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Candida albicans is a polymorphic fungus that 
can grow as an ovoid budding yeast (named 
blastospores in older literature), as elongated 
ellipsoid cells that remain attached at a 
constricted separation site (pseudohyphae), or 
as parallel-sided true hyphae [1]. The fungus 
can also form chlamydospores, spore-like 
structures, produced under distinct conditions, 
of as yet unknown biological function [2,3], and 
undergo phenotypic switching between white 
and opaque morphologies – an event which is 
important for mating and biofilm formation 
[4,5]. The transition between yeast and hyphal 
growth (named dimorphism) is tightly regulated 
by a network of signal transduction pathways 
in response to environmental stimuli (reviewed 
in [6–9]). 

C. albicans infections can be divided into at least 
four different stages: colonization, superficial 
infections, deep-seated infections and systemic 
infections [10]. During colonization, C. albicans 
lives as a commensal, in equilibrium with the 
normal microbial flora on mucosal surfaces 
without causing harm to its host. The majority 
of the human population is asymptomatically 
colonized with C. albicans, but superficial 
infections can occur when the microbiotic 
balance is disturbed or the host immune system 
is compromised. Oral infections are extremely 
common among certain immunocompromised 
patients (e.g., HIV patients). In contrast, 
vaginal infections often occur in individuals 
without any clear sign of immune defects. 
Hospitalized patients with certain risk factors 

are predisposed to life-threatening systemic 
candidiasis [11], characterized by dissemination 
via the bloodstream and infection of internal 
organs.

Proposed roles of yeast & hyphal 
morphologies of C. albicans
The role of the morphological transition for 
the different stages of C. albicans infections 
has been hotly debated for many years (Table 1) 

[12]. It is generally accepted that hyphal cells are 
more invasive [1] and indeed, most histological 
pictures of invading C. albicans cells show 
hyphae (Figure 1), while there are rare reports 
of invading yeast cells [13–15]. Based on these 
observations, a popular view is that yeast are 
the noninvasive, commensal morphology, and 
some authors go even further, suggesting that 
hyphae are the pathogenic form while yeasts are 
the nonpathogenic form. This view is certainly 
oversimplified. Rather, it would appear that both 
morphological forms are of relevance during 
infection: yeast and hyphal cells are both found in 
infected organs [16] and, depending on the organ, 
one or the other morphology predominates. For 
example, filamentation is regularly observed in 
the kidney, but not in the spleen or liver during 
invasive candidiasis [17]. However, there is no 
clear evidence which morphology predominates 
during the commensal phase in humans.

It has been proposed that yeast cells, due to their 
ovoid dimension and smaller size, are important 
for dissemination within the bloodstream. 
Indeed, it appears logical that longer hyphae 
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would not be disseminated as efficiently. However, if hyphae are 
the invasive form, how can yeast cells reach the bloodstream? If 
C. albicans reaches the bloodstream via the ‘natural’ route through 
penetration of epithelial cells from mucosal surfaces [18], they 
likely reach the bloodstream as hyphae. It appears unlikely that 
these hyphae then switch to yeast cells in the blood, as serum 
components are amongst the strongest inducers of hyphal 
formation. In fact, we have shown that yeast cells in blood start to 
produce germ tubes very early, at least to a moderate extent (~42% 
within 30 min [19]). Complete hyphal formation is counteracted 
by neutrophils in the blood [19]. However, neutrophils inhibit 
growth of C. albicans in general, and it cannot be concluded 
that neutrophils specifically stimulate yeast growth. Therefore, 
it seems unlikely that C. albicans undergoes a hyphal-to-yeast 

transition in the blood as part of a dissemination strategy. Another 
possibility is that invading hyphae provide a route for yeast cells 
to enter the bloodstream from the gastrointestinal tract.

In the vast majority of candidemia cases, however, iatrogenic 
routes enable C. albicans to reach the bloodstream. The presence 
of a central venous catheter, parenteral nutrition, burns and 
gastrointestinal surgery list among the leading risk factors for 
disseminated candidiasis [11]. As C. albicans can grow as yeast in 
the gastrointestinal tract [20] or on the skin [21], these risk factors 
could certainly lead to hematogenous seeding with yeast cells. 
Biofilms on medical devices provide an alternative route; indeed, 
‘disperser’ yeast cells can be produced from biofilms [22], which 
could readily seed the bloodstream. Thus, yeast cells may indeed 
be an important morphology for dissemination.

It is not clear whether any morphology is more abundant 
during the commensal stage. As the expression of hyphal-
associated genes was detected during asymptomatic carriage [23–

25], it is possible that commensal cells grow in the hyphal form. 
However, this observation should be interpreted with caution, 
since hyphal-associated genes are expressed by yeast cells under 
certain conditions [19,20,26,27]. Indeed, Kumamoto et al. have 
reported the expression of hyphal-associated genes by C. albicans 
colonizing the murine gastrointestinal tract (after removal of the 
bacterial flora), a niche where the dominant morphology was 
yeast cells [20,28].

In contrast, it is generally accepted that C. albicans dimorphism 
is required for full virulence. The most convincing evidence of 
this is the fact that C. albicans mutants which are trapped either 
in the yeast (e.g., efg1D/cph1D, hgc1D) [29,30] or a filamentous form 
(e.g., nrg1D) [31] are attenuated in virulence. 

There are numerous publications that deal with the 
morphological switch from yeast-to-hyphal growth and the 
multiple factors that regulate this process, such as Ras1, Efg1, 
Cph1, Tec1 and Rim101 (reviewed in [6,7]). Less attention has 
been paid to factors that regulate the hyphal-to-yeast transition, 

such as the hyphal repressors Nrg1 or Tup1 
[31–33], or to factors that are important 
for maintenance or extension of hyphal 
growth, for example Cln1, Pes1, Eed1 or 
Ume6 [34–38].

These factors not only govern 
morphology, but also regulate morphology-
associated genes, for example, HWP1, 
SOD5, SAP4–6 or ALS3, the expression 
of which is linked to hyphal growth under 
most conditions. As will be discussed below, 
both the morphology and the expression of 
morphology-associated genes contribute to 
virulence.

Hyphal formation & adhesion
Adhesion and hyphal formation are 
fundamentally related: contact of 
C. albicans to abiotic surfaces or to host 
cells stimulates hyphal formation and 

Table 1. Examples of morphology-dependent 
activities of Candida albicans during infection.

Fungal activity Morphology Ref.

Yeast Hyphae

Expression of hyphal-
associated genes

Under certain 
conditions

Per definition [19,20,26,28] 

Adhesion Moderate Strong [40,86] 

Invasion
• Induced endocytosis
• Active penetration

Low
None

Moderate
High

[36,39,40] 

Damage None High [40,86] 

Dissemination Within the 
bloodstream

Across epithelial 
barriers; 
interepithelial

[18,22,36,46] 

Iron acquisition via 
ferritin

Not described Via Als3 [43] 

Escape from 
phagocytes

Not described Yes [19,47,60] 

3 µm
100 µm

100 µm

Figure 1. Candida albicans morphology during interaction with host cells. 
(A) Histological section showing C. albicans hyphae invading the murine liver 24 h after 
intraperitoneal infection. Scale bar = 100 µm. (B) Scanning electron microscopy of 
C. albicans invasion into oral epithelial cells after 3 h coincubation. A C. albicans hypha 
penetrates the epithelial cell, grows through the cell, exits the epithelial cell and invades 
another epithelial cell. The second hyphal cell is not invasive. Scale bar = 3 µm. Kindly 
provided by Gudrun Holland and Norbert Bannert (Robert Koch Institut, Berlin).  
(C) Fluorescence microscopy picture of human macrophages (J774) interacting with 
C. albicans cells after 2 h of coincubation. Red: macrophages; pink: extracellular 
C. albicans; blue: intracellular C. albicans. Two C. albicans hyphae have pierced a 
macrophage to escape (arrows). Scale bar = 100 µm.
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the simultaneous induction of hyphal-associated adhesins. 
These events in turn enhance the adhesiveness of the fungus to 
surfaces. The reduced adhesion potential of mutants lacking key 
regulators of hyphal development (e.g., ras1D or efg1D) is likely to 
be largely due to the misregulation of hyphal-associated adhesins, 
as mutants lacking adhesins alone (such as Als3 or Hwp1) also 
exhibit strongly reduced adhesion. 

Hyphal formation & invasion
Invasion of C. albicans into epithelial cells is mediated by two 
distinct processes: induced endocytosis and active penetration 
[36,39,40]. Induced endocytosis is a host-driven process triggered 
predominantly by interaction between the C. albicans invasin, 
Als3, and host E-cadherin. This process results in clathrin-
dependent uptake, similar to the internalin-E-cadherin dependent 
internalization of Listeria monocytogenes [36,41,42]. Under standard 
laboratory growth conditions, Als3 is expressed on hyphal, but 
not yeast cell surfaces [43]. Consequently, only hyphal cells were 
observed to be endocytosed by epithelial and endothelial cells [36,41]. 

In contrast, active penetration is an exclusively fungal-driven 
process that is mediated by hyphal extension (controlled by Ume6 
and Eed1) and hyphal-associated activities such as the production 
of secreted aspartic proteases (Sap4–6) [35,39,40,44]. Extending 
hyphae are also essential for interepithelial dissemination: the 
penetration into adjacent epithelial cells following initial epithelial 
invasion. These subsequent invasion events may be responsible for 
the gross damage of epithelial tissues by the fungus [36].

Hyphal formation & iron acquisition during oral 
infection
Inside oral epithelial cells, iron is stored within ferritin, and is 
therefore not usually accessible to pathogenic microbes. However, 
C. albicans has been shown to exploit host ferritin as an iron source 
during experimental infections of oral tissue [43]. Interestingly, 
C. albicans hyphae, but not yeast cells, were found to bind ferritin, 
and this binding was crucial for iron acquisition from ferritin. 
Moreover, the ferritin receptor was found to be Als3, suggesting 
that this single hyphae-associated protein has multiple virulence 
attributes.

C. albicans escape from phagocytes
Invading and disseminating C. albicans cells are faced with 
phagocytic cells that constitute the first line of defense during 
infection. Patrolling macrophages and attracted neutrophils 
efficiently phagocytose C. albicans yeast cells and short hyphae. 
While neutrophils strongly inhibit growth (including the yeast-to-
hyphal transition) of C. albicans and can efficiently kill the fungus 
[19,45,46], yeast cells phagocytosed by macrophages may survive and 
produce hyphae, which pierce through the host membrane, rapidly 
killing the phagocyte and allowing C. albicans to escape [19,47]. 
The higher expression level of SOD5 (encoding an extracellular 
superoxide dismutase) in hyphae may counteract the oxidative 
burst of phagocytic cells and thus may help to survive attack of 
monocytes, macrophages and neutrophils [19,48,49]. Therefore, the 
hyphal transition is a critical event for escaping phagocytes.

C. albicans escape from the bloodstream
As mentioned above, yeast cells may enter the bloodstream via 
damage of natural barriers or as disperser cells from biofilms on 
medical devices, and a significant portion of yeast cells in human 
blood produces germ tubes to a moderate extent [19]. Similar to 
the above discussed adhesion of hyphae to epithelial cells, germ 
tubes adhere strongly to endothelial cells. In addition, it has been 
shown that physical properties and an optimal length (neither 
too short nor too long) promote endothelial adhesion during 
flow conditions, similar to the conditions in the bloodstream [50]. 
Differences in hyphal length may also explain why, in contrast 
to our results with germ tubes, Grubb et al. found yeast cells 
adhered better than hyphae [51]. Furthermore, it should be 
noted that yeast cells dispersed from biofilms display increased 
adherence compared with their planktonic counterparts [22]. A 
direct comparison of the adherence capability of dispersed yeast 
cells and hyphae, however, has not been performed as yet.

Hyphal-associated gene expression & the concept of 
predictive adaptation
In summary, hypha formation and the expression of hyphal-
associated genes mediate distinct virulence functions such as 
adhesion (HWP1, ALS3), invasion (ALS3), oxidative stress 
response (SOD5), proteolysis (SAP4–6 ), or ferritin binding 
(ALS3). Interestingly, many hyphal-associated genes are 
expressed counterintuitively in response to numerous (if not all) 
hyphae-inducing conditions. For example, SOD5 is expressed 
in the absence of oxidative stress and ALS3 is upregulated by 
planktonic hyphal cells in the absence of ferritin. As discussed 
in a previous review [52], C. albicans gene expression seems to be 
dictated both by direct environmental responses and by discrete 
genetic programs (such as the yeast-to-hyphal transition). The 
former allows rapid adaptation to changing environmental 
conditions and is a hallmark of unicellular life. The latter may be 
analogous to predictive adaptation [53] and prepare the fungus for 
subsequent stages of infection. Perhaps C. albicans has ‘learned’ 
that during invasive (hyphal) growth it will encounter reactive 
oxygen species (a common host response to infection), ferritin 
(the major intracellular iron storage molecule) and protein-
derived nitrogen sources, and coordinates gene expression 
accordingly.

Recognition by & interaction with the immune system: 
yeast versus hyphae
Given the diverse functions and consequences of C. albicans 
dimorphism, it is intuitive that the morphological form also 
affects interactions with the immune system. However, we 
are only beginning to understand the full complexity of the 
immune response to C. albicans morphology in shaping the host 
response (Table 2). In general, a robust host response, especially 
involving components of the innate immunity, is required for 
protection against superficial and systemic candidiasis. This is 
highlighted by the findings of Saville et al. who demonstrated 
that a C. albicans strain that is locked in the yeast form (via 
NRG1 overexpression) was avirulent in immunocompetent 
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mice [54]. However, the same nonfilamentous strain was capable 
of killing severely immunosuppressed mice. Similarly, severe 
immunosuppression is a prerequisite for lethal dissemination 
of C. albicans from the gastrointestinal tract in mice [55]. 
On the other hand, an excessive proinflammatory response 
contributes to the development of sepsis in systemically infected 
immunocompetent mice [56,57]. Finally, depending on the site 
of infection, C. albicans likely encounters different components 
of the immune system, adding to the complexity of possible 
interactions.

Superficial infections: the role of morphology in the 
immune response of epithelia towards C. albicans
For many years, epithelial cells lining mucosal surfaces were 
thought to be innocuous bystanders during the infection process. 
However, in the past decade it has become increasingly obvious 
that epithelial cells are key mediators of pathogen recognition 
and initiators of innate and adaptive immunity. However, an 
excessively strong inflammatory response can lead to substantial 
host tissue damage, which can exacerbate or even cause 
symptomatic clinical disease. Thus, it is essential that epithelia 
are able to discriminate between harmless commensals and 

dangerous pathogens. This is particularly 
pertinent for C. albicans, which can have 
both commensal and pathogenic lifestyles. 
So how do epithelial cells discriminate 
between C. albicans colonization and 
infection? Recently, Moyes et al. have begun 
to shed light on the molecular mechanisms 
for this discriminatory process, and their 
data indicates that both the morphological 
form of C. albicans and the fungal burden 
are crucial [58]. Oral epithelial cells appear 
to orchestrate responses to C. albicans via 
NF-kB and a biphasic MAPK signaling 
mechanism. Activation of NF-kB and the 
initial MAPK response, which results in 
the activation of the c-Jun transcription 
factor, is independent of fungal 
morphology and can be elicited by both 
yeast and hyphae. However, stimulation 
of a secondary MAPK response, resulting 
in activation of the c-Fos transcription 
factor and the MAPK phosphatase 
MKP1, is specif ically associated with 
hypha formation and correlates with 
proinflammatory cytokine responses. An 
important finding was that the hypha-
mediated MAPK/MKP1/c-Fos response 
was strongly dose-dependent, indicating 
that a threshold level of activation needs 
to be reached before epithelial cells are fully 
activated. The resulting proinflammatory 
cytokine response appears to recruit and 
activate polymorphonuclear cells, which 

subsequently protect the oral mucosa against C. albicans infection 
via a mechanism that requires Toll-like receptor (TLR)4 [59]. 
In summary, this epithelial MAPK-based activation pathway 
may comprise a ‘danger response’ mechanism, which may 
permit mucosal tissues to remain quiescent in the presence of 
low fungal burdens whilst responding specifically and strongly 
to damage-inducing hyphae when burdens increase. Therefore, 
this morphology-based detection mechanism may be critical in 
identifying when this normally commensal fungus has become 
pathogenic.

The interaction of yeast versus hyphae with professional 
immune cells
Although few studies have addressed the impact of C. albicans 
morphology on interaction with immune cells, there is evidence 
that the growth form influences both the type and the outcome 
of the interaction. For example, dendritic cells phagocytose 
both yeast and hyphae but kill yeast cells more efficiently [60]. 
In contrast, neutrophils are more attracted to hyphae but kill 
yeast and hyphae at the same rate [61,62]. Similarly, macrophages 
were shown to phagocytose a higher proportion of inactivated 
hyphae than yeast [63]. However, using viable C. albicans cells in 

Table 2. Examples of morphology-dependent interaction of host cells 
with Candida albicans.

Host cell Morphology Ref.

Yeast Hyphae

Neutrophils

Attraction Weak Strong [61] 

Phagocytosis Low High [61] 

Killing of C. albicans Efficient Efficient [61,62] 

IL-8 production Moderate High [61] 

Macrophages/monocytes

Phagocytosis High for viable yeast
Low for inactivated 
yeast

Low for viable hyphae 
High for inactivated 
hyphae

[63,64] 

Killing of C. albicans Efficient Efficient [66]

Cytokine production Differences depending 
on host cell type and 
cytokine

Differences depending on 
host cell type and cytokine

[65,66]

Dendritic cells

Phagocytosis High High [60,70] 

Killing High Moderate [60,70]

Cytokine production IL-12 p70 IL-4 [60,70]

Th1 response Activated Inhibited [60,70]

Epithelial cells

Activation of NF-kB and c-Jun Yes Yes [58]

Activation of c-Fos and MKP1 No Yes, dose dependent [58]

Proinflammatory cytokines No Yes, dose dependent [58]
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competition assays, Keppler-Ross et al. observed higher uptake 
of yeast than hyphae by macrophages [64]. Thus, more research 
is needed to fully elucidate the role of fungal morphology in the 
interaction with macrophages.

Macrophages and dendritic cells not only mediate direct 
killing of C. albicans but also orchestrate the immune response 
via the production of chemokines and cytokines. The cytokine 
production of dendritic cells again differs depending on 
C. albicans morphology. Yeast cells stimulate priming of Th1 
cells while hyphae lead to the production of IL-4 and inhibition 
of Th1 priming [60]. Since Th1 and Th17 responses are thought to 
be beneficial for the host, the different responses of dendritic cells 
to yeast and hyphae may strongly influence the clinical course 
of infection. Morphology-dependent differences in cytokine 
production have also been demonstrated in macrophages [65] and 
monocytes [66].

The first step in the interaction of professional immune 
cells and pathogens is the recognition of pathogen-associated 
molecular patterns on the pathogen surface by pathogen 
recognition receptors (PRRs) on immune cells. Since the 
C. albicans cell wall composition is highly f lexible [67], it 
appears plausible that differences in the cell wall composition 
and accessibility of pathogen-associated molecular patterns on 
C. albicans yeasts and hyphae lead to the observed differences 
in immune cell interaction. C. albicans cell surface mannans, 
b-glucans and chitin are recognized by innate immune cells such 
as macrophages and neutrophils via various PRRs, including 
mannose receptor, dectin-1 and dectin-2, TLR2, TLR4 and CR3 
(reviewed in 68,69]). In dendritic cells, distinct sets of PRRs are 
involved in recognition of either C. albicans yeast or hyphae and 
affect phagocytic killing and cytokine production [70]. In vivo, 
b-glucan exposure changes during infection and, interestingly, 
treatment with caspofungin selectively unmasks b-glucans on 
hyphae [71]. Since unmasking of b-glucans enhances macrophage 
cytokine production [72], this mechanism might influence the 
outcome of infection. Furthermore, distinct yeast or hyphal-
specific surface proteins may be specifically recognized by 
immune cells and act as indicators of fungal morphology for 
the immune system [73].

Is inhibition of the yeast-to-hyphal transition a 
therapeutic option?
Traditionally, antimicrobial drugs have been developed to interfere 
with essential biological processes to either kill a microbe or to 
inhibit its growth. More recently, specifically targeting virulence 
rather than essential fungal processes has been discussed as a ‘new’ 
paradigm for the development of antibacterial and antifungal 
agents [74,75]. The modulation of morphogenesis may provide a 
way to specifically target virulence of C. albicans [76].

Targeting virulence factors
There are both major advantages and disadvantages to targeting 
specific virulence factors for therapeutic purposes. Virulence 
factors are often highly specific, and targeting any specific 
virulence attribute may not act against any other pathogen. Such 

an approach would therefore require very precise, reliable and 
rapid diagnostics, which are often not available (particularly in 
the case of fungal infections). Furthermore, such a therapeutic 
strategy may not be attractive to large pharmaceutical companies, 
who may prefer to create a universal antifungal. Moreover, 
non-albicans species (including non-hyphae-producing species) 
now account for approximately half the cases of disseminated 
candidiasis [11]. Therefore, inhibition of hypha formation as a 
prophylactic strategy or as empirical antifungal therapy for 
disseminated candidiasis (even upon positive diagnosis of 
candidiasis), would currently be undesirable. 

On the other hand, when highly effective diagnostics are in 
place, therapeutically targeting microbial virulence, such as the 
yeast-to-hyphal transition, will have significant advantages. For 
example, targeting pathogen-specific factors may allow for a very 
specific action with few side effects and a reduced incidence of 
microbial resistance. Such a strategy may also help to specifically 
keep an opportunistic pathogen in check, rather than wiping 
out the entire microbial population – a concern when dealing 
with potentially beneficial probiotic microbes. Indeed, we cannot 
exclude that C. albicans colonization has beneficial effects, for 
example, by training and stimulating our immune system.

Targeting the morphological switch
In the future, targeted inhibition of the morphological switch 
from yeast-to-hyphal growth would be a very attractive 
option for specifically controlling C. albicans infections, both 
prophylactically and as a treatment. As discussed above, such 
an inhibition could prevent adhesion, invasion and damage 
of epithelial and endothelial cells, may prevent escape from 
macrophages and from the bloodstream, and may reduce the iron 
acquisition capacity of the fungus.

Furthermore, such a targeted inhibition may be used to 
modulate the immune response, avoiding excessive inflammation 
during superficial infections, or over-reaction and potentially 
fatal sepsis during systemic candidiasis. For example, it has been 
suggested that protection against C. albicans vaginitis coincides 
with a noninflammatory innate immune response, whereas 
symptomatic infections correlate with neutrophil infiltrates in 
the vaginal lumen and an elevated fungal burden [77]. Thus, 
rather than being caused by deficient (lowered) immunity, 
symptomatic vaginitis can be considered to be the result of an 
overly aggressive innate immune response. It is likely that hyphae 
play a key role in eliciting such aggressive immune responses, and 
if hyphal formation could be inhibited, the response would be 
downregulated accordingly. 

In addition to inhibiting fungal f ilamentation and the 
expression of hyphae-associated proteins, it may also be possible 
to directly target those hyphae-specific proteins or moieties that 
activate epithelial cells and innate immune responses, or that 
are responsible for damaging these cells. Alternatively, the host’s 
recognition system may be targeted. For example, increasing the 
threshold level at which epithelial cells are activated may decrease 
the chance of a runaway immune response. Thus, identification of 
the epithelial cell receptors that initiate immune activation could 
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lead to an interesting therapeutic target [78]. This may also apply 
to systemic infections. Although the contribution of yeast-to-
hyphal transition to the development of C. albicans sepsis is not 
yet clear, indirectly modulating the host response by controlling 
C. albicans filamentation may have therapeutic potential.

In fact, as a proof of principle, it has been shown experimentally 
that blocking filamentation in C. albicans attenuates its virulence 
in vivo [79], although not every deletion mutant with defects in 
filamentation is attenuated [80].

Can the yeast-to-hyphal transition be inhibited?
As discussed in an excellent review by Shareck and Belhumeur 
[76], a large number of small molecules, such as farnesol, fatty 
acids, rapamycin, geldanamycin, histone deacetylase inhibitors, 
and cell cycle inhibitors have been reported to modulate the 
yeast-to-hyphal transition in C. albicans. Few of these substances 
have been tested in vivo, but protection against mucosal 
candidiasis has been shown by, for example, geldanamycin, 
farnesol and nizin Z [81–83]. However, it should be mentioned 
that many of the small molecules which inhibit filamentation 
also negatively affect fungal viability or growth. The relative 
contributions of cytotoxicity and inhibition of filamentation by 
these compounds to protection against candidiasis has not yet 
been fully elucidated.

Even established antifungals, such as azoles, can specifically 
inhibit hyphal growth. In our laboratory, we examined the 
effects of low levels of azoles on the ability of C. albicans to 
adhere, invade and damage vaginal epithelial cells. These low 
levels of azoles did not influence yeast growth, but effectively 
inhibited extensive hyphal elongation [84]. Interestingly, 
although adhesion to and invasion of vaginal epithelial cells 
were not affected, the damage caused to these cells was greatly 
reduced upon azole treatment, and this was most likely due to 
reduced hyphae formation. These data provide evidence that low 
levels of azoles influence specific activities of C. albicans during 
distinct stages of epithelial infections and provide a proof of 
principle that inhibition of hypha formation can be used as a 
therapeutic option.

Conclusion
The yeast-to-hyphal transition of C. albicans is linked to a number 
of properties: adhesion to epithelial and endothelial cells; primary 
and intercellular invasion via induced endocytosis and active 
penetration; specific iron acquisition from intracellular host 
sources; escape from phagocytes and immune evasion; promotion 
of immune activation at mucosal tissues and triggering of specific 
sepsis-like immune responses during systemic infection. Thus, 
dimorphism is essential for pathogenicity at both superficial and 
systemic levels. The pathogenic potential of hypha formation 
is due to both the fungal morphology and the expression of a 
hypha-specific transcriptional program; moreover, the immune 
system is able to discriminate between yeast and hyphal growth. 
This specific recognition of C. albicans morphology, together with 
detection of fungal burden and damage caused by invading hyphae 
may be the key for host discrimination between colonization and 

infection. Despite the general limitations of targeted inhibition of 
distinct virulence attributes of microbial pathogens, there are also 
clear advantages, and targeted inhibition of the yeast-to-hyphal 
transition or modulation of the immune response associated 
with dimorphism may therefore be very attractive options for 
controlling C. albicans infections in the future.

Expert commentary & five-year view
Although few of the compounds known to inhibit the yeast-to-
hyphal transition have been evaluated in vivo, and some may 
be cytotoxic [76], it is likely that a compound will be identified 
that specifically inhibits filamentation without major side effects. 
It may even be possible that C. albicans ‘anti-dimorphism’ 
compounds may be active against other fungi. For example, 
the quorum-sensing molecule farnesol also affects various 
developmental processes in other Candida spp. and in unrelated 
pathogenic fungi such as Aspergillus spp., Fusarium graminearum  
and Paracoccidioides brasiliensis [76,85].

In the next years, further genes, factors and activities involved 
in the morphological switch of C. albicans will be discovered and 
our knowledge of the regulatory networks governing morphology 
will be extended. This will include the regulation of the yeast-to-
hyphal transition as well as the, less well studied, reverse switch 
– the hypha-to-yeast transition.

In addition to cell density, temperature, serum compounds, 
oxygen or carbon dioxide concentrations and metabolism, we 
will discover further unexpected relationships between the host 
environment and the regulation of morphology. Importantly, 
we need to know more about the role of the yeast and hyphal 
morphologies in pathogenesis and the specific responses of 
host cells. We need to understand how the different host cells 
recognize yeast and hyphae and how each cell type is activated 
by either morphology. It is very likely that the consequences of 
this activation are different in different host cell types (e.g., in 
epithelial cells and in phagocytes). Based on this information, we 
may then be in a position to target either fungal or host factors 
(or both) to control and manage a particular infection.
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Key issues

•	 Candida albicans is a polymorphic fungus that can grow as yeasts, pseudohyphae or hyphae.

•	 C. albicans can colonize mucosal surfaces, or cause superficial, deep-seated or systemic infections.

• Yeast cells, hyphae and the morphology-associated genes play distinct roles during infection depending on the host niche and stage of 
infection.

• Yeast cells may favor dissemination.

• The morphology of asymptomatic colonizing cells in humans remains unknown.

• Hyphal formation is associated with adhesion, invasion, damage, iron acquisition, and escape from phagocytes and the bloodstream.

• Invasion of hyphae occurs via induced endocytosis and active penetration. Only active penetration causes damage.

• Hyphae-associated gene expression is an example of predictive adaptation.

• Yeast and hyphae are differentially recognized by different host cells.

• The host may differentiate between colonizing and infecting cells via differential recognition of noninvasive and nondamaging yeast 
cells versus invasive and damaging hyphae.

• There are both advantages and disadvantages to targeting virulence factors as therapeutic options.

• Targeting the morphological switch is a therapeutic option, and proof of principles exist that such therapy blocks damage in vitro and 
may attenuate virulence in vivo.

• Compounds already exist that can inhibit yeast-to-hypha transition.
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