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Introduction

Candida albicans is a commensal organism of the human gastroin-

testinal and genitourinary systems as well as the most common

human fungal pathogen [1]. The organism causes mucosal infec-

tions such as oropharyngeal or vulvo-vaginal candidiasis, but it can

also cause life-threatening invasive disease. Healthy individuals

readily maintain the organism in its commensal state but individuals

with defects in the anti–C. albicans immune response are at high risk

for developing disease. Phagocytes, particularly macrophages and

neutrophils, are critical to the host’s ability to prevent invasive

candidiasis [2].

C. albicans poses a particular challenge to host defenses because

it is polymorphic; round yeast forms and filamentous pseudohy-

phae and hyphae forms are all present during infection [3,4].

Yeast and filamentous C. albicans have a number of important

physiological, structural, and biochemical differences. According-

ly, the immune response to these forms differs substantially [4,5].

The type of recognition receptors used to detect C. albicans, as well

as the phagocyte type, anatomic site of infection, and course of

infection, all serve to modulate the host response to the organism

[2,6]. Macrophages are particularly important because they can

both limit C. albicans burden early in infection and recruit and

activate other immune effector cells [4,6]. Our understanding of

the mechanisms and consequences of the interaction between

macrophages and C. albicans is improving, but much remains to be

learned.

What Does the Macrophage–C. albicans Interaction
‘‘Look’’ Like?

Much of our understanding of the interaction between C. albicans

and macrophages arose from observations using wide-field,

confocal, and fluorescence microscopy. Macrophages readily ingest

the round yeast form of C. albicans as well as relatively short C.

albicans filaments [7]. After ingestion, some C. albicans are killed;

however, most survive and form hyphae in response to the phago-

some environment (morphogenesis) [8]. Time-lapse microscopy

suggests that some macrophages are able to withstand the stress of

elongating C. albicans filaments without apparent loss of integrity,

whereas other macrophages that have ingested C. albicans undergo

lysis [9]. As lysis is temporally linked to filament elongation, the

filaments appear to puncture through macrophage membrane

[2,9,10]. Thus, while macrophages are able to damage or kill

C. albicans, the fungus also has a significant cytotoxic effect on

macrophages.

In addition to their role in ingestion and possible clearance of

C. albicans, macrophages make a critical contribution to the innate

and adaptive anti–C. albicans immune response. Macrophages pro-

duce a variety of pro- and anti-inflammatory cytokines in response

to C. albicans; the type of response is governed both by morphology

and other organisms factors as well as by the host pathogen

recognition receptors (PRR) that are engaged (see PLOS Pathogens

Pearls [11] and [3] or, for a more in-depth review, [4]). In par-

ticular, hyphae formation is a strong trigger for production of the

pro-inflammatory cytokine interleukin-1b (IL-1b) [5,12].

How Do C. albicans Filaments Kill Macrophages?

Because of the visual/temporal association of intracellular fila-

ment growth with macrophage lysis, a logically appealing hypo-

thesis is that C. albicans filaments simply grow so long that the

macrophage membrane is stretched to the point of failure, result-

ing in lysis [2,5]. Two additional findings support this hypothesis:

First, killed or inactivated C. albicans yeast, which obviously do not

form filaments within macrophages, trigger minimal levels of

macrophage lysis [13]. Second, C. albicans mutant strains that do

not form filaments also do not trigger macrophage lysis [10].

Despite the appealing simplicity of the physical rupture hypo-

thesis, conflicting data has emerged. Several laboratories have

identified C. albicans mutant strains that form normal hyphae

within macrophages yet induce significantly lower levels of lysis

[10,14,15]. Furthermore, recent time lapse microscopy experi-

ments have observed ‘‘non-lytic expulsion/exocytosis,’’ in which

C. albicans hyphae appear to be expelled from within macrophages

without loss of macrophage viability [16]. Thus, hyphal formation

alone is not sufficient to trigger macrophage lysis.

Are Macrophage Programmed Cell Death
Pathways Activated by C. albicans?

An alternative to the long-held idea that C. albicans physically

destroys macrophages is that macrophage lysis in response to
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C. albicans is actually a macrophage-driven response. In the last

decade, there has been an explosion of new data describing pro-

grammed cell death pathways in response to infection [17]. The

designation ‘‘programmed’’ refers to cell death that is specifically

induced by host-cell signaling pathways; thus, programmed cell

death is host-driven. The archetypal programmed cell death path-

way apoptosis may occur in macrophages responding to Candida

[18]; however, apoptosis is non-lytic and cannot account for

C. albicans–induced lysis. In contrast, several newly described pro-

grammed cell death pathways result in lytic cell death, including:

pyroptosis, pyronecrosis, and necroptosis [17]. The most well

studied of these is pyroptosis, which results in cell swelling, lysis,

and release of inflammatory cytokines (see the PLOS Pathogens Pearl

[19], or [20] for more detail). This pathway was originally

identified in macrophages infected with intracellular bacteria such

as Salmonella, Legionella, and possibly Mycobacteria. By undergoing

pyroptosis, infected macrophages deprive intracellular bacteria of

their immune-protected niche as well as intracellular nutrients.

A critical hallmark of pyroptosis is its dependence on the cysteine

protease caspase-1 [17]. Caspase-1 is activated via formation of the

inflammasome, a multiprotein complex that forms in response to a

variety of inflammatory signals. Inflammasome formation is

initiated through activation of either a nod-like receptor protein

(NLRP1, NLRP3, or NLRC4) or the absent in melanoma protein

AIM2 [21]. Subsequently, the adaptor molecule ASC (apoptosis-

associated speck-like protein containing a CARD) is recruited to the

complex; this is followed by binding and activation of caspase-1. In

addition to its role in triggering cell lysis, activation of caspase-1

results in cleavage of the pro-forms of the cytokines IL-1b and IL-18

into their mature forms [20]. Thus, pyroptosis is a lytic, inflam-

matory form of cell death. When considering the role of caspase-1 in

pyroptosis, it should be noted that the caspase-1 deficient mice used

in the majority of research studies are not only deficient for caspase-

1 but also have a dysfunctional caspase-11 [22].

C. albicans triggers the activation of NLRP3, NLRC4, and

noncanonical inflammasomes [23–27], suggesting that C. albicans

might trigger macrophage lysis via pyroptosis. Studies from our

laboratory and from Uwamahoro et al., recently demonstrated

that the majority of C. albicans–induced macrophage lysis requires

caspase-1 [13,15]. We also found that NLRP3 and ASC, but not

NLRC4, were required for this process [13]. Thus, host cell

components are required for C. albicans–induced lysis; this would

not be expected if lysis were due to physical disruption of the

macrophage by C. albicans filaments. Furthermore, C. albicans-

induced macrophage lysis can be substantially suppressed by the

addition of glycine to the culture medium [13]. Glycine, which has

no effect on C. albicans growth or filamentation, suppresses pyrop-

totic lysis, presumably via blocking membrane pores [28]. Taken

together, these data clearly demonstrate that pyroptosis occurs in

response to C. albicans via the NLRP3 inflammasome (Figure 1).

Thus, most of the ‘‘cytotoxicity’’ seen in macrophages exposed to

C. albicans is controlled not by C. albicans but rather by host cell

pathways [13]. The role of other lytic programmed cell death path-

ways, such as pyronecrosis or necroptosis, has not been studied, and

it remains possible that these pathways are also triggered by C.

albicans. Nevertheless, pyroptosis appears to play a major role in the

lytic response of macrophages to ingested C. albicans cells.

Our results with mutant C. albicans strains demonstrated that

pyroptotic lysis in response to C. albicans does not require hyphal

formation [14]. However, we have also observed that the non-

albicans Candida species and Saccharomyces cerevisiae strains that are

capable of forming filaments are stronger inducers of pyroptosis

than those that do not form filaments [13]. Thus, morphogenesis

appears to be necessary but not sufficient for triggering pyroptosis.

We expect to be able to use this set of Candida and Saccharomyces

strains and mutants as a powerful tool for future investigations into

the mechanisms through which C. albicans triggers pyroptosis.

How Does Inflammasome Activation Trigger
Inflammation in Response to C. albicans?

Another important consequence of pyroptosis is the release of

IL-1b/IL-18 [20]. The finding that pyroptosis occurs in response

to C. albicans is quite consistent with the ability of C. albicans to

trigger IL-1b production in macrophages. Production of mature

IL-1b via the NLRP3 inflammasome is tightly regulated in a two-

step process: The first, or priming signal, triggers activation of

NFkB and transcription of pro-IL-1b [12]. The second signal

results in inflammasome assembly, caspase-1 activation, and

cleavage of pro-IL-1b into mature IL-1b. As with most biological

systems, the two signal ‘‘pathways’’ are not completely separated;

priming signals also increase the level of NLRP3 [29].

Macrophages have a variety of PRR that recognize C. albicans

and may provide the first or priming signal for inflammasome

Figure 1. C. albicans–mediated NLRP3 inflammasome activation. Upon encountering C. albicans, pattern recognition receptors (PRR) on the
macrophage, such as TLR2 and Dectin 1 and 2, activate NF-kB, leading to the transcription and translation of NLRP3 and pro-IL-1b. Phagocytosis of C.
albicans yeast forms triggers hyphal formation which may result in lysosomal rupture. NLRP3 inflammasome activation is then triggered through an
as-yet-undefined mechanism. Although morphogenesis appears to be necessary for inflammasome activation, it is not sufficient. Activation of the
NLRP3 inflammasome results in activation of the cysteine protease caspase-1, which mediates the processing and secretion of pro-IL-1b and pro-IL-
18. Caspase-1 activation also induces pyroptotic cell death of the macrophage, resulting in cell swelling, DNA fragmentation, and the lytic release of
intracellular inflammatory contents. Osmotic lysis of the macrophage during pyroptosis can be inhibited by the addition of extracellular glycine.
doi:10.1371/journal.ppat.1004139.g001
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activation. These include complement receptors; the C-type lectins

dectin-1, dectin-2 and mannose receptor; and Toll-like receptors,

particularly TLR2 [3,4,11]. The mechanism(s) by which C. albicans

provides the second signal for inflammasome activation is less

clear. The NLRP3 inflammasome is activated in response to a

wide range of stimuli including cellular stress, tissue damage, and

many types of infection [29]. It appears that NLRP3 responds to

these myriad conditions through their convergence on mitochon-

drial damage; potassium efflux, calcium influx and increased

mitochondrial reactive oxygen species production are common

triggers of activation. In addition, lysosomal rupture is required for

NLRP3 inflammasome activation in response to particulate

agonists. Any combination of these signals may occur in C. albicans

exposed macrophages; furthermore, the mechanisms of C. albicans

mediated NLRP3 activation may vary in different environmental

conditions and phagocyte types. As with C. albicans–induced

macrophage lysis, activation of NLRP3 was thought to occur in

direct response to hyphal formation [5]. However, as with our

studies on pyroptosis, our data suggests that, at least for macro-

phages, morphogenesis is necessary but not sufficient to trigger

NLRP3 activation [14].

In addition to the NLRP3 inflammasome, C. albicans activates

the NLRC4 inflammasome as well as a noncanonical caspase-8

containing inflammasome [26,27]. Some of the variation in

inflammasome responses to C. albicans may be related to the type of

host cell that encounters the organism, the PRR used, and/or the

type of infection. This is exemplified by the finding that NLRC4

expressed in mucosal stromal cells is important in defense against

oropharyngeal candidiasis [26]. In addition, activation of the 1,3-

b-glucan lectin dectin-1 on dendritic cells leads to production of

IL-1b via a noncanonical inflammasome that utilizes caspase-8

rather than caspase-1 [27]. The role of caspase-8 in production of

IL-1b raises particularly interesting questions about caspase

activation and programmed cell death pathways as caspase-8 also

has a prominent role in initiating apoptosis. Clearly, there is still

much to learn about the role of cell death pathways, inflamma-

some activation, and cytokine production in C. albicans infections.

IL-1b production in response to C. albicans is important for

recruiting additional phagocytes to the site of infection and

stimulating protective immune responses via the Th17 and/or Th1

pathway [30]. Less is known about the role of IL-18 in the host

response to C. albicans, but it has been associated with recruitment

of monocytes to the site of infection, the development of protective

Th1 responses, and modest increases in the ability of neutrophils to

damage C. albicans pseudohyphae [30,31].

Pyroptosis also triggers inflammation through IL-1b/IL-18

independent pathways, including production of IL-1a, HMGB1,

and eicosanoids [19]; these danger signals may be important in

anti–C. albicans defenses. Inflammasome activation in response to

C. albicans has been implicated in elaboration of IL-6, CXCL1 (a

murine chemokine similar to human IL-8), and antimicrobial

peptides [26]. Furthermore, cell lysis results in global release of

intracellular molecules such as ATP, DNA, RNA, which are

inflammatory when found in the extracellular environment [19].

Very little is known about the role that these molecules and

processes play in the inflammatory response to C. albicans, but they

may represent additional mechanisms through which pyroptosis

contributes to the anti–C. albicans host defense.

Summary: A New Paradigm for Host–C. albicans
Interactions

Although C. albicans hyphae formation clearly plays a role in

macrophage lysis, the death of macrophages that have ingested C.

albicans is not simply the result of the hyphae physically rupturing

the macrophage [13]. Rather, the current data supports a new

model in which C. albicans–induced macrophage lysis occurs via

pyroptosis, a host-cell programmed death pathway. These findings

represent the first demonstration that pyroptosis occurs in response

to a fungal pathogen. One important question raised by these

findings is whether pyroptosis is beneficial to the host, C. albicans,

or both. The components of the NLRP3 inflammasome as well as

IL-1b, IL-18, and the IL-1a/IL-1b receptor IL-1RI, are important

for host survival from systemic candidiasis and prevention of

dissemination of oropharyngeal candidiasis [12,32]. Thus, the

NLRP3 inflammasome is clearly important to the host for its role

in triggering inflammation; it may also benefit the host by

triggering pyroptosis. Alternatively, the host program of pyroptosis

could have been ‘‘conscripted’’ during the evolution of C. albicans

to provide a mechanism of escape from the macrophage. In that

case, triggering pyroptotic macrophage lysis could be a ‘‘cost’’ to

the host that is outweighed by the other benefits of inflammasome

activation.

Future studies may identify additional mechanisms of host cell

death that are triggered in response to C. albicans. Indeed, it seems

likely that the cytotoxic effect of C. albicans on phagocytes is a

function of multiple mechanisms of cell death with factors such as

phagocyte type, local environment, organism burden, and host cell

activation influencing which pathway(s) is most strongly activated.

Although much remains to be learned about C. albicans–triggered

phagocyte lysis, the finding that macrophages are catching fire in

response to C. albicans represents a paradigm shift in our

understanding of C. albicans–phagocyte interactions. As therapies

that modulate specific components of the immune response

continue to be developed, a fuller understanding of programmed

cell pathways in response to C. albicans may allow us to develop

more effective treatment for this life-threatening pathogen.

References

1. Moran GP, Coleman D, Sullivan D (2012) An introduction to the medically

important Candida species. In: Calderone R, Clancy CJ, editors. Candida and

Candidiasis. 2nd edition. Washington, D.C.: ASM Press. pp. 11–25.

2. Seider K, Heyken A, Luttich A, Miramon P, Hube B (2010) Interaction of

pathogenic yeasts with phagocytes: survival, persistence and escape. Curr Opin

Microbiol 13: 392–400.

3. Lionakis MS, Netea MG (2013) Candida and host determinants of susceptibility

to invasive candidiasis. PLoS Pathog 9: e1003079.

4. Filler SG (2006) Candida-host cell receptor-ligand interactions. Curr Opin

Microbiol 9: 333–339.

5. Gow NA, van de Veerdonk FL, Brown AJ, Netea MG (2012) Candida albicans

morphogenesis and host defence: discriminating invasion from colonization. Nat

Rev Microbiol 10: 112–122.

6. Lionakis MS, Lim JK, Lee CC, Murphy PM (2011) Organ-specific innate

immune responses in a mouse model of invasive candidiasis. J Innate Immun 3:

180–199.

7. Lewis LE, Bain JM, Lowes C, Gillespie C, Rudkin FM, et al. (2012) Stage

specific assessment of Candida albicans phagocytosis by macrophages identifies

cell wall composition and morphogenesis as key determinants. PLoS Pathog 8:

e1002578.

8. Jimenez-Lopez C, Collette JR, Brothers KM, Shepardson KM, Cramer RA, et

al. (2013) Candida albicans induces arginine biosynthetic genes in response to

host-derived reactive oxygen species. Eukaryot Cell 12: 91–100.

9. Lewis LE, Bain JM, Okai B, Gow NA, Erwig LP (2013) Live-cell video

microscopy of fungal pathogen phagocytosis. J Vis Exp. doi: 10.3791/50196

10. McKenzie CG, Koser U, Lewis LE, Bain JM, Mora-Montes HM, et al. (2010)

Contribution of Candida albicans cell wall components to recognition by and

escape from murine macrophages. Infect Immun 78: 1650–1658.

11. Levitz SM (2010) Innate recognition of fungal cell walls. PLoS Pathog 6:

e1000758.

12. Joly S, Sutterwala FS (2010) Fungal pathogen recognition by the NLRP3

inflammasome. Virulence 1: 276–280.

PLOS Pathogens | www.plospathogens.org 3 June 2014 | Volume 10 | Issue 6 | e1004139



13. Wellington M, Koselny K, Sutterwala FS, Krysan DJ (2014) Candida albicans

Triggers NLRP3-Mediated Pyroptosis in Macrophages. Eukaryot Cell 13: 329–340.
14. Wellington M, Koselny K, Krysan DJ (2012) Candida albicans morphogenesis is

not required for macrophage interleukin 1beta production. MBio 4: e00433–00412.

15. Uwamahoro N, Verma-Gaur J, Shen HH, Qu Y, Lewis R, et al. (2014) The
pathogen Candida albicans hijacks pyroptosis for escape from macrophages.

MBio 5: e00003–00014.
16. Bain JM, Lewis LE, Okai B, Quinn J, Gow NA, et al. (2012) Non-lytic

expulsion/exocytosis of Candida albicans from macrophages. Fungal Genet Biol

49: 677–678.
17. Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, et al. (2012)

Molecular definitions of cell death subroutines: recommendations of the
Nomenclature Committee on Cell Death 2012. Cell Death Differ 19: 107–120.

18. Ibata-Ombetta S, Idziorek T, Trinel PA, Poulain D, Jouault T (2003) Candida
albicans phospholipomannan promotes survival of phagocytosed yeasts through

modulation of bad phosphorylation and macrophage apoptosis. J Biol Chem

278: 13086–13093.
19. LaRock CN, Cookson BT (2013) Burning down the house: cellular actions

during pyroptosis. PLoS Pathog 9: e1003793.
20. Miao EA, Rajan JV, Aderem A (2011) Caspase-1-induced pyroptotic cell death.

Immunol Rev 243: 206–214.

21. Franchi L, Munoz-Planillo R, Nunez G (2012) Sensing and reacting to microbes
through the inflammasomes. Nat Immunol 13: 325–332.

22. Kayagaki N, Warming S, Lamkanfi M, Walle LV, Louie S, et al. (2011) Non-
canonical inflammasome activation targets caspase-11. Nature 479: 117–121.

23. Gross O, Poeck H, Bscheider M, Dostert C, Hannesschlager N, et al. (2009) Syk
kinase signalling couples to the Nlrp3 inflammasome for anti-fungal host

defence. Nature 459: 433–436.

24. Hise AG, Tomalka J, Ganesan S, Patel K, Hall BA, et al. (2009) An essential role

for the NLRP3 inflammasome in host defense against the human fungal
pathogen Candida albicans. Cell Host Microbe 5: 487–497.

25. Joly S, Ma N, Sadler JJ, Soll DR, Cassel SL, et al. (2009) Cutting edge: Candida

albicans hyphae formation triggers activation of the Nlrp3 inflammasome.
J Immunol 183: 3578–3581.

26. Tomalka J, Ganesan S, Azodi E, Patel K, Majmudar P, et al. (2011) A novel role
for the NLRC4 inflammasome in mucosal defenses against the fungal pathogen

Candida albicans. PLoS Pathog 7: e1002379.

27. Gringhuis SI, Kaptein TM, Wevers BA, Theelen B, van der Vlist M, et al. (2012)
Dectin-1 is an extracellular pathogen sensor for the induction and processing of

IL-1beta via a noncanonical caspase-8 inflammasome. Nat Immunol 13: 246–
254.

28. Fink SL, Cookson BT (2006) Caspase-1-dependent pore formation during
pyroptosis leads to osmotic lysis of infected host macrophages. Cell Microbiol 8:

1812–1825.

29. Wen H, Miao EA, Ting JP (2013) Mechanisms of NOD-like receptor-associated
inflammasome activation. Immunity 39: 432–441.

30. van de Veerdonk FL, Joosten LA, Shaw PJ, Smeekens SP, Malireddi RK, et al.
(2011) The inflammasome drives protective Th1 and Th17 cellular responses in

disseminated candidiasis. Eur J Immunol 41: 2260–2268.

31. Netea MG, Stuyt RJ, Kim SH, Van der Meer JW, Kullberg BJ, et al. (2002) The
role of endogenous interleukin (IL)-18, IL-12, IL-1beta, and tumor necrosis

factor-alpha in the production of interferon-gamma induced by Candida
albicans in human whole-blood cultures. J Infect Dis 185: 963–970.

32. Netea MG, Vonk AG, van den Hoven M, Verschueren I, Joosten LA, et al.
(2003) Differential role of IL-18 and IL-12 in the host defense against

disseminated Candida albicans infection. Eur J Immunol 33: 3409–3417.

PLOS Pathogens | www.plospathogens.org 4 June 2014 | Volume 10 | Issue 6 | e1004139


