demonstrate the presence of four bands with sequence similarity in EcoRI-digested genomic DNA of C. guilliermondii, although this yeast does not produce proteinase in
vitro in BSA-containing medium. However, even though C.
guilliermondii and possibly other Candida species may possess
SAP-like genes, it is not known whether they are functional in
vivo. Although these less pathogenic Candida species may be
capable of producing secreted proteinases, in general the
amount of Sap activity produced in vitro and possibly the
number of SAP genes appear to be directly correlated to the
virulence of the Candida species.
Sap production by clinical C. albicans isolates from humans.
C. albicans strains from different patient groups with various
clinical infections have been isolated, and the level of Sap
activity produced in vitro has been correlated with virulence
(Table 4). Most of these studies have concentrated on C. albicans strains isolated from the vaginal lumen or the oral cavity
and on the effect of HIV infection on proteinase production
and C. albicans strain selection.
Three reports showed that C. albicans isolates from symptomatic patients with vaginal candidiasis were significantly
more proteolytic (1.5- to 2-fold) than isolates from asymptomatic vaginal carriers (4, 28, 43). A more recent study by the
same group found that C. albicans strains isolated from 21
HIV-positive women with vaginitis produced significantly
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Animal models
High-Sap-producing oral and vaginal C. albicans strains from HIV-positive patients were more pathogenic in the mouse and rat
vaginitis models than were lower-Sap-producing C. albicans strains from HIV-negative patients. ....................................................... 48, 49
There was a correlation between C. albicans adherence to buccal epithelial cells, proteinase production, and lethality in mice.
Higher-Sap-producing strains showed higher levels of tissue colonization in the liver, kidneys, and spleen ....................................... 2
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appeared to occur before patients developed AIDS and was
independent of CD4⫹ counts.
One intriguing possibility for the observed differences in Sap
production between HIV-positive and HIV-negative patients
may be due to the direct binding of HIV proteins to Candida
cells. Treatment of C. albicans with gp160, but not with gp120,
led to an elevation of free and cell-bound aspartyl proteinase
(82). In addition, culture supernatants obtained from C. albicans treated with gp160 or gp41, but not with gp120, showed a
strong increase in proteinase activity. Why or how HIV gp160
or gp41, but not gp120, influences proteinase production and
whether they modulate Sap secretion directly or indirectly
through another mechanism remain to be elucidated. HIV
infection might also promote C. albicans virulence in another
way, since the HIV transactivating protein Tat binds RGD
sequences present on the surface of C. albicans to induce
hyphal production (81), a process known to be linked with
virulence and the expression of the SAP4 to SAP6 subfamily
(96, 246).
The pathobiological effects of HIV infection, including possible epithelial cell surface changes (170), reduced salivary flow
rate (203), and alterations in the oral microflora (171), might
also influence the candidal microenvironment. Together with
impaired humoral or cell-mediated mucosal immunity and/or
impaired nonspecific host defenses, these selective pressures in
HIV infection are likely to contribute to the selection of Candida strains, some of which may possess altered or heightened
virulence attributes such as proteinase production (232). However, the mechanism by which these selective pressures contribute to strain selection in HIV infection remains to be elucidated and may prove particularly challenging to resolve.
Degradation of Human Proteins and Structural Analysis in
Determining Sap Substrate Specificity
Main focus points. The main focus points are as follows.
(i) Sap2 has very broad substrate specificity and can degrade
many human proteins.
(ii) The crystal structure of Sap2 indicates that the C. albicans
proteinase family is unique among the aspartyl proteinases.
(iii) Computer modeling suggests that the electrostatic
charge of the different Sap proteins may contribute to different
substrate specificities and tissue targeting.
The first observation of proteolytic activity in C. albicans was
demonstrated by Staib (222) when yeast cells were grown in
media containing BSA as the sole source of protein. Three
years later, Remold et al. (177) attributed this activity to the
production of an extracellular proteinase. Since then and up to
the early 1990s, a plethora of studies reported on the purification and biochemical properties of an extracellular proteinase from C. albicans and the effect of environmental factors
such as pH and temperature on proteolytic activity (Table 3).
The culture conditions used to induce proteinase activity in
these early reports have subsequently been shown to favor
SAP2 expression (96, 246). Therefore, any attempts to determine the substrate specificities and potential targets of the Sap
family in vivo were based on the activity of Sap2 in vitro. At
present, it is not clear whether the digestion of substrates by
Sap2 in vivo is similar to that shown in vitro or whether the
substrates for Sap2 are similar or different from those of the
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higher levels of Sap (fourfold) than did C. albicans strains
isolated from either 7 HIV-positive asymptomatic carriers or
31 HIV-negative subjects with candidal vaginitis (49) (Table 4).
A similar approach has been applied to oral isolates of C.
albicans, mainly from HIV-positive individuals. C. albicans isolates from 100 HIV-positive patients with oropharyngeal candidiasis produced significantly more proteinase activity than
did isolates from 122 patients without HIV infection (50 with
oral candidiasis and 72 asymptomatic Candida carriers) (166).
The higher level of proteinase activity correlated with the increased level of cell surface-associated and secreted Sap, as
revealed by cytofluorometry and Western blotting, respectively. A similar study, but using fewer patients, reported a
comparable increase in Sap activity in C. albicans strains isolated from the oral cavities of 44 HIV-positive patients (advanced disease) with oral candidiasis compared with that in 30
HIV-negative C. albicans carriers (46). However, since a control group of HIV-negative subjects with oral candidiasis was
not included, it is unclear whether the observed increase in Sap
production resulted from the advanced HIV status of the individuals or from the Candida infection. Likewise, Wu et al.
(252) found that oral C. albicans isolates from HIV-positive
subjects (n ⫽ 18) produced significantly more proteinase than
did isolates from HIV-negative individuals (n ⫽ 18) when they
were investigated in a BSA agar plate assay. Finally, high
Sap-producing oral (48) and vaginal (49) C. albicans strains
isolated from HIV-positive patients were more pathogenic in
the mouse and rat vaginitis models, respectively, than were
lesser Sap-producing C. albicans strains from HIV-negative
patients (Table 4).
In summary, these studies using oral and vaginal clinical
isolates showed a positive correlation between the level of Sap
production in vitro and the virulence of C. albicans. Whether
these observations reflect an elevated “fitness” or a specific
adapted response of C. albicans strains during infection is not
clear, but the data tentatively support a role for the proteinases
during the infective process in vivo.
C. albicans strain selection in HIV infection. There is mounting evidence that Candida species colonizing the oral cavities
of HIV-infected individuals are subject to selective pressures
that may lead to the emergence of strains with altered genotypic and phenotypic characteristics and enhanced expression
of known and putative virulence determinants. Studies have
shown that the genotype of the infecting Candida cells in HIV
infection is stable, and, as a result, HIV-infected patients tend
to be colonized by a single endogenous strain of Candida that
persists throughout recurrent bouts of oral candidiasis, even
after antifungal therapy (34, 130, 143, 169, 175, 204, 245, 248).
However, these and other studies also suggest that in the majority of AIDS patients the original commensal strains are
replaced and that this replacement of genotypes occurs only
once, early in the course of HIV infection, producing a genetically conserved population (140, 204).
Both Ollert et al. (166) and De Bernardis et al. (46) showed
that the increase in Sap activity was observed only in patients
with advanced HIV infection and not in those with earlier
stages of HIV infection or HIV-negative subjects. This indicated that more virulent biotypes of C. albicans with heightened proteinase production might be selected in HIV-infected
patients. However, it should be pointed out that this selection
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other proteinases in the Sap family. The full range of substrate
specificities for all the secreted proteinases has not been adequately studied, but the in vitro proteolytic properties of Sap2
have been described in some detail.
Broad substrate specificity of Sap2. One of the most noticeable properties of Sap2 is the variety of proteins it can cleave.
The contribution of this broad activity to Candida pathogenesis, along with other virulence attributes of C. albicans, is illustrated in Fig. 2. Sap2 is known to degrade many human
proteins including molecules that protect mucosal surfaces
such as mucin (36, 52) and secretory immunoglobulin A (IgA)
(78, 184). Not only could this provide essential nitrogen for
growth, but also it could enhance attachment, colonization,
and penetration of host tissue by the removal of host barriers.
Digestion of secretory IgA is particularly noteworthy because it
is considerably more resistant to proteolysis than are monomeric or serum immunoglobulins, is able to neutralize many
toxins and enzymes (109), and can inhibit C. albicans attachment to buccal epithelial cells (243). Supporting these data,
Wu and Samaranayake (251) noted that reduction of total
salivary protein concentration correlated with the degree of
Sap expression, suggesting that Candida Sap proteins degrade
salivary proteins in the oral cavity. Sap2 can also degrade

molecules of the extracellular matrix such as keratin, collagen
and vimentin (94, 163, 174). Morschhauser et al. (152) showed
that induction of C. albicans proteinase caused digestion of
soluble and immobilized extracellular matrix proteins produced by a human endothelial cell line, suggesting that Sap
proteins may facilitate the dissemination of C. albicans via the
circulatory system.
C. albicans proteinases may also evade host defenses by
directly degrading molecules such as salivary lactoferrin, lactoperoxidase, cathepsin D (an intracellular lysosomal enzyme
of leukocytes), and complement (72, 94, 106). In addition,
Sap2 can degrade ␣2-macroglobulin, a natural proteinase inhibitor in human plasma (187), and cystatin A, a cysteine
proteinase inhibitor found in human epidermal tissues and
fluids (238). Furthermore, the proinflammatory cytokine interleukin-1␤ can be activated from its precursor by Sap2, suggesting a role for proteinases in the activation and maintenance of
the inflammatory response at epithelial surfaces in vivo (8).
Under certain conditions, Sap2 can also activate Hageman
factor, a serine proteinase of the kallikrein-kinin system, which
may cause increased vascular permeability in vivo (107). Similarly, Sap2 may also act on the blood clotting system by activating coagulation cofactor X (183), clotting factor XII, or
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FIG. 2. Schematic diagram illustrating the contribution of the various virulence attributes to C. albicans pathogenicity. C. albicans commonly
colonizes the epithelial surface (stage 1) and causes superficial infections (stage 2), but under conditions when the host is compromised, the fungus
establishes deep-seated infections (stage 3) by penetrating further into the epithelial tissue. Occasionally, C. albicans causes disseminated infections
(stage 4), which allow the fungus to colonize and infect other host tissues and can be fatal. This infective process involves numerous virulence
attributes including adhesins, hydrolytic enzyme production (Sap proteins, phospholipases, and lipases), hypha formation, and phenotypic
switching. Sap2 (and possibly other Sap proteins) is known to degrade many human proteins, including mucin, extracellular matrix proteins,
numerous immune system molecules, endothelial cell proteins, and coagulation and clotting factors. Therefore, the action of Sap proteins could
be involved in all four stages of infection and probably greatly enhances the pathogenic ability of C. albicans. Modified from reference 160 with
permission.
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members of the Sap family have the same broad substrate
specificities as Sap2, since it would seem unnecessary for C.
albicans to possess a family of 10 proteins which are differentially expressed under a variety of environmental conditions
and in different tissues (see “SAP gene expression during Candida infections” below) simply to digest the same substrates.
On the other hand, C. albicans may require a family of extracellular proteolytic enzymes, each optimized to certain environmental conditions or different local pH values and/or particular tissues, to help the fungus colonize and infect multiple
sites of the body. However, there are clearly differences in the
substrate specificities of the Sap proteins; for example, sequence similarities of C. albicans Sap9 and Sap10 to the S.
cerevisiae yapsins, including potential C-terminal consensus sequences for GPI anchors, suggest that Sap9 and Sap10 may
have different specificities and functions from the other C.
albicans Sap proteins (A. Albrecht, I. Pichova, M. Monod, and
B. Hube, unpublished data).
In all likelihood, there is probably considerable overlap in
the substrate specificities of many of the Sap members. Since
the pH activity of the individual hydrolytic enzymes range
between pH 2.0 and 7.0 (75, 182, 210, 247), this would allow for
the concomitant expression of a number of similar SAP genes
at environments with different pH values. In addition, there are
differences in the promoter sequences of the different SAP
genes, which indicates that their expression might be controlled by different SAP-specific transcriptional regulators and
possibly suggests that the SAP genes might have evolved to
possess distinct functions. Moreover, the coordinated regulation of the SAP genes with other virulence factors, including
hyphal formation and phenotypic switching, would permit several proteinases to act in unison to carry out a series of tasks to
not only digest a complex mixture of target proteins but also to
provide C. albicans with a biological advantage to specifically
enhance the pathogenic ability of the fungus (97). With these
considerations in mind, it is entirely plausible that C. albicans
has adapted to certain niche sites by expressing a combination
of SAP genes (and other virulence genes), which are called
upon as and when required.
Association of Sap Production with Other Virulence
Processes of C. albicans
Main focus points. The main focus points are as follows.
(i) Sap proteins facilitate C. albicans adherence to many host
tissues and cell types.
(ii) Hypha formation and SAP4 to SAP6 expression are
coordinately regulated, but the signaling pathways remain to
be elucidated.
(iii) SAP1 appears to be regulated by phenotypic switching,
but the contribution of switching to C. albicans virulence in
vivo is not yet clear.
Many of the early proteinase studies focused on the influence of culture conditions on Sap expression and proteolytic
activity in vitro (reviewed in reference 94). However, after the
discovery of a SAP gene family, it became apparent that this
enzyme family had a more significant and complex contribution to C. albicans pathogenicity. C. albicans is a polymorphic
pathogen, which can exist in a yeast or a hyphal state and can
undergo phenotypic switching (214). Therefore, it seemed log-
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prothrombin, which may in turn result in the generation of
thrombin and hence blood clotting (105). The activation of
such host proteolytic cascades may not appear to be advantageous to C. albicans; however, the resulting deleterious effects
to the host may have some “downstream” beneficial affects that
may assist or promote C. albicans infections.
Deducing proteinase specificity via three-dimensional structure and molecular modeling. The substrate specificity of Sap2
is noticeably very broad, and some researchers thought that
this broad specificity could be deduced from its three-dimensional structure. Accordingly, two reports on the crystal structure of Sap2 complexed with a potent inhibitor (A-70450 [see
“Modulation of C. albicans virulence by aspartyl proteinase
inhibitors” below]) were published (1, 39), which indicated that
the Sap2 structure conforms to the classical aspartyl proteinase
fold typified by pepsin. However, comparisons of Sap2 with
pepsin have revealed a number of major differences that may
contribute to the broad substrate specificity of Sap2 and which
make the C. albicans proteinase family unique among the aspartyl proteinases (1, 39). Specifically, Sap2 has an enlarged
and well-defined cavity for binding the third residue N-terminal to the cleaved bond in the substrate and two “flaps” overlying this cavity, the latter observation being a hallmark of the
Sap family.
At present, the structure of Sap2 alone has been determined,
and although other members of the Sap family are known to
contribute to C. albicans virulence, very few data are available
regarding their structures or substrate specificities. To address
this, Stewart et al. (227) undertook a comparative structural
study with the sequences of SAP1 SAP6 by molecular modeling. Although the structures of Sap1 to Sap6 and the electrostatic charge of their active sites were generally similar, sufficient differences existed to allow for different substrate
specificities, with the difference between Sap1 to Sap3 and
Sap4 to Sap6 being clearly evident. Furthermore, a potentially
significant trend in the total electrostatic charge of the Sap1 to
Sap6 enzymes was observed; the six enzymes had an overall net
charge of ⫺8, ⫺21, ⫺22, ⫺5, ⫹2, and ⫹2, respectively. It is
somewhat puzzling that the charge of the non-active-site regions of Sap1 to Sap6 varies so much, but it might contribute
in part to our understanding of the different pH optima and
range of pH activities of the Sap enzymes (ranging from pH 2.0
to 7.0). One more interesting observation resulting from the
molecular modeling of Sap1 to Sap6 was the clear difference in
the carboxy end-terminal extension between SAP1 to SAP3
and SAP4 to SAP6 at amino acid positions 323 to 324 and 335
(SAP1 to SAP3, NE and A, SAP4 to SAP6 ⫽ RK and Q, E)
(227). While speculative, this carboxy-terminal extension appears to resemble an “attachment” anchor (C. Abad-Zapatero,
personal communication). If true, this may support the hypothesis that the C. albicans proteinases may target specific cell
proteins or tissue compartments during the infective process.
Discussion. Although proteinases other than Sap2 (specifically Sap1 and Sap3 to Sap6) have recently been purified (16,
210, 246), it remains to be determined whether they have the
same broad substrate specificities as Sap2. Furthermore, purified proteins of Sap7, Sap8, Sap9, and Sap10 have not been
isolated or biochemically characterized, and thus the proteolytic properties of these proteinases remain totally unknown.
On the one hand, it might seem unlikely that the different
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(i) How do Sap proteins contribute to adherence? These
pepstatin studies demonstrating the inhibition of C. albicans
adherence clearly indicate that the Sap family plays some kind
of role in C. albicans adherence. Although the precise mechanisms by which Sap proteins contribute to the adherence
process are not clear, two hypotheses are currently favored. In
the first, C. albicans proteinases could act as ligands to surface
moieties on host cells, which does not necessarily require activity of the enzymes. In the second, C. albicans utilizes Sap
proteins as active enzymes to modify target proteins or ligands
on the fungal surface or on host cells (i.e., epithelial cells),
which may alter surface hydrophobicity or lead to conformational changes, thus allowing better adhesion of the fungus
(145). If the Sap proteins can indeed function directly as C.
albicans adhesins, this will add to the growing number of virulence properties already possessed by the Sap family (i.e.,
tissue damage, invasion, and evasion of host defenses) and
establish the proteinases as one of the most versatile and multifunctional virulence gene families possessed by C. albicans.
Sap production and yeast-to-hypha transition. Research efforts by many investigators in different laboratories have concentrated on the study of C. albicans morphogenesis, as well as
the identification and characterization of cell wall components
that are growth phase (yeast and hypha) specific and associated
with virulence. The foundation of these studies is based on two
factors: (i) the common acceptance that the hyphal form is
related to the invasive properties of C. albicans and (ii) the
importance of morphogenesis as a biological phenomenon.
The ability of C. albicans to transform into hyphae may be
considered a pathogenic determinant in the initial processes of
superficial tissue invasion, whereby hyphae may promote the
adherence and penetration of C. albicans to host tissues. In
culture medium, the main proteinases associated with hyphal
formation are the SAP4 to SAP6 subfamily (96, 246), and pH
and hypha induction alone are sufficient for the induction of
SAP4 to SAP6 (it should be noted that SAP4 transcripts were
not detected in several experiments).
(i) Coordinate regulation of hypha-formation and SAP4 to
SAP6 expression. Although hypha formation and SAP4 to
SAP6 expression were linked, more direct proof was required
to determine whether the two phenomena were coordinately
regulated. Sequence analysis of the promoter regions of SAP4
to SAP6 revealed the presence of consensus sequences [CAT
TC(A/C)] for the TEA/ATTS transcription factor Tec1 (206).
C. albicans mutant strains lacking TEC1 failed to produce
hyphal cells in vitro and were not able to express SAP4 to
SAP6, suggesting the existence of joint or coordinated regulatory pathways for hypha production and proteinase expression.
The concept of coordinated pathways was supported by the
observation that SAP4 to SAP6 expression increased in a hyperfilamentous strain lacking CPP1 (a mitogen-activated protein kinase phosphatase) (205) and had a modified expression
pattern in a strain lacking EFG1 (a key transcriptional regulator of dimorphism), which has a strongly reduced ability to
form hyphae (228). Moreover, in a murine systemic intraperitoneal model, the EFG1-deficient mutant had a strongly reduced ability to produce hyphae, which was associated with
reduced expression of SAP4 to SAP6 and an inability to invade
or damage parenchymal organs including the liver and pancreas (65). Interestingly, a triple null C. albicans mutant lacking
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ical to assume that due to the large number of proteinases
present in C. albicans, the SAP gene family may be differentially expressed in the different morphological forms. As a
result, the relationship between proteinase production and hyphal production, phenotypic switching, and other putative virulence attributes of C. albicans including adherence was
investigated.
Sap production and C. albicans adherence. Adhesion of
Candida to host tissues allows the fungus to attain a foothold
and to colonize a specific niche environment. Under suitable
predisposing conditions when the host is compromised, this
colonized site provides the base for candidal proliferation,
invasion, and, in some instances, dissemination. Adherence of
C. albicans to host cells is a complex, multifactorial process
involving several types of candidal adhesins on a morphogenically changing cell surface (reviewed in the references in Table
1), and one mechanism through which Candida adherence
might be promoted is via the production of proteinases.
One of the first early studies to link proteinase production to
adherence in C. albicans showed that strongly proteolytic
strains of C. albicans adhered significantly more strongly to
human buccal epithelial cells in vitro than did strains producing less proteinase (74). A more recent report correlated proteinase production with increased adherence to buccal epithelial cells and death of mice; the higher-Sap-producing strains
showed greater levels of tissue colonization in the liver, kidneys, and spleen (2). However, the majority of studies linking
Sap production with C. albicans adherence have been performed using the proteinase inhibitor pepstatin, which inhibits
Sap2 (and probably Sap1 and Sap3) very efficiently (168). Borg
and Rüchel (12) demonstrated a marked reduction in C. albicans adhesion and invasion of human mucosa by pepstatin, and
a similar reduction of C. albicans adherence using pepstatin
was also shown with human epidermal cells (60, 165). Pepstatin
could also inhibit the development of cavitations after yeast
cells adhered to epidermal corneocytes (173). Some years earlier, Klotz et al. (114) observed that yeast cells formed cavitations and burrowed rapidly into vascular endothelium in vitro
by a mechanism independent of germ tube formation. However, at that time the burrowing was not associated with proteinase production, but the results of the work by Ray and
Payne (173) clearly implicated proteinases in the process.
The actual Sap proteins involved in adherence and cavitation (and possibly subsequent penetration) of host tissues were
not studied, but a recent report by Kvaal et al. (121) indicated
that Sap1 might be involved. Using a gene misexpression strategy in the switching strain WO-1, in which white-phase cells
misexpressed the opaque-specific gene SAP1, the authors demonstrated in a cutaneous mouse model that SAP1 conferred
two opaque-specific characteristics upon white cells: increased
adhesion and the capacity to cavitate skin (237). Interestingly,
the addition of pepstatin inhibited cavitation but not the enhanced adhesion (which confirmed the data of Ray and Payne
[173]), suggesting that cavitation was the consequence of secreted Sap1 enzyme, while increased adhesion was the result of
other cell-associated factors. Other, more recent studies using
HIV aspartyl proteinase inhibitors have also implicated Sap1
to Sap3 in C. albicans adherence; however, these studies are
explained in full in “Modulation of C. albicans virulence by
aspartyl proteinase inhibitors” (below).
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and opaque phenotypes of C. albicans strain WO-1 but only in
the presence of exogenous protein (96, 246).
SAP3 expression may also be regulated by phenotypic
switching (150, 247), but its regulation is different from that of
SAP1 and SAP2 in that SAP3 is detected in C. albicans strains
when SAP2 is expressed (96, 210, 246). Another SAP gene that
is differentially expressed during switching is SAP8, since transcripts were detected in the opaque but not the white phenotype (99). However, since SAP8 was shown to be up-regulated
at 25°C compared with 37°C (146) and since the opaque phenotype is stable only at 25°C (149, 151, 219), this suggested that
SAP8 expression in opaque cells may be temperature regulated
rather than switching regulated.
At present, in C. albicans strain WO-1, SAP1 is the only
proteinase that is strictly regulated by phenotypic switching.
However, phenotypic switching is a very complicated process,
which is by no means fully understood. In fact, very little is
known about this phenomenon outside of C. albicans strain
WO-1. Other clinical or laboratory strains may have switching
processes divergent from or even unrelated to that of WO-1,
each affecting SAP gene expression and other virulence genes
in distinctive ways. Therefore, it cannot yet be concluded which
proteinases are regulated by switching in vivo or what contribution this phenomenon makes, in terms of SAP gene expression, to the virulence of C. albicans.
Discussion. In summary, laboratory studies have indicated
that the C. albicans SAP gene family is differentially expressed
in the yeast, hyphal, and phenotypically switched states and
may contribute to C. albicans adherence. At the most basic
level, one could conclude that yeast cells predominantly express one set of SAP genes (SAP1 to SAP3), hyphae predominantly express another (SAP4 to SAP6), and phenotypically
switched cells predominantly express yet another (SAP1 and
SAP3). Although this might be attractive, it is almost certainly
too simplistic, since these conclusions have usually been drawn
from the use of one strain of C. albicans grown under laboratory-controlled conditions. In vivo, the environmental milieu
and immune selective pressures may affect SAP gene expression and phenotypic switching in individual yeast and hyphal
cells in a unique fashion, which cannot be tested or controlled
for in the laboratory. Therefore, it is quite possible that the
SAP genes expressed by C. albicans cells in the laboratory may
not equate to the SAP genes expressed in vivo. Determination
of exactly which SAP genes are expressed by the two morphological forms and during phenotypic switching at the single-cell
level in vivo may provide a significant step forward in elucidating the complex interaction between the host environment and
SAP gene regulation.
Sap Protein Production and Sap Immune Responses in
Animal and Human Infections
Main focus points. The main focus points are as follows.
(i) Sap proteins are produced in vivo during mucosal and
systemic infections.
(ii) Proteinases are localized to the cell wall during C. albicans infections.
(iii) C. albicans proteinases are immunogenic and elicit mucosal and systemic antibody responses.
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SAP4 to SAP6 showed strongly reduced invasiveness but still
produced hyphal cells. Finally, SAP5 activation during in vivo
infection was shown not to depend on growth of C. albicans in
the hyphal form; however, the two major hyphal signaling
pathways in C. albicans (defined by Cph1 and Efg1) were
required for SAP5 expression (224). Together, these studies
indicate that not only are hypha formation and proteinase
production coordinately regulated but also C. albicans hyphal
cells require the support of hydrolytic enzymes (specifically
SAP4 to SAP6) in order to be fully invasive in vivo.
The observation that certain transcriptional factors which
regulate the yeast-to-hypha transition also regulate proteinase
expression has recently been addressed using C. albicans DNA
microarrays. Transcriptional profiling of C. albicans mutants
lacking factors that regulate the dimorphic transition has
helped to elucidate signaling pathways and to clarify the coordinated regulation between morphology and proteinase production. The reader is guided to “Functional genomics and
Candida” (below) for more details.
Sap production and phenotypic switching. The selection of
phenotypically altered strains may be enhanced in C. albicans
by a phenomenon known as high-frequency phenotypic switching, whereby Candida cells randomly switch their phenotype,
especially in response to stress (217, 218). While many prokaryotic and eukaryotic microorganisms can switch between
alternate phenotypes under different environmental conditions
(207), C. albicans appears to have an enhanced ability for
chromosomal rearrangement and genetic reorganization. Unlike switching in other microbial pathogens, switching in C.
albicans is pleiotropic, affecting several morphological and
physiological parameters and a number of virulence traits
(214), all of which may allow the fungus to adapt to different
host environments during the course of an infection. Recent
work suggests that phenotypic switching is based on heritable
changes in chromatin structure and supports the notion that
acetylation of histones plays a selective role in regulating the
switching process (113, 220).
(i) Which SAP genes are regulated by phenotypic switching?
In a C. albicans strain named WO-1, the discovery and characterization of the white (W)-to-opaque (O) transition indicated that switching could affect a variety of cellular characteristics, including proteinase production (214). As a result, a
correlation between Sap secretion and switching was subsequently described in C. albicans strains WO-1 (151) and 3153A
(149). In both strains, transcripts of SAP1 were abundant in
specific switching-regulated forms and Sap1 was primarily responsible for the higher extracellular proteolytic activity observed in these switching states. As a result, SAP1 was the first
cloned switching-regulated gene detected in C. albicans (151),
a year after the gene was first isolated by Hube et al. (101).
Sequence analysis of the 5⬘-untranslated regions of SAP1
from different C. albicans strains indicated that during switching, SAP1 expression was regulated by activation or deactivation of phase-specific trans-acting factors, which in turn were
regulated by a “master switch” event (215). Since SAP1 was
shown to be switching regulated, it was not surprising that the
expression of this gene was not dependent on the presence of
exogenous protein (96, 151, 246). This is in contrast to SAP2
(not switching regulated), which is expressed in both the white
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ual proteinases as well as the expression patterns of the
proteinases during different stages and types of C. albicans
infections.
Antibodies against Sap induced by C. albicans infections. (i)
Antibodies produced during systemic infection. Numerous
studies have described the presence of Sap protein during C.
albicans infections; however, few studies have described antibody responses to the C. albicans proteinases in human patients. Macdonald and Odds (133) were the first to detect
proteinase-specific IgG antibodies in sera of patients with disseminated candidiasis at significantly higher levels than those
found in healthy individuals. These findings were later confirmed by Ray and Payne (172) and Rüchel et al. (186, 187),
further demonstrating the production of proteinases during
systemic candidiasis. However, in the latter study, sera of a fifth
of the patients suffering from candidiasis did not produce high
titers of antibodies against purified Sap2, probably reflecting
the inability of many high-risk patients to mount a normal
immune response (185).
(ii) Antibodies produced during mucosal infection. The
above studies investigated anti-Sap IgG responses during systemic infections, but few studies have investigated the IgA
response, and in particular secretory IgA, to Sap proteins during mucosal Candida infections, such as those in the oral cavity
and vaginal lumen. This would clearly be more relevant than
IgG responses, since IgA is the predominant antibody present
at mucosal surfaces and is known to prevent the attachment of
C. albicans to the mucosal epithelium (243).
Two reports have recently addressed this issue. Using a
time-resolved immunofluorometric assay, total levels of IgA
against Sap1, Sap2, and Sap6 were found to be higher in saliva
from HIV-positive patients with oral and oropharyngeal candidiasis than from HIV-positive patients without oral candidiasis or HIV-negative healthy controls (57, 142). The authors
concluded that during oral infection, HIV-positive patients
have an increased mucosal antibody response specifically directed against C. albicans virulence antigens, in this case the
proteinases (57). However, this study did not include an HIVnegative patient group with oral candidiasis, so the observed
increase in the level of salivary IgA against the proteinases may
be related to the HIV status of the individual as well as to
candidiasis. Interestingly, over the 1-year period, variations in
Candida colonization levels in the oral cavity and episodes of
oropharyngeal candidiasis correlated with variations in salivary
anti-Sap6 IgA antibody levels (142). This may indicate a direct
relationship whereby as C. albicans numbers proliferate during
mucosal infections, more Sap6 is produced, resulting in the
induction of a corresponding mucosal IgA antibody response.
However, since it is highly likely that the polyclonal antibodies
induced by certain Sap proteins during human mucosal infections cross-react with other Sap proteins (especially within
homologous subfamilies), more work is clearly needed before
this hypothesis can be substantiated.
Functional anti-Sap antibodies. Antibodies have many functions in many diseases, but the role of antibody immunity in
protection against mucosal and systemic candidiasis is unclear.
Indeed, the majority of patients with mucosal Candida infections have normal or even elevated levels of both serum and
mucosal anti-Candida antibodies (37, 112, 137, 233). This indicates that although patients are able to produce high levels of
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(iv) The inhibitory and protective effects of Sap antibodies
against Candida infections remain unclear and the protective
B- and T-cell epitopes of the Sap family are unknown.
Sap protein production during C. albicans infections. Several studies have provided strong evidence demonstrating the
production of Sap protein in vivo. Early work using murine
models of disseminated candidiasis revealed the presence of
Sap proteins on the surface of C. albicans cells in murine
kidneys (116, 132). Using indirect-immunofluroescence microscopy, the presence of Sap proteins was also detected within
the cell wall of yeast and hyphal cells in all organs of immunocompromised patients who had succumbed to systemic C.
albicans infections, including the mucosa, central nervous system, lungs, heart, liver, pancreas, and kidneys (190). With
regard to mucosal infections, elevated levels of Sap proteins
were observed in vaginal fluids of candidiasis patients compared with Candida carrier subjects as determined by enzymelinked immunosorbent assay and immunoblotting using Sap2
polyclonal antibodies (43), indicating a link between Sap production in vivo and infection.
The presence of Sap protein has also been demonstrated
during phagocytosis of C. albicans by leukocytes. Macdonald
and Odds (134) were the first to show that the resistance of C.
albicans to phagocytosis was associated with Sap expression.
Some years later, it was observed that C. albicans and C.
tropicalis yeast cells that resisted phagocytic killing germinated
intracellularly and expressed Sap on their surface (13). Recently, the Sap4 to Sap6 family have been implicated in the
evasion of phagocytosis by C. albicans, since the expression of
Sap4 to Sap6 but not Sap1 to Sap3 was upregulated on yeast
and germ tubes after phagocytosis by murine peritoneal macrophages (16). In the same study, C. albicans mutants lacking
SAP4 to SAP6 were significantly more susceptible to phagocytosis than were wild-type cells. These results strongly indicate
that by preventing macrophage killing, Sap4 to Sap6 play at
least one significant role in evading host immune defenses.
Sap localization to the cell wall. More recent studies using
immunogold-labeling techniques demonstrated that Sap proteins are localized to the cell wall during C. albicans infections.
In a rat vaginitis model, Sap1 to Sap3 were present in the yeast
cell wall during early stages of infection, a pattern that correlated with the in vitro localization of Sap (229). Three studies
using polyclonal antibodies raised against Sap1 to Sap6 demonstrated the presence of Sap1 to Sap3 on the surface of both
yeast and hyphal cells, while Sap4 to Sap6 antigens were found
predominantly on hyphal cells (65, 119, 202). Also, in biopsy
specimens of oral epithelial lesions collected from three HIVinfected patients with oropharyngeal candidiasis, most Sap was
secreted at the locations where C. albicans directly adhered to
epithelial cells or at sites in close contact between C. albicans
and epithelial cells (199). However, it is important to recognize
that the Sap1 to Sap3 and Sap4 to Sap6 antibodies used were
not able to differentiate between the individual Sap proteins
within each of the two subfamilies investigated. Therefore, the
identities of the individual proteinases that localize to the cell
wall or are detected in vivo during experimental infections
could not be determined. Antibodies specific for individual Sap
proteins do not yet exist, but the development of such antibodies would be a valuable addition to existing molecular techniques in determining the localization patterns of the individ-
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model of lethal systemic candidiasis. Nevertheless, this study
provided some information regarding the Sap2 epitopes recognized by serum IgG and IgM antibodies. As yet, the mapping
of epitopes relevant to mucosal immune protection by using
saliva or vaginal secretions has not been performed for animals
or humans. This would allow the identification of IgA epitopes,
which would be particularly relevant to C. albicans infection at
mucosal sites and would be more relevant for mucosal infections than would identifying serum IgG and IgM epitopes.
Furthermore, B-cell and T-cell mapping of other members of
the Sap family has not yet been undertaken, even though there
is now solid evidence to indicate that they probably play significant but distinct roles during different C. albicans infections. Identification of such epitopes does not necessarily imply
that they will be relevant to infection or host protection, but,
given the crucial relationship between C. albicans pathogenesis
and the immune status of the host, further studies in this area
are clearly required.
SAP Gene Expression during Candida Infections
Main focus points. The main focus points are as follows.
(i) SAP expression has been detected in all types of C.
albicans infections by using various gene expression detection
techniques.
(ii) In vitro reconstituted human epithelium (RHE) models
appear to be good surrogates of human infections.
(iii) C. albicans expresses the SAP4 to SAP6 subfamily in all
mucosal and systemic infections examined.
(iv) Future molecular studies will provide a more accurate
representation of SAP gene expression during various types of
C. albicans infections, particularly in humans.
The discovery that C. albicans possessed a multitude of proteinase genes that were differentially expressed under a variety
of environmental conditions in vitro (96, 246) led to the attractive proposition that different members of the Sap family
might also be differentially expressed in vivo and might contribute to different C. albicans infections. This concept, together with the knowledge that C. albicans inhabits a diverse
number of host niches, was the driving force behind subsequent studies that investigated SAP gene expression in several
models to ascertain which proteinases were expressed in which
infections. This research involved human samples, animal
models, and in vitro experimental human infections, and the
findings are summarized in Table 5.
Human infections. The precise roles and functions of the C.
albicans proteinases during human infections are currently not
clear (although information can be extrapolated from in vitro
and in vivo animal model data [see below]). However, before
these roles and functions can be investigated, the expression of
the SAP gene family during different human infections needs
to be assessed in order to determine which proteinases are
produced in vivo. Naglik et al. (156) published the only detailed study of humans, in which SAP1 to SAP7 expression in
the oral cavities of both patients with oral candidiasis (n ⫽ 10)
and asymptomatic Candida carriers (n ⫽ 8) was analyzed (Table 5). SAP2 and SAP4 to SAP6 (SAP4 to SAP6 were detected
together as a subfamily and not individually) were the predominant proteinase genes expressed in the oral cavities of infected
patients and Candida carriers, while SAP1 and SAP3 tran-
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antibodies in response to Candida infection, these high antibody titers are not able to clear candidal infection. However,
secretory IgA antibodies are able to bind to Candida and
reduce the adherence of Candida to epithelial cells, theoretically preventing or maintaining low levels of Candida colonization (126, 243).
(i) Systemic infections. In patients with systemic candidiasis,
there is some evidence for a role of anti-C. albicans antibodies
in recovery from infection. Development of antibodies against
C. albicans heat shock protein 90 (HSP90) appear to be protective against human and animal Candida infections; higher
titers of antibodies against a 47-kDa breakdown product of C.
albicans HSP90 were present in patients recovering from candidemia than in the early stages of infection (108, 139), and
antibodies against this 47-kDa product were protective in a
murine model of systemic candidiasis (138). In addition, Cutler
and coworkers identified an IgM (84, 85) and IgG3 (86) antibody-recognizing phosphomannoprotein that is protective
against systemic (84, 86) and vaginal (85, 86) candidiasis. These
studies, at the very least, indicate that antibodies can be protective against Candida infections. However, very little information is available concerning a protective role of Sap antibodies against systemic Candida infections.
(ii) Mucosal infections. More data are available with regard
to the protective affects of mucosal Sap antibodies against C.
albicans infections. De Bernardis et al. (45) published some
promising data obtained with the rat vaginitis model, showing
that immunization with Sap2 antigen, or administration of an
anti-Sap2 monoclonal antibody or anti-Sap2 antibody-containing vaginal fluids, partially protected rats against candidal vaginitis. Protection by antibody was T-cell dependent and was
conferred by the Sap2 antibodies, since preabsorption of the
fluids with Sap2 antigen reduced the level of protection. However, it is likely that the protective anti-Sap2 antibodies crossreacted with other proteinases such as Sap1 and Sap3, since
these are thought to have similar epitopes (210, 246, 247).
Although the mechanism of protection was not elucidated, this
was the first demonstration that anti-Sap antibodies could afford protection against C. albicans infections in vivo and indicated that not only might Sap2 be the main proteinase contributing to rat vaginal infections but also that Sap2 could be
the main target of the host immune response affording protection at mucosal sites.
(iii) Inhibitory antibodies. While C. albicans proteinases are
known to induce antibody responses in humans (57, 133, 142,
186), the inhibitory and protective effects of Sap antibodies
produced by infected hosts remain unclear. While one study by
Borg et al. (14) demonstrated that three monoclonal IgM antibodies raised against Sap2 did not inhibit enzyme activity, it
is not generally known whether antibody responses to Sap
proteins include inhibitory antibodies. The demonstration of
direct inhibition of Sap activity by antibodies resulting in a
protective effect in vivo would open up a new avenue of research and is an important area for further study.
(iv) Sap B-cell epitopes. Only one study has endeavored to
determine the B-cell epitopes of Candida Sap proteins for
nondiagnostic purposes. Using sera from patients with oral and
systemic candidiasis, Ghadjari et al. (73) delineated six Sap2
IgG and IgM epitopes. Human recombinant antibodies against
two of these epitopes, though, were not protective in a mouse
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TABLE 5. SAP gene expression in humans and in artificial and animal models
Model

Infection

SAP genes

Assay

Main findings

Reference

SAP2 and SAP4 to SAP6 were the predominant
proteinase genes expressed in the oral cavity of
both patients with oral candidiasis and Candida
carriers. SAP1 and SAP3 transcripts were
observed only in patients. SAP7 mRNA
expression (never previously demonstrated) was
detected in carriers and patients.
Certain SAP genes are preferentially expressed in
the oral cavity and vaginal lumen. Individual
SAP genes are more frequently expressed during
active C. albicans infection than during carriage.
Progression of SAP expression occurred in the
order SAP1 and SAP3 ⬎ SAP6 ⬎ SAP2 and
SAP8. SAP6 expression was concomitant with
germ tube formation and severe lesions. SAP4
and SAP5 transcripts were not detected.
Progressive SAP expression occurred in the order
SAP2, SAP9, and SAP10, followed by SAP2,
SAP4, and SAP5, and finally SAP6 and SAP7.
Progressive SAP expression occurred in the order
SAP1 and SAP2 ⬎ SAP8 ⬎ SAP6 ⬎ SAP3
during the course of infection. Concomitant
expression of SAP6 was found with germ tube
formation and hyphal growth.
SAP7 and SAP8 were transiently expressed in both
wild-type and transgenic mice. Sustained
expression of other SAP gene occurred during
the course of infection. SAP5 and SAP9 were
strongly expressed throughout infection in
transgenic mice.
In esophageal candidiasis, SAP5 and SAP6 were
strongly activated. In an intravenous model,
SAP4 to SAP6 were the main SAP genes
activated. In intraperitoneal infections, SAP5
was the main gene activated both in the initial
stages and during invasion and dissemination.
SAP1 to SAP3 were observed later in the
disseminated models. SAP5 appeared to be the
main gene activated mucosally and systemically.
SAP4 and SAP6 were always detected, whereas
SAP2, SAP3, and SAP5 were detected
occasionally. SAP1 was not detected.
There was a high percentage of SAP4 to SAP6
activation, which increased steadily during the
course of infection. SAP1 to SAP3 activation
was detected occasionally and at lower
percentages than SAP4 to SAP6 activation.
Within the first 72 h, SAP1, SAP2, SAP4, SAP5,
SAP6, and SAP9 were most commonly
expressed. SAP2, and SAP4 to SAP6 were
detected in all samples. SAP3 was rarely
detected, and SAP7 was never detected.
SAP1 and SAP2 were expressed by two
vaginopathic C. albicans strains and not by a
nonvaginopathogenic strain, but only in the first
week of infection.

156

Oral

SAP1 to SAP7

RT-PCR

Human

Oral and vaginal

SAP1 to SAP8

RT-PCR

RHE

Oral

SAP1 to SAP6,
SAP8

RT-PCR

RHE

Vaginal

SAP1 to SAP10

RT-PCR

RHE

Cutaneous

SAP1 to SAP6,
SAP8

RT-PCR

Mouse

Oropharyngeal (wild-type and
transgenic mice expressing
HIV-1)

SAP1 to SAP9

RT-PCR

Mouse

Oropharyngeal, intravenous,
and intraperitoneal

SAP1 to SAP6

RIVET

Mouse

Gastrointestinal

SAP1 to SAP6

RT-PCR

Mouse

Gastrointestinal

SAP1 to SAP6

RIVET

Mouse

Intraperitoneal

SAP1 to SAP10

RT-PCR

Rat

Vaginal

SAP1 and
SAP2

Northern
blotting

scripts were observed only in patients. SAP7 mRNA expression, which had never previously been demonstrated in vitro or
in vivo, was readily detected in both carriers and patients. The
same authors have since significantly extended their analysis to
assess SAP gene expression in over 130 subjects with oral or
vaginal C. albicans infection or asymptomatic carriage. The
results indicate that not only are certain hydrolytic enzymes
preferentially expressed in the oral cavity and vaginal lumen

157

202

198
201

178

223

119
119

65

47

but also individual SAP and PLB genes are more frequently
expressed during active C. albicans infection than during carriage (157). In addition, the data conclusively show that a
spectrum of SAP genes can be expressed by different C. albicans strains in vivo during the course of the same disease (i.e.,
oral or vaginal) (Table 5).
Schaller et al. (202) also analyzed SAP1 to SAP6 and SAP8
expression in two patients with oral candidiasis: an HIV-neg-
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mucosal surface (as in the models) but also to provide strong
local pressures that may influence the differential expression of
the SAP gene family. However, despite this cautionary note,
these RHE models have proved very effective for the direct
observation of SAP gene expression in the initial stages of
superficial infections and, at present, are the best in vitro
surrogates for in vivo human Candida infections. The use of
these artificial RHE models in the future should certainly lead
to the discovery of new Candida genes that are expressed in
human mucosal infections and should enlighten our understanding of host-Candida interactions.
Animal experimental models. The development of animal
models for specific diseases that precisely mimic their human
equivalent is the “gold standard” of animal research. However,
given the dissimilar nature of humans and since C. albicans is
an opportunistic pathogen that adapts continuously to its environment, it is improbable that animal models can be developed that are fully representative of human Candida infections. Nevertheless, in truth, the use of animals is the best in
vivo alternative to study mucosal and systemic candidiasis, with
the mouse and rat models being the most commonly used. SAP
gene expression in both mucosal and systemic C. albicans infections are described in Table 5.
(i) Mucosal models. De Bernardis et al. (47) were the first to
demonstrate SAP gene expression in vivo in an estrogen-dependent rat vaginitis model. Northern analysis indicated that
SAP1 and SAP2 were expressed by two vaginopathic C. albicans strains but not by a nonvaginopathogenic strain, which
supported a link between SAP expression and the virulence
potential of certain C. albicans strains. However, now that 10
members of the SAP family have been identified, it would be
interesting to examine the SAP1 to SAP10 expression pattern
in this well-established rat model and compare the profiles
with the RT-PCR and in vivo expression technology (IVET)
mouse data described below. A comparison between humans,
mice, and rats would provide an opportunity to determine how
representative the rat or mouse models are to human Candida
infections. The reader is guided to a detailed review recently
published by Samaranayake and Samaranayake (192), which
discusses the pros and cons of different animal models that
have been used to study Candida infections.
Several groups have reported detailed SAP gene expression
studies in murine mucosal models. In a mouse model of gastrointestinal infection, SAP4 and SAP6 were constitutively expressed whereas SAP2, SAP3, and SAP5 mRNA were only
occasionally detected (119). Interestingly, SAP1 mRNA was
not detected in this model, which is worthy of note because
SAP1 expression has been observed in clinical C. albicans samples from infected human patients and carriers (156), a mouse
oropharyngeal model (178), a rat vaginitis model (47), and oral
(202) and vaginal RHE models (198) (Table 5), all of which are
mucosal infections.
In a mouse model of oropharyngeal candidiasis, a sequential
analysis of the temporal expression of SAP1 to SAP9 in normal
and transgenic mice expressing HIV-1 showed that SAP1 to
SAP6 and SAP9 transcripts were detected continuously
throughout the course of infection, with SAP5 and SAP9 being
most strongly expressed in transgenic mice (178). SAP7 and
SAP8 were the only genes to be expressed transiently, support-
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ative female and an HIV-positive male, both suffering from
pseudomembranous candidiasis. This analysis was undertaken
to confirm the SAP expression data obtained using an in vitro
model of oral candidiasis based on RHE and to determine
whether the RHE models could be used as surrogates for
human infections (see below). However, since only two patient
samples were analyzed, no conclusions could be drawn regarding which SAP genes were associated with human oral
candidiasis.
These are the only studies to have analyzed the expression of
a C. albicans virulence gene family in any human infection,
which highlights the distinct lack of human gene expression
data available. Future experiments using patient samples
should bring us one step closer to identifying the genes and
proteins (SAP or otherwise) that are directly involved in Candida pathogenesis in humans.
In vitro artificial experimental infections based on RHE.
Most studies that analyze the virulence of Candida species use
animal models (see below) rather than human subjects. However, recently a number of researchers have taken advantage of
artificial RHE models and used them as an alternative to
samples isolated directly from human patients. The RHE models (oral, vaginal, skin, and other cell types) can be obtained
commercially and are prepared on an inert supporting membrane (190a). The models are highly reproducible, closely represent the human epithelium in vivo, and provide clear answers
regarding gene expression that are not complicated by nonepithelial-cell factors. This, therefore, allows the direct analysis
of the interaction between C. albicans and epithelial cells at the
mucosal surface. Furthermore, it allows postulates to be
proved experimentally.
Using an RHE model of oral candidiasis and the application
of reverse transcription-PCR (RT-PCR), Schaller et al. (202)
showed a distinct order of SAP gene expression (SAP1 and
SAP3 ⬎ SAP6 ⬎ SAP2 and SAP8) during the course of infection. In this model, Sap1 to Sap3, but not Sap4 to Sap6, were
associated with tissue damage (200). Interestingly, a different
SAP expression pattern was observed using an RHE model of
vaginal candidiasis: SAP2, SAP9, and SAP10 transcripts were
observed initially, followed by SAP1, SAP4, and SAP5 (concomitant with lesions), with SAP6 and SAP7 being expressed
during the later stages of infection (198). However, although
the gene expression pattern was different from that in the oral
RHE model, studies with mutants indicated that Sap1 and
Sap2 were again the proteinases associated with tissue damage
(198). Lastly, in an RHE model of cutaneous candidiasis, expression of SAP genes in the order SAP1 and SAP2 ⬎ SAP8 ⬎
SAP6 ⬎ SAP3 was demonstrated when Candida cells penetrated the corneal layer of the artificial skin (201). These studies with RHE models clearly suggest that Sap1 to Sap3 are the
main C. albicans proteinases contributing to the early stages of
mucocutaneous infections (Table 5).
Although the in vitro RHE models closely represent the
human epithelium in vivo, it would be prudent to interpret the
gene expression data with caution since the RHE models fall
short of directly representing the in vivo situation in human
patients. Parameters such as pH changes, nutrient limitation,
competition with oral flora, and humoral, cell-mediated, and
cytokine responses are likely not only to have a profound effect
on the ability of C. albicans to grow unchallenged on the
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family, regardless of the infection model (human or mouse,
systemic or mucosal) or the assay technique used to detect SAP
gene expression (RT-PCR or RIVET) (Table 5). Although a
direct role for SAP4 to SAP6 in systemic Candida infections
has been indicated from studies using SAP4- to SAP6-deficient
strains (see “Use of SAP-disrupted mutants to analyze C. albicans virulence” below), the prevalent expression of SAP4 to
SAP6 in mucosal infections but the lack of attenuation of
virulence using SAP4 to SAP6-deficient strains poses numerous
questions. (i) Are certain members of the SAP4 to SAP6 subfamily required by C. albicans for a housekeeping role or for
some kind of essential or constant interaction with mucosal
surfaces? (ii) Are SAP4 to SAP6 required simply for nutritional
purposes in vivo, hence the necessity for their expression, or
are they in fact essential for Candida virulence (i.e., invasion
and tissue damage)? (iii) Alternatively, do SAP4 to SAP6 have
nonenzymatic functions at mucosal surfaces? It is entirely feasible that although SAP4 to SAP6 are expressed by C. albicans
in mucosal infections, they may not be required for virulence as
they appear to be in systemic infections. At present, the roles
and functions of the SAP4 to SAP6 subfamily during mucosal
infections, and specifically during the infective process in humans, are not clear, but future functional studies might shed
light on why SAP4 to SAP6 are so prevalent at mucosal
surfaces.
Discussion and future directions for SAP expression studies. While these SAP expression studies have been vital in
determining which SAP genes are associated with which types
of C. albicans infections, the true depth of their involvement in
C. albicans pathogenicity has yet to be determined. This is
confounded by the many differences in SAP gene expression
profiles observed between the studies (Table 5). Although this
may simply allude to the intricate and complex relationship
between Sap production, Candida pathogenesis, and the host,
a number of other explanations are possible. These include the
technique used for SAP gene analysis (RT-PCR, IVET, or
Northern blot analysis), the model used (human, mouse, rat, or
RHE), or the site of infection studied (oral, oropharyngeal,
vaginal, gastrointestinal, cutaneous, or systemic). In fact, there
are no directly comparable studies by different authors using
the same technique, model, or site of infection (Table 5).
In addition to these disparities, the environmental conditions alone at the different infection sites, including pH, substrate availability, and ionic content, can differ markedly and
could partly account for the observed differences in SAP expression between the studies. With these considerations in
mind, it is entirely probable that C. albicans has adapted to
these niche sites in different hosts by expressing a different set
of SAP genes. Furthermore, even within a single infection site,
one would expect different gene expression patterns within
single C. albicans cells, but all the studies to date have described the average SAP expression pattern of a population of
cells.
Therefore, we require studies that use a single technique
(RT-PCR or IVET) to analyze SAP gene expression in numerous infection models (human, mouse, rat, and RHE) or that
use various gene expression techniques in a single infection
model. Ideally, the former should reveal differences in SAP
gene expression between infected sites and the latter should
generate matching SAP expression data, since the infection is
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ing the current evidence that members of the SAP family are
differentially expressed during C. albicans infections (Table 5).
The SAP expression data described above were obtained
using RT-PCR, but IVET, a relatively new technique, has
recently been developed to analyze gene activation during infective processes (241). One of these technologies, the recombination-based IVET technique (RIVET), uses site-specific
recombination as a reporter of gene activation and is especially
suited to detect the in vivo induction of genes that are only
transiently expressed at a certain stage of infection (25),
RIVET using FLP-recombinase has recently been adapted for
use with C. albicans by Staib et al. (223) to analyze the expression of SAP1 to SAP6 in various mouse infection models. In a
mouse model of esophageal candidiasis, SAP5 and SAP6 were
strongly activated, indicating that these two SAP genes might
be directly involved in the colonization and perhaps penetration of mucosal surfaces (Table 5).
(ii) Systemic models. All SAP expression studies with animal
systemic models have been performed with mice. In an intraperitoneal-infection model, SAP1, SAP2, SAP4, SAP5, SAP6,
and SAP9 were discovered to be the most commonly expressed
proteinase genes within the first 72 h (65). SAP2 and SAP4 to
SAP6 transcripts were identified in all infected tissues at 4, 8,
24, and 72 h, SAP3 and SAP10 were less frequently expressed
(in less than 50% of the organs), and SAP7 was never detected.
The lack of SAP7 expression is noteworthy since this gene is
expressed in human oral and vaginal infection and carriage
(156, 157), in a mouse model of oropharyngeal candidiasis
(178), and in the RHE vaginal model (198) (Table 5). It may be
premature to conclude that this implicates SAP7 specifically in
mucosal rather than systemic infections, but it tentatively supports some kind of role for this proteinase during human
mucosal infections.
Using RIVET, SAP4 to SAP6 were the main SAP genes
activated in an intravenous model of disseminated candidiasis
and SAP5 was the main gene activated in disseminated intraperitoneal infections, both at the initial time of inoculation and
during invasion and subsequent dissemination to the kidneys
(223). However, SAP1 to SAP3 were also observed later in the
infective process (223, 225). This pattern of SAP gene activation during systemic infections suggested a role for SAP4 to
SAP6 during the initial phases of organ invasion and SAP1 to
SAP3 in later phases, when C. albicans had already established
infection.
RIVET was also used to assess SAP1 to SAP6 gene activation in a murine gastrointestinal model (119). SAP4 to SAP6
activation was detected in a high percentage of C. albicans
cells, which increased steadily during the course of infection. In
contrast, SAP1 to SAP3 activation was detected only occasionally and at lower percentages than SAP4 to SAP6. These results
correspond well to the RT-PCR expression analysis in the
same model, which demonstrated constitutive expression of
SAP4 and SAP6 and only the occasional detection of SAP2 and
SAP3, with SAP1 transcripts never being observed (119). The
RT-PCR and RIVET studies thus appear to support some kind
of role for SAP4 to SAP6 in both mucosal and systemic C.
albicans infections.
Universal expression of the SAP4 to SAP6 subfamily at mucosal surfaces. A common feature of all the studies described
above is the ubiquitous expression of the SAP4 to SAP6 sub-
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Modulation of C. albicans Virulence by Aspartyl
Proteinase Inhibitors
Main focus points. The main focus points are as follows.
(i) Aspartyl proteinase inhibitors can inhibit C. albicans adherence and attenuate mucosal infections.
(ii) Proteinase inhibitors appear ineffective at preventing
systemic C. albicans infections.
(iii) More conclusive studies using all main classes of proteinase inhibitors are required.
Drug-resistant Candida infections are likely to pose a serious
therapeutic challenge over the next few decades. Consequently, discoveries of novel drug classes are crucial aims of
antifungal research. One of the opportunities for the development of new compounds active against Candida species includes the development of drugs directed against the Candida
proteinases. This is particularly pertinent now that the threedimensional structure of one member of the Sap family (Sap2)
has been determined (1, 39). Over the last two decades, and
particularly within the last few years, two areas of interest—the
role of Candida proteinases in pathogenesis and their potential
as antifungal targets—have driven the use of aspartyl proteinase inhibitors (PIs) in Candida research. These studies using
the classical aspartyl PI pepstatin, HIV PIs, and computerassisted structure-based designed inhibitors have provided direct evidence demonstrating the contribution of Sap proteins
to C. albicans virulence and have indicated that the proteinase
family may be a possible target for antifungal research.
Pepstatin. The contribution of proteinases to C. albicans
adherence, invasion, and infection has long been advocated,
but it was not until the use of the classical aspartyl PI pepstatin
that many of these associations were confirmed. The studies
that used pepstatin to demonstrate a link between Sap proteins
and adherence are detailed in “Association of Sap production
with other virulence processes of C. albicans” (above) and are
not readdressed here, but the investigations using pepstatin to
associate Sap proteins with Candida penetration and invasion
of host tissues are described below.
(i) Use of pepstatin in vitro. Colina et al. (36) showed that
the digestion of mucin could be inhibited by pepstatin, indicating that Candida Sap proteins may degrade mucosal barrier
proteins. This may allow C. albicans to gain access to the oral
and gastrointestinal mucosa and may consequently indicate a

role for Candida proteinases in dissemination from these colonized sites. Likewise, the addition of pepstatin inhibited the in
vitro digestion of soluble and immobilized extracellular matrix
proteins produced by a human endothelial cell line (152).
Again, this suggests that Candida Sap proteins contribute to
cell damage and invasion of the subendothelial extracellular
matrix, which in turn could facilitate dissemination via the
circulatory system. In an RHE model of oral candidiasis, pepstatin was used to demonstrate a role for Sap1 to Sap3 but not
Sap4 to Sap6 in early tissue damage of oral epithelium (200).
Pepstatin noticeably reduced the tissue damage caused by Sap1
to Sap3; however, even in the presence of pepstatin, epithelial
tissue damage was observed in late stages of RHE infections.
This suggested that certain members of the Sap family that
might not be inhibited effectively by pepstatin or other hydrolytic enzymes of C. albicans such as phospholipases and lipases
(which are not inhibited by pepstatin) might also contribute to
the development of mucosal lesions.
(ii) Use of pepstatin in vivo. While in vitro assays evaluating
the effect of pepstatin on Candida infections are necessary and
provide valuable information, the most compelling biological
data for antifungal research come from in vivo studies of Candida infection. The first report of experiments using pepstatin
in vivo was published in 1988 and described the use of a
systemic model of murine candidiasis (58); however, no real
protective effect was observed after intravenous challenge with
C. albicans. A similar lack of protection was also reported by
two subsequent studies, using an in vivo pepstatin concentration of up to 9 ⫻ 10⫺4 M (188, 258). However, a recent study
of murine peritonitis demonstrated that the addition of pepstatin (1 mg/kg) significantly reduced the amount of liver and
pancreatic tissue damage, as determined by decreased levels of
alanine aminotransferase and ␣-amylase enzyme activities, respectively (120). Tissue damage appeared to be caused by Sap4
to Sap6, a conclusion obtained from using SAP-deficient
strains (120). These findings indicated that pepstatin could
attenuate C. albicans virulence in a systemic murine intraperitoneal model, probably by inhibiting tissue damage and invasion by Sap4 to Sap6.
While the evidence supporting a protective role for pepstatin in systemic animal models remain unconvincing, particularly after intravenous challenge with Candida, its potential use
at mucosal surfaces is more convincing. Protective effects of
pepstatin were demonstrated in a rat vaginitis model, where
postinfective administration of pepstatin (1 mg/ml) greatly accelerated the clearance of C. albicans from the rat vagina (45,
49). Fallon et al. (64) showed in a mouse model that inhibition
of Sap proteins by pepstatin (0.06 to 6 mg/kg) prevented the
initial penetration of C. albicans through mucosal surfaces but
not the dissemination of C. albicans once the cells had already
reached the blood vessels. Thus, one conclusion may be that
pepstatin can prevent disseminated infections by inhibiting
Candida penetration through the mucosal route but cannot
inhibit systemic infections when the Candida is administered
via the intravenous route. In other words, the route of Candida
challenge rather than the route of pepstatin administration
might be more relevant to observe protective effects by
pepstatin.
These studies indicate that proteinase inhibition by pepstatin can reduce the ability of C. albicans to colonize and invade
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the same. The availability of more of these “multimodel”
and/or “multitechnique” studies will add to our understanding
of SAP gene expression in the host and its relevance to Candida pathogenesis.
Finally, the reader should note that the quantitative expression of the SAP genes or any other virulence gene family of
Candida has not yet been assessed, and this is an important
next step (particularly at the single-cell level) in addressing the
up- and down-regulation of these virulence genes during various stages of different C. albicans infections. In addition, now
that the C. albicans genome sequence is complete (http://www
-sequence.stanford.edu/group/candida), the development of
DNA microarrays specifically for Candida research should significantly expand our knowledge of which genes may be contributing not only to C. albicans infections but also specifically
to different types of human infections.
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TABLE 6. Effect of HIV PIs on Sap activity and C. albicans virulence
HIV PI

In vitro
Ritonavir, indinavir, saquinavir
Indinavir
Ritonavir, indinavir,
saquinavir, nelfinavir
Ritonavir, indinavir,
saquinavir, nelfinavir
Saquinavir, indinavir

In vivo models
Indinavir, ritonavir
Indinavir, nelfinavir, ritonavir

All three inhibited Sap2 activity. Only saquinavir was fungicidal, but only at
high doses.
Indinavir weakly inhibited Sap2 and reduced the amount of cell-bound and
secreted proteinase. C. albicans viability and growth were markedly reduced.
Ritonavir and saquinavir inhibited Sap2 at micromolar concentrations,
whereas indinavir and nelfinavir had no effect. Ritonavir and saquinavir also
inhibited Sap proteins from C. tropicalis, C. parapsilosis, and C. lusitaniae.
All four specifically inhibited Sap1 to Sap3, but not Sap4 to Sap6. Ritonavir
and saquinavir inhibited C. albicans adherence to epithelial cells, whereas
indinavir had no effect. No effect on C. albicans viability.
Both inhibited Sap2 activity. Saquinavir strongly attenuated tissue damage in
an in vitro RHE model of oral candidiasis.
Neither had an antifungal effect.
All three inhibited C. albicans adhesion to human epithelial cells; ritonavir
was the most potent. None modulated phagocytosis of Candida.
Both inhibited Sap2 activity. Both exerted a therapeutic effect in an estrogendependent rat vaginitis model.
The anti-Sap effect of PI-HAART was associated with clinical resolution of
oral candidiasis in HIV-positive patients.

host tissues and illustrate the potential benefits of pepstatin in
vivo, chiefly in mucosal models. Unfortunately, however, pepstatin is not selective and is slightly toxic in animals, probably
due to its inhibitory action on host aspartyl proteinases, including cathepsin D and renin (188). Moreover, pepstatin accumulates in the liver and not the kidneys, which is a major target
organ of C. albicans in systemic infections, and is thus likely to
be rapidly cleared from the blood in vivo. Given that the
concentrations of pepstatin used in the above experiments are
manyfold higher than those required to effectively inhibit Sap2
(inhibition constant [Ki] for Sap2 of 2.9 nM and 50% inhibitory
concentrations [IC50s] of 27 nM [1, 226]), rapid clearance may
partly explain the ineffectiveness of pepstatin in systemic models after intravenous administration of Candida. Therefore,
while pepstatin is a potent inhibitor of the C. albicans aspartyl
proteinases in vitro, its suitability as an antifungal agent in vivo
is not compelling.
HIV PIs. The interest in discovering new compounds that
inhibit Sap activity was recently given a surprising and unexpected boost as a result of the evolving HIV epidemic. Since
1996, the treatment of HIV-positive patients with highly active
antiretroviral therapy (HAART), which includes a cocktail of
HIV reverse transcriptase and HIV PIs, has proved successful
in delaying the onset of AIDS. Administration of HAART
results in a significant improvement in the immune status of
the HIV-positive individual, reflected by an increase in the
CD4⫹ T-cell levels. These patients also tend to have a dramatically reduced incidence of oropharyngeal candidiasis (54, 92,
240). Since the Candida proteinases and the HIV proteinase
are members of the same aspartyl proteinase family, these
findings led to the hypothesis that HIV PIs may also act against
Candida aspartyl proteinases in vivo and consequently prevent
or reduce candidal infections directly (31, 83, 89). A spate of
studies has followed to determine whether HIV PIs could
inhibit C. albicans Sap proteins and whether they had any
potential as therapeutic agents in the treatment of C. albicans

Reference(s)

80
83
168
15
117
55, 56
10

29
30

infections. The main conclusions from these studies are that
HIV PIs are able to inhibit Sap activity, C. albicans adherence,
and tissue damage but have a limited effect on C. albicans
viability (Table 6).
(i) Inhibition of Candida proteinase activity by HIV PIs in
vitro. A total of four HIV PIs, namely ritonavir, saquinavir,
indinavir, and nelfinavir, have been investigated for their ability to inhibit Candida proteinase activity (15, 29, 80, 83, 117,
168). Ritonavir was consistency found to be the most potent
inhibitor of C. albicans Sap2 activity (15, 80, 168), with Ki of
0.34 M (168), while saquinavir, indinavir, and nelfinavir inhibited Sap2 activity to differing extents. One study did not
observe inhibition of Sap2 activity with indinavir or nelfinavir,
which equated well with the poor Ki values of these compounds against Sap2 (Ki ⫽ ⬎1,000 M for both) (168). Of the
four HIV PIs, only ritonavir and saquinavir were able to inhibit
the activity of secreted proteinases purified from C. tropicalis,
C. parapsilosis, and C. lusitaniae as well as those purified from
C. albicans (168) (Table 6).
With regard to the inhibition of different members of the
Sap family, Borg-von Zepelin et al. (15) discovered that all four
HIV PIs specifically inhibited the C. albicans Sap1 to Sap3 but
not Sap4 to Sap6 enzymes. Interestingly, ritonavir and saquinavir, but not indinavir, inhibited the adherence of C. albicans to
Vero epithelial cell cultures in a dose-dependent manner, thus
supporting a role for Sap1 to Sap3 in the adherence process
(15). Similar results were also obtained by Bektic et al. (10)
using HeLa S3 epithelial cell cultures; these investigators
showed that ritonavir and saquinavir, as well as indinavir on
this occasion, inhibited C. albicans adhesion, with ritonavir
being the most potent. However, none of the HIV PIs modulated the phagocytosis of Candida by polymorphonuclear leukocytes (10). Since Sap4 to Sap6 are thought to assist C. albicans in evading phagocytosis by murine macrophages (16),
these data support the notion that the HIV PIs might not
inhibit Sap4 to Sap6 activity (15).

Downloaded from http://mmbr.asm.org/ on June 17, 2019 by guest

Indinavir, ritonavir
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TABLE 7. Inhibition constants (Ki) and IC50 of inhibitors of C. albicans Sap2

Inhibitor

Pepstatin
Ritonavir
Saquinavir
Indinavir
A-70450
A-79912
Peptidomimetics
a
b
c

Sap2 Ki (nM)
a

2.9

300b
6,800b
⬎106b
0.17a
NDc
0.6–14.4b

IC50 (nM)
a

27

2,000a
300,000a
100,000a
1.4a
3.8a
ND

In vivo effects

Protective effect in murine and rat mucosal models (45, 49). Lack
of protection in murine disseminated-infection models (58, 64,
188, 258). Possible protection in murine peritonitis (117).
Therapeutic effect in a rat vaginitis model (29).
Not tested in vivo.
Therapeutic effect in a rat vaginitis model (29).
No protection in a murine disseminated-infection model (1, 227).
No protection in a murine disseminated-infection model (1, 227).
Not tested in vivo.

Values from references 1 and 226. IC50s of ritonavir, saquinavir, and indinavir are rough estimates based on data presented in reference 15.
Values from reference 168.
ND, not determined.

geal candidiasis. Also, given that the ritonavir and saquinavir
concentrations in saliva are approximately 100-fold lower than
those found in human plasma (in the nanogram-per-milliliter
range) (90), it appears unlikely that ritonavir and saquinavir
(and the other HIV PIs) could inhibit Sap activity to such an
extent as to be therapeutically active against mucosal Candida
infections in humans.
Based on the current data, there is insufficient information
to support the potential role of HIV PIs as therapeutic agents
for human Candida infections in HAART-treated HIV-positive patients. Further detailed work in this area is essential
before any such proposal can be seriously recommended.
Computer-assisted structure-based designed inhibitors.
The pepstatin studies provided good evidence indicating a role
for Sap proteins in adherence, invasion, and infection of host
tissues (see above); however, the conclusion that pepstatin was
not suitable as an antifungal agent led some laboratories to use
computer-assisted design methods to develop new drugs to
inhibit the C. albicans proteinases. The most advanced of these
development programs was headed by Cele Abad-Zapatero at
Abbott Laboratories, who noted that some renin inhibitors
also inhibited C. albicans Sap2 activity. One inhibitor, A-70450,
with a Ki for Sap2 of 0.17 nM and an IC50 of 1.4 nM, was a
significant improvement on the inhibition properties of pepstatin (IC50 ⫽ 27 nM; Ki ⫽ 2.9 nM) (26, 226). Analogues of
this new compound were synthesized, and one, named
A-79912, retained potent activity against Sap2 (IC50 ⫽ 3.8 nM)
and, favorably, had significantly reduced activity against key
host aspartyl proteinases including renin (IC50 ⫽ 110 nM) and
cathepsin D (IC50 ⫽ 22,000 nM) (1, 226).
Both A-70450 and A-79912 were extremely effective at inhibiting Sap2 activity in vitro, but, disappointingly, both were
ineffective at attenuating C. albicans virulence in a mouse
model of disseminated candidiasis under conditions that give a
strong antifungal effect for the azole antifungal fluconazole (1,
227). This suggested that both these novel inhibitors may have
similar inherent problems to pepstatin when used in vivo, in
that the lack of protection may be due to the lack of inhibitor
potency, low specificity, or the inability to completely inhibit all
the Sap proteins or at least the members associated with C.
albicans virulence in systemic infections. Be that as it may,
A-70450 and A-79912 are the most potent PIs designed to date
(Table 7). With the prospect of elucidating the three-dimensional structures of more members of the Sap family, structurebased inhibitor design methods may be the most practical way
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(ii) Effectiveness of HIV PIs against Candida infection in
RHE and animal models. The HIV PIs have been tested in
artificial and animal models to determine their effectiveness at
attenuating C. albicans infections (Table 6). Using an RHE
model of oral candidiasis, saquinavir, but not indinavir,
strongly attenuated the ability of C. albicans to cause tissue
damage (117). Since there is good evidence that tissue damage
in this model may result from the activity of the Sap1 to Sap3
subfamily (200), the data support the evidence that Sap1 to
Sap3 contribute to the development of mucosal tissue damage.
With hindsight, it is regrettable that ritonavir was not investigated for its ability to reduce tissue damage in this RHE
model, since ritonavir appears to be the most potent inhibitor
of Sap1 to Sap3 (15, 80, 168).
In a rat vaginitis model, ritonavir and indinavir exerted a
therapeutic effect with an efficacy comparable to that of fluconazole (29). Since C. albicans infection appears to be dependent on Sap1 to Sap3 expression in this model (44, 45, 47) and
since ritonavir and indinavir inhibit Sap1 to Sap3 but not Sap4
to Sap6 (15), the data indicate that these HIV PIs may indeed
act against Sap1 to Sap3 during the infective process in vivo,
resulting in reduced C. albicans infection.
(iii) Effectiveness of HIV PIs against Candida infection in
humans. Notwithstanding the basic scientific question of
whether the HIV PIs can inhibit proteinase activity per se or C.
albicans infection in experimental models, the underlying principle in performing the above studies is to determine whether
the HIV PIs could be used therapeutically to treat Candida
infections in humans. Only one report has addressed this issue
to date, and this study claimed that the anti-Sap effect of the
HIV PIs appeared to be associated with the clinical resolution
of oral candidiasis (30). However, in vitro data indicate that the
HIV PIs are very weak inhibitors of Sap2 compared with pepstatin (168) (Table 7) and do not affect C. albicans viability (15)
(Table 6). In addition, very approximate estimates of the IC50s
obtained for the HIV PIs in vivo (⬃2 to 100 M) (15, 226)
were between two and four orders of magnitude higher than
the IC50 of pepstatin (⬃27 nM) (26, 226), which itself has
unconvincing protective effects against systemic Candida infections and modest protective effects against mucosal infections
(see “Pepstatin” above). Another issue that complicates this
matter is that in vivo ritonavir and saquinavir are ⬎97% bound
to plasma protein, primarily ␣1-acid glycoprotein (3). As a
consequence, very little drug remains to diffuse to mucosal
surfaces where Candida resides during episodes of oropharyn-
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infections” above and “Use of SAP-disrupted mutants to analyze C. albicans virulence” below), one might predict that pepstatin would attenuate systemic as well as mucosal infections,
which does not appear to be the case. Also, why do the HIV
PIs appear to be so effective at inhibiting C. albicans adherence
and attenuating experimental mucosal infections when they
are weak inhibitors of Sap1 to Sap3 compared with pepstatin?
The reader should be aware that the HIV PIs have not been
tested in a systemic model of Candida infection, but since the
HIV PIs do not appear to inhibit Sap4 to Sap6 activity (15),
one might predict little or no attenuation of C. albicans virulence. Similarly, A-70450 and A-79912 have not been examined
in a mucosal model of C. albicans infection, but only in systemic models, where, like pepstatin, they were shown to be
ineffective. Since A-70450 and A-79912 strongly inhibit Sap2
(and in all probability Sap1 and Sap3) (26), it would be much
more appropriate to test these two compounds in a mucosal
model, where they might be predicted to be highly effective at
inhibiting adhesion and tissue damage of the oral mucosa,
similar to pepstatin (200).
More conclusive studies are required in which all three
groups of inhibitors (pepstatin, HIV PIs, and the designed
inhibitors) are tested for their ability to inhibit the activity of all
members of the C. albicans proteinase family and to attenuate
mucosal and systemic C. albicans infections in numerous experimental models. Only then will sufficient information be
available to determine the efficacy of these agents at preventing C. albicans infections. Furthermore, with the completion of
the Candida genome sequence (http://www-sequence.stanford
.edu/group/candida) and with the potential of elucidating the
three-dimensional structures of more members of the Sap family, the prospects of developing new and powerful inhibitors
specific to the Candida proteinases seem excellent. Future
studies will judge whether the Candida proteinases are genuine
targets for treatment therapies of mucosal or systemic infections and will underline the therapeutic potential of drugs that
are targeted against virulence traits rather than essential primary metabolic or biosynthetic processes.
Use of SAP-Disrupted Mutants To Analyze
C. albicans Virulence
Main focus points. The main focus points are as follows.
(i) Studies using C. albicans SAP-deficient strains have implicated Sap1 to Sap3 in mucosal but not systemic infections
and Sap4 to Sap6 in systemic but not mucosal infections.
(ii) Disruption of SAP genes may be compensated by the upor down-regulation of other SAP genes.
(iii) Functional analysis of SAP7 to SAP10 using disrupted
mutants has not yet been investigated.
Genetic manipulation of C. albicans has always been complicated by the diploid nature of the fungus and the fact that it
has an unproven naturally functional sexual stage. As a result,
for a long time it was very difficult to create mutant strains for
the analysis of virulence properties. In addition, C. albicans
exhibits unusual codon usage, inserting the amino acid serine
instead of leucine at the normally leucine-specific codon CTG
(cytosine-thymine-guanine) by the use of a special tRNA (195).
Another difficulty is that very few suitable dominant selectable
markers are available for the selection of genetic transfor-
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forward to generate inhibitors with the potency and selectivity
needed for the inhibition of the Sap family in vivo and potentially for the subsequent treatment of Candida infections (226).
Other inhibitors of Candida Sap proteins. The identification
of novel Candida Sap inhibitors, either through design by modification of existing inhibitors or by isolation of the inhibitors in
their natural state from microbes, has been reported. Pichova
et al. (168) designed a series of peptidomimetic inhibitors,
derived from the structure of pepstatin A, and showed that
most of the inhibitors were essentially equally active against
four purified secreted proteinases isolated from C. albicans
(Sap2), C. tropicalis (Sapt1), C. parapsilosis (Sapp1), and C.
lusitaniae (Sap1). Unfortunately, these peptidomimetic inhibitors were not tested in animal models, but one might hypothesize that since they are based on pepstatin, similar ineffective
protective properties may be observed during systemic Candida infections to found previously (58, 64, 188, 258).
Very recently, the first potent inhibitor of S. cerevisiae yapsin
1, termed Y1, with an apparent Ki of 64.5 nM, was reported
(32). Y1 also inhibited Sap9 from C. albicans, which has sequence homology to the S. cerevisiae yapsins including potential GPI sites. Other groups have identified natural molecules
isolated from microorganisms with inhibitory activity against
the C. albicans proteinases. These include compounds from
Streptomyces species (YF-0200R-A/B and YF-044P-D) (196,
197), numerous xanthones from Tovomita krokovii (256), the
serratene triterpenes from Lycopodium cernuum (255), and
phenolic compounds from Miconia myriantha. The in vivo efficacy of all these compounds was not investigated; however,
the IC50s alone indicated that these compounds were not serious candidates as C. albicans Sap inhibitors.
Discussion and future directions for PI studies. Studies using PIs have been instrumental in demonstrating the direct
contribution of the Sap proteins to C. albicans virulence and
have confirmed their status as true virulence factors of C.
albicans. In addition, the data specifically implicates the Sap1
to Sap3 subfamily in causing mucosal tissue damage and disease pathology. Despite this, the in vivo benefits of the majority
of these PIs has on the whole been rather disappointing. However, there are numerous shortfalls in the literature regarding
PIs, and so there is still plenty of scope in using current and
potentially new Sap inhibitors. For instance, the potency of Sap
inhibition of the different classes of PIs has not been fully
determined. Pepstatin inhibits Sap1 to Sap6 (16), but the
strength of inhibition has been determined only for Sap2. Similarly, the HIV PIs inhibit only Sap1 to Sap3 and not Sap4 to
Sap6 (15), and the potency of inhibition is weak compared with
that of pepstatin (168, 226). The designed drugs A-70450 and
A-79912 strongly inhibit Sap2, and although one assumes that
they also strongly inhibit Sap1 and Sap3 (within the same
subfamily as Sap2), their inhibitory activity against Sap4 to
Sap6 has not been tested. In addition, the inhibition potency of
all of these compounds against Sap7 to Sap10 are unknown.
This lack of information concerning the inhibition of activity
of the different members of the C. albicans proteinase family
has implications for the way in which data obtained from animal model experiments is interpreted. For example, since
pepstatin inhibits Sap1 to Sap6 (16) and with the knowledge
that Sap4 to Sap6 are readily expressed and contribute to
systemic infections (see “SAP gene expression during Candida
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TABLE 8. Use of SAP-disrupted mutants in mucosal and systemic C. albicans infectionsa
Study

Main findings

Mucosal infections
244 .................................................................sap1, sap2, and sap3 null mutants were less strongly adherent to buccal epithelial cells than was the
parental strain in vitro. The sap4 to sap6 triple mutant had significantly increased adherence.
200 .................................................................sap1, sap2, and sap3 mutants caused less tissue damage than did the parental strain in an in vitro
RHE model of oral candidiasis. A sap1-sap3 double mutant caused fewer lesions than did the
two single sap1 or sap3 mutants. The sap4 to sap6 triple mutant showed tissue damage equal to
that for the parent strain.
44 ...................................................................sap1, sap2, and sap3 mutants, but not the sap4 to sap6 triple mutant, were less virulent in a rat
vaginitis model than was the parent strain. The sap2 mutant was almost avirulent.
119 .................................................................No demonstrable differences between SAP1 to SAP6 knockout strains and control strains in
gastrointestinal infections of mice.

Evasion of host immune responses
16 ...................................................................The sap4 to sap6 triple mutant was eliminated 53% more effectively after phagocytosis by
macrophages in vitro than was the parent strain.
a

Reprinted from reference 97 with permission.

mants, and researchers are usually dependent on the use of
auxotrophic strains for the genetic engineering of C. albicans.
Before the development of modern molecular biology tools,
many of the early studies investigating the role of proteinases
in C. albicans virulence used less proteolytic or nonproteolytic
C. albicans mutants that were induced by chemical or UV
mutagenesis. Indeed, some of the strongest initial evidence
supporting a role of Sap proteins in C. albicans pathogenesis
came from these studies. Macdonald and Odds (134) showed
that a proteolysis-deficient mutant strain of C. albicans was less
pathogenic in mice than was the parental strain. Likewise, Ross
et al. (180) isolated a proteinase-deficient mutant, which was
1,000-fold less virulent on the basis of the 50% lethal dose
(LD)50 in mice than was the wild-type strain, an observation
confirmed for the rat vaginitis model by De Bernardis et al.
(43). Also, an earlier report by Kwon-Chung et al. (122) demonstrated similar reduced virulence with another proteolysisdeficient mutant and showed that a spontaneous revertant,
which reacquired half of its original proteolytic activity, was
almost as virulent as the parental strain.
However, as mentioned above, a major drawback of all these
studies was that the proteinase-deficient mutants were obtained by chemical or UV mutagenesis. Thus, the results had to
be interpreted with extreme vigilance because most, if not all,
of these mutants almost certainly contained nonspecific mutations at other gene loci that may have affected the growth
and/or virulence of C. albicans. To overcome these rather
crude genetic manipulations of C. albicans and because of the
diploid nature of the fungus, a method for gene disruption that
allowed repeated use of the same selection procedure was
developed (known as the Ura-blaster). The Ura-blaster protocol (reviewed in references 11 and 221) has allowed the anal-

ysis of a variety of genes involved in C. albicans pathogenesis,
including those encoding the Sap proteins and phospholipases
(124) and genes associated with hypha formation (17, 71, 128,
129, 228).
The genes for SAP1 to SAP6 and SAP8 (and recently SAP9
and SAP10 [A. Felk, A. Albrecht, and B. Hube, unpublished
data]) have been disrupted in C. albicans strain SC5314 and
tested in numerous in vitro and animal models to determine
their roles and functions during mucosal and systemic Candida
infections. Perhaps the most definitive data regarding the contribution of the SAP family to Candida pathogenicity have
been obtained from the behavior of the various SAP-disrupted
strains, and the main findings of these studies are summarized
in Table 8.
Contribution of Sap proteins to mucosal infections using
SAP-deficient strains. To determine whether the C. albicans
proteinases played a role in mucosal infections, the ability of
the SAP-deficient mutants to cause tissue damage in RHE
models of oral and vaginal candidiasis was investigated. The
sap1, sap2, and sap3 mutants caused less tissue damage than
did the parental strain in both the oral (200) and vaginal (198)
models, with a sap1–sap3 double mutant causing for fewer
lesions than did either of the two single sap1 or sap3 mutants
in the oral model (200). In contrast, a sap4 to sap6 mutant
showed an equal level of tissue damage to that caused by the
parent strain in both RHE models (198, 200). These results
confirmed their initial observations that Sap1 and Sap3 were
associated with mucosal tissue damage (202) and provided
good evidence for these two proteinases in establishing mucosal C. albicans infections.
De Bernardis et al. (44) showed that sap1, sap2, and sap3
mutants, but not the sap4 to sap6 mutant, were less virulent in

Downloaded from http://mmbr.asm.org/ on June 17, 2019 by guest

Systemic infections
103 .................................................................No difference in adherence to endothelial cells in vitro between the sap1, sap2, and sap3 null
mutants and the parental strain. The sap2 mutant caused less damage to endothelial cells.
120 .................................................................The sap4 to sap6 triple mutant, but not the sap1, sap2, or sap3 mutants, caused less tissue damage
and invasion in murine peritoneal infections than did the parental strain.
65 ...................................................................Analysis of single sap4, sap5, and sap6 and double sap4-sap6, sap5-sap6, and sap4-sap5 mutants in
a murine intraperitoneal model indicated that only those lacking SAP6 showed significantly
reduced tissue damage.
100, 194 .........................................................sap1, sap2, sap3, and sap4 to sap6 mutants were less lethal in two different animal models of
disseminated infections than was the parental strain. The sap4 to sap6 triple mutant displayed
the greatest attenuation.
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authors concluded that although Sap4 to Sap6 appeared to
contribute more to systemic infections in both animal models
than did Sap1 to Sap3, none of the C. albicans proteinases was
a single dominant factor during disseminated infections.
In a model of murine peritonitis, the invasive properties of
sap1, sap2, or sap3 mutants were indistinguishable from those
of wild-type cells, but the sap4 to sap6 triple mutant showed
strongly reduced invasiveness (65, 120). In addition, the sap4 to
sap6 mutant induced significantly reduced levels of alanine
transferase and ␣-amylase activity (markers of liver and pancreas damage, respectively) compared with the parent strain.
Interestingly, when single sap4, sap5, sap6, sap4–sap5, sap5–
sap6, and sap4–sap6 mutants were compared with wild-type
cells, only mutants that lacked a functional SAP6 gene showed
significantly reduced liver and pancreas tissue damage (65).
The data indicated that the Sap4 to Sap6 subfamily, and probably Sap6 specifically, contributes to tissue damage and invasion in peritoneal infections.
Ibrahim et al. (103) used an in vitro model of human umbilical vein endothelial cell injury to show that although Sap1
to Sap3 activity was not required for the adherence of C.
albicans to endothelial cells, Sap2 activity was required for the
initial stages of cell injury. Extrapolated to the in vivo situation,
the possible degradation of the endothelial barrier by Sap2
may enable C. albicans to evade immune attack or to escape
from blood vessels and cause disseminated infections. In contrast to the individual sap1 to sap3 mutants, the sap4 to sap6
mutant had increased adherence to endothelial cells but exhibited no differences in cell injury compared with the wild
type (A. S. Ibrahim, S. G. Filler, D. Sanglard, J. E. Edwards,
Jr., and B. Hube, Program Abstr. 37th Intersci. Conf. Antimicrob. Agents Chemother., abstr. B9, 1997). The increase in
adherence is in line with the results of another study that
showed enhanced adherence of the sap4 to sap6 mutant to
epithelial cells (244). However, the lack of cell injury was
perhaps surprising, considering that contact (68) and candidal
germination (67, 102), which is associated with Sap4 to Sap6
expression (96, 246), are required for the induction of endothelial cell injury. Furthermore, if other SAP genes (e.g., SAP1
to SAP3) are up-regulated to compensate for the loss of Sap4
to Sap6 in this mutant, this raises the question whether certain
SAP genes play dual roles; e.g., Sap1 to Sap3 may contribute to
C. albicans adhesion and tissue damage.
Contribution of Sap proteins to evasion of host immune
responses using SAP-deficient strains. The sap mutants were
also instrumental in demonstrating a role for Sap4 to Sap6 in
evading host immune responses (Table 8). In macrophagekilling assays, the sap4 to sap6 triple mutant was eliminated
53% more effectively after phagocytosis by murine macrophages than was the parent strain (16). Under normal circumstances C. albicans is taken up for elimination into the phagolysosome, which has a pH of 4.7 to 4.8 (164). As a result of
ingestion, C. albicans may germinate and secrete Sap4 to Sap6,
which are optimally active at the same pH as that found in the
phagolysosome (16). One should note that C. albicans germination in vitro is normally observed at higher pH values (7.0)
and is limited at lower pH values (5.0, the approximate pH of
the phagolysosome). Nevertheless, in vivo, the production of
functional Sap4 to Sap6 proteinases within the phagolysosome
may result in the digestion of enzymes associated with candidal
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a rat vaginitis model than was the parent strain, with the sap2
mutant being almost avirulent. Reintroduction of the SAP2
gene recovered the vaginopathic potential of the sap2 mutant,
showing that Sap2 may play a pathogenic role in rat vaginitis.
This supports the data obtained with the RHE model and also
implicates the Sap1 to Sap3 subfamily in rat mucosal infections
(Table 8).
The ability of the C. albicans SAP-deficient mutants to adhere to epithelial cells was also investigated (244). Although
the sap1, sap2, and sap3 null mutants were moderately less
adherent to buccal epithelial cells than was the parent strain,
the sap4 to sap6 triple mutant had significantly increased adherence. This was unexpected since one might have predicted
that the sap4 to sap6 mutant would have decreased adherence,
given the association of SAP4 to SAP6 expression with the
hyphal form (96, 246), which is known to be more adherent
than the yeast form (110, 111, 193). To explain the results, it
was suggested that one possible function of Sap4 to Sap6 might
be to remove or degrade cell surface components on the yeast
or epithelial cells, causing an inhibitory effect to the hostfungus recognition and adhesion mechanism. Although this is
plausible, a more likely explanation would be that other proteinases or other unrelated adhesin genes might be up-regulated to compensate for the loss of Sap4 to Sap6 in the mutant
strain. Since Sap1 to Sap3 may contribute to C. albicans adherence (15, 121), up-regulation of one or more of these genes
alone in the SAP4- to SAP6-deficient strain may account for at
least some of the increased adherence observed.
Studies using SAP-deficient strains have implicated the Sap1
to Sap3 subfamily, either individually or collectively, in the
virulence of C. albicans infections at oral and vaginal sites
(Table 8). This appears to be in contrast to murine gastrointestinal infections (also mucosal), where no demonstrable differences between SAP1- to SAP6-deficient strains and the parent strain could be observed in the ability to invade the
stomach or to disseminate to the brain or in the number of
fungi persisting in the feces (119). Although SAP gene and
protein expression were readily detectable in this model, there
was a notable absence of SAP1 expression. Since SAP1 contributes to oral (200) and vaginal (44) infections and might be
involved in C. albicans adherence (15, 121), the absence of
SAP1 expression in the gastrointestinal tract may go some way
toward explaining why SAP1-deficient mutants were not attenuated in virulence compared with the parent strain (119). It is
possible that the SAP genes used by C. albicans during gastrointestinal infections differ in part from the SAP genes required
for oral or vaginal infections. This certainly appears to be the
case, at least for systemic candidiasis, where Sap4 to Sap6 and
not Sap1 to Sap3 appear to be more pertinent to infection (see
below).
Contribution of Sap proteins to systemic infections using
SAP-deficient strains. The use of SAP-deficient strains has also
implicated the Sap family in systemic C. albicans infections
(Table 8). When guinea pig and murine models of disseminated candidiasis were infected with the sap1, sap2, sap3, and
sap4 to sap6 mutants, all animals had increased survival rates
compared with those infected by the parent strain (100, 194).
The sap4 to sap6 mutant displayed the greatest attenuation not
only in terms of lethality but also in terms of fungal burden in
host organs such as the kidneys, liver, and skin. However, the
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FUNCTIONAL GENOMICS AND CANDIDA
Our understanding of Candida pathogenesis in general has
advanced considerably in the last 20 years, notably in the identification of genes and proteins involved in cell signaling, morphogenesis, and virulence. However, we are presently witnessing significant developments in molecular microbiology and
proceeding toward a new era of fungal research, and this is
primarily due to one reason: the sequencing of a large number
of medically important fungal genomes. Complete genome

sequences of S. cerevisiae and Schizosaccharomyces pombe have
already been published (77, 249). The preliminary assembly for
the C. albicans genome sequence has been released (http:
//www-sequence.stanford.edu/group/candida), and sequencing
projects are currently under way for Candida glabrata, Cryptococcus neoformans, Aspergillus sp. and several other fungal
species (http://www.tigr.org/tdb/mdb/mdbinprogress.html). The
rapidity of these sequencing initiatives is impressive, and with the
development of new functional genomic technologies including
DNA microarrays, which has become an indispensable tool for
high-throughput gene expression analysis, we will soon be able to
analyze the whole-genome responses of many fungal pathogens.
As a result, our view and appreciation of fungal biology and
pathogenesis will undergo something little short of a revolution in
the very near future.
Candida DNA Microarrays
The sequencing of the Candida genome has generated a
mountain of information, but the next critical step is to accurately decipher the biochemical and physiological meaning of
the information (257). Gene function is the primary information that most researchers would like to extract from the Candida genome sequence; at present, DNA microarray analysis is
one of the most valuable technologies available to achieve this
on a genome-wide scale. Microarrays allow researchers to
compare the behavior of huge numbers of genes in different
tissues and under different environmental conditions to identify virulence genes, gene pathways, and regulatory networks.
Due to the very recent date of the sequencing of the genome, only a handful of Candida DNA microarray studies have
been published; these include analysis of the genome-wide
expression profile of C. albicans when exposed to the azole
antifungal drugs (38, 42, 179), during the yeast-to- hypha transition (123, 153, 154, 158, 213), during stress (61), and when
exposed to human blood (69a). The microarray studies described above have already been valuable in confirming the
suspected coordinated regulation between SAP gene expression and hypha formation. However, because the current arrays are not highly effective at distinguishing between different
members of multigene families, one needs to be cautious in
interpreting the results.
In conclusion, transcript profiling is rapidly becoming a standard tool in academic laboratories for the global analysis of
gene expression. Although microarray technology is a dynamic
and developing process, its development ranks as one of the
pioneering breakthrough technologies of the last decade. In
the Candida field, most microarray data have been based on
experiments in vitro; the use of arrays to evaluate global gene
responses during in vivo infections has not yet been reported.
Given the complexity of Candida infections in vivo, including
the influence of the local environment, the microflora, and the
host immune response on gene function, transcript profiling
data obtained from in vivo infections may well differ from the
data observed in vitro. In addition, mammalian gene arrays
have not yet been used to study host-pathogen interactions
from the host’s perspective, in order to determine host gene
expression profiles induced by the presence of Candida. Furthermore, the simultaneous analysis of both the host and Candida genome response using DNA microarrays during in vivo
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killing and might render C. albicans more resistant to macrophage attack. The macrophage proteins targeted by Sap4 to
Sap6 are not yet known, but Sap4 to Sap6 may act either
directly on phagolysosomal enzymes involved in microbial killing (cathepsin D and/or antifungal peptides) or on key enzymes of macrophage metabolism that are essential for optimal microbial killing (145). The results of this study strongly
indicated that Sap4 to Sap6 might function in a way that enables C. albicans to evade host innate defenses by resisting
macrophage attack, a host evasion strategy also observed for
other microorganisms, including the bacterium Listeria monocytogenes (51).
Conclusions from SAP-deficient mutant studies. These in
vitro and animal model studies using SAP-deficient C. albicans
strains have been instrumental in confirming a role for Sap
proteins in oral, vaginal, and systemic Candida infections and
have begun to dissect some of the fundamental functions the
proteinase family may possess in vivo. However, these results
should be interpreted with a little caution, since the disruption
of one SAP gene may be compensated for by the up-regulation
or down-regulation of other SAP genes, which may account for
some of the observations reported. In addition, SAP gene disruption may alter or modify the expression profiles of other
hydrolytic enzymes of C. albicans such as phospholipases and
lipases or, indeed, other genes that may be associated with
virulence. These forced adaptations that C. albicans may need
to undergo as a result of SAP gene disruption may mask or
disguise some of the roles and functions of individual Sap
enzymes in the in vivo situation.
Furthermore, the contributions of Sap7, Sap8, Sap9, and
Sap10, nearly half the SAP gene family, during C. albicans
infections are presently unknown, and the role of these proteinases in pathogenesis have not yet been tested in animal
models using the respective SAP-deficient strains. Data from
these mutants should add significantly to our knowledge of Sap
function in C. albicans pathogenesis, particularly with respect
to Sap9 and Sap10, which both have C-terminal consensus
sequences typical for GPI-anchored proteins and may therefore not be secreted from the cell. Preliminary data suggest
that Sap9 and Sap10 are regulatory proteinases that may play
a role in the cell surface integrity of the cell, which is in
contrast to the putative functions of the other Sap proteins (A.
Albrecht, A. Felk, I. Pichova, M. Schaller, M. Monod, and B.
Hube, unpublished data). It is clear that the use of SAP-deficient strains has significantly advanced our understanding of
the possible roles and functions of the proteinases during Candida infections. Future experiments using SAP-deficient strains
should lead to a better understanding of the complex interplay
between C. albicans, the SAP gene family, and the host.
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infections is a goal well worth striving for. This should provide
important information concerning which Candida and host
factors interact during various stages of different infections and
will clearly lead to valuable insights into the delicate and complex relationship between Candida and the host.

lence. In time, this may lead to the development of new prophylactic and therapeutic strategies targeting specific virulence-associated genes, as well as signaling pathways or
regulatory networks, which would be a valuable addition to the
limited repertoire of antifungal agents currently available.

FUTURE DIRECTIONS IN SAP RESEARCH
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The presence of a SAP gene family in C. albicans clearly
provides the fungus with an efficient and flexible proteolytic
system that may prove vital to its success as an opportunistic
pathogen. Sap production is probably a well-regulated process
that is activated at specific time points during colonization and
infection to obtain maximum benefits for C. albicans. Nearly all
studies implicating proteinases in C. albicans pathogenesis
have done so by using one or more of the seven main criteria
described in this review, which demonstrate the multiple functions of the SAP genes and have established the proteinases as
a very versatile and multifunctional virulence gene family of C.
albicans. However, although it appears that we know a great
deal about the C. albicans SAP family, our knowledge is actually rather limited. In fact, a number of fundamental questions
need to be addressed in future studies.
First, since SAP mRNA expression patterns in vivo appear
to be different from those observed under in vitro conditions,
what, exactly, are the environmental stimuli that influence SAP
expression in vivo? Also, do the same transcriptional factors
coordinately regulate the simultaneous expression of the SAP
genes with a combination of other Candida virulence genes
when triggered by changes in the local environment?
Second, what are the signal transduction pathways that regulate C. albicans proteinase expression? These pathways are
currently unknown, and no receptor (if indeed a receptor is
involved) has yet been implicated in the regulation of proteinase secretion.
Third, what are the actual targets of the Sap family during
human infections? Although the possible targets for Sap2
might be deduced from in vitro degradation studies, these need
to be confirmed in the in vivo environment. Furthermore, the
substrate specificities of Sap1, Sap3, and Sap4 to Sap10 are not
yet known and may provide valuable insights into how these
enzymes might contribute enzymatically and nonenzymatically
to different infections at various bodily sites.
Fourth, given the recognized importance of the host-pathogen interaction in the development of candidiasis and the fine
balance between commensialism and infection, our understanding of the immune response to the Sap family is distinctly
unsatisfactory. The protective mechanisms of humoral and
cell-mediated immune responses possibly elicited by different
members of the Sap family need to be thoroughly investigated
and may have the potential to open up a brand new avenue of
research and lead to the exciting possibility that Sap proteins
could be targeted for immunotherapeutic means.
Answers to these fundamental questions would significantly
advance our understanding of the interplay between Candida
proteinases and the host and bring us a good deal closer to
discovering how important this protein family is to Candida
pathogenicity. Future studies using DNA microarrays will allow us to identify new and no doubt surprising correlations
between SAP gene expression and Candida biology and viru-
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185. Rüchel, R. 1992. Proteinase, p. 17–31. In J. E. Bennett, R. J. Hay, and P. K.
Peterson (ed.), New strategies in fungal disease. Churchill Livingstone,
Edinburgh, United Kingdom.
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