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Phagocytosis of Candida albicans by either primary bone marrow-derived mouse macrophages or RAW 264.7
cells upregulated transcription of PRA1, which encodes a cell wall/membrane-associated antigen previously
described as a fibrinogen binding protein. However, a pra1 null mutant was still able to bind fibrinogen,
showing that Pra1p is not uniquely required for fibrinogen binding. As well, Pra1 tagged with green fluorescent
protein did not colocalize with AlexaFluor 546-labeled human fibrinogen, and while PRA1 expression was
inhibited when Candida was grown in fetal bovine serum-containing medium, Candida binding to fibrinogen
was activated by these conditions. Therefore, it appears that Pra1p can play at most a minor role in fibrinogen
binding to C. albicans. PRA1 gene expression is induced in vitro by alkaline pH, and therefore its activation in
phagosomes suggested that phagosome maturation was suppressed by the presence of Candida cells. Lyso-
Tracker red-labeled organelles failed to fuse with phagosomes containing live Candida, while phagosomes
containing dead Candida underwent a normal phagosome-to-phagolysosome maturation. Immunofluorescence
staining with the early/recycling endosomal marker transferrin receptor (CD71) suggested that live Candida
may escape macrophage destruction through the inhibition of phagolysosomal maturation.

Candida albicans is an opportunistic pathogen that can cause
both superficial mucosal infections and more-serious dissemi-
nated bloodstream infections, the latter typically in immuno-
compromised patients or in patients with severe injuries or
underlying diseases, such as diabetes (62). The roles of the
different immune system components in the detection, de-
fense, and elimination of this fungal pathogen are under ex-
tensive study (19, 57, 68). The morphological switching ability
of this yeast and its cell surface-associated antigens also play
important roles in both the pathogen’s recognition by the host
immune cells and its capacity to escape from destruction (7, 36,
58, 64, 66–68). For example, the yeast form of C. albicans is
recognized by the Toll-like receptor 4 and the dectin-1 recep-
tor, which stimulate release of proinflammatory cytokines, thus
favoring Candida elimination (27, 60). However, both yeast
and hyphal cells are also recognized by Toll-like receptor 2,
which mediates the release of anti-inflammatory cytokines,
thus favoring Candida survival (8, 59). Other receptors, such as
DC-SIGN, MR, Mac-1, and Gal3, are also involved in C. al-
bicans binding (reviewed in references 19, 64, and 66). The
membrane/cell wall composition of C. albicans cells that rep-
resent the target for many receptors varies depending on en-
vironmental cues such as temperature, pH, and the presence of
serum (12, 73). The differential expression of proteins includes
in particular glycosyltransferases that modify the glycan com-
ponents of the cell surface, resulting in differential recognition
by the immune system (7, 58). Overall, Candida albicans sur-
face proteins can bind many host proteins, including fibrinogen

(10), complement fragments (34), plasminogen (13), and ex-
tracellular matrix proteins such as collagen, fibronectin, and
laminin (28).

Because of the complexity of the host immune response, it
has proven useful to investigate the behavior of pathogens that
interact with isolated elements of the innate immune system.
Many studies have looked at the consequences of Candida
albicans cells growing in the presence of cultured macro-
phages. Such cultured cells, while far from providing a picture
of the complete immune response, allow a focus on specific
elements of the process. For example, the recognition that the
yeast-to-hypha transition was an important component of the
ability of the pathogen to escape phagocytosis was emphasized
through studies using the J774A cell line (44). Subsequent
work using this mouse macrophage line identified transcrip-
tional consequences of the host-pathogen interaction on the
pathogen (46). In addition, we have previously shown that,
although RAW 264.7 mouse macrophages can also phagocy-
tose and kill Candida, specific C. albicans mutant strains can
more efficiently escape the macrophage although they are less
virulent in the whole mouse tail vein injection test of patho-
genicity (48). As an alternative to macrophage lines, primary
cells can be used to investigate pathogen killing; these cells
may be less standardized than established cell lines but are
potentially more representative of the in vivo cellular status
(53) and can be derived from hosts with interesting genetic
modifications to immune system molecules (52).

We are interested in C. albicans genes that are modulated
during the pathogen’s interaction with mouse macrophages,
especially those genes that encode proteins that localize to the
cell membrane/wall. Among such genes, we noted PRA1 to be
highly upregulated. Pra1p is a cell wall-associated protein
found in both the yeast and hyphal forms of C. albicans: Pra1p
becomes highly glycosylated in hyphal-form cells (12) and elic-
its a strong immune response in infected patients (77). Pra1p
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was also identified as mp58 (58-kDa mannoprotein) or Fbp1
(fibrinogen binding protein) (45, 78). An attractive model for a
fibrinogen-binding role of Pra1p would be to link Candida cells
to the Mac-1 receptor through fibrinogen (21, 22, 74), so the
expression of this protein during phagocytosis could facilitate
Candida adsorption to and escape from macrophages. How-
ever, because the addition of fibrinogen can inhibit lymphocyte
adsorption to Candida, there is evidence against this model
(21). As well, it was recently suggested that a soluble 250-kDa
complex containing Pra1p was a direct ligand of the Mac-1
receptor, eliminating the need for a bridging role of fibrinogen
(72).

After pathogen internalization and the formation of the
phagosome, this organelle undergoes a maturation process: it
fuses sequentially with sorting endosomes (pH 6.1) (often re-
ferred to as early endosomes), late endosomes (pH 5.5 to 6.0,
with active proteases), and finally lysosomes (pH 4.5 to 5.5,
with mature proteases) (16, 31, 63). As a result of these fusion
events, the phagosomal lumen becomes a highly acidic and
oxidizing environment, endowed with a variety of hydrolytic
enzymes that can effectively digest its contents (32, 37). This
maturation process ultimately leads to the degradation of the
engulfed components and the formation of hydrolyzed frag-
ments of the pathogen available for antigen presentation. Be-
cause normal phagocytosis should lead to acidification of the
phagosome environment, it is surprising that PRA1 is upregu-
lated in the macrophage because in vitro the expression of
PRA1 and other genes, such as PHR1, is triggered by alkaline
pH (15). This modulation is abolished in a rim101 mutant,
suggesting that PRA1 expression is under the control of the
Rim101p transcription factor. Newman et al. (61) had previ-
ously shown that, in human macrophages, live but not heat-
killed Candida could inhibit lysosomal fusion to phagosomes.
In this study, we investigated the expression of the PRA1 gene
in the context of phagocytosis, including lysosomal fusion to
the Candida phagosome, and the colocalization with fibrinogen
by use of a green fluorescent protein (GFP)-tagged Pra1p-
expressing strain.

MATERIALS AND METHODS

Reagents. Dulbecco’s modified Eagle’s medium, Iscove modification of Dul-
becco’s medium (IMDM), Dulbecco’s phosphate-buffered saline (D-PBS), Al-
exaFluor 546 (AF546) human fibrinogen conjugate, Trizol, Micro-FastTrack 2.0
kit, Superscript III, LysoTracker red DND-99, Hoechst 33342, and Prolong gold
were purchased from Invitrogen (Rockville, MD). Fetal bovine serum (FBS),
minimum essential medium with Earle’s balanced salt solution (MEM-EBSS),
and HEPES were purchased from Hy-Clone (Logan, UT). FBS was heat inac-
tivated at 56°C for 30 min. Unless otherwise cited, all other reagents were
purchased from Sigma (St. Louis, MO).

Strains and cell lines. The C. albicans strains used in this study are listed in
Table 1. Unless otherwise specified, the strains were grown overnight at 30°C in
yeast extract-peptone-dextrose medium (YPD). The RAW 264.7 mouse macro-
phage line, kindly provided by A. Descoteaux (IAF, Laval, Canada), was main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% heat-
inactivated FBS (D-10). Bone marrow-derived macrophages (BMDM) were
prepared from bone marrow cells isolated from 10-week-old BALB/c mice and
differentiated in macrophages in MEM-EBSS supplemented with 10% heat-
inactivated FBS, 10% L cell-conditioned medium as a source of CSF-1 (14), 2
mM L-glutamine, 15 mM HEPES, 100 IU/ml penicillin, and 100 �g/ml strepto-
mycin (MEM-10), as described before (23, 76). The medium was changed every
2 to 3 days until macrophage differentiation and confluence were reached 10 to
14 days later. Proper differentiation of bone marrow cells into macrophages was
assessed by flow cytometry analysis using rat anti-mouse fluorescein isothiocya-
nate-labeled F4/80 (BioLegend, San Diego, CA) and phycoerythrin (PE)-labeled

CD11b (Cedarlane Laboratories Ltd., Hornby, ON, Canada) or appropriate rat
isotypic control antibodies (PE-labeled rat immunoglobulin G2b or fluorescein
isothiocyanate-labeled rat immunoglobulin G2b; Cedarlane Laboratories Ltd.).
For assays with macrophages, C. albicans cells were washed twice in PBS,
counted with a hemacytometer, and resuspended at the required concentration
in warmed medium immediately before the interaction. RAW 264.7 cells were
seeded the day before at 2.2 � 105 cells/cm2, and BM cells were seeded 10 to 14
days before at 3.3 � 104 cells/cm2 in differentiation medium. At time zero,
culture medium was replaced with fresh medium of a Candida suspension to give
a final multiplicity of infection (MOI) of 1 for live Candida cells (at macrophage
confluence, 6.6 � 105 C. albicans cells/cm2 for RAW 264.7 cells and 2.2 � 105 C.
albicans cells/cm2 for BMDM) or 5 for fixed Candida cells. The cells were
incubated at 37°C with 5% CO2. For transcription profile analysis, control cul-
tures consisting of Candida only were initiated at the same time under the same
culture conditions. Fixed Candida cells were prepared the day before from an
overnight culture in YPD (yeast form) or from an additional 1.5-h incubation
under the same medium/culture conditions (37°C, 5% CO2 in D-10 or MEM-10
at 108 cells/30 ml). After a quick wash in D-PBS, cells were fixed for 30 min at
room temperature in 4% paraformaldehyde in PBS containing Complete pro-
tease inhibitors (Roche Diagnostics, Laval, Canada). Fixed cells were then
washed three times in PBS and stored at 4°C in PBS containing Complete
protease inhibitors until use.

Candida RNA isolation and cDNA labeling. One to four 150-mm dishes were
harvested by a quick wash in D-PBS, followed by the addition of 10 ml/plate
(Candida only) or 15 ml/plate (Candida with macrophages) of Trizol reagent.
Cells were collected and centrifuged at 12,000 � g. Pellets contained intact
Candida cells, and the pellet containing Candida with macrophages was washed
two more times with Trizol to remove contaminating macrophage DNA and
RNA. Intact Candida cell pellets were quickly frozen at �80°C. Total RNA was
isolated using a hot phenol extraction protocol repeated three times (40). Total
RNA was further purified using an RNeasy mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. Quantification was assessed by
absorbance reading (Nanodrop; Thermo Fisher Scientific, Montreal, Canada).
The quality of mRNA was assessed using an RNA 6000 Nano Lab-on-a-Chip kit
and Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Eight to 20 �g of
total RNA (equal amounts for each pair) was reverse transcribed in cDNA and
purified as described before (55) by using Superscript III. Unincorporated dyes
were removed using a CyScribe GFX purification kit (GE Healthcare Bio-
Sciences Inc.). Procedures used for hybridization, washing, and scanning were
done as described before (55), with the exception that a slide booster hybridiza-
tion station (Advalytix; Olympus America Inc., Concord, MA) was used for
microarray hybridization for 16 h at 42°C.

Microarray analysis. We measured the fluorescence ratios between C. albi-
cans cultures incubated with macrophages for 60, 120, or 240 min against that of
control cultures incubated in the absence of macrophages. Each time point was
assayed four times using independently produced cultures. To account for the
possibility of dye bias, each series of four hybridization experiments included two
Cy3/Cy5 and two Cy5/Cy3 comparisons. We eliminated from our analysis 60
probes that showed significant cross-hybridization with total RNA isolated from
mouse macrophages. Normalization and statistical analysis were conducted with
GeneSprings GX (Agilent Technologies, Santa Clara, CA). To select signifi-
cantly modulated transcripts at each time point, we used volcano plots that
combine a Welch t test (P values of �0.05) with a 1.5-fold-change cutoff.

Northern blot analysis. mRNA was isolated using a Micro-FastTrack 2.0 kit
according to the manufacturer’s instructions. Northern blot analysis was per-
formed as described previously (2), using 1 �g of mRNA per lane. Probes were
made using a Rediprime II labeling kit (GE Healthcare Life Sciences, Baie

TABLE 1. Candida strains used in this study

Strain Genotype Reference or
source

SC5314 Wild type 20
CAI4 ura3::imm434/ura3::imm434 20
CAI4-GFP ura3::imm434/ura3::imm434 pAM5.6 2
RM1000 ura3::imm434/ura3::imm434

his1::hisG/his1::hisG
56

CAM33 RM1000 pra1::HIS1/PRA1 This study
CAM35 RM1000 pra1::HIS1/pra1::URA3 This study
CAM38 CAI4 PRA1::PRA1-GFP::URA3 This study
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D’Urfe, Canada) according to the manufacturer’s instructions. Detection of
specific RNAs was performed as previously described (1). The 500-bp PRA1
probe was obtained from a BstEII/ClaI fragment of pAM13 (PRA1 gene cloned
in BamHI/PstI restriction sites of pVec). The other probes were PCR amplified
from SC5314 genomic DNA: the 300-bp PHR1 probe used oligonucleotides 5�
GCTAACCGTCCACGTTTGTTC 3� and 5� TGGTGGCAAATTAGTTG
CAGC 3�, and the 203-bp TEF2 control probe used oligonucleotides 5� GTCC
ATGGTACAAGGGTTGG 3� and 5� ACCGGCTTTGATGATACCAG 3�.

Deletion of PRA1. Oligonucleotides used in this study are listed in Table 2. As
shown in Fig. 1A, the entire PRA1 open reading frame (orf19.3111) was deleted
in two steps by homologous recombination using a PCR-based cassette method,
as described previously (17, 29). Briefly, 100-bp oligonucleotides oAM98 and
oAM99, consisting of 80 nucleotides of the 5� (oAM98) or 3� (oAM99) untrans-
lated region (UTR) of PRA1 and 22 nucleotides of BlueScript plasmid, were used
to amplify a URA3 or a HIS1 cassette from pBS-cURA3 (a kind gift of A. P.
Brown) or pBS-CaHIS1 (a kind gift from C. Bachewich). The PCR fragments
were purified on a QIAquick PCR purification column (Qiagen, Valencia, CA)
and transformed sequentially into RM1000 (ura/ura his1/his1) by use of a mod-
ified rapid lithium acetate transformation protocol (11) with an overnight incu-
bation at 30°C with the DNA, followed by a 15-min heat shock at 44°C (79).
Transformants were plated on the appropriate selection medium and screened
by PCR (Fig. 1B).

End point dilution survival assay. The end point dilution survival assay was
performed as described previously (48). Briefly, Candida cells were counted and
serially fourfold diluted in macrophage medium in 96-well microplates with or
without mouse macrophages. After a 24-h incubation at 37°C, 5% CO2, Candida
colonies from wells where colonies could be visualized were counted and com-
pared to the numbers of colonies from wells of the same dilution containing
macrophages.

Fibrinogen binding. SC5314 or CAM35.1 Candida cells were incubated on
acid-washed coverslips for 2 h at 37°C, 5% CO2 in IMDM supplemented with
10% FBS (I-10) with or without human fibrinogen at a final concentration of 250
�g/ml. They were then incubated on ice for 10 min, followed by the addition of
AF546-conjugated human fibrinogen at a final concentration of 25 �g/ml. After
an additional 10-min incubation on ice, cells were washed, fixed, and mounted as
described in “Immunofluorescence (CD71 labeling)” below.

Microscopy. Phase contrast and epifluorescence pictures were taken using a
Leica DMIRE2 inverted microscope (Leica Microsystems Canada) equipped

with a Hamamatsu cooled charge-coupled-device camera at �200, �400, �630,
or �1,000 magnification, using the appropriate filters. Openlab software (Im-
provision, MA) was used for image acquisition. Macrophage nuclei were stained
using Hoechst 33342 at a final concentration of 1 �g/ml.

PRA1-GFP construct. A C-terminal GFP-tagged Pra1 protein was constructed
using a PCR fusion strategy. Chimeric oligonucleotides forward oAM92 (24
bases upstream of the PRA1 stop codon and 29 bases from the first ATG coding
sequence of GFP) and reverse oAM95 (35 bases from the PRA1 stop codon
toward the 3� UTR and 26 bases from the GFP 3�-end coding sequence) were
used to amplify GFP from plasmid pGFP26 (51). Oligonucleotides oAM86 (1 kb
upstream of the PRA1 coding sequence, containing a PstI restriction site for
subcloning) and oAM93 (reverse of oAM92) were used on SC5314 genomic
DNA to amplify the PRA1 gene without its stop codon and its 5� UTR, and
oligonucleotides oAM94 and oAM87 were used to amplify the 3� UTR of PRA1
including its stop codon. The three PCR fragments were sequentially reamplified
in two steps using the appropriate oligonucleotides to generate the Pra1-GFP
C-terminal fusion protein. The resulting 3.5-kb PCR fragment was subcloned
into pVec (47) using PstI and BamHI (840 bp downstream of the GFP stop
codon) restriction sites to generate pAM19. Several clones were verified by
sequencing. Finally, pAM19.5 was ApaI digested and transformed into the CAI4
ura�/� C. albicans strain. Colony PCR using an external oligonucleotide and an
internal oligonucleotide was used to verify the appropriate integration of the
construct at the PRA1 locus. Clones were also tested for their ability to become
GFP positive under inducing conditions (high pH, using IMDM).

Fibrinogen and PRA1 colocalization. AF546-conjugated human fibrinogen at
a final concentration of 25 �g/ml was added to overnight cultures of CAM38.3
(Pra1-GFP-expressing Candida) or CAM35.1 (pra1 null) cells in IMDM or I-10
at 37°C and incubated on ice for 1 h. Cultures were then washed twice in PBS,
followed by microscopic observation at �630 magnification.

Effect of FBS on Pra1-GFP expression. Overnight cultures of CAM38.3 cells
in IMDM at 30°C were diluted 10 times in fresh IMDM with or without 10%
FBS. They were incubated for an additional 4 h at the same temperature with
agitation. Ten percent FBS was added to the IMDM control culture just prior to
microscopic observation at �630 or �1,000 magnification.

Time-lapse experiment. Bone marrow cells were seeded in a Bioptechs petri
dish prepared as previously described (48) in BMDM differentiation medium for
10 days. For time-lapse experiments, MEM-EBSS was replaced with Leibovitz’s
L15 medium, omitting penicillin and streptomycin. BMDM were then preincu-

TABLE 2. Oligonucleotides used in this study

Name Description No. of
nucleotides Sequencea Source or

reference

oAM86 PRA1 5� UTR plus PstI 35 AAAACTGCAGAAGATGAGCTCGACTCTTCATCATC This study
oAM87 PRA1 3� UTR 23 GTGACAAGTCGACCCAATCGGAC This study

oAM92 PRA1 end, GFP start forward 53 CATGCAGATGGTGAAGTCCACTGTATGAGTAAAG
GAGAAGAACTTTTCACTGG

This study

oAM93 PRA1 end, GFP start reverse 53 CCAGTGAAAAGTTCTTCTCCTTTACTCATACAGTG
GACTTCACCATCTGCATG

This study

oAM94 GFP end, PRA1 3� UTR, forward 61 CACATGGCATGGATGAACTATACAAATAATTGTTA
AGTTCAGGCATTAAACAATTTTTAAG

This study

oAM95 GFP end, PRA1 3� UTR, reverse 61 CTTAAAAATTGTTTAATGCCTGAACTTAACAATTA
TTTGTATAGTTCATCCATGCCATGTG

This study

oAM98 PRA1 5� UTR PCR cassette 100 CAACAATATCTCGTTGGAAAAGACCTTTGTTTGGT
TAATCATTTTTTTTATTCACATCTATAATCACAAA
CTTTCTCTcgtaatacgactcactataggg

This study

oAM99 PRA1 3� UTR PCR cassette 100 TGCAATTAATCTTATTAATTCAAGCTATAAAAGAT
ATCCATGAAACACCTTAAAAATTGTTTAATGCCT
GAACTTAACaagggaacaaaagctgggtacc

This study

H1 HIS1 forward 20 GGTACCTGGAGGATGAGGAG C. Bachewich
H2 HIS1 reverse 25 AATATTTATGAGAAACTATCACTTC C. Bachewich

U1 URA3 forward 22 TTGAAGGATTAAAACAGGGAGC 17
U2 URA3 reverse 24 ATACCTTTTACCTTCAATATCTGG 17

a Underlining indicates the PstI site, boldface type indicates the ATG codon from the GFP sequence, and lowercase lettering indicates the URA or HIS cassette
common sequence.
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bated for 30 min at 37°C with 300 nM of LysoTracker red DND-99. Fixed hyphal
or live CAI4-GFP cells were then added at an MOI of 1 to give a final Lyso-
Tracker red DND-99 concentration of 50 nM. Phase, green, and red images were
captured every 10 min using the appropriate filters.

Immunofluorescence (percentage of phagocytosis). Macrophages were seeded
in 24-well plates as described earlier, and culture medium was replaced with
warmed medium containing GFP-expressing C. albicans to obtain the desired
MOI. At the end of interactions, cells were washed two times in culture medium
and stained with an anti-Candida antibody as described previously (42). Epifluo-

rescence was monitored using the appropriate filters, at �400 magnification. The
percentage of phagocytosis was determined by counting the number of macro-
phages containing at least one Candida cell divided by the total number of
macrophages, using Openlab and ImageJ software. The percentage of phagocy-
tosis was calculated from a total of 12 images from three independent experi-
ments for each time point. Each image contained a mean of 120 BMDM or 225
RAW 264.7 cells.

Immunofluorescence (CD71 labeling). BM cells were seeded on acid-washed
coverslips at 3 � 105 cells per well in a six-well plate. Washed Candida cells were
then incubated with macrophages at an MOI of 1 for the times indicated in Fig.
8. After a quick wash with PBS, cells were fixed for 5 min with fresh 4%
paraformaldehyde in PBS, washed three times in PBS, permeabilized with 0.2%
NP-40 in PBS for 10 min, washed, and blocked with StartingBlock (Pierce,
Thermo Fisher Scientifique, Montreal, Canada). Coverslips were then incubated
with a 1/100 dilution of PE-conjugated anti-mouse CD71 (transferrin receptor)
or isotype controls (Cedarlane Laboratories, Burlington, Canada) in blocking
buffer for 1 h at 37°C. They were then washed three times in PBS containing
0.05% Tween 20 and once with PBS, dried, and mounted in Prolong gold.

Statistics. Unless otherwise stated, statistical analysis of the data was per-
formed using Student’s t test and results were considered significant at P values
of �0.05.

Microarray data accession number. Microarray data have been deposited into
the National Center for Biological Information (NCBI)’s Gene Expression
Omnibus (GEO) database under accession number GSE11399.

RESULTS

Macrophage phagocytosis is more efficient for Candida
hyphal-form than yeast-form cells. Morphological plasticity is
one of the hallmarks of the human fungal pathogen Candida
albicans (80). When C. albicans cells are incubated in macro-
phage medium at 37°C with 5% CO2, their phenotype switches
from the yeast to the hyphal form. Hyphal forms of C. albicans
appear to express molecules that allow for their recognition by
mouse macrophages; as shown in Fig. 2, yeast cells were poorly
recognized by these macrophages relative to hyphal cells.
CAI4-GFP yeast or hyphal cells were fixed with paraformal-
dehyde to maintain their respective morphologies and incu-
bated at an MOI of 5 with mouse BMDM for the times indi-
cated in Fig. 2. They were then washed and stained with an
anti-Candida polyclonal antibody, as described in Materials
and Methods. Engulfed Candida, protected from primary an-
tibody binding, remained green, whereas nonphagocytosed
Candida became stained in red (or yellow in overlay with the
GFP signal). Eighty percent of the BMDM contained at least
one Candida hyphal cell at the 30-min time point, whereas only
10% contained yeast cells. A plateau was reached at the 60-min
time point, with 90% phagocytosis. Phagocytosis of the yeast
form was slower and proceeded at a linear rate of about 10%
every 30 min. After a 3-h incubation, only 50% of BMDM
contained yeast forms of Candida. This differential phagocyto-
sis was also observed with the RAW 264.7 cell line (data not
shown).

This distinction between yeast and hyphal cells was also
observed for living cells. Figure 3 shows phagocytosis of live
Candida at an MOI of 1 while cells were undergoing the
morphological switch. The rate of phagocytosis was low at 30
min (Fig. 3B). BMDM phagocytosed Candida at early time
points (15% and 45% at 30 and 60 min, respectively) more
efficiently than did RAW 264.7 macrophages (4% and 32%,
respectively). The number of macrophages containing Candida
cells increased rapidly with time, to reach a plateau at 1.5 h for
RAW 264.7 macrophages and at 2 h for BMDM. Beyond these
time points, Candida cells escaped macrophages and were
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FIG. 1. Disruption of PRA1 (orf19.3111). (A) PCR-based cassette
method for disruption of PRA1 in two steps. The thick black bar
represents genomic DNA at the PRA1 locus, and the white rectangles
represent the PRA1 gene coding sequence. The PCR cassettes used for
the disruption are composed of a selectable marker (gray ovoid rect-
angle) flanked by two 80-nucleotide segments from the PRA1 5� UTR
or 3� UTR locus (small white rectangles) for the homologous recom-
bination of the cassettes. The first allele of PRA1 was replaced by the
HIS1 marker, and the second allele was replaced by the URA3 marker.
Small arrows represent the orientations and approximate positions of
oligonucleotides (Table 2) used for PCR analysis and confirmation of
the disruption. (B) Confirmation of disruption by PCR. The parent
strain RM1000, the first-allele-disrupted strain CAM33, and the sec-
ond-allele-disrupted strain CAM35 were analyzed by PCR using the
oligonucleotides described for panel A. A 1-kb DNA ladder (Invitro-
gen, Carlsbad, CA) was used for size reference. PCR with oligonucle-
otides oAM86 and oAM87 produced a 2.8-kb DNA fragment for the
PRA1 wild-type allele, as seen for strains RM1000 and CAM33 (lanes
3 and 8), and a 3.2-kb fragment when PRA1 was replaced by the HIS1
marker, as seen for strains CAM33 and CAM35 (lanes 8 and 13), or
the URA3 marker, as seen for strain CAM35 (lane 13). The proper
integration of the markers was confirmed using external oligonucleo-
tides of the PRA1 locus (oAM86 or oAM87) together with internal
oligonucleotides for the markers HIS1 (H2 or H1, respectively) (lanes
1,2, 6, 7, 11, and 12) and URA3 (U2 or U1, respectively) (lanes 4, 5, 9,
10, 14, and 15).
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phagocytosed by neighboring macrophages, as shown in Fig.
3A (180-min time point).

Changes in C. albicans transcript abundance upon phago-
cytosis by primary and immortalized mouse macrophages.
The interaction between the fungal pathogen Candida albicans
and cells of the innate immune system is associated with sig-
nificant changes in gene expression in both fungal and mam-
malian cells (24, 26, 35, 46, 69). We used microarray analysis to
investigate the transcriptional consequences of the engulfment
of cells of the SC5314 strain of C. albicans by both primary
macrophages (BMDM) and the macrophage line RAW 264.7.
Because the number of phagocytosed Candida cells was still

low after 30 min of incubation (Fig. 3B), we collected tran-
scriptional profiling data after 1, 2, and 4 h. Overnight cultures
of C. albicans were washed, counted, and diluted at the re-
quired concentration in the appropriate culture medium sup-
plemented with 10% heat-inactivated FBS. The C. albicans
cells were incubated at 37°C in the presence of 5% CO2 with or
without macrophages at an MOI of 1. Preliminary studies using
luciferase-expressing C. albicans strains indicated that these
culture conditions allowed the analysis of the fungal cells re-
sponding to phagocytosis without severe nutrient limitation
(unpublished observations). Transcriptional profiles from at
least four independent experiments for each condition were

FIG. 2. Differential phagocytosis of yeast and hyphal forms of Candida albicans. (A) CAI4-GFP yeast or hyphal forms were fixed and incubated
with BMDM at an MOI of 5 for the indicated times. They were then stained with an anti-Candida polyclonal antibody (red), as described in
Materials and Methods, and visualized at �400 magnification. Engulfed Candida, protected from primary antibody binding, remained green,
whereas nonphagocytosed Candida became yellow-red. Macrophage nuclei stained with Hoechst 33342 appear blue. (B) Percentages of BMDM
containing at least one Candida cell at the indicated times.
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analyzed and compared to profiles of four independent cul-
tures of C. albicans grown alone under the same conditions.

As seen in Fig. 4, primary macrophages (BMDM) were
much more effective than RAW 264.7 cells in eliciting a tran-
scriptional response in the C. albicans cells. Nevertheless, both
types of macrophage elicited similar responses in C. albicans,
as evidenced by the significant overlap between the respective
lists of significantly modulated genes (see Table S1 in the
supplemental material for a list of annotated genes). Our re-
sults, especially those obtained with the BMDM, are similar to
those previously observed in the studies of Lorenz et al. (46)
and Fradin et al. (25) (see PMN in Fig. S1B in the supplemen-
tal material). Notably, many of the upregulated genes are as-

sociated with carbohydrate transport/metabolism/fermentation
(HGT2, HGT12, HGT18, IFE2, ARO10, GAL1, GLK1, GLK4,
ADH5, ICL1, SDH2, INO1, etc.) and oxidative stress (CIP1,
CAT1, YHB1, CCP1, SOD3, etc.) (18). Only a few modulated
genes were associated with the yeast-to-hypha transition tran-
scription profile (54), since the control cells were also under-
going the yeast-to-hypha transition. Principal-component anal-
ysis (see Fig. S1B in the supplemental material) also shows
significant correlations with other transcriptional profiles, in-
cluding cyclic AMP-dependent stress responses and treatments
with oxidative agents, high salt, and hydroxyurea, as well as
downregulation of the Cdc5p Polo-like kinase (6, 18, 33). We
also see significant correlations with the responses observed for

FIG. 3. Phagocytosis of live Candida by the RAW 264.7 macrophage line or primary mouse BMDM. (A) GFP-expressing Candida strain
CAI4-GFP was grown in the presence of RAW 264.7 macrophages or BMDM at an MOI of 1 for the indicated times. They were stained as
described in the legend for Fig. 2 and visualized at �400 magnification. (B) Percentages of macrophages containing at least one CAI4-GFP cell
at the indicated times.
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mutants of the Gal4p and Tac1p transcription factors (43, 49).
Interestingly, while we observe a downregulation of genes
whose products are localized to the ribosomes, nucleolus,
Golgi apparatus, and endoplasmic reticulum, phagocytosis in-
duces an upregulation of peroxisomal and lysosomal gene
products (see Fig. S1C in the supplemental material). After a
4-h incubation, upon pathogen escape from the macrophage
phagosome, the majority of the modulated transcripts have
started to recover their normal basal levels of expression,
which probably reflects rebalancing of the cellular components
as the pathogen returns to a more normal growth state.

PRA1 transcripts are strongly induced upon phagocytosis.
Cell surface components (proteins, glycans, etc.) are molecules
critical for the recognition of pathogens by immune cells. The
modulation of confirmed or putative cell surface/membrane/
secreted protein-encoding genes, such as PRA1, DDR48,
CSH1, ECM4, HGT12, HGT18, CIP1, INO1, etc., can offer new
insight into the molecular mechanisms involved in macrophage
phagocytosis and/or Candida escape. One of the most highly
upregulated genes identified in the pathogen upon engulfment
by the macrophage was PRA1, a gene encoding a cell surface
product that has been described as a fibrinogen binding protein
(78). In vitro, the PRA1 (pH-regulated antigen 1) gene is ac-
tivated, along with PHR1 (pH responsive) and its regulator
RIM101 (regulator of IME2), when Candida cells are grown at
an alkaline pH (15). Figure 5 shows a Northern blot analysis of
C. albicans PRA1 and PHR1 and a control gene, TEF2. Panel

A shows that when the SC5314 strain is grown in YPD at pH
6.0, the PRA1 and PHR1 mRNAs are not transcribed. How-
ever, when this C. albicans strain is grown in IMDM, pH 7.4 to
8.0, both transcripts are expressed. As shown in Fig. 2B, the
PRA1 transcript was strongly upregulated upon phagocytosis
by the RAW 264.7 mouse macrophage line (in D-10, pH 7.4),
compared to Candida cells incubated in the same culture me-
dium (D-10) without macrophages. In contrast, although tran-
scription of the PHR1 gene was induced in macrophage culture
medium, its expression remained unchanged during phagocy-
tosis. This differential regulation of PRA1 and PHR1 in re-
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FIG. 4. Transcriptional profiling analysis. (A) Venn diagram showing the overlap between the numbers of genes with a statistically significant
change in transcript abundance (�1.5-fold, P value of �0.05) following the coincubation of C. albicans with either BMDM or RAW 264.7
macrophages. (B) C. albicans genes (n � 1,129) that were significantly modulated following coincubation with macrophages at the indicated times
(in hours) were separated by hierarchical clustering. Upregulated genes are colored in red and downregulated genes in green. Numbers in the color
legend represent change (n-fold) in transcript abundance.
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FIG. 5. Northern blot analysis of PRA1, PHR1, and control gene
TEF2. (A) Gene expression when Candida strains SC5314 (wild type),
RM1000 (parent of the pra1-deleted strain), and CAM35.1 (pra1 null)
were grown in YPD at pH 6.0 (Y) or in IMDM at pH 7.4 (I). (B) Gene
expression of the SC5314 Candida strain grown in D10 medium, in the
absence (�M	) or presence (�M	) of RAW 264.7 macrophages, for
the indicated times (in hours).
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sponse to macrophages suggests that a regulatory event can
activate PRA1 transcription specifically upon phagocytosis.

Construction and characterization of a PRA1 knockout
strain. Pra1p, also described as mp58 or fibrinogen binding
protein (Fbp1p) (45), is a candidate for binding to the Mac-1
macrophage receptor (CR3, CD11a/CD18) through fibrino-
gen, a known ligand for this macrophage receptor (81). Pra1p
could then serve as a component that would facilitate C. albi-
cans internalization and/or escape from macrophages. In order
to study the role of this gene in the Candida-macrophage
interaction, a pra1 knockout strain, CAM35.1, was constructed
using a PCR-based cassette strategy, as described in Materials
and Methods (Fig. 1A). The PRA1 deletion was confirmed by
PCR analysis (Fig. 1B) and Northern blot analysis, as shown in
Fig. 5A. The RM1000 parental strain and the CAM35.1 pra1
null mutant were grown in YPD or IMDM for 4 h and mRNA
was isolated as described in Materials and Methods. The PRA1
and PHR1 genes were not expressed when both strains were
grown in YPD liquid medium but were induced in RM1000
grown in IMDM with an alkaline pH. As expected, PHR1 but
not PRA1 mRNA was expressed under alkaline conditions in
the pra1-deleted strain CAM35.1.

Survival of the PRA1 null mutant in macrophages is similar
to that of the wild-type strain in vitro. Since PRA1 is highly
upregulated upon phagocytosis, we tested whether the absence
of this transcript/protein would change the fate of Candida
survival in a macrophage end point dilution assay. The wild-
type C. albicans strain SC5314 and the pra1 null strain
CAM35.1 were serially diluted in the presence or absence of
BMDM or the RAW 264.7 mouse macrophage line. Twenty-
four hours later, colonies were counted and the survival rates
were determined, as described previously (48). The survival
rates of the pra1�/� strain CAM35.1 (60.5% 
 4.1% in
BMDM and 37.1% 
 5.9% in RAW 264.7 cells) were not
significantly different from the rates of the wild-type strain
SC5314 (62.3% 
 6.3% in BMDM and 38.5% 
 3.1% in RAW
264.7 cells) (data represent percentages of survival 
 standard
deviations and are expressed as the numbers of colonies in the
presence of BMDM [n � 8] or RAW 264.7 macrophages [n �
3] divided by the number of colonies in the absence of mac-
rophages). The end point dilution assay measures survival at a
low MOI; somewhat surprisingly, the survival of these Candida
strains was higher in primary macrophages than in the RAW
264.7 cell line, perhaps as a consequence of the relative con-
fluencies of the different macrophage monolayers.

Pra1p is not a major fibrinogen binding protein. We used
AF546-labeled fibrinogen as a tracer to detect Pra1p binding to
fibrinogen. The direct binding of fibrinogen can then be fol-
lowed by microscopy; this approach avoids the possible cross-
reactivity of secondary antibodies often observed with indirect
immunofluorescence staining techniques applied to C. albicans
cells (personal observations). To test the contribution of Pra1p
to fibrinogen binding, fibrinogen-binding quantification in the
wild-type strain SC5314 was compared to that in the pra1 null
strain CAM35.1, as described in Materials and Methods. Cells
were grown for 2 h at 37°C in I-10 in the presence or absence
of unlabeled fibrinogen, followed by AF546-labeled fibrinogen
staining. As shown in Table 3, labeling was observed at similar
levels in both strains, and a prior incubation of Candida cells
with unlabeled human fibrinogen decreased the overall fluo-

rescence intensity similarly in both strains, the difference be-
tween the two strains being statistically nonsignificant. Thus,
the contribution of Pra1p to fibrinogen binding appears minor
under these culture conditions.

Pra1p localization using a GFP-tagged protein. CAM38.3, a
strain expressing a C-terminal GFP-tagged Pra1p under its
own promoter, was generated as described in Materials and
Methods. Under inducing conditions of a 6- to 20-h incubation
in IMDM at 30°C, Pra1p-GFP localized to the periphery of the
cell, consistent with a cell membrane/wall localization (Fig. 6A,
top right panel). Cell wall localization has already been re-
ported through biochemical analysis of cell wall extracts (12).
It should be noted that cell morphology is pseudohyphal when
grown in this medium, compared to the yeastlike morphology
when cells are grown in YPD at the same temperature (not
shown). Although the mRNA is expressed early under induc-
ing conditions (Fig. 5A), the Pra1-GFP protein could be ob-
served microscopically from only 5 to 6 h postinduction (data
not shown). As well, although the PRA1 transcript is rapidly
and highly upregulated during Candida phagocytosis by RAW
264.7 macrophages, attempts to visualize Pra1-GFP fluores-
cence during macrophage phagocytosis were not successful,
due to macrophage autofluorescence combined with the delay
between mRNA transcription and protein detection. We have
previously shown that, at an MOI of 1 under these culture
conditions, macrophages die at 9 h postinfection (48).

Pra1-GFP expression is inhibited in the presence of serum.
CAM38.3 Candida cells were incubated overnight in IMDM at
30°C to prime Pra1-GFP expression. They were then diluted in
fresh medium with or without FBS and incubated for an ad-
ditional 4 h. As shown in Fig. 6A, membrane-localized GFP
expression at the growing tips of Candida hyphae could be
observed only in cells grown in IMDM alone. This expression
was abrogated on newly formed cells grown in I-10. As shown
in Fig. 6B, 90% of the cells grown in IMDM without FBS had
membrane-localized Pra1-GFP expression, compared to 40%
of the cells grown in the presence of FBS (including starting
cells), although the addition of serum did not interfere with the
pH of the medium, as monitored with the phenol red pH
indicator included in the assay.

Colocalization of Pra1-GFP with labeled fibrinogen is a
minor event. To test directly for Pra1p binding to labeled
fibrinogen, we colocalized the GFP signal from the Pra1-GFP-
expressing strain CAM38.3 with AF546-labeled fibrinogen.

TABLE 3. AF546-fibrinogen binding quantification in Candida cells
in the absence or presence of unlabeled fibrinogen

Strain (genotype)

AF546-fibrinogen binding
(RFU)a

Binding
inhibition

(%)bWithout
unlabeled
fibrinogen

With
unlabeled
fibrinogen

SC5314 (wild type) 4,407 
 879 1,174 
 295 73.4 
 10.0
CAM35.1 (pra1/pra1) 4,056 
 512 1,323 
 197 67.4 
 7.9

a Data were calculated from 10 individual Candida hyphal tips for each of 10
microscopic fields (100 cells) per condition and are expressed as relative fluo-
rescence units (RFU) 
 standard deviations.

b The percentage of inhibition by unlabeled fibrinogen was calculated as �1 �
(mean RFU of cell with unlabeled fibrinogen/mean RFU of cells without unla-
beled fibrinogen)� � 100.
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The GFP-expressing strain CAM38.3 and the pra1 null strain
CAM35.1 were grown overnight at 37°C in IMDM supple-
mented or not supplemented with FBS and further incubated
on ice with AF546-labeled human fibrinogen, washed, fixed,
and mounted as described in Materials and Methods. As
shown in Fig. 7, in the presence of FBS both the CAM38.3
wild-type strain and the CAM35.1 pra1 null mutant strain were
similarly labeled by fibrinogen; both strains exhibited patchlike
staining at the hyphal part of the cells. This staining was still
observable in cells grown without FBS, although to a smaller

extent. When cells were grown at a lower temperature (30°C)
without FBS, labeled fibrinogen binding was rarely observed
(data not shown). As shown earlier (Fig. 6), the presence of
FBS abrogated the Pra1-GFP signal. Although some colocal-
ization events between Pra1-GFP and labeled fibrinogen can
occur (Fig. 7, overlay), each signal is generally unique. Fibrin-
ogen staining is almost exclusively hyphal, while the Pra1-GFP
signal is distributed extensively under inducing conditions.

Live Candida cells inhibit phagosomal acidification. During
the engulfment of C. albicans cells, we detected induction of
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FIG. 6. Expression of Pra1p-GFP in the Candida strain CAM38.3. (A) CAM38.3 cells were grown at 30°C for 16 h in IMDM (pH 7.4), diluted,
and then grown for an additional 4 h with (�FBS) or without FBS. Fluorescence was visualized at �1,000 magnification. Arrows indicate
representative freshly growing hyphal tips. (B) Percentages of cells expressing membrane-bound GFP. A total of 697 cells without FBS (�FBS)
and 929 cells with FBS (�FBS) were counted.
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the PRA1 transcript, which in vitro is triggered by alkaline
conditions, suggesting a possible block in phagosome acidifi-
cation during maturation. To follow phagosome maturation,
BMDM were preincubated with LysoTracker red DND-99, a
fluorescent probe that labels and traces acidic organelles,
mainly lysosomes, in living cells. Macrophages were then incu-
bated with live cells or paraformaldehyde-fixed hyphal cells of
the GFP-expressing C. albicans strain CAI4-GFP, and the fluo-
rescence was monitored with time-lapse microscopy in order to
follow lysosome fusion to the phagosomes. We chose parafor-
maldehyde fixation as this method is likely to preserve surface
antigenicity. The majority (78%) of the live-Candida-contain-
ing phagosomes did not associate with LysoTracker red or-
ganelles (22.1% 
 9.6% did associate). As a consequence,
Candida cells could escape from macrophages without appar-
ent damage (see Movie S1 in the supplemental material).
However, the majority (70.7% 
 8.1%) of the fixed-Candida-
containing phagosomes did associate with the acidic compart-
ment, leading to both a strong decrease in GFP fluorescence,
which is sensitive to a pH lower than 5.5 (39), and the appear-
ance of red fluorescent C. albicans cells due to the LysoTracker
signal (see Movie S2 in the supplemental material). (Data were
compiled from 16 individual 6-h time-lapse experiments [n �
3] for each of the Candida forms and represent the percentages
of phagolysosomes [
standard deviations] containing GFP-
expressing Candida cells tracked using LysoTracker red
DND-99 fluorescent lysosome probe.)

Candida escapes from macrophages at the primary/early
endosome stage. Since Candida-containing phagosomes do not
fuse with lysosomes before the pathogen is able to escape from
the primary macrophages, we investigated the stage of the
phagosome maturation during C. albicans engulfment. The
transferrin receptor (CD71) is a marker of sorting/early endo-
somes. It binds iron-loaded transferrin at the cell surface and
transports it into the cell. Under mildly acidic conditions (such
as the early endosome), iron is released from transferrin and
the CD71-apotransferrin complex recycles back to the outer
cell membrane, where apotransferrin is released (65). Live or
hyphal fixed C. albicans SC5314 cells and BMDM were incu-
bated for the times indicated in Fig. 8 and then fixed, perme-
abilized, blocked, and stained with PE-labeled anti-mouse
CD71, as described in Materials and Methods. As shown in
Fig. 8A, the transferrin receptor was associated with the live-
Candida-containing phagosome very early in the phagocytic
process (2 h postinfection). It remained associated with the
Candida-containing phagosome during the process of C. albi-
cans hyphal elongation (4 h postinfection) and even during
escape from the macrophage (6 h postinfection). C. albicans
hyphal cells that had escaped from macrophages were still
macrophage-CD71 coated, suggesting that phagosome matu-
ration was blocked at an early stage. Candida cells seemed to
sequester CD71-containing macrophage membranes, as the
CD71 staining was concentrated around the Candida phago-
some. Candida cells that were not phagocytosed were not
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FIG. 7. Colocalization of Pra1p-GFP and AF546-fibrinogen. Strains CAM38.3 (Pra1p-GFP expressing) and CAM35.1 (pra1 null) were grown
overnight at 37°C in IMDM (without FBS [�FBS]) or I-10 (with FBS [�FBS]) and then stained with AF546-labeled fibrinogen as described in
Materials and Methods and visualized at �630 magnification. The arrow indicates colocalization.
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stained by the anti-CD71 antibody (Fig. 8A). The association
of CD71 with fixed Candida cells was minor (Fig. 8B).

DISCUSSION

Candida albicans is primarily a commensal organism of hu-
mans, and there is normally a balance between immune re-
sponse and tolerance in normal immunocompetent individuals.
However, when those defense mechanisms are perturbed there
is a potential for host infection. Candida albicans cells can use
transcriptional regulation to rapidly adapt to the hostile envi-
ronment created by variations in pH and oxidative state caused
by attack from immune cells. This adaptation is accompanied
by posttranslational modifications, including those of cell sur-
face components such as proteins and glycan structures that
play important roles in the recognition of the pathogen by
immune cells and thus in the outcome of the interaction.

Hyphal-form cells of Candida are rapidly phagocytosed by
macrophages. It has previously been shown that Candida
yeast- or hyphal-form cells can be differentially recognized by
host cells via distinct receptors (reviewed in reference 57). For
example, dectin-1 is involved mainly in the recognition of

-glucans present in the yeast form of C. albicans (27, 30),
whereas dectin-2 was shown to be involved in the recognition
of its hyphal form (70). Under our experimental conditions,
hyphal forms of Candida are phagocytosed more rapidly by
macrophages (Fig. 2) than are yeast forms. As macrophages
are known to bear both dectin-1 and -2 receptors at their cell
surface, further experiments will be necessary to establish if
relative receptor levels or perhaps other receptors or factors
are responsible for the differential rates of engulfment.

Transient gene expression profile. We have shown previ-
ously that, in vitro, cells of C. albicans strain SC5314 could
survive and escape from phagocytosis by RAW 264.7 mouse
macrophages (48). To clarify some of the mechanisms involved
in Candida survival, we have investigated the effects of this

interaction through gene expression profile analysis of two
different types of mouse macrophages. We also compared the
resulting transcriptional profiles with similar experiments pro-
duced by others. Upon phagocytosis, there is transient upregu-
lated expression of genes associated with both carbohydrate
metabolism/fermentation and oxidative stress. The majority of
these transcripts dropped toward control levels by 4 h postin-
teraction. The transient nature of this gene expression is con-
sistent with previously published data on C. albicans engulfed
by macrophages (46) and reflects the rapid adaptation of Can-
dida cells to a hostile environment. BMDM proved especially
adept at eliciting a transcriptional response by the engulfed C.
albicans cells, suggesting that the RAW 264.7 cell line may
have lost some capacity.

We focused on one of the upregulated genes that was ob-
served in all of these studies: PRA1, coding for a cell wall/
membrane-associated protein known to be expressed at an
alkaline pH in vitro (15, 71) (Fig. 5A) and to be positively
regulated by the Rim101p transcription factor (15). The PRA1
transcript was strongly induced upon RAW 264.7 mouse mac-
rophage phagocytosis of C. albicans cells (Fig. 5B), while the
PHR1, RIM101, RIM8, and PHR2 genes, which are part of a
high-pH-induced regulon that includes PRA1, were not mea-
surably modulated upon RAW 264.7 phagocytosis (Table 4).
However, in BMDM the regulon of PRA1, RIM101, RIM8, and
PHR2 is upregulated (Table 4), consistent with the generally
enhanced transcriptional response elicited from the pathogen
by the BMDM compared to that elicited by the RAW 264.7
cells. Intriguingly, the PHR1 gene, which is normally coregu-
lated with PRA1, is not upregulated in either macrophage line.
Fradin et al. (25) derived similar conclusions about the distinct
behaviors of PRA1 and PHR1 in vivo, in this case from the
observation of a downregulation of PRA1 transcripts but not
PHR1 transcripts after Candida exposure to human blood; this
transcriptional response appears driven by granulocytes (24).

FIG. 8. Transferrin receptor (CD71) staining of primary BMDM in the presence of Candida cells. SC5314 wild-type cells live (A) or fixed (in
hyphal form) (B) were incubated for the indicated times at 37°C, 5% CO2 and stained with PE-labeled anti-CD71 antibodies as described in
Materials and Methods. Cells were visualized at �630 magnification. Arrows show unengulfed Candida cells that were not stained.
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This differential response of PRA1 to macrophage and granu-
locyte engulfment, as well as the upregulation in granulocytes
of PHR2, an acidic-pH-regulated gene, might be explained by
the efficient acidification of the Candida-containing granulo-
cyte phagosomes in contrast to the response of macrophage
phagosomes.

Pra1p is not a major fibrinogen binding protein. Fibrinogen
binding to C. albicans germ tubes was discovered 20 years ago
(9), and further characterization led to the identification of a
68-kDa binding factor associated with the fungus (5). Later, a
58-kDa C. albicans component with affinity to fibrinogen was
identified (10); polyclonal antibodies raised against this protein
could block fibrinogen binding and cross-reacted with a cDNA
product called FBP1 (3), which had a sequence identical to that
of the PRA1 gene (45, 71). Therefore, it was suggested that
Pra1p binds fibrinogen, but in the present study, we found that
AF546-labeled human fibrinogen could still bind to a pra1 null
mutant to the same extent as to the SC5314 wild-type strain
(Table 3). Using a GFP-tagged Pra1p-expressing strain, we
confirmed Pra1p membrane/cell wall localization, but this lo-
calization was inconsistent with fibrinogen binding. Pra1-GFP
protein expression was induced in vitro under alkaline-pH con-
ditions (IMDM) and could be visualized at the surfaces of both
yeast cells and hyphae (Fig. 6 and 7), but expression was sig-
nificantly abrogated in the presence of serum. However, under
these culture conditions (IMDM), AF546-labeled human fi-
brinogen binding was observed only on the elongated, hyphal
part of the yeast, with the extent of labeling increasing when C.
albicans was actively grown in serum containing IMDM (Fig.
7). Fibrinogen binding was also observed in acidic media, such
as YPD supplemented with FBS or Lee’s medium supple-
mented or not supplemented with FBS (data not shown).
Overall, the binding pattern was patchlike and resembled actin
patch distribution, consistent with previous microscopic exper-
iments (10, 75). Colocalization of Pra1-GFP with AF546-fi-
brinogen was rarely observed (Fig. 7, overlay). It is therefore
unlikely that Pra1p is a major fibrinogen binding protein. Our
data suggest that fibrinogen binding to molecules present on
hyphal cells occurs and that the binding capacity is augmented
upon FBS addition. This binding could be mediated by the
68-kDa moiety identified earlier (5) or through an O-linked
oligosaccharide structure, as this possibility was not excluded
by Casanova et al. (10). A possible cross-reactivity of the anti-
mp58 antiserum with oligosaccharides might therefore explain
the misidentification; removal of the fibrinogen binding pro-
tein (FBP1) annotation to the PRA1 transcript may thus be

warranted. Because PRA1 is induced under alkaline conditions
or macrophage engulfment and its protein expression is re-
pressed in the presence of serum, a possible role for this cell
membrane protein may be to act as a “protector” for Candida
cell integrity. Recently, it was shown that soluble Pra1p could
bind to the CD11b/CD18 (Mac-1) receptor on leukocytes, so
that pra1 knockout cells were resistant to phagocytosis and
killing by human polymorphonuclear leukocytes, and that ad-
dition of soluble Pra1p could prevent killing of wild-type Can-
dida (72). However, it is not clear whether the protein itself or
other components of the described 250-kDa complex were
responsible for this activity. It is interesting to note that this
increased resistance of the pra1 null mutant was not observed
when macrophages were the engulfing cells.

Live Candida inhibited phagosomal maturation. The ele-
vated expression of the PRA1 transcript during C. albicans phago-
cytosis was somewhat surprising, given that normal phagosome
maturation involves organelle acidification through sequential fu-
sion with early endosomes, late endosomes, and finally lysosomes
(37). In order to investigate whether phagosome maturation was
perturbed during C. albicans engulfment, we labeled lysosomes
with LysoTracker red and followed by time-lapse microscopy
their fusion to the phagosomes containing GFP-expressing C.
albicans cells (see Movies S1 and S2 in the supplemental mate-
rial). We found that BMDM lysosomes fused efficiently (70%) to
phagosomes containing fixed C. albicans cells; these fusion events
were reduced (22%) in BMDM phagosomes containing live Can-
dida, and the growth of the remaining live Candida cells did not
seem to be impaired by phagocytosis. The same results were
observed during RAW 264.7 phagocytosis (data not shown).
Newman et al. (61) have shown similar results by comparing levels
of phagocytosis of live and heat-killed Candida cells by human
macrophages; the percentage of lysosome fusion was less than
20% upon phagocytosis of live Candida cells, compared to 95%
for heat-killed cells. They also showed an increase in lysosome
fusion when they incubated macrophages on collagen gel prior to
contact with C. albicans. In contrast, Kaposzta et al. (38) have
shown through LAMP1 indirect staining or Texas red dextran-
loaded lysosomes that, in mouse peritoneal macrophages, Can-
dida phagocytosis was followed by a rapid recruitment of lyso-
somes. This difference might be attributed to the different cell
sources, Candida strains, or experimental procedures used. We
have also shown that the efficient lysosome fusion leads to Can-
dida cell death (see Movie S1 in the supplemental material) and
that this lysosomal fusion seems to be perturbed at an early stage
of phagosome maturation, as Candida cells that escaped macro-
phages were embedded in CD71-labeled membranes/phago-
somes (Fig. 8A). This transferrin receptor staining was also re-
ported by Kaposzta et al. (38). As transferrin is an iron
transporter for the macrophages, it is tempting to speculate that
Candida might sequester transferrin to the detriment of macro-
phages. Our transcript profiling (upregulation of SFU1, YER67,
and YHB1 and downregulation of FTH1, FET3, SIT1, FRP1,
CFL2, and CFL5) also agrees with the engulfed Candida finding
the macrophage a high-iron environment (41). As well, the ap-
parent coating of the escaped C. albicans hyphae with a CD71-
labeled membrane may aid the ability of Candida cells to escape
macrophage through “immunoevasion.” Many pathogens have
developed mechanisms to avoid phagocytic destruction, either by
avoiding engulfment through signaling inhibition (Escherichia

TABLE 4. Change in selected transcripts associated with the pH
response in macrophages

Gene
name

Fold change

BMDM RAW 264.7

1 h 2 h 4 h 1 h 2 h 4 h

PRA1 1.2 6.1 17.8 2.9 7.3 15.0
PHR1 1.2 1.1 1.1 1.0 1.0 1.0
PHR2 3.0 2.4 3.2 1.2 1.1 1.1
RIM101 1.4 1.5 1.7 1.0 1.1 1.2
RIM8 1.6 1.6 1.8 1.1 1.1 1.1
RIM20 1.0 1.0 1.0 1.0 1.0 1.0
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coli) or actin polymerization inhibition (Yersinia spp.) or by im-
pairment of phagosome maturation (Brucella, Legionella, Cox-
iella, Chlamydia, Leishmania, and Mycobacterium spp.) (reviewed
in references 4 and 50). Our results, together with others (61),
indicate that this mechanism might also be used by Candida
albicans.

The mechanisms by which Candida avoids lysosomal fusion
are still unknown. However, it is likely that the process is
mediated by de novo synthesis of molecules upon macrophage
phagocytosis, as paraformaldehyde-fixed Candida hyphae did
not block this phagosome-lysosome fusion. Although PRA1
expression is positively regulated during Candida phagocytosis,
it did not seem to be implicated in this fusion inhibition pro-
cess, as the null mutant could still escape macrophages (data
not shown) and the survival of the pra1 null mutant in vitro
(see Results) was not significantly different from that of the
wild-type strain.

Many investigations of the interaction of phagocytic cells
with Candida albicans have used heat-killed, fixed, or antibi-
otic-impaired microorganisms. This study emphasizes the im-
portance of including live/nonimpaired pathogens in this type
of study, as the dynamic interaction and adaptation of Candida
to its host environment are important in the final outcome of
these interactions.
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