
Growth of Candida albicans Cells on the Physiologically Relevant
Carbon Source Lactate Affects Their Recognition and Phagocytosis by
Immune Cells

Iuliana V. Ene,a Shih-Chin Cheng,b Mihai G. Netea,b Alistair J. P. Browna

Aberdeen Fungal Group, School of Medical Sciences, Institute of Medical Sciences, University of Aberdeen, Foresterhill, Aberdeen, United Kingdoma; and Departments of
Medicine, Radboud University Nijmegen Medical Center, Nijmegen, and Nijmegen Institute for Infection, Inflammation and Immunity, Nijmegen, The Netherlandsb

Candida albicans is a normal resident of the human gastrointestinal and urogenital tracts and also a prevalent fungal pathogen.
During both commensalism and infection, it must match the immunological defenses of its host while adapting to environmen-
tal cues and the local nutrient status. C. albicans regularly colonizes glucose-poor niches, thereby depending upon alternative
carbon sources for growth. However, most studies of host immune responses to C. albicans have been performed on fungal cells
grown on glucose, and the extent to which alternative physiologically relevant carbon sources impact innate immune responses
has not been studied. The fungal cell wall is decorated with multifarious pathogen-associated molecular patterns and is the main
target for recognition by host innate immune cells. Cell wall architecture is both robust and dynamic, and it is dramatically in-
fluenced by growth conditions. We found that growth of C. albicans cells on lactate, a nonfermentative carbon source available
in numerous anatomical niches, modulates their interactions with immune cells and the resultant cytokine profile. Notably, lac-
tate-grown C. albicans stimulated interleukin-10 (IL-10) production while decreasing IL-17 levels, rendering these cells less visi-
ble to the immune system than were glucose-grown cells. This trend was observed in clinical C. albicans isolates from different
host niches and from different epidemiological clades. In addition, lactate-grown C. albicans cells were taken up by macro-
phages less efficiently, but they were more efficient at killing and escaping these phagocytic cells. Our data indicate that carbon
source has a major impact upon the C. albicans interaction with the innate immune system.

Fungal infections are characterized by the large number of mi-
croenvironments occupied during disease establishment and

progression. In general Candida albicans is relatively harmless, as
this fungus is carried by 40 to 80% of healthy individuals in the
population. When the balance between colonization and host de-
fense is disrupted, infections occur, with vaginal, esophageal, and
oropharyngeal candidiasis being some of the most frequent mu-
cosal infections in humans. A significant proportion of these in-
fections are recurrent (1). In immunocompromised individuals,
C. albicans can proliferate unimpeded, invade the bloodstream
and the tissues, and cause a variety of infections, including pneu-
monia, septicemia, endocarditis, and systemic candidiasis. Nearly
40% of disseminated candidiasis cases are fatal (2).

C. albicans can shift from harmless commensal to opportunis-
tic pathogen, and this shift requires the ability to evade the de-
fenses of the host immune system, among which the innate im-
munity is paramount (3). The first step in mounting protective
immunity is the recognition of the fungal pathogen by cells of the
innate immune system. Pattern recognition receptors (PRRs) rec-
ognize pathogen-associated molecular patterns (PAMPs), and
this is followed by activation of intracellular signaling cascades
and the release of chemokines and cytokines, as well as the accu-
mulation of inflammatory cells at the site of infection (3).

The cell wall is the main protective barrier for C. albicans and is
critical in host-pathogen interactions as the initial target for im-
mune recognition. Several receptor families recognize different
components of the cell wall, with the major structural polysaccha-
rides chitin and �-glucan generally being recognized at bud scars,
while mannans and mannoproteins are recognized at the fungal
cell surface (4, 5). These structures are sensed by two main classes
of PRRs. First, Toll-like receptors (TLRs) recognize phospholipo-

mannan (6) and O-linked mannan (7). Second, C-type lectin re-
ceptors (CLRs) recognize �-glucan and other types of glycosylated
mannan (7, 8). Cell wall glycosylation is critical for the recognition
and uptake of C. albicans, as defects in phosphomannan biosyn-
thesis decrease the phagocytosis of fungal cells by macrophages
(9). Additionally, proteins covalently associated with mannose
polymers on the outer cell wall layer constitute major antigens (9,
10, 11).

The fungal cell wall is a highly dynamic structure, its architec-
ture being modulated in response to changes in cell morphology
and growth conditions. Given the variety and dynamism of the
niches that C. albicans inhabits in the human host, the fungus
must constantly tune its physiology to the nutrient conditions.
Phenotypic switching (yeast-to-hyphal and white-to-opaque) and
variations in growth conditions are likely scenarios in the variety
of niches that C. albicans inhabits in the human host. In addition,
environmental cues, such as changes in ambient pH or carbon
source, drive changes in the C. albicans cell wall proteome (12, 13)
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and the thickness and architecture of the different cell wall layers
(14, 15, 16).

These cell wall changes are thought to be highly relevant in vivo
because sugars such as glucose, fructose, or galactose are only
transiently available to C. albicans during colonization of the gas-
trointestinal (GI) tract, for example (17). In many other niches,
such as mucosal or skin surfaces and regions of the GI, sugars are
not available or present at low concentrations. In these niches
alternative carbon sources, such as amino and organic acids, pro-
vide vital nutrients that support the growth of the infecting fungus
(18, 19).

C. albicans displays considerable metabolic flexibility, which
allows it to assimilate the variety of nutrients available in the di-
verse microenvironments it can occupy within the host. Compar-
isons of C. albicans with its benign relative Saccharomyces cerevi-
siae have revealed that significant transcriptional rewiring has
taken place during their evolution as well as significant divergence
in the regulators that control carbohydrate and lipid metabolism
(20, 21), reflecting the contrasting lifestyles of these yeasts. Unlike
S. cerevisiae, C. albicans continues to respire in the presence of
glucose (22). Furthermore, there is considerable evidence for
niche-specific metabolic regulation in C. albicans (18, 23, 24, 25,
26, 27). For example, the glyoxylate cycle is essential for the sur-
vival of C. albicans in some host environments (19), especially in
sugar-limited niches. Genes encoding carboxylic acids transport-
ers or metabolizing enzymes are significantly induced in vivo (28).
Growth on carboxylic acids such as lactate involves the catabolism
of some of this carbon source via the tricarboxylic cycle to gener-
ate the metabolic energy to drive anabolic processes, such as glu-
coneogenesis. Gluconeogenesis is required to synthesize the
hexose sugars essential for cell wall biogenesis and the pentoses
required for nucleic acid biosynthesis (via the pentose phosphate
cycle). A lower proportion of energy-rich carbon sources such as
glucose is required for energy production, leaving more of this
hexose for cell wall biosynthesis, for example. Therefore, growth
on alternative, nonfermentative carbon sources like lactate leads
to the biosynthesis of a thinner, structurally different cell wall (14).
Given the significant impact of carbon source on the architecture
of the C. albicans cell wall (14) and the importance of the cell
surface in immune recognition, we reasoned that changes in car-
bon source are likely to affect the recognition of C. albicans cells by
the immune system.

Therefore, in this study, we tested whether growth on lactate
influences the immune response and recognition of C. albicans by
cells of the innate immune system. We used lactic acid as an alter-
native carbon source to glucose because of its physiological rele-
vance. Lactic acid is found in ingested foods, generated by lactic
acid bacteria in the GI and urogenital tracts (29), and is essential
for the proliferation of Candida glabrata in the intestinal tract
(30). Lactic acid is also a component of isotonic solutions used in
surgery or burn injury (e.g., lactated Ringer’s solutions, Hart-
mann’s solution), factors that increase the risk of systemic candi-
diasis (1). We show that growth on this alternative carbon source
significantly affects cytokine production by peripheral blood
mononuclear cells (PBMCs) and macrophages, the phagocytosis
of C. albicans by these cells, and the ability of C. albicans to escape
and kill macrophages. Our studies underline the importance of
carbon source for fungal virulence, indicating that in addition to
modulating the physiological status of the fungus (12, 14, 30, 31),
carbon source has a distinct effect on the host-fungus interaction.

MATERIALS AND METHODS
Strains and growth conditions. Strains used in this study (see Table S3 in
the supplemental material) were grown at 30°C in minimal medium con-
taining a carbon source (2% glucose, 2% lactate, or glucose plus lactate
each at 1%), 0.67% yeast nitrogen base without amino acids (YNB), and
supplemented with 10 �g/ml of the appropriate auxotrophic require-
ments. Cells were grown overnight at 30°C, 200 rpm, diluted to an optical
density at 600 nm (OD600) of 0.1 in fresh medium, and harvested at mid-
exponential phase (OD600, 0.5) for analyses and sensitivity assays. All
experiments were performed with yeast cells grown at a pH 5.2 to 5.6.

Volunteers. Blood samples were collected from healthy, nonsmoking
volunteers. After written informed consent was obtained, venipuncture
was performed to collect blood into 10-ml EDTA tubes (Monoject).

Isolation and stimulation of PBMCs. Separation and stimulation of
PBMCs was performed as previously described (7) from buffy coats ob-
tained from healthy blood donors at the Bloodbank Nijmegen. Cells were
adjusted to a concentration of 5 � 106 cells/ml and incubated at 37°C in
round-bottom 96-well plates (volume, 100 �l/well) with either UV-killed
C. albicans (105 or 106 cells/ml) or culture medium (7). After 24 h, 48 h, or
7 days, supernatants were collected and stored at �20°C until assayed.

Cytokine measurements. IL-6, IL-10 (Sanquin, Amsterdam, The
Netherlands), gamma interferon (IFN-�; Pelikine Compact, CLB, Am-
sterdam, The Netherlands), tumor necrosis factor alpha (TNF-�), and
IL-17 (R&D, The Netherlands) concentrations from the culture superna-
tant were measured by using commercial enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s instructions. For all
cytokine measurements, the cytokine levels without yeast challenge were
around or below the level of detection. Detection limits for individual
cytokines were as follows: TNF-�, 39 pg/ml; IL-6, 312 pg/ml; IFN-�, 7.8
pg/ml; IL-10, 4.68 pg/ml; IL-17, 31.2 pg/ml.

Antifungal drug susceptibility. Antifungal drug susceptibility was an-
alyzed by treating mid-exponential-phase C. albicans cells grown on the
specified carbon source with tunicamycin (4 �g/ml), caspofungin (0.08
�g/ml), amphotericin B (Ambisome; 10 �g/ml), or miconazole (25 �g/
ml) for 1 h at 30°C and 200 rpm. Cells were then serially diluted and plated
onto YPD agar. CFU were quantified, and antifungal drug sensitivities
were calculated relative to those observed for untreated control cells.
Means � standard errors of the means (SEM) for at least three indepen-
dent experiments are presented.

Macrophage cell cultures. J774.1 murine macrophages (European
Collection of Cell Cultures) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Lonza Group, Ltd., Braine-l’Alleud, Belgium), supple-
mented with 10% (vol/vol) fetal calf serum (FCS; Biosera, Ringmer,
United Kingdom), 2% (wt/vol) penicillin and streptomycin antibiotics
(Invitrogen, Ltd., Paisley, United Kingdom), and 1% L-glutamine (Invit-
rogen) in tissue culture flasks (Nagle Nunc, Int., Hereford, United King-
dom) at 37°C and 5% (vol/vol) CO2.

Yeast cell phagocytosis assay. Uptake of C. albicans by macrophages
was assessed using a standard phagocytosis assay (9), with the only differ-
ence that macrophages and live fungal cells were incubated for 2 h at C.
albicans:macrophage ratios of 3:1 or 1:1. UV-killed cells were incubated
for 2 h using a C. albicans:macrophage ratio of 3:1. Data were obtained in
triplicate from four independent experiments by analyzing at least 100
macrophages per well.

Macrophage killing assay. The macrophage killing assay was con-
ducted as previously described (9) and under the same conditions de-
scribed above for the phagocytosis assay. Macrophages and fungal cells
were incubated for 2 h at 3:1 C. albicans/macrophage ratios. Data were
obtained in triplicate from at least four separate experiments by analyzing
at least 400 macrophages per well.

Statistical analyses. Results from at least three independent sets of
experiments are expressed as means � SEM. Wilcoxon tests (IBM
SPSS Statistics 20) and t tests (Excel) were used to determine statistical
significance. Dunnett’s tests and one way analyses of variance
(ANOVA) were performed using IBM SPSS Statistics 20 for each car-
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bon source (glucose or lactate) to determine differences between or
within groups. Coefficients of variation (CV) were calculated in Excel
between donors for each of the C. albicans isolates examined. The level
of significance was set at a P value of �0.05.

RESULTS
Growth of C. albicans cells on lactate dampens their stimulation
of PBMCs and macrophages. We showed previously that growth
of C. albicans cells on lactate instead of glucose significantly alters
the conformation of mannan fibrils on the cell surface as well as
the expression of cell wall and secreted proteins (12, 14). As cell
surface mannoproteins are the first point of direct contact be-
tween the pathogen and innate immune cells, we examined the
impact of alternative carbon source assimilation upon host im-
mune responses. First, we tested the ability of cells grown on lac-
tate, glucose, or a mixture of glucose plus lactate to stimulate
PBMCs, as these cells are a critical component of the immune
system due to their ability to induce cytokine production.

PBMCs are a mixed population of different cell types whose
ratio of monocytes to leukocytes varies between different donors.
Therefore, two different C. albicans inocula that are commonly
used in the literature (105 and 106) (32, 33, 34) were used in the
initial experiments (Fig. 1). We found that growth on lactate al-
tered the PBMC cytokine profile induced by UV-killed C. albicans
yeast cells (Fig. 1). In particular, compared to glucose-grown cells,
lactate-grown cells stimulated increased production of IL-10 (Fig.
1A) and TNF-� (Fig. 1C), along with decreased levels of IL-17
(Fig. 1B). These changes in cytokine levels were also observed in
PBMCs stimulated with cells grown on a mix of glucose and lac-
tate (Fig. 1A and B), suggesting that the complex mixtures of car-
bon sources present in host niches might induce alterations in
cytokine profiles. No significant changes were observed in the lev-
els of IFN-� or IL-6 under these conditions (Fig. 1D and E). IL-10
induction was observed more clearly at the higher C. albicans con-
centration (106). IL-10 was measured after at 48 h, because after
this point IL-10 decreases to undetectable levels by 72 h (34).
Therefore, the higher C. albicans concentration gave better reso-
lution of the carbon source differences at 48 h. In contrast, the
IL-17 assays were performed after 7 days of incubation, as this
cytokine increases steadily within this interval (34). At this time
point, the higher C. albicans inoculum probably saturated the
IL-17 production, resulting in a clearer difference at the lower 105

dilution. Those dilutions that gave a clearer resolution between
the glucose and lactate samples were used for further experiments
(106 for IL-10 and 105 for IL-17).

In addition to circulating cells, an even more relevant popula-
tion is human macrophages, due to their local interaction with
colonizing microorganisms. Upon incubation with human mac-
rophages, lactate-grown C. albicans failed to induce the same lev-
els of IL-6 and TNF-� as glucose-grown cells (Fig. 2A and B),
suggesting that lactate-grown cells induce a dampened immune
response. These results reinforced the notion that the assimilation
of carbon sources other than glucose by C. albicans cells in host
niches significantly impacts their ability to induce a host immune
response.

The anti-inflammatory response of PBMCs to lactate-grown
cells from the SC5314 C. albicans strain lineage. The above-de-
scribed experiments were performed with the C. albicans strain
RM1000. RM1000 is a member of a strain lineage that has been
derived from the clinical isolate SC5314 (see Table S3 in the sup-

plemental material), which belongs to the first C. albicans epide-
miological clade (35). This lineage includes the strains CAI4,
RM1000, and BWP17 (see Table S3), which are widely used for
molecular dissection for C. albicans. Some of these strains have
accumulated aneuploidies, which can arise during the production
of recombinant strains (36, 37). Therefore, we analyzed the im-
pact of carbon source on the ability of these strains to induce
cytokine production by PBMCs. Similar trends of increased IL-10
were observed across this strain lineage (Fig. 3). However, the
differences in cytokine production were more dramatic for
BWP17 than the other strains. This suggests that some chromo-
somal rearrangements or mutations that have arisen during the
construction of this strain lineage might have exerted subtle effects
upon PAMP structure or expression and, consequently, upon the
host immune response.

The impact of carbon source on C. albicans-induced cyto-
kine production varies among clinical isolates and between do-
nors. Clinical C. albicans isolates were initially classified into five
major clades based on DNA fingerprinting of the moderately re-
petitive sequence Ca3 (38). Further typing based on more than
400 isolates revealed a more complex population structure com-
prising four major and eight minor clades that display differences
in drug resistance and their tendencies to infect or colonize differ-
ent niches (35). These studies revealed the need to analyze the
pathogenic characteristics of representative strains from all clades,
rather than one classical strain, such as SC5314.

In this context, we examined the effects of C. albicans carbon
source upon immune responses for clinical isolates from different
epidemiological clades. We focused on IL-10 and IL-17 for these
experiments, as we had observed significant differences in the in-
duction of these influential cytokines (Fig. 1A and B). We looked
at IL-10 and IL-17 production by PBMCs exposed to 12 clinical
isolates belonging to the four major C. albicans clades, selecting
isolates from the blood, oropharynx, vaginal mucosa, or a wound
(see Table S3). The majority of these isolates displayed IL-10 and
IL-17 trends that were similar to those observed for the RM1000
strain (Fig. 4A and B). However, there were variations in the
PBMC responses induced by these clinical isolates, and no corre-
lation was observed with either the epidemiological clade or the
tissue from which the strain was isolated. We found no significant
difference in the way in which carbon source modulated cytokine
production between the four clades (see Table S1 in the supple-
mental material). The impact of carbon source on cytokine pro-
duction varied for some isolates within clades (e.g., the isolates
from clade 2). However, for the majority of isolates, growth on
lactate significantly shifted the cytokine profile toward increased
IL-10 and decreased IL-17 production (Fig. 4A and B; see also
Table S1). In addition, donors differed significantly with respect to
the strength of their cytokine responses. However, they displayed
similar trends to glucose- and lactate-grown C. albicans cells (see
Table S1). Overall, the data indicated that host-fungus interac-
tions are both carbon source and strain dependent, even for
strains within the same Candida clade or lineage.

In particular, isolates from clade 2 displayed differences in the
impact of carbon source on the PBMC response (Fig. 4A). There-
fore, we extended our analyses to include nine additional patho-
genic strains isolated from the blood, oropharynx, semen, or vag-
inal mucosa (see Table S3). Once again, we observed significant
variability between donors with respect to their cytokine re-
sponses (Fig. 5A; see also Table S2 in the supplemental material).
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The six donors differed in the strengths of responses elicited, but
most displayed similar trends with respect to the impact of carbon
source upon their cytokine response (Fig. 5A). We noted a strong
tendency toward increased IL-10 production and decreased IL-17
levels for lactate-grown C. albicans cells among these individuals.

The growth of more than half of the clade 2 clinical isolates on
lactate rather than glucose led to significantly increased IL-10 pro-
duction and decreased IL-17 production by PBMCs (Fig. 5B and
C). However, other clinical isolates from this clade did not display
this phenotype, as the carbon source had no significant impact on

these strains. These strain differences did not correlate with the
site of infection from which they originated. We suggest that these
findings represent sporadic strain differences that have arisen rel-
atively recently in evolutionary terms. C. albicans clinical strains
are known to display considerable karyotypic variation, and the
types of stress that are encountered by the fungus as it passages
through the host are known to induce chromosomal rearrange-
ments (39). Indeed, variability between clinical isolates has been
reported, and correlations with their virulence or type of infection
have remained difficult to identify (40, 41, 42).

FIG 1 Growth of C. albicans cells on lactate affects cytokine production by host PBMCs. Human PBMCs were incubated with UV-killed C. albicans RM1000 cells
grown on glucose, lactate, or glucose plus lactate. The supernatant was collected for ELISA measurements of IL-10 (48-h stimulation) (A), IL-17 (7-day
stimulation) (B), TNF-� (24-h stimulation) (C), IFN-� (48-h stimulation) (D), or IL-6 (24-h stimulation) (E). The cytokine levels without yeast challenge were
all below the level of detection (TNF-�, 39 pg/ml; IL-6, 312 pg/ml; IFN-�, 7.8 pg/ml; IL-10, 4.68 pg/ml; IL-17, 31.2 pg/ml). The data are cumulative results from
9 to 12 different donors and are expressed as means � SEM. *, P � 0.05 relative to PBMCs incubated with glucose-grown C. albicans.
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The relationship between IL-10 and the Th17 response to C.
albicans is not fully understood. C. albicans cells or the fungal cell
wall component zymosan can promote IL-17 differentiation but
also increased production of IL-10 (43). Anti-IL-10 causes a re-
duction in the proportion of T cells that were able to produce
IL-17 (44), but it was also shown that IL-10 is inhibitory to Th17
cell generation (45). In general, when comparing the effects of
growth on lactate and glucose for the C. albicans clade 2 isolates,
there was an inverse correlation between IL-10 and IL-17 produc-
tion. In other words, increased IL-10 levels were generally associ-
ated with reduced IL-17 production (Fig. 4; see also Fig. S1 in the
supplemental material). Taken together, these results indicate that
growth of C. albicans cells on lactate significantly impacts cytokine
production, and in more than half of the strains tested this effect
was consistent with a shift in the balance from a Th17 response
toward a Th2 response. However, the high level of immunological
variability between donors and genomic differences between clin-
ical isolates may mask some effects in vitro.

Impact of carbon source on C. albicans antifungal resistance.
We previously reported that growth on carbon sources other than

glucose affects resistance to antifungal drugs in a derivative of a
clinical isolate from clade 1 (RM1000) (14). However, in this study
we found that growth on lactate altered the response of PBMCs to
C. albicans stimulation but that this effect was subject to strain
variations which were not associated with epidemiological clade
or clinical source. Therefore, we tested whether the effect of car-
bon source upon antifungal resistance was also subject to strain
variation. We examined the sensitivity of strains from the four
major clades (see Table S3 in the supplemental material) to am-
photericin B, caspofungin, miconazole, and tunicamycin. Growth
on lactate instead of glucose had a significant effect upon the an-
tifungal resistance of C. albicans, and this effect was observed
throughout all of the pathogenic isolates and clades tested (Fig. 6;
see also Fig. S3 in the supplemental material). We concluded that
the effects of carbon source upon drug resistance are not overrid-
den by strain phylogeny, anatomical source, or strain variations
(genome alterations) that might follow host passage.

Carbon source alters the interaction of C. albicans with mac-
rophages. Next, we assessed the effects of carbon source on fun-
gus-macrophage interactions. We reasoned that given the lowered
immune response of macrophages and PBMCs to lactate-grown
C. albicans cells, the rate of recognition and phagocytosis by mac-
rophages might also be affected by carbon source. Therefore, we
challenged a murine macrophage cell line (J774.1) with live fungal
cells grown on glucose, lactate, or glucose plus lactate, incubating
C. albicans cells with macrophages in either a 3:1 or 1:1 ratio. With
both dilutions and under all three growth conditions, J774.1 mac-
rophages efficiently took up C. albicans cells within the 2-h inter-
action assay (Fig. 7A). The majority of macrophages (	80%) in-
gested at least one fungal cell when cells were incubated in a 3:1
ratio. Coincubation experiments revealed that C. albicans cells
grown on lactate or a mix of glucose plus lactate were taken up by
macrophages less efficiently than glucose-grown cells (Fig. 7B).
This was observed at both incubation ratios (3:1 and 1:1), but the
biggest differences between growth conditions occurred at the 3:1
ratio (Fig. 7B).

The decreased uptake of live lactate-grown cells was consistent
with the dampened immune response of human macrophages to
lactate-grown UV-killed C. albicans (Fig. 2). To exclude the pos-
sibility that UV killing was confounding the effects of carbon

FIG 2 Growth of C. albicans cells on lactate affects cytokine production by macrophages. Human macrophages were incubated with UV-killed C. albicans
RM1000 cells grown on glucose, lactate, or glucose plus lactate. The supernatant was collected after 24 h of stimulation for IL-6 (A) and TNF-� (B) ELISA
measurements. The cytokine levels without yeast challenge were below the level of detection (IL-10, 4.68 pg/ml; IL-17, 31.2 pg/ml). The data are cumulative
results from 8 to 12 different donors and are expressed as means � SEM. *, P � 0.05 relative to cytokine production induced by glucose-grown C. albicans.

FIG 3 Impact of carbon source on the induction of cytokine production by C.
albicans strains from the SC5314 lineage (see Table S3 in the supplemental
material). Human PBMCs were incubated with UV-killed C. albicans cells
grown on glucose or lactate. The supernatant was collected for IL-10 ELISA
measurements after 48 h. The IL-10 levels without yeast challenge were below
the limit of detection (4.68 pg/ml). The data are cumulative results from nine
different donors and are expressed as means � SEM. *, P � 0.05 relative to
PBMCs incubated with the glucose-grown respective C. albicans strain.
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source upon C. albicans-macrophage interactions, we compared
the behavior of live and UV-killed cells with the murine macro-
phage cell line. Fewer UV-killed cells than live cells were ingested
by the macrophages (Fig. 7A and B). Nevertheless, the impact of
carbon source on these cells was similar to that of live cells,
strengthening the concordance between the human cytokine data
set (Fig. 2) and these interaction assays.

Although they were less efficiently phagocytosed than glucose-
grown cells, cells grown on lactate, and in particular cells grown on
the mixed medium, were more efficient at killing macrophages
(Fig. 7C). These observations confirmed the importance of carbon
source in the recognition and phagocytosis of C. albicans cells by
macrophages, further reinforcing the idea that differential nutri-
ent availability in host niches significantly affects host-fungus in-
teractions.

DISCUSSION

Host defenses against C. albicans infection represent a dynamic
interplay between the activation of immune responses and the
ability of the pathogen to modulate these responses. A first stage in
triggering host innate immunity involves the recognition of vari-
ous PAMPs displayed by fungal cells. A large number of receptors
(TLRs and C-type lectin receptors) recognize components of the
fungal cell wall, such as chitin, �-glucan, mannan, and covalently
attached proteins, and these recognition events are followed by the
release of proinflammatory cytokines and phagocytosis (3, 5).

We previously showed that growth on alternative carbon
sources induced fungal cell wall remodelling and modulation of
the cell wall proteome and secretome (12, 14). This subsequently
affected important virulence parameters, such as stress and drug
resistance, adherence, biofilm formation, and infection outcome

FIG 4 Impact of carbon source on the induction of cytokine production by clinical C. albicans isolates from the four major clades. The strains examined from
each clade were isolated from different host niches (see Table S3 in the supplemental material). Human PBMCs were incubated with UV-killed C. albicans cells
grown on glucose or lactate. The supernatant was collected for ELISA measurements after 48 h for IL-10 (A) or after 7 days for IL-17 (B). The cytokine levels
without yeast challenge were close to or below the level of detection (IL-10, �15 pg/ml; IL-17, �39 pg/ml). The data are cumulative results from six different
donors and are expressed as means � SEM. *, P � 0.05 relative to PBMCs incubated with the corresponding C. albicans strain grown on glucose.
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FIG 5 Impact of carbon source on C. albicans-induced cytokine production in 12 clinical isolates from clade 2. The selected strains were originally isolated from a range
of host niches (see Table S3 in the supplemental material). Human PBMCs were incubated with UV-killed C. albicans cells grown on glucose (G) or lactate (L). The
supernatant was collected for ELISA measurements after 48 h for IL-10 (A and B) and after 7 days for IL-17 (C). The cytokine levels without yeast challenge were close
to or below the level of detection (IL-10, �15 pg/ml; IL-17, �39 pg/ml). (A) The data represent IL-10 levels for individual donors, and asterisks denote significant
differences (P � 0.05) relative to PBMCs incubated with the corresponding C. albicans strain grown on glucose. (B and C) Panels represent cumulative results from six
different donors and are expressed as means � SEM. *, P � 0.05 relative to PBMCs incubated with the corresponding C. albicans strain grown on glucose.
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(12, 14). In this study, we have now shown that growth of C.
albicans cells on lactate rather than glucose alters the resultant
PBMC and macrophage cytokine profiles (Fig. 1 and 2) and, in
particular, leads to increased IL-10 production and decreased
IL-17 levels.

We observed similar effects upon IL-10 levels when we chal-
lenged PBMCs with a congenic set of C. albicans strains derived
from the clinical isolate SC5314 (Fig. 3). However, we observed
clade and strain variations when we extended these analyses to
include clinical isolates from the four major epidemiological
clades (Fig. 4 and 5; see also Tables S1 and S2 in the supple-
mental material). There was no obvious correlation between
the effects of carbon source upon the PBMC response and the
clade or the anatomical site from which the isolates were ob-
tained. This was not surprising, as strains isolated from one
anatomical site are capable of infecting other sites. Also, donors
displayed significant differences in the strength of their cyto-
kine responses to C. albicans cells grown on different carbon

sources (Fig. 5A; see also Tables S1 and S2). This was expected,
as individuals display considerable variability with regard to
their immunoreactivity. Nevertheless, for the majority of these
C. albicans clinical isolates, anti-inflammatory cytokine re-
sponses were observed when cells were grown on lactate rather
than glucose. Moreover, we observed that increased IL-10 pro-
duction generally correlated with decreased IL-17 production
(Fig. 4; see also Fig. S1 in the supplemental material).

The observed strain variation is not surprising. Strains from
different clades display a large frequency of sequence polymor-
phisms (42, 46). The existing typing systems, such as multilocus
sequence typing, measure the properties of a few genes, compared
with the thousands present in the genome. Furthermore, a major
nutritional shift from a fermentative carbon source such as glu-
cose to a nonfermentative carbon source such as lactate affects a
large proportion of the genome (47) and hence is likely to result in
the revelation of many genetic differences in the phenotype. Given
the major impact of carbon source on the cell surface (12, 14),

FIG 6 Impact of carbon source on the antifungal sensitivity of clinical C. albicans isolates from the four major clades. The selected C. albicans isolates were
originally isolated from a range of host niches (see Table S3 in the supplemental material). Sensitivities were assayed using the antifungal drugs amphotericin B
(Ambisome; 10 �g/ml) (A) and caspofungin (6.4 ng/ml) (B). Means � SEM for at least three independent experiments are presented. P values are relative to
results with glucose-grown cells: *, P � 0.05.
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some of these strain differences are likely to be reflected in subtly
altered PAMP structure or expression at the cell surface.

Both IL-10 and IL-17 represent key immune cytokines for the
host defense against C. albicans infection. The Th17 response plays
an important role in the protection against extracellular bacteria
and fungi by producing IL-17. IL-17 is one of the key cytokines in
stimulating host immunity in response to Candida infection, in-
ducing granulopoiesis (48) and neutrophil recruitment (49). C.
albicans mannan directly induces prostaglandin E2 (PGE2) via the
macrophage mannan receptor (MR) (50), a strong proinflamma-
tory mediator essential for the Th17 response. Lactate-grown cells
display a significant reduction in the amount of mannan in the cell
wall as well as in the organization of the mannan fibrils (14). The
amount of �-glucan is also decreased in the lactate-grown cell
wall, but its recognition might be masked by the altered architec-
ture of the mannan fibrils and the different proteins attached to it
(12, 14). �-Glucan recognition via the dectin-1 receptor synergis-
tically induces the production of PGE2 (50). Thus, both mannan
and �-glucan contribute to activation of the Th17 response via the
MR and the dectin-1/TLR2 pathways, respectively. An early stop
codon mutation in dectin-1, which recognizes �-glucan, leads to
defective IL-17 production and recurrent vulvovaginal candidia-
sis and onychomycosis (33), indicating the importance of the
Th17 response in mucosal and skin infections. Hence, the down-
regulation of IL-17 production promotes fungal infection.

Th2-derived anti-inflammatory cytokines such as IL-10 also
play an important role in the host defense against disseminated
candidiasis (51). Increased IL-10 production, modulated through
different TLRs and dectin-1, shifts the balance toward anti-in-
flammatory cytokine responses (52). On the other hand, the up-
regulation of IL-10 also exacerbates Candida infection in mice
(53). IL-10-deficient mice are more resistant to Candida infection,
due to an upregulated Th1 antifungal response (54). Hence, in-
creased IL-10 production might predispose the host to Candida
infection.

We have shown that the cell wall architecture of C. albicans is
dramatically altered after cells are grown on lactate rather than
glucose, with both the thickness and architecture of the different
cell wall polysaccharides being modulated in response to carbon
source (14). These alterations are accompanied by significant
changes in the cell wall proteome and secretome (12). The major
polysaccharides of the Candida cell wall play key roles in the rec-
ognition by host immune cells and the induction of cytokine pro-
duction. Candida mannan is recognized by the MR, which drives
Th17 differentiation and IL-17 production (55). Phospholipo-
mannan is recognized by TLR2 (6), and the production of IL-10 is
TLR2 and dectin-1 dependent (32, 56). Therefore, the alterations
in cell wall architecture might either have a direct effect on down-
stream IL-10 and IL-17 production by PBMCs or an indirect effect
through the upregulation of IL-10, leading to lower IL-17 produc-

FIG 7 Impact of carbon source on phagocytosis of C. albicans cells by murine macrophages. (A and B) Percent uptake (the percentage of macrophages that took
up at least one fungal cell) (A) and phagocytic index (the number of fungal cells taken up per 100 macrophages) for J774.1 macrophages incubated with live or
UV-killed C. albicans RM1000 plus Clp20 cells (B) grown on glucose, lactate, or glucose plus lactate. Fungal cells and macrophages were incubated at 3:1 or 1:1
C. albicans/macrophage ratios. Values represent means � SEM for four independent experiments. P values are relative to phagocytosis of glucose-grown cells: *,
P � 0.05. (C) Killing of macrophages by C. albicans RM1000 cells grown on glucose, lactate, or glucose plus lactate. Results are expressed as the percentage of
J774.1 macrophages killed in 400 macrophages. The C. albicans/macrophage ratio was 3:1. Values represent means � SEM for four independent experiments.
P values are relative to killing induced by glucose-grown C. albicans: *, P � 0.05.
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tion as a result. Overall, the observed upregulation of IL-10 and
downregulation of IL-17 might suggest that lactate-grown C. al-
bicans cells are more virulent than glucose-grown cells. This is in
close agreement with in vivo studies showing that lactate-grown
cells are more virulent in both vaginal and systemic infections
(14).

We also showed that the carbon source significantly affects the
interaction between C. albicans cells and macrophages, which are
key immune cells during mucosal infection. Lactate-grown cells
were taken up less efficiently by macrophages, and those Candida
cells that were phagocytosed were more effective at escaping the
macrophages and killing them (Fig. 7). C. albicans cells grown on
a mix of glucose and lactate behaved similarly to lactate-grown
cells, underlining the importance of these findings for in vivo
niches which are complex and generally offer mixtures of nutri-
ents rather than a single carbon source. We hypothesize that the
decreased uptake of lactate-grown C. albicans cells is mediated by
changes in the structure of mannan fibrils (14) as well as differ-
ences in the glycophosphatidylinositol-linked component (12),
leading to a lower level of immune recognition.

The surfaces colonized by C. albicans differ widely with respect
to nutrient availability. The skin and the oropharyngeal and vag-
inal mucosae differ significantly in terms of their microbial flora,
ambient pH, carbon source, and the types of immune cells pres-
ent. In particular, colonization of the vagina implies sharing of this
mucosal environment with lactic acid-producing Lactobacillus
spp., which are the main colonizing flora. Interestingly, while
older studies have suggested a protective effect of lactobacilli on
vaginal colonization with fungi (57), more recent research has
revealed that Lactobacillus colonization of the vagina is a strong
risk for vulvovaginal candidiasis (58). Our study provides the first
evidence for the mechanisms by which lactate supplied by the
Lactobacillus vaginal flora could contribute to this process.

In conclusion, the in vitro observations we have described here
are of direct relevance to C. albicans infections. These infections
involve the colonization by the pathogen of complex and dynamic
in vivo niches that contain mixtures of carbon sources and often
lack sugars such as glucose. Several lines of evidence indicate that
assimilation of alternative carbon sources increases the fitness of
Candida in certain host niches (18, 19, 28, 30, 59). Our study
reinforces these observations by indicating that changes in local
carbon source also have a significant impact on Candida-host in-
teractions. Considering the different niches in which Candida
grows in the body, these findings have the potential to fundamen-
tally change our understanding of the interactions between the
fungus and the human host.
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