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We previously identified Candida albicans Not5p as an immunogenic protein expressed during oropharyngeal
candidiasis (OPC). In this study, we demonstrate that C. albicans NOT5 reverses the growth defects of a
Saccharomyces cerevisiae not5 mutant strain at 37°C, suggesting that the genes share at least some functional
equivalence. We implicate C. albicans NOT5 in the pathogenesis of disseminated candidiasis (DC) induced by
intravenous infection among neutropenic and nonimmunosuppressed mice, as well as in that of OPC in mice
immunosuppressed with corticosteroids. We find no role in virulence, however, among neutropenic and
corticosteroid-suppressed mice with DC resulting from gastrointestinal translocation, nor do we implicate the
gene in vulvovaginal candidiasis among mice in pseudoestrus. These findings suggest that the role of NOT5 in
virulence depends on the specific in vivo environment and is influenced by diverse factors such as tissue site,
portal of entry, and the status of host defenses. NOTY5 is necessary for normal adherence to colonic and cervical
epithelial cells in vitro, demonstrating that such assays cannot fully replicate disease processes in vivo. Lastly,
antibody responses against Not5p do not differ in the sera of patients with OPC, patients with DC, and healthy
controls, suggesting that the protein is associated with both commensalism and the pathogenesis of disease.

Candida albicans is a versatile opportunistic pathogen that
causes a variety of infections, ranging from harmless coloniza-
tion of mucosal surfaces to disease states associated with tissue
invasion and destruction such as oropharyngeal, vulvovaginal,
and disseminated candidiasis (OPC, VVC, and DC, respec-
tively). The pathogenesis of candidal diseases is facilitated by a
number of virulence factors involved in functions such as ad-
herence to host cells, secretion of hydrolytic enzymes such as
proteases and phospholipase, sequestration of iron, survival
within phagocytes, yeast-to-hypha morphogenesis, and pheno-
typic switching (2). It is clear that no single virulence factor is
dominant. Rather, pathogenesis depends on the coordinated
expression of multiple genes in a manner most appropriate for
the conditions of the local environment (19). Since these con-
ditions differ greatly at different sites of infection, it is likely
that selected virulence-associated genes are important during
specific types of candidiasis but not others. This hypothesis,
however, has not been extensively tested. Furthermore, the
extent to which so-called virulence factors contribute to rou-
tine colonization as well as to disease processes is not clear.

We recently used pooled sera from human immunodefi-
ciency virus-infected patients with active OPC to screen a
C. albicans genomic DNA expression library, thereby identify-
ing genes encoding in vivo-expressed proteins (13, 21). Among
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the genes identified was C. albicans IPF16198, which we named
NOTS based on sequence homology to a gene in Saccharomyces
cerevisiae (3). S. cerevisiae NOTS5 encodes a member of the
CCR-NOT complex, which is a global regulator of transcrip-
tion that influences diverse processes, including cell wall integ-
rity, carbon catabolite repression, and filamentation (7, 8, 18,
22). Given the functions of S. cerevisiae NOTS5, we hypothe-
sized that its C. albicans homologue would be important in
morphogenesis and virulence. To test this, we used the ura-
blaster method to disrupt the C-terminal domains of both
C. albicans NOTYS alleles and reintroduced the URA3 selection
marker to its native locus (4). We demonstrated that disruption
of NOT5 attenuated hyphal formation in vitro, adherence to
human buccal epithelial cells (BECs), and mortality during
murine DC resulting from intravenous (i.v.) inoculation (DC-
V) (4).

The goal of the present project was to more completely
characterize NOTS5 and its contributions to disease processes.
In our previous studies, we could not exclude the possibility
that the expression of an N-terminal Not5p-HisG fusion pro-
tein might have confounded our findings. In this study, we first
created a new null mutant strain in which the complete NOT5
open reading frame is disrupted and URA3 reintroduced to its
native locus. We used this strain to further characterize the
contribution of NOTS to the pathogenesis of diverse diseases,
including DC-IV, DC resulting from gastrointestinal (GI)
translocation (DC-GI), OPC, and VVC. We also evaluated the
antibody responses against Not5p among individual patients
with OPC and DC, as well as in healthy volunteers. This
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TABLE 1. Candida albicans and Saccharomyces cerevisiae strains used in this study

Strain Genotype or fgfl::z‘;eilce
SC5314 Candida albicans parental strain 12
CAI4 Aura3::imm434/Aura3:iimm434 11
CAI-12 Aura3::iimm434/URA3 11
Heterozygous mutant Anot5:hisG/INOTS URA3/Aura3::imm434 This study
not5-null mutant Anot5::hisG/Anot5::hisG URA3/Aura3::imm434 This study
NOTS5 revertant Anot5:hisG/INOTS5::URA3-hisG Aura3::imm434/A ura3::imm434 This study
S288C Wild-type S. cerevisiae ATCC
35491 S. cerevisiae not5 homozygous diploid mutant ATCC
35491::C. albicans NOTS5 35491 (yPB1-ADHp-C. albicans NOTY) This study

addresses a potential shortcoming of our original screening
strategy, which did not distinguish between genes expressed
exclusively during OPC and those expressed more generally
during other disease states and routine colonization.

MATERIALS AND METHODS

Strains and growth condition. C. albicans strains used or constructed in this
study are described in Table 1. All strains were routinely grown in yeast extract-
peptone-dextrose (YPD) medium (1% yeast extract, 1% Bacto peptone, 2%
a-D-glucose) at 30°C unless otherwise noted. S. cerevesiae not5 deletion strains
(purchased from the American Type Culture Collection [ATCC]) were grown in
YPD containing G418 at a concentration of 200 pg/ml.

Complementation study. Genomic DNA of C. albicans SC5314 was used as a
template for PCR of NOTS5 and flanking regions (corresponding to nucleotides
—31 to +716 relative to the ATG and TGA, respectively, in the NOTS5 sequence).
The oligonucleotide primers used were NOTSExp-F (5'-CGTACAGGATCC
CAACATCGAAAAGAAGTGTCT-3') and NOT5Exp-R (5'-CGTACAGGA
TCCCCATTCCCTCTTCAAATC-3") (the introduced BamHI restriction sites
are underlined). The PCR product was digested with BamHI and inserted into
the BglII site of the C. albicans expression vector pYPB1-ADHpt; this vector
contains the C. albicans ADH]I promoter and terminator regions (1), an auton-
omously replicating sequence, C. albicans URA3 as a selectable marker, and
S. cerevisiae 2pm sequences (kindly provided by Malcolm Whiteway). The insert
was confirmed by sequencing. The expression plasmid was then transformed into
an S. cerevisiae not5-null mutant (strain 35491) by electroporation (Table 1).
Ura™ transformants were selected from Sabouraud dextrose agar (SDA) plates
lacking uridine. Both plasmid yPB1-ADHp alone and plasmid yPB1-ADHp
containing C. albicans NOTS in the reverse orientation were used as controls.
Expression of C. albicans NOTS5 was confirmed for the complemented strains and
excluded for the control strains by reverse transcription-PCR. The comple-
mented S. cerevisiae strain was then tested for growth in YPD at 37°C.

Construction of NOT5 mutants. Disruptions of both alleles of C. albicans
NOTS5 were performed using the ura-blaster method (11). The proximal frag-
ment at nucleotide —600 bp to —203 bp relative to ATG of NOT5 was amplified
by PCR using primers NOT5-N-F1F (5'-GGAAGGCGACTGCAGGGAAAA
CAGAGTGTTTGAGT-3") and NOT5-N-FIR (5'-GGCAAGAAGTCGACC
ACGACCCAAGAAGTCTATA-3'); the restriction sites PstI and Sall were in-
troduced into NOT5-N-F1F and NOTS5-N-F1R, respectively (underlined). The
distal gene fragment at position +1681 bp to +1918 bp relative to the ATG of
NOTS5 was amplified using primers CA29F2-FOR (5'-AACCTCAGATGTTCG
AAATACAATGCAGCC-3') and CA29F2-REV (5'-TTCACCGAGCTCTCT
GTCTGTTTTCAGTAG-3'), which contained the introduced BgIII and Sacl
restriction sites (underlined). Following amplification, the fragments were di-
gested with the appropriate restriction enzymes and ligated sequentially into
plasmid pMB-7, flanking the hisG-URA3-hisG disruption cassette. The resulting
plasmid was digested with PstI and SacI and transformed into C. albicans strain
CAI4 by electroporation. Ura™ transformants were selected on SDA plates
lacking uridine. After confirmation of disruption by Southern blot analysis, a
Ura™ transformant was screened for segregants on 5-fluoroorotic acid plates.
This ura~ strain was transformed with the same disruption cassette to disrupt the
second copy of NOTS. The ura™ strains were obtained following 5-fluoroorotic
acid selection and confirmed by Southern blotting. In the final step, URA3 was
reintroduced in its original locus by transforming a 4.8-kb BglII-Pstl fragment
isolated from plasmid pUR3 (kindly provided by William Fonzi) into the

ura” strains by electroporation (23). The success of transformation was con-
firmed using Southern blot analysis.

To reinsert one copy of Not5 at its own locus, NOTS5 was amplified from
nucleotide position 618 before the start codon to nucleotide position 693 after
the stop codon by PCR using primers NOT5-Reinsert-For (5'-GGAAGGCGA
CTGCAGGACAATTAGTTTGGTGTTGG-3" [Pstl site underlined]) and
NOTS5-Reinsert-Rev (5'-GGCAAGAAGTCGACCCCTCTTCAAATCTAGAAG
C-3' [Sall site underlined]). This fragment was then subcloned into pMB7-1
following PstI and Sall digestion; pMB7-1 is a modified pMB7, in which one copy
of hisG was eliminated by digestion with Xbal followed by religation (3). The
reinsertion cassette was released by digestion with Pstl and Kpnl and used to
transform a ura~ not5-null mutant. The success of the reinsertion was confirmed
by Southern blot analysis.

Phenotypic observations. For sensitivity to cell wall agents, portions (10 pl) of
serial 10-fold dilutions of an overnight growth culture were spotted onto YPD
agar containing 20 pg/ml calcofluor white or 0.04% sodium dodecyl sulfate
(SDS); plates were incubated at 37°C for 24 h. For the Zymolyase assay, either
exponentially grown C. albicans cells or stationary-phase cells at an optical
density at 599 nm (ODsy) of ~0.8 were incubated with 100 wg/ml of Zymolyase
100T in 10 ml of Tris-HCI, pH 7.5, in a shaking incubator at 35°C. An aliquot of
cells was removed at timed intervals, and the ODsqy was measured. The ODsqq
was plotted against the time of incubation.

Adherence assays. (i) Adherence to the colon adenocarcinoma cell line HT-29
and the cervical epithelial cell line HeLa. HT-29 and HeLa cells (purchased from
ATCC) were grown to confluence in a 12-well plate in ATCC complete growth
medium (McCoy’s 5a medium with 1.5 mM L-glutamine supplemented with 10%
fetal bovine serum). After a wash in phosphate-buffered saline (PBS), cells were
incubated with 1 X 10* CFU of C. albicans strains in the same medium at 37°C
with 5% CO, for 90 min. The wells were washed three times with PBS to remove
nonadherent cells. SDA was then added to each well. The plates were incubated
at 37°C for 24 h, at which time a colony count was performed. The adherence of
the wild-type strain was defined as 100%. These assays were performed in
duplicate, and experiments were repeated on at least three different occasions.

(ii) Adherence to endothelial cells. Adherence to HUV-EC-C cells (purchased
from ATCC) (25) was performed as for HT-29 and HeLa cells above, except that
cells were grown to confluence in a six-well plate, and the inoculum used to infect
cells in each well was 100 CFU. Hanks’ balanced salt solution was used to wash
off nonadherent cells.

Virulence determination. (i) DC-IV. Seven-week-old male ICR mice (Harlan
Sprague) were inoculated by i.v. injection of the lateral tail vein with C. albicans
strains in 0.2 ml of normal saline solution. Mice were followed until they were
moribund, at which point they were sacrificed, or for 30 days. For histopatho-
logical study, the kidneys from sacrificed mice were fixed with formalin and
embedded in paraffin, after which thin sections were prepared and stained with
Gomori methamine silver (GMS) stain. To determine tissue fungal burden, the
kidneys, liver, and spleen were removed, homogenized, and quantitatively cul-
tured on SDA containing 60 g amikacin/ml. To induce neutropenia, the mice
were given intraperitoneal injections of cyclophosphamide at 0.1 mg/g of body
weight on days 4 and 1 before, and days 3 and 7 after, infection with C. albicans.
Mice were given ciprofloxacin in their drinking water (250 mg/liter), starting a
day before infection.

(ii) OPC. For OPC (13), 7-week-old male ICR mice (Harlan Sprague) were
immunosuppressed with 4 mg of cortisone acetate (Sigma Aldrich) in saline with
0.05% Tween 80 administered subcutaneously on the day before inoculation and
1 and 3 days after inoculation. Mice received tetracycline hydrochloride in their
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drinking water (0.5 mg/ml), starting the day before inoculation. For inoculation,
mice were anesthetized by intraperitoneal injections with 3 mg of pentobarbital
sodium solution (Abbott Laboratories, North Chicago, IL), and cotton wool balls
(diameter, 3 mm) containing 10® CFU of C. albicans were placed sublingually in
the oral cavity for 2 h. The mice were sacrificed at day 7 postinfection, and the
mandibular soft tissue, including the tongue, was dissected free of the teeth and
bone. The excised tissue was used for either tissue burden or histopathological
evaluation.

(i) VVC. For VVC (26), CBA/J (H-2¥) mice were given subcutaneous injec-
tions of 0.02 mg of estradiol valerate in 100 wl of sesame oil 3 days prior to and
4 days after intravaginal inoculation with 20 pl of PBS containing 5 X 10* CFU
of the C. albicans strains. Vaginal lavages were performed on days 4 and 7
postinfection by applying 100 wl PBS intravaginally followed by constant aspira-
tion for 30 s. The lavage fluid was serially diluted and plated for tissue burden
enumeration.

(iv) DC-GI. Outbred CFW (Swiss Webster) BR mice obtained from Charles
River Farms (Wilmington, MA) were used to establish a breeding colony, and
the offspring of these animals were used in this experiment. Six-day-old infant
mice weighing 3 to 4 g were inoculated with 2 X 108 CFU by the oral-intragastric
route (5, 6, 20). All mice were found to carry C. albicans in their fecal pellets at
9 days postinfection and were therefore selected for further study (5, 6, 20). After
this point, mice were immunocompromised with intraperitoneal cyclophospha-
mide (0.2 mg/g body weight) and cortisone acetate (1.25 mg) on days 11 and 14
post-oral challenge. They were sacrificed at day 20 postinfection, and tissue
burdens of C. albicans as well as histopathology of the stomachs, livers, kidneys,
and spleen were assessed.

PMN phagocytosis. Polymorphonuclear cells (PMNs) were isolated from hep-
arinized blood of healthy volunteers by dextran sedimentation, followed by
centrifugation through Ficoll-Hypaque. After removal of contaminating eryth-
rocytes by hypotonic lysis, the PMNs were resuspended in RPMI 1640. Phago-
cytosis by PMNs was assessed by microscopy (24). After opsonization with
human serum for 30 min, the C. albicans strains were incubated with 10° PMNs
at a 1:1 ratio in 1 ml RPMI at 37°C for 15 min on a shaker. Three drops of the
sample were then cytospun and Gram stained. Percent phagocytosis was calcu-
lated as the proportion of PMNs containing 1 or more blastoconidia after
100 PMNs were counted. A phagocytosis index was calculated as the average
number of blastoconidia associated with each phagocytosing PMN. No attempt
was made to differentiate the C. albicans cells that were attached to the surfaces
of the PMNs from those that were phagocytosed. The fungicidal activity of PMNs
was assessed by a CFU assay (24). Opsonized C. albicans strains were incubated
with 10° PMNs at a 1:1 ratio in 1 ml of RPMI 1640 containing 5% human serum
at 37°C for 2 h. After complete lysis of PMNs with sterile water, serial 10-fold
dilutions were made, and a colony count was performed. The fungicidal activity
was calculated as the percentage of C. albicans organisms killed after a 2-h
incubation with PMNs. The phagocytosis and killing experiments were per-
formed in triplicate and repeated at least twice.

Determination of antibody titer against Not5p. Two peptides of 151 and 74
amino acids (aa) (amino acid positions 250 to 400 and 401 to 474 of Not5p) were
expressed in Escherichia coli by using pET30 EK/LIC. These peptides were
chosen because they have no homology to Not-related proteins in C. albicans or
S. cerevisiae, or to any peptides identified in the NCBI gene bank.

The two respective NOT5 DNA fragments were amplified by PCR. Primers for
the 151-aa fragment were Not5-Expl-For (5'-GACGACGACAAGATGAAT
CCACCAAGGACG-3") and Not5-Expl-Rev (5'-GAGGAGAAGCCCGGT
TTAATTATCGGTAGAAGC-3"); primers for the 74-aa fragment were
Not5-Exp2-For (5'-GACGACGACAAGATGACTCATGCACCAGCAGCAG
TGT-3') and Not5-Exp2-Rev (5'-GAGGAGAAGCCCGGTTAAACAATT
CGAGAAATGGTATCAC-3"). The fragments were cloned into pET30 using an
EK/LIC cloning kit (EMD Biosciences, Inc.). The DNA sequences of the inserts
were confirmed by DNA sequencing. Each plasmid was then transformed into
E. coli BL21(DE3) (Novagen), and the recombinant protein was expressed after
isopropyl B-p-thiogalactoside (IPTG) induction for 2 h at 37°C. The cell pellet
was harvested, washed, resuspended in BugBuster solution (EMD Biosciences,
Inc.), and incubated briefly at room temperature. Following clarification by
centrifugation, the supernatant was filtered through a 0.45-pm-pore-size filter
(Millipore). The supernatant was passed through the His-Bind column, followed
by washing of the column with Binding Buffer and Wash Buffer (both from EMD
Biosciences, Inc.). The peptide of interest was then eluted with 100 mM imida-
zole buffer. The eluted fractions were confirmed by 15% SDS—-polyacrylamide gel
electrophoresis, which showed a single band of the expected size, and by Western
blot analysis with an anti-His monoclonal antibody (Invitrogen).

The purified protein fragments were reconstituted in 1 M sodium carbonate—
sodium bicarbonate buffer (pH 9.6) and used to coat 96-well plates at a concen-
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tration of 0.5 wg per well. After incubation for 1 h at 37°C, the plates were
washed with PBS with 0.1% Tween 20 (PBS-T). The wells were then blocked
with 0.25% gelatin in PBS-T for 1 h at 37°C and washed with PBS-T. We used an
enzyme-linked immunosorbent assay (ELISA) to determine serum antibody
titers against each of the two protein fragments (10). The human serum samples
were preadsorbed individually overnight at 4°C against whole cells and cell
lysates of E. coli strain BL21(DE3) grown in LB at 37°C. The following were
added in succession: diluted human serum (1/50 dilution; incubated for 1 h at
37°C), horseradish peroxidase-conjugated goat anti-human immunoglobulin M
(IgM), IgG, or IgA (1/500 dilution in PBS-T; incubated for 1 h at 37°C), and, as
a substrate, o-phenylenediamine (5 mg) in citrate buffer and 5% hydrogen
peroxide (incubated at 37°C). The developing reaction was stopped with 1 M
phosphoric acid. The OD was determined on an automated ELISA plate reader
at a wavelength of 450 nm. Background was defined in wells coated with the
protein to which the secondary antibody was added but the primary antibody was
not. The reactive titer was defined as the inverse of the dilution at which the OD
was twofold greater than background. All serum samples were tested in dupli-
cate. In addition to wells lacking the primary antibody, wells that were not coated
with protein were further included as negative controls.

Data and statistical analyses. Survival curves were calculated according to the
Kaplan-Meier method using the PRISM program (GraphPad Software) and
compared using Newman-Keuls analysis. The statistical significances of the dif-
ferences in adherence, PMN phagocytosis, and killing between the strains were
determined by Student’s ¢ test. The tissue burdens were logarithmically trans-
formed, and data were presented as log,, CFU/g tissue = standard deviations;
the differences in tissue burden between strains were calculated using Wilcoxon’s
test. The antibody data were expressed as log;, titers = standard deviations; the
differences in antibody titers against a specific protein fragment between the
three groups of patients were determined by analysis of variance. For all exper-
iments, P values of =0.05 were considered significant.

RESULTS

C. albicans NOT5 contributes to hyphal formation, cell wall
integrity, and adherence to epithelial cells and shares func-
tional equivalence with S. cerevisiae NOT5. In our previous
studies, we implicated C. albicans NOT5 in hyphal formation,
resistance to the detergent SDS, and adherence to human
BECs by using a null mutant strain in which the C-terminal
domains of both alleles were disrupted using the ura-blaster
method (3). To ensure that the expression of an N-terminal
Not5p-HisG fusion protein did not confound our original find-
ings, we began the present study by creating a new null mutant
strain in which the complete NOTS5 open reading frame was
disrupted and URA3 reintroduced to its native locus. We also
created a NOT) revertant strain in the null mutant background
(Fig. 1; Table 1). The disruption and revertant strains did not
differ from the wild-type strain CAI-12 in growth rates at 37°C
in YPD or in minimal media.

The newly created null mutant was deficient in hyphal for-
mation on solid agar (YPD plus 10% fetal calf serum, Spider
agar, Lee’s agar, and SLAD agar) and within liquid medium
(YPD plus 10% fetal calf serum) (data not shown) and im-
paired in cell wall integrity, as evident by increased suscepti-
bility to 0.04% SDS. Previously, we found that the C-terminal
not5-null mutant strain was not more susceptible to low con-
centrations of the cell wall-perturbing agent calcofluor white
(10 pg/ml) than strain CAI-12 (3). In the present study, how-
ever, both the C-terminal and complete-gene null mutant
strains demonstrated increased susceptibility to higher concen-
trations of calcofluor white (20 pg/ml). We further corrobo-
rated the cell wall defect by testing for susceptibility to
Zymolyase, a cell wall-degrading enzyme. When exponentially
grown cells were tested, strain CAI-12 showed exquisite sensi-
tivity to Zymolyase (100 wg/ml), with a marked reduction in
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FIG. 1. Targeted disruption of C. albicans NOTS5. (Upper panel)
Schematic diagram of the disruption protocol. Shown is the disruption
cassette created in pMB7, in which hisG-URA3-hisG is flanked by
C. albicans NOT) fragments F1 (nucleotides —600 to —203 relative to
ATG) and F2 (nucleotides +1681 to +1978). The cassette was re-
leased by digestion with Pstl and Sacl and transformed into strain
CAI4 by electroporation. Recombination is indicated by the connect-
ing lines. (Lower panel) Southern blot analysis. Genomic DNA was
prepared for strain CAI4 (lane 1), the NOTS5/Anot5::hisG-URA3-hisG
Aura3:iimm434/Aura3::imm434 (lane 2), NOT5/Anot5::hisG Aura3::
imm434/Aura3::imm434 (lane 3), Anot5::hisG-URA3-hisG/Anot5::hisG
Aura3::imm434/Aura3::imm434 (lane 4), and Anot5:hisG/Anot5:hisG
Aura3::imm434/Aura3::imm434 (lane 5) strains, and the Acanot5::hisG/
caNOT5::URA3-hisG Aura3:imm434/Aura3:iimm434 revertant (lane 6).
The DNA was digested with HindIII and Scal, and the reactive bands
were hybridized with radiolabeled fragment F1 as a probe.

OD evident within 30 min (Fig. 2). The newly created null
mutant strain was more resistant, with the first reduction in
OD not detected until 50 min and lesser overall reductions
noted. Similar findings were observed with stationary-phase
cells (data not shown). Of note, the aberrancies in hyphal
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FIG. 2. Sensitivity of C. albicans strains to Zymolyase. Cells in
exponential phase were incubated with Zymolyase (100 wg/ml) at 37°C
with shaking, and the OD was determined at the times indicated.
Experiments were performed three times with similar results.
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FIG. 3. Growth of S. cerevisiae strains on YPD medium at 37°C.
Growth after 48 h is pictured for the following strains: 1, S288C
(wild-type S. cerevisiae); 2, 35491 (S. cerevisiae not5 mutant); 3 to 5,
independently created complemented strains (strain 35491::C. albicans
NOTY); 6, 35491 transformed with plasmid yPB1-ADHp alone (vector
control). Not pictured is strain 35491 transformed with a plasmid
containing C. albicans NOTS in the reverse orientation, which did not
grow on YPD medium.

formation and cell wall integrity were reversed in the revertant
strain.

As in our previous study, we demonstrated that the newly
created not5-null mutant was deficient in adherence to freshly
harvested BECs compared to CAI-12 (data not shown). In
addition, the null mutant exhibited diminished adherence to
HT-29 colonic and HeLa cervical epithelial cells (41.5% =
9.0% and 23.1% = 14.8%, respectively, compared to 100%;
P < 0.01 for both). There was no difference in adherence to
HT-29 and HeLa cells between the heterozygous mutant
(96.2% = 19.5% and 92.3% = 12.3%, respectively) and the
revertant (111% = 25% and 86.1% = 10.9%, respectively). In
contrast to our findings with the epithelial cells, the null mu-
tant did not differ from CAI-12 in adherence to HUV-EC-C
endothelial cells (92.3% = 10.9% versus 100%; P = NS[not
significant]).

Finally, we transformed a plasmid carrying C. albicans NOTS
into a not5 mutant strain of S. cerevisiae. The complemented
strains were able to grow as well as the S. cerevisiae wild-type
strain S288C on YPD at 37°C (Fig. 3). The S. cerevisiae not5
mutant strain and the mutant strains complemented either
with the vector alone or with NOTY5 in reverse orientation were
not able to grow at 37°C (Fig. 3).

NOTS5 is required for complete virulence during DC-IV in
nonimmunosuppressed mice. We inoculated 8 to 10 ICR mice
via the lateral tail vein with 10° CFU of CAI-12, the newly
created heterozygous mutant, the null mutant, or the revertant
strain. Mice infected with the null mutant strain survived sig-
nificantly longer than mice infected with CAI-12 (P < 0.001 by
Newman-Keuls multiple-contrast analysis). There was no dif-



7194 CHENG ET AL.

120
< 100 —s—NOT5-null
g gg —e—CAI12

i 40 —a—NOT5--single

20 —— NOT5-revertant

- 0 O Mo~ - 0 o
- = o NN

Time after infection

FIG. 4. Survival plot of mice infected intravenously with C. albicans
strains. The figure represents the cumulative results of two separate
experiments.

ference in mortality among mice infected with CAI-12, the
heterozygous mutant, or the revertant strain (Fig. 4). Of fur-
ther note, there were no differences in mortality rates and time
to death among mice infected with the newly created com-
plete-gene null mutant and the previously created C-terminal
null mutant strain (3).

We also determined whether NOTS5 contributed to the bur-
den of infection and extent of tissue damage within the kid-
neys. The kidneys of mice infected with the newly created
not5-null mutant showed significantly reduced C. albicans bur-
dens at 1 and 5 days postinfection (mean log,, CFU/g of tissue,
3.53 = 0.30 at day 1 and 4.81 = 0.36 at day 5) compared to the
kidneys of nonmoribund mice infected with CAI-12 (mean
log,, CFU/g of tissue, 4.65 = 0.34 and 5.93 = 0.32, respec-
tively) (P < 0.001 for both days). The tissue burdens caused by
the revertant strain at 5 days, on the other hand, were not
significantly different from those observed with CAI-12 (mean
log,, CFU/g, 5.2 = 0.9 and 5.6 = 0.5, respectively).

The histopathology of infected kidneys at days 1 and 5 par-
alleled the tissue burden data. We found that the kidneys of
mice infected with CAI-12 or the revertant strain showed dif-
fuse infection and damage of normal architecture, whereas the
kidneys of mice infected with the null mutant showed fewer
foci of infection and greater tissue preservation (Fig. 5A). The
loci of infection due to the mutant were smaller and less well
organized than those observed for CAI-12 and the revertant
(Fig. 5A). Furthermore, while both yeast and hyphal morphol-
ogies were seen in the kidneys of mice infected with all strains,
the hyphae associated with the mutant were notably shorter
(Fig. 5A).

NOTS5 also contributes to virulence during DC-IV among
neutropenic mice. We immunosuppressed ICR mice with cy-
clophosphamide before inoculating the respective strains into
the lateral tail vein (10 mice/group). In preliminary experi-
ments, we verified that our immunosuppressive regimen
caused a reduction in absolute neutrophil counts from baseline
levels of 2.5 X 10° to 4.0 X 10*/mm? to <500/mm?> at the time
of infection and throughout the study period. All mice infected
with 1 X 10° CFU of CAI-12 or the not5-null mutant were
moribund and were sacrificed on day 3 postinfection. There
were no significant differences in tissue burdens between the
kidneys of mice infected with these strains (mean log,, CFU/g,
6.27 = 0.47 versus 6.75 = 0.22, respectively). The mice infected
with the null mutant, however, had significantly lower tissue
burdens in the liver and spleen (mean log,, CFU/g, 3.31 = 0.02
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FIG. 5. Hlstopathology of kldneys (A) and tongues (B) of mice
infected with CAI-12 (left panels) and the not5-null mutant (right
panels). Representative GMS stains of tissues are shown.

and 3.00 = 0.56, respectively) than those infected with CAI-12
(mean log,;, CFU/g, 3.98 + 0.23 and 4.08 = 0.50, respectively)
(P = 0.02 and 0.04, respectively).

When we repeated the experiments with lower inocula (1 X
10> CFU/mouse), none of the mice appeared ill by day 7
postinfection. Tissue burden assessment on this day showed
that all 10 mice infected with CAI-12 harbored C. albicans in
the kidneys (mean log;, CFU/g, 3.59 * 1.0) whereas 9 of 10
mice infected with the null mutant had no organisms recov-
ered; the 10th mouse had only 35 CFU recovered from both
kidneys. Livers of mice infected with the mutant also had no
organisms recovered (versus a mean log,, CFU/mouse of
0.31 £ 0.11 for mice infected with CAI-12). No organisms were
recovered from the spleens of mice infected with either CAI-12
or the mutant. Upon repetition of the experiment using the
same inocula, there was no difference in tissue burdens at day 7
between the kidneys of mice infected with CAI-12 and those of
mice infected with the revertant strain (mean log,, CFU/g,
4.35 = 0.49 and 4.98 = 0.21, respectively). In findings similar to
those of the initial experiment, five of seven mice infected with
the null mutant had sterile kidneys; the kidneys from the other
two mice harbored only 4 and 75 CFU.

NOTS contributes to virulence during murine OPC. Groups
of 10 to 12 ICR mice immunocompromised with cortisone
acetate were infected sublingually with 108 CFU of CAI-12, the
not5-null mutant, or the revertant strain (13). There were no
differences in the overall behavior, weight, or level of activity of
mice infected with the three strains. At autopsy on day 7
following infection, however, thrush-like lesions were visible in
the oropharynges and esophagi of mice infected with CAI-12
or the revertant strain but not in those of mice infected with
the null mutant. We demonstrated that mice infected with
CAI-12 or the revertant strain carried significantly higher bur-
dens of C. albicans in their oral cavities and esophagi (log;
CFU/g of tissue, 6.17 = 0.45 and 6.02 = .31, respectively) than
mice infected with the not5 mutant strain (log,, CFU/g, 5.18 *
0.23) (P = 0.0003 and 0.0002, respectively). The experiment
was repeated, and similar results were obtained.
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with CAI-12. The GMS stain shown is representative of the esophagi
of three mice.

Histopathology of the oropharynges of mice infected with
CAI-12 or the revertant strain showed destruction of the su-
perficial keratotic epithelium and invasion of hyphae past the
basal layer of the tongue (Fig. 5B). The tongues of the mice
infected with the null mutant, on the other hand, showed intact
epithelium with only a few surface loci of yeasts and, more
rarely, hyphae (Fig. 5B); there were no organisms in the basal
layer. In the esophagus, mice infected with CAI-12 or the
revertant demonstrated diffuse hyphae throughout the lumen
as well as the mucosal and, to a lesser extent, the submucosal
layer (Fig. 6). The null mutant, on the other hand, caused no
significant infection in the esophagus; despite numerous eval-
uations, we were not able to find a single focus of organisms.

NOTS is not implicated in the pathogenesis of DC-GI or
VVC. Groups of 12 to 13 infant CFW (Swiss Webster) BR mice
were inoculated with 2 X 10° CFU of CAI-12 or the not5-null
mutant strain by the oral-intragastric route (5, 6) and immu-
nosuppressed with cyclophosphamide and cortisone acetate.
We demonstrated that 20 days after GI infection, (i) mice
infected with CAI-12 or the null mutant strain had persistent
infections in the stomachs that showed no significant differ-
ences in tissue burdens (Table 2); (ii) CAI-12 and the mutant
strain disseminated to the same extents to the kidneys, livers,
and spleens (Table 2); (iii) the stomachs, livers, spleens, and
kidneys of mice infected with CAI-12 and of those infected
with the null mutant could not be distinguished based on the
depth of infection or tissue damage; and (iv) both hyphae and
yeasts were evident in the histopathology of different organs
(there were no differences in the morphologies of C. albicans
strains in these tissues).

For the model of VVC, female CBA/J (H-2*) mice in
pseudoestrus were intravaginally inoculated with 5 X 10* CFU
of the C. albicans strains (26). We detected no differences in
morphology or tissue burdens between CAI-12 and the null
mutant in vaginal lavages recovered on days 4 and 7 postinfection
(log CFU/ml for CAI-12,3.34 = (0.35 at day 4 and 3.13 = 0.34 at
day 7; log CFU/ml for the null mutant, 3.96 = 0.53 at day 4 and
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TABLE 2. Tissue burdens of mice infected intragastrically with
C. albicans strains

C. albicans Tissue burden (mean log,, CFU/g of tissue = SEM) in:

strain

Stomach Liver Kidney Spleen

CAI-12 6.58 £0.22 6.26 = 0.41 3.86 = 0.46 3.04 =0.37
not5-null mutant 6.55 = 0.25 6.18 £ 0.35 3.69 = 0.39 2.84 = 0.34

2.54 * 0.89 at day 7) (P = NS for both days). The experiment
was repeated, and similar results were obtained.

Disruption of NOTS5 does not result in increased phagocy-
tosis of C. albicans by human PMNs. We studied the effects of
gene disruption on ingestion and killing by freshly harvested
human PMNs (24). The percentage of PMNs that ingested at
least one CAI-12 cell (i.e., percent phagocytosis) was signifi-
cantly higher than the percentage ingesting the not5-null mu-
tant strain (75.5% = 3.4% versus 62.8% = 8.9%, respectively)
(P = 0.04). Similarly, the average number of C. albicans cells
associated with each phagocytosing PMN (i.e., phagocytosis
index) was significantly higher for CAI-12 than for the mutant
(2.3 = 0.3 versus 1.7 = 0.1) (P = 0.006). The overall fungicidal
activities of PMNs were similar against CAI-12 and the mutant
strain (percentages of the original candidal inoculum killed
were 60.5% * 9.9% versus 50.0% = 7.5%, respectively) (P =
NS). These experiments were performed three times, and sim-
ilar findings were obtained. We also repeated the experiments
with CAI-12 and the revertant strain and found no differences
in the percent phagocytosis (79.8% = 0.9% versus 77.0% *
2.1%, respectively), the phagocytosis index (2.66 * 0.52 versus
2.68 * (.36, respectively), or fungicidal activity (60.7% * 8.8%
versus 61.6% = 3.6%, respectively).

Antibody against recombinant NotS5p is present in sera of
patients with candidiasis as well as in sera of healthy volun-
teer controls. We expressed and purified two peptide frag-
ments of Not5p that do not share homology with any sequences
in available databases (amino acid positions 250 to 400 and 401
to 474). We used these in an ELISA to assess antibody re-
sponses in the sera of 36 patients with candidiasis (18 with
OPC and 18 with DC) and 24 healthy men and women without
any evidence of candidiasis. We demonstrated that all individ-
uals mounted significant antibody responses against both pep-
tide fragments, regardless of whether they had candidiasis or
not. For peptide fragment 250-400, there were no differences
in serum IgG and IgM titers between patients with OPC, pa-
tients with DC, and healthy controls (Table 3). Serum IgA
titers, however, were significantly higher in patients with can-
didiasis than in individuals without candidiasis (Table 3). For
fragment 401-474, there were no significant differences in IgG,
IgM, and IgA titers between patients with OPC, patients with
DC, and controls (Table 3).

DISCUSSION

In this study, we demonstrate that C. albicans NOT5 makes
complex contributions to candidal virulence. We conclusively
implicate the gene in the pathogenesis of DC-IV and OPC, but
not in that of DC-GI or VVC. Taken together, our findings
suggest that the particular in vivo environment associated with
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TABLE 3. Not5p-specific IgG, IgM, and IgA titers against peptide
fragments in sera of patients with OPC or DC and in sera
of healthy controls

Peptide fragment Log,, antibody titer = SD

and antibody OPC DC Controls r
Fragment
250-400
IgG 3952016 4.00*=0.15 3.94+0.10 NS(0.5)
IgM 357+024 3.62+027 3.54=0.14 NS(0.7)
IgA 372012 3.62+0.09 3.48 = 0.06 0.0003
Fragment
401-474
IgG 287 £0.61 239*+047 248 +0.50 NS (0.12)
IgM 326 051 332+043 3.10=0.50 NS (0.6)
IgA 3.60 £0.59 341 +0.59 357+0.13 NS(0.7)

a given type of candidiasis is an important determinant of
whether NOT)5 plays a role in virulence.

Numerous host factors differed between our murine models
and might account for the differing contributions of NOT5 to
virulence. First, the models assessed disease at a variety of
tissue sites. It is conceivable, therefore, that Not5p is adapted
to facilitate invasion and destruction of particular sites, such as
the oral mucosa, but is not necessary for these processes to
occur at other sites, such as the GI tract or vaginal mucosa.
Second, the portals of entry of C. albicans to the sites of
infection differed, a difference which, in turn, might have in-
fluenced virulence. During DC, for example, our data suggest
that NOTS5 is important for the disease process within the
kidneys if the organism is inoculated directly into the blood-
stream but not if it must first traverse the GI tract. Passage
through the GI mucosa, therefore, might alter the subsequent
mechanisms of virulence within the bloodstream and kidneys
such that NOTYS is not necessary for disease to occur. Finally,
the status of host defenses might influence the importance of
NOTS5 in different types of candidiasis. In the VVC model,
mice have alterations of the vaginal mucosa caused by
pseudoestrus but are not immunosuppressed. In this setting of
intact immune function, the contribution of Not5p to virulence
might not be sufficient to play a discernible role in establishing
mucosal disease; alternatively, other factors may take greater
precedence in vaginal tissue or in the presence of estrogen. In
the OPC model, on the other hand, cortisone acetate causes
pleiotropic disturbances in host cellular immunity (17); the
virulence effects of NotSp might become “unmasked” and fa-
cilitate tissue destruction. During GI candidiasis, mice have
defects in both PMN quantity and cellular immunity. In the
face of such profound immunosuppression, it is possible that
the host is not able to defend itself against even a relatively
“hypovirulent” not5-null mutant strain, and invasion of the GI
tract might be indistinguishable from that seen with a wild-type
strain.

We must acknowledge that the differences in virulence we
observed might also result from inadequacies of the murine
models. The DC-IV model, for example, does not mimic the
pathogenesis of the majority of cases of human candidemia,
which most commonly arise from GI translocation. Further-
more, in those cases of DC in humans in which an i.v. catheter
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is implicated, the inoculum is generally small. The murine
model we employed is popular not because of its physiologic
relevance but primarily because of its interlaboratory repro-
ducibility and relative simplicity. At the same time, our use of
different strains of mice in the various models might also have
influenced our findings. We chose these mouse strains because
the respective models have been well established. Based on this
study, therefore, we cannot definitively conclude that NOTS5
never plays a role in the pathogenesis of diseases such as GI
candidiasis or VVC. Nevertheless, the fact that we could not
demonstrate a role in our models of these diseases supports
our conclusion that the gene encodes a protein whose contri-
bution to virulence is contingent on the appropriate host en-
vironment.

It is not clear if the differences in virulence in the models
stem from the lack of NOT5 expression during GI candidiasis
or VVC. It is noteworthy, however, that sera recovered from
healthy young men and women with no history of candidal
diseases contain anti-Not5p antibody titers that do not differ
from those among patients with DC and OPC. As our ELISA
experiments were performed against two unique protein frag-
ments that do not share any homology with amino acid se-
quences identified in humans, S. cerevisiae, or other microbes,
the antibodies are likely to be specifically directed against
C. albicans Not5p. For this reason, our findings suggest that
NOTS is likely to be expressed during routine colonization of
mucosal surfaces by C. albicans. As such, our study highlights
the relationship between colonization and the pathogenesis of
disease, and it suggests that a number of candidal genes might
be involved in both processes. In its role as a commensal, for
example, C. albicans must adhere to and persist at mucosal
surfaces as well as resisting elimination by the host. In
C. albicans’ role as an opportunistic pathogen, the same prop-
erties might also contribute to disease states in a susceptible
host environment. Genes such as NOTS5 that are likely to be
expressed during the colonization of tissues, therefore, can also
encode virulence factors.

Interestingly, the attenuation in adherence of the not5 mu-
tant to mucosal cell lines in vitro was not consistently associ-
ated with attenuated virulence at the corresponding tissue sites
in the murine models. This observation highlights the complex-
ity of in vivo environments and demonstrates that they are
incompletely replicated by in vitro systems. At mucosal sur-
faces in vivo, for example, C. albicans must contend with nu-
merous factors not included in adherence assays, such as an-
tibodies, innate host defense factors, other aspects of immune
function, and competing microorganisms. For these reasons, it
is not surprising that specific genes implicated in adherence
during in vitro studies might not be found to affect virulence
during in vivo infections.

We believe that NOTS is likely to mediate its effects on
virulence indirectly. Our finding that C. albicans NOT5 com-
plemented an S. cerevisiae not5-null mutant strain implies the
presence of a candidal CCR-NOT complex. The functionally
diverse S. cerevisiee CCR-NOT complex serves as a global
transcriptional regulator involved in a wide range of cellular
processes (16). The complex is also involved in several aspects
of mRNA metabolism, including activation of initiation, con-
trol of elongation, and deadenylation and degradation (9). If
C. albicans NOT5 encodes a component of a similar complex,
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it is likely that the gene influences the transcription of other
virulence-associated genes. Indeed, coregulation of virulence
genes has been demonstrated for several genes that regulate
hyphal formation (15). It is further plausible that the genes and
transcripts influenced by a CCR-NOT complex might encode
factors that are adapted to particular host environments. Of
note, we have previously shown that NOT3, encoding another
member of the putative C. albicans CCR-NOT complex, does
not contribute to the pathogenesis of DC-IV in nonimmuno-
suppressed mice (4). Other investigators, on the other hand,
have demonstrated a role for NOT4 during DC-IV, which
suggests that individual genes of the NOT family are likely to
be responsible for a subset of functions within the entire com-
plex (14). At the same time, specific aspects of the complex’s
function might remain operational in the absence of individual
genes (14). It is also possible that NOTS5 has functions outside
of the larger complex, in which case the gene could influence
virulence more directly.

Our findings lead to several conclusions. First, the role of
C. albicans NOT5 in virulence is shaped by factors such as
tissue location, host immune status, and portal of entry to the
site of infection. At the same time, NOT5 might also play a role
in the routine colonization of mucosal surfaces, highlighting
the relationship between commensalism and the pathogenesis
of disease. We are currently investigating the potential inter-
actions between Not5p, putative members of the C. albicans
CCR-NOT complex, and other virulence proteins. Finally, we
will also be studying the expression patterns of NOTS5 during
different murine infections to determine if transcriptional reg-
ulation accounts for the gene’s variable contributions to vir-
ulence.
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