
FEMS Microbiology Reviews , 2025, 49 , fuaf013 

DOI: 10.1093/femsre/fuaf013 
Ad v ance access publication date: 10 May 2025 

Re vie w Article 

Vaginal Candida albicans infections: 
host–pa thogen–microbiome inter actions 

Marisa Valentine 1 , Duncan Wilson 

2 , Mark S . Gresnigt 3 , Bernhar d Hube 1 , 4 , 5 ,* 

1 Department of Microbial Pathogenicity Mechanisms, Leibniz Institute for Natural Product Research and Infection Biology, Hans Knöll Institute, 23 
Adolf-Reic hwein-Str aße, 07745, Jena, Germany 
2 Medical Research Council Centre for Medical Mycology at the University of Exeter, University of Exeter, Geoffrey Pope Building Stocker Road, Exeter EX4 4QD, 
United Kingdom 

3 Junior Research Group Adaptive Pathogenicity Strategies, Leibniz Institute for Natural Product Research and Infection Biology, Hans Knöll Institute, 23 
Adolf-Reic hwein-Str aße, 07745, Jena, Germany 
4 Institute of Micr obiology, Friedric h Sc hiller Univ ersity, 25 Neugasse, 07743, Jena, Germany 
5 Cluster of Excellence Balance of the Micr ov erse, Friedric h Sc hiller Univ ersity Jena, 1 Fürstengr aben, 07743, Jena, Germany 
∗Corresponding author. Department of Microbial Pathogenicity Mechanisms, Leibniz Institute for Natural Product Research and Infection Biology, Hans Knöll 
Institute, 23 Adolf-Reic hwein-Str aße, 07745, Jena, Germany. E-mail: bernhard.hube@leibniz-hki.de 
Editor: [Professor Gerhard Braus] 

Abstract 

Candida albicans is a fungus that colonizes the gut, oral, and v a ginal m ucosae of most humans without causing disease . How ever, 
under certain predisposing conditions this fungus can cause disease. Candida albicans has several factors and attributes that facilitate 
its commensal and pathogenic lifestyles including the transition from a yeast to a hyphal morphology, which is accompanied by 
the expression of virulence factors. These factors are central in candidiasis that can range from invasive to superficial. This re vie w 

focuses on one example of a superficial disease , i.e . vulv ov a ginal candidiasis (VVC) that affects ∼75% of women at least once with 

some experiencing four or more symptomatic infections per year (RVVC). During VVC, fungal factors trigger inflammation, which 

is maintained by a dysregulated innate immune response. This in turn leads to immunopathology and symptoms. Another unique 
c har acteristic of the v a ginal nic he , is its Lactobacillus -dominated micr obiota with low species di v ersity that is believ ed to anta gonize C. 
albicans pathogenicity. The importance of the inter actions betw een C. albicans , the host, and v a ginal micr obiota during commensalism 

and (R)VVC is discussed in this re vie w, which also addresses the application of this knowledge to identify nov el tr eatment str ate gies 
and to study v a ginal C. albicans infections. 

Ke yw ords: Candida albicans ; vulv ov a ginal candidiasis; immunopathology; lactobacilli; treatment str ate gies; infection models 
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The fungus Candida albicans 

Appr oximatel y 5 million fungal species exist that can be associ- 
ated with various environmental and host niches including those 
of water, soil, plants, animals, and humans (Blackwell 2011 ). Al- 
though the vast majority of fungi is nonpathogenic, certain fun- 
gal species can cause disease in humans (Blackwell 2011 , Bon- 
gomin et al. 2017 ). Se v er al species belonging to the Candida genus 
can cause human diseases, which was recently highlighted by the 
World Health Organization (WHO; WHO 2022 ). The WHO report 
ranked and categorized fungal pathogens based on several cri- 
teria including mortality rates , incidence , antifungal resistance ,
and treatment difficulties. Candida albicans was one of four fungal 
species categorized as critical priority. 

Normally, C. albicans is a commensal that lives asymptomat- 
ically on mucosal surfaces, including those of the gut, mouth,
and v a gina, of most healthy humans (Ghannoum et al. 2010 ,
Drell et al. 2013 , Nash et al. 2017 , Delavy et al. 2023 ). This yeast 
can be tr ansferr ed fr om mother to c hild during birth r esulting in 

it colonizing the human body fr om earl y on in life (Bliss et al.
2008 ). Depending on the presence of predisposing conditions, C.
albicans colonizing the human body can become pathogenic and 
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ause a variety of diseases ranging from severe , systemic , and
ife-thr eatening inv asiv e candidiasis to m ucosal diseases suc h as
ropharyngeal candidiasis (OPC) in immunocompromised indi- 
iduals and vulvov a ginal candidiasis (VVC) in women without a
ompr omised imm une status (P a pon et al. 2013 , d’Enfert et al.
021 ). 

VVC is a disease of the vulval and vaginal mucosa caused by
andida species, pr edominantl y C. albicans , that leads to inflam-
ation causing symptomatic disease (Yano et al. 2019 ). Estimates 

uggest that at least 75% of women experience VVC once during
heir r epr oductiv e years (Sobel 2007 , Yano et al. 2019 ). Between 5%
nd 9% of women suffer fr om r ecurr ent VVC (RVVC), dia gnosed as
our or more symptomatic infections per year (Sobel 2007 , Yano et
l. 2019 ). Annually, RVVC affects ∼138 million women worldwide
nd it is estimated that 372 million women have RVVC during their
ifetime (Denning et al. 2018 ). In this r e vie w, we will focus on VVC
nd the role of the interactions between C. albicans , the host, and
acterial microbiome during commensalism and disease. Taking 
his knowledge into account, we will discuss how this translates
o physiologically relevant infection models and treatment strate- 
ies. 
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andida albicans : commensalism and 

athogenicity 

he host can tolerate a low, moderate, or even high burden of C.
lbicans cells in a nonpathogenic state at epithelial barriers, while
n imbalance in homeostasis, such as that of the microbiota due
o antibiotic tr eatment, can pr omote C. albicans pathogenicity, sub-
equent inflammatory immune responses, and disease (Ardizzoni
t al. 2021 , d’Enfert et al. 2021 , Jacobsen 2023 ). 

The pathogenicity mechanisms of C. albicans have been well
nv estigated but r elativ el y little is known about the commen-
al stage (Kumamoto et al. 2020 ). It is hypothesized that by
symptomatically colonizing the human body, this fungus has
dapted to its host in a way that allows both a commensal and
athogenic lifestyle (Siscar-Lewin et al. 2022 ). Host niches can
erve as a “commensal virulence school” that enables C. albicans
o acquire and maintain attributes that support commensal fit-
ess, but also pathogenicity depending on the susceptibility of
he host (Hube 2009 ). For example, the metabolic flexibility of
. albicans contributes to its fitness as both a commensal and
athogen (Mayer et al. 2013 , Brown et al. 2014a , 2014b ). Further-
ore, C. albicans is a polymorphic fungus that can grow in vari-

us morphologies and phenotypes, including pseudohyphae and
rue hyphae (Anderson and Soll 1987 , Gow et al. 2002 , Sudbery
t al. 2004 , Staib and Morsc hhauser 2007 , P ande et al. 2013 , Tao
t al. 2014 ), which are important in specific niches or processes.
or example, the ability to transition between a yeast and hy-
hal morphology is central to commensalism and pathogenic-

ty (Naglik et al. 2017 , Kumamoto et al. 2020 , Liang et al. 2024 )
Fig. 1 ). 

Hypha formation by C. albicans is induced by traits that are
 har acteristic of the human body such as 37 ◦C, serum, contact
o surfaces, and N -acetylglucosamine (d’Enfert et al. 2021 , Siscar-
ewin et al. 2022 ). A combination of in vitro , ex vivo , and in vivo data
how that hyphae ar e highl y adhesiv e , can in v ade and dama ge ep-
thelial cells, contribute to biofilm formation, and mediate escape
r om imm une cells (Ermert et al. 2013 , Austermeier et al. 2020 ,
’Enfert et al. 2021 ). Before invasion, C. albicans hyphae can adhere
o the epithelium via hyphal specific adhesins such as agglutin-
ike sequence 3 (Als3) (Ho y er et al. 1998 ) and the hyphal wall pro-
ein 1 (Hwp1) (Staab et al. 1999 ) (Fig. 1 ). Once adhered, C. albicans
an form biofilms on the v a ginal m ucosa (Harriott et al. 2010 ).
iofilms can contain antifungal resistant cells that persist in the
 a ginal nic he and ther efor e act as a r eservoir for futur e infection
McKloud et al. 2021 ). Invasion into epithelial cells is mediated by
w o processes: induced endoc ytosis and activ e penetr ation (Phan
t al. 2007 , Dalle et al. 2010 , Sun et al. 2010 , Wachtler et al. 2012 ).
nduced endocytosis is mostly studied in vitro , where it is shown
o be triggered by the binding of Als3 or Ssa1 to E-cadherin or N-
adherin on epithelial and endothelial cells, r espectiv el y, and is
ediated by clathrin-de pendent cytosk eletal remodeling of host

ells (Phan et al. 2007 , Moreno-Ruiz et al. 2009 , Sun et al. 2010 ,
ac htler et al. 2012 ). Ne v ertheless, in m urine OPC and dissemi-

ated candidiasis models, an Ssa1-deficient mutant of C. albicans
ad reduced virulence (Sun et al. 2010 ). In vitro , induced endocyto-
is of C. albicans is cell type dependent, including oral and vaginal
pithelial cells (VECs), but not intestinal cells, and is mediated by
yphae but does not r equir e activ e fungal growth (Dalle et al. 2010 ,
achtler et al. 2012 ). In contrast, active penetration requires C.

lbicans hypha extension that seems to be associated with the re-
ease of secreted aspartyl proteases (Saps) both in vitro and in vivo
Naglik et al. 2003 , Dalle et al. 2010 , Bruno et al. 2015 , Mogav er o et
l. 2021 ) (Fig. 1 ). The Sap enzyme family is diverse in its function
s  
ith Sap1–3 being secreted by yeast cells and Sap4–6 secreted by
yphae (Naglik et al. 2003 ). 

Importantl y, host cell dama ge is pr edominantl y mediated by
he release of the pore-forming peptide toxin candidalysin as mu-
ants lac king candidal ysin inv ade normall y, but ar e lar gel y un-
ble to damage epithelial cells (Mo y es et al. 2016 , Mogav er o et
l. 2021 ). Befor e secr etion, candidal ysin is embedded in a pre-
ursor pr otein, Ece1, whic h consists of a signal peptide, a can-
idal ysin pr ecursor, and se v en non-candidal ysin Ece1 peptides

NCEPs) (Muller et al. 2024 ). The NCEPs pr e v ent intr acellular au-
oa ggr egation of candidal ysin sequences and play a r ole in intr a-
ellular Ece1 folding as well as candidalysin secretion. Moderate
e v els of candidal ysin-mediated epithelial dama ge can facilitate
utrient acquisition. This includes zinc acquisition through Pra1,
 zinc-binding molecule that is secreted by C. albicans in response
o neutral pH, hyphal formation, and zinc limitation (Sentandreu
t al. 1998 , Citiulo et al. 2012 , Spr a gue et al. 2024 ). After zinc acqui-
ition, Pra1 associates with Zrt1, a Pra1 receptor and zinc trans-
orter on the fungal cell, to deliver the sequestered zinc to C.
lbicans (Citiulo et al. 2012 ) (Fig. 1 ). In addition, iron is likely ac-
uired during invasion via Als3-mediated binding of the epithe-

ial ir on stor a ge pr otein ferritin (Almeida et al. 2008 ). Since its
iscov ery, candidal ysin has emerged as an integral virulence fac-
or during oral epithelial-, inflammatory bo w el-, systemic-, and
lcohol-associated liver disease, as well as during interactions
ith macr opha ges (Kasper et al. 2018 , Drummond et al. 2019 , Ho

t al. 2019 , Swidergall et al. 2019 , Chu et al. 2020 , Bla goje vic et al.
021 , Li et al. 2022 ). It has only recently been shown that hyphae
nd candidal ysin secr etion ar e also beneficial for gut colonization
n the presence of high le v els of bacteria (Liang et al. 2024 ). The im-
 une system r esponds to dama ge caused by candidal ysin by in-

ucing a danger response pathway, which drives the recruitment
f phagoc ytes (Mo y es et al. 2010 , 2016 ). This can lead to pr otectiv e
mm une r esponses that mediate fungal clear ance or contribute
o immune dysfunction as in the case of VVC (Richardson et al.
018 ). 

VC 

linical aspects of VVC 

ommon symptoms of VVC include sor eness, itc hing, burning,
nd redness (Sobel 2007 , Yano et al. 2019 ). Va ginal disc har ge is also
ften reported (Sobel 2007 ). Symptoms of VVC ov erla p with other
ermatological conditions such as eczema, and VVC is ther efor e
linicall y dia gnosed based on patient history, pr esentation, and
aboratory findings (Saxon et al. 2020 ). Importantly, diagnostic
ests should only be performed in women with signs and symp-
oms of VVC to pr e v ent ov erdia gnosis, since as well as causing
VC, yeasts can asymptomatically colonize the v a gina of women

Goldacre et al. 1979 , Sobel 2007 , Solis-Arias et al. 2014 , Saxon et
l. 2020 , Mor eir a et al. 2021 ). One study e v en r eporting coloniza-
ion rates as high as 60% (Fernandes et al. 2022 ). Frequencies of
etection vary, but colonization by C. albicans , C. glabrata , C. krusei ,
. parapsilosis , and C. tropicalis hav e been r eported (Solis-Arias et
l. 2014 , Mor eir a et al. 2021 ). Candida albicans , the species most of-
en found to asymptomatically colonize women, is also the main
pecies responsible for causing disease (Solis-Arias et al. 2014 , Farr
t al. 2021 , Mor eir a et al. 2021 , Fernandes et al. 2022 ). The pres-
nce of pseudohyphal or hyphal morphologies is indicative of a
. albicans -caused disease, while the presence of yeasts indicates
hat the disease is caused by non- albicans Candida (NAC) species
ince these species typically do not undergo the yeast-to-hyphal
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Figure 1. Candida albicans factors involved in commensalism and VVC. Candida albicans is morphologically diverse and can grow amongst others as 
yeast, pseudohyphae, or hyphae. The yeast-to-hyphal transition is associated with invasion and can be triggered by various host factors such as 37 ◦C, 
serum, contact to surfaces, and N -acetylglucosamine. Hyphae adhere strongly to the vaginal epithelium via the adhesins agglutin-like sequence 3 
(Als3) and hyphal wall protein 1 (Hwp1) and can, to some extent, invade the host tissue without causing damage. Once hyphae elongate and invade 
the epithelium more extensiv el y, secr eted candidal ysin and secr eted aspartyl pr oteases (Sa ps) become concentr ated within the inv asion poc ket 
leading to host damage. Ho w ever, candialysin can bind to sulfated glycosaminoglycans (GAGs) on the surface of epithelial cells and addition of 
exogenous sulfated GAGs or the analogue dextran sulfate can protect cells against candidalysin-induced damage . F erritin and zinc are released from 

dama ged v a ginal epithelial cells that can be bound by Als3 and Pr a1 to pr ovide the fungus with ir on and zinc. 
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transition (Pekmezovic et al. 2021a , Neal and Martens 2022 ). Can- 
dida albicans is ther efor e quite unique in its pathology compared 

to NAC species. 

Predisposing factors of VVC 

The causes that shift the normally commensal relationship be- 
tween C. albicans and the host to w ar d the de v elopment of VVC ar e 
multifactorial (Sobel 2007 ). Factors and conditions damaging the 
skin or impairing mucosal integrity, disrupting the vaginal micro- 
biome (e.g. douching, sexual intercourse, and antibiotic use), to- 
gether with conditions associated with high le v els of glucose (e.g.
uncontrolled diabetes mellitus) or estrogen (e.g. oral contracep- 
tiv es, pr egnancy, and hormone r eplacement ther a py) hav e been 

described to predispose to VVC (Sobel 2007 , Guzel et al. 2011 ).
The diverse functions and central role of estrogen during VVC 

will be discussed throughout this r e vie w. Furthermor e, women 

with atopy and allergic diseases or bacterial vaginosis (Neves et 
al. 2005 , Sobel 2007 , Sobel and Vempati 2024 ) tend to be more sus- 
ceptible to VVC. Some studies have identified antibiotic use, fol- 
lo w ed b y sexual inter course, as the highest risk factors (Yano et al.
2019 ). Humid weather, feminine hygiene products, the use of over- 
the-counter antifungals, noncotton underwear, and a history of 
c hildbirth hav e also been described to play a role in the suscep- 
tibility to VVC (Guzel et al. 2011 , Yano et al. 2019 , Fernandes et 
al. 2022 ). Importantl y, asymptomatic carria ge of Candida species 
is mor e r eadil y detected in the v a ginas of women with pr e vious 
symptomatic VVC infections and women with a history of VVC 

ar e mor e pr one to de v elop a ne w infectious episode (Giraldo et 
al. 2000 , Fernandes et al. 2022 ). Ho w e v er, it should be noted that 
in many cases the cause of de v eloping disease is unknown (id- 
iopathic) and the number of idiopathic flares is similar between 

VVC and RVVC patients (Yano et al. 2019 ). It is ther efor e unclear 
why only some women de v elop RVVC, while others onl y hav e a 
single acute episode. 

Genetic predisposition 

Genetic predisposition plays a significant role in RVVC susceptibil- 
ity, which is characterized by common genetic variations rather 
han se v er e genetic deficiencies in genes related to the immune
ystem (Rosentul 2009 et al. 2009 , Jaeger et al. 2013 ). There is a
igher frequency of mannose-binding lectin ( MBL ) gene polymor-
hisms (Liu et al. 2006 , Donders et al. 2008 ) and ABO–Lewis blood
r oup with nonsecr etor phenotypes among RVVC patients (Chaim
t al. 1997 ). MBL deficiency is associated with imm une ov ercom-
ensation leading to hypersensitivity , atopy , and autoimmune dis-
ases (Borta et al. 2019 ). Women with RVVC also more commonly
ave a C → T substitution in the gene encoding for interleukin

IL)-4 that results in increased IL4 expression, reduced nitric ox-
de and MBL, and an impaired anti- Candida innate imm une r e-
ponse (Babula et al. 2005 ). Similarly, women with polymorphisms
n IL12 are suspected to be more prone to RVVC as a result of
igher IL-12 expression (Isakhani 2022 et al. 2022 ). Variable num-
er tandem repeats in the inflammasome-associated gene NLRP3 
re linked to increased IL-1 β and reduced IL-1 receptor antagonist
Ra) le v els in RVVC patients (Jaeger et al. 2016 ). Increased IL-1 β
nd NLRP3 expression, as w ell as c ytokine release w ere linked to
 pol ymor phism in sialic acid-binding immunoglobin-like lectin 

5 ( SIGLEC15 ), which was more common in RVVC patients (Jaeger
t al. 2019 ). Additionall y, e vidence suggests that m utations in cas-
ase recruitment domain-containing protein 9 ( CARD9 ) (Glocker 
t al. 2009 , Vaezi et al. 2018 ) and in the β-glucan receptor dectin-
 (Ferw er da et al. 2009 ) predispose to VVC. Although unclear why,
frican American women ar e mor e likel y to de v elop VVC (Foxman
t al. 2000 , Sobel 2007 ). 

In most cases, the exact causes responsible for driving the onset
f VVC are unknown, but it is clear that changes in the relation-
hip between C. albicans and factors in the v a ginal envir onment
r e integr al to the de v elopment of VVC. Disease is pr e v ented by
aintaining balance at the epithelial barrier within the v a ginal

iche. 

pithelial recognition and responses during VVC 

andida albicans asymptomatically colonizes the vaginal epithe- 
ium of most women (Drell et al. 2013 ). The vaginal epithelium is
her efor e the first line of defense against disease, where C. albicans
olonization has to be distinguished from C. albicans pathogenic- 
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ty to either tolerate asymptomatic colonization by the fungus or
ount a response to counteract symptomatic infection (Naglik

t al. 2011 , d’Enfert et al. 2021 , Mills et al. 2024 ). During v a ginal
olonization and disease, mixed populations of both yeast and
lamentous morphologies are found in women (Roselletti et al.
017 , 2019a ). Both in vitro and in vivo findings support that VECs,
ik e other e pithelial cell types, discern between asymptomatic
olonization and symptomatic infection by monitoring hyphal-
ssociated damage via mitogen-activated protein kinase (MAPK)
ignaling (Mo y es et al. 2011 , Roselletti et al. 2019a ). 

Candida albicans yeast cells are initially recognized by their
ell wall constituents followed by activation of the nuclear fac-
or kappa B (NF- κB) pathway (Moyes et al. 2011 ). The C. albi-
ans cell wall contains various pathogen-associated molecular
atterns, including mannan and β-glucan, that can be recog-
ized by pathogen r ecognition r eceptors (PRRs) on epithelial cells

Naglik et al. 2011 , d’Enfert et al. 2021 ). Using a �efg1 / �cph1 yeast-
oc ked m utant of C. albicans , it was observ ed that the pr esence of
east cells led to lower proinflammatory cytokine release by VECs
Mo y es et al. 2011 ). Supporting this idea is the fact that in women

oder ate imm une activ ation was observ ed when C. albicans was
resent in its yeast form (Roselletti et al. 2019a ). Additionally, in
itro , a mitoc hondrial-driv en type I interfer on r esponse incr eases
 a ginal epithelium r esistance to C. albicans -induced dama ge and
r e v ents activ ation of r ecruited neutr ophils (Pekmezovic et al.
021a ). 

In addition to the hyphal triggers discussed before (see C. albi-
ans : commensalism and pathogenicity), estrogen is a specific in-
ucer of hyphal formation (d’Enfert et al. 2021 ). Ho w e v er, women
an asymptomatically be colonized with pseudohyphae and hy-
hae and the mer e pr esence of these morphologies do not nec-
ssaril y cause se v er e epithelial dama ge, inflammation, or symp-
oms (Roselletti et al. 2019a ). In in vitro models with VECs, C. al-
icans hyphae, and an increased fungal burden together with in-
r eased le v els of host cell damage induce MAPK signaling through
APK phosphatase-1 (MKP1) and c-Fos activation (Mo y es et al.

011 ). Similarly, in women the hyphal morphology has been linked
o c-Fos activation (Roselletti et al. 2019a ). Such late responses
r e primaril y driv en by candidal ysin-induced host cell dama ge,
hich can be prevented by the addition of exogenous sulfated gly-

osaminoglycans that bind candidalysin (Richardson et al. 2018 ,
in et al. 2024 ). As mentioned before, this danger response path-
 ay triggers c ytokine r elease and imm une cell r ecruitment, whic h

s crucial for the host to remain tolerant to asymptomatic colo-
ization but r esponsiv e to symptomatic infection. 

he misdirected immune response during VVC 

epending on the host niche, C. albicans can be classified as dif-
erent pathogen types within the damage response framework
DRF) (Casade v all and Pirofski 1999 , Fidel et al. 2020 ). The DRF
s a classification system that determines the outcome of the
resence of a microbe based on the immune response (Casade-
all and Pirofski 1999 ) and different classification of C. albicans
ithin this fr ame work exemplifies the diverse nature of C. albi-

ans (Fidel et al. 2020 ). For example, in the case of OPC, C. albicans
s a pathogen that only causes epithelial damage when the im-

une system is compromised, whereas VVC occurs in otherwise
ealthy, non-imm unocompr omised, women and is c har acterized
y strong immune responses (Fidel et al. 2020 ). While OPC is used
s a hallmark to diagnose human immunodeficiency virus (HIV)
isease (Samaranayake 1992 ), the role of T helper (Th) responses
uring VVC is disputed and the incidence of VVC was reported
o be similar in HIV-negative and -positive women (Pietrella et al.
011 , Yano et al. 2012 , Apalata et al. 2014 , Ge et al. 2022 ). Yet, T
ell responses mediated by vaccination play a role in the protec-
ion against RVVC (Edw ar ds et al. 2018 ). Mor e r esearc h is needed
o determine the role of ada ptiv e imm unity at the v a ginal m u-
osa. During VVC, ho w e v er, fungal pathogenicity mechanisms are
uspected to catalyze an acute innate immune response, which
ecomes uncontrolled after recruited inflammatory cells fail to
lear the disease and inflict collateral tissue damage (Fidel et al.
004 , Yano et al. 2018 , Ardizzoni et al. 2021 , Cheng et al. 2024 ).
hen the host mounts inflammatory responses, the recruited

eutr ophils deploy neutr ophil extr acellular tr a ps (NETs) (Urban et
l. 2006 ). Upon NETosis and neutrophil degranulation, high con-
entr ations of neutr ophil effector molecules ar e r eleased suc h
s pr oteases, myeloper oxidase, and r eactiv e oxygen species (ROS)
hat, in addition to the C. albicans -induced damage, can cause mu-
osal tissue damage (Wilgus et al. 2013 , Hopke et al. 2020 ). This
xacerbates the release of damage-associated molecular patterns
DAMPs), further promoting inflammation and neutrophil recruit-

ent. T hus , VVC imm unopathology r esults fr om the influx of
arge numbers of activated neutrophils into the vaginal mucosa,
hich is maintained by a positive feedback loop that is driven by

issue damage and the release of DAMPs. 

andida albicans and host factors driving 

mmunopathology during VVC 

e v er al fungal factors have been described to catalyze the onset
f VVC immunopathology (Ardizzoni et al. 2021 ) (Fig. 2 ). Particu-
arly, hyphae-associated virulence factors drive vaginal mucosal
amage that result in the release of DAMPs and proinflamma-
ory cytokines (Peters et al. 2014 , Richardson et al. 2018 , Rosel-
etti et al. 2019a ). Whether a hyperinflammatory response is in-
uced depends on the C. albicans strain and its specific yeast or hy-
hal morphology (Shankar et al. 2020 ). The fungal zincophore Pra1
erves as a neutrophil chemoattractant and thereby drives hyper-
nflammation (Soloviev et al. 2007 , Roselletti et al. 2023 ). Candi-
al ysin and Sa ps further driv e neutr ophil influx and activation
hrough causing tissue damage that leads to inflammatory cy-
okine release and activating the NLRP3 inflammasome (Pietrella
t al. 2013 , Pericolini et al. 2015 , Gabrielli et al. 2016 , Roselletti et
l. 2017 , Kasper et al. 2018 , Richardson et al. 2018 ). NLRP3 inflam-
asome activation contributes to the inflammatory environment

ia IL-1 β release (Bruno et al. 2015 , Roselletti et al. 2017 ). In re-
ponse to hyphae, neutrophils degranulate and induce NETosis in
n attempt to facilitate fungal killing (Urban et al. 2006 , Hopke
t al. 2020 ). Candidal ysin was r ecentl y identified as a potent in-
ucer of NETosis (Unger et al. 2023 ). In addition to contributing to
he hyperinflammatory envir onment, r ecruited neutr ophils dur-
ng VVC, unlike during oral and systemic candidiasis, are dysfunc-
ional and do not restrict disease by efficiently clearing the fungal
urden (Yano et al. 2018 , Fidel et al. 2020 ). 

In mice, epithelial cells secrete S100A8/9 alarmins in response
o C. albicans infection, which lead to robust neutrophil recruit-

ent (Yano et al. 2010 ). Ho w e v er, hepar an sulfate impaired neu-
rophil function by binding the Mac-1 receptor on neutrophils
Yano et al. 2017 ) (Fig. 2 ). NET formation and C. albicans killing is
rimarily mediated by Mac-1 recognition of Pra1 on C. albicans hy-
hae (Yano et al. 2018 , Yano and Fidel 2024 ). Blocking the Mac-
 receptor is therefore hypothesized to pr e v ent clear ance of the
ungal burden during disease. Howe v er, as stated abo ve , Pra1 was
ound to be a k e y player in driving VVC pathogenesis in women
Roselletti et al. 2023 ). In a natural setting, neutrophils are likely
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Figure 2. Host response to C. albicans factors that trigger inflammation and immunopathology during VVC. Invading C. albicans hyphae cause v a ginal 
epithelial damage via candidalysin secretion that is concentrated in the invasion pocket, but can also bind to sulfated glycosaminoglycans on the 
surface of epithelial cells. Candidalysin-mediated damage results in the release of DAMPs and cytokines that trigger an immune response. Candida 
albicans can also dir ectl y or indir ectl y activ ate imm une r esponses via its v arious virulence factors suc h as the zinc-scav enging molecule Pr a1 and 
secreted aspartyl proteases (Saps). NLRP3 inflammasome activation of macrophages results in IL-1 β release that further promotes the inflammatory 
state during VVC. Neutrophils are recruited to the vaginal epithelium to control the infection, ho w ever, their efficienc y to kill C. albicans is debilitated 
by factors present in the vaginal niche such as perinuclear anti-neutrophil cytoplasmic antibodies (pANCA) and heparan sulfate. NET formation, ROS 
pr oduction, and pr otease r elease by activ ated neutr ophils exacerbate inflammation. 
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exposed to concentrations of Pra1 over a chemotactic gradient 
that allows neutrophils to migrate and respond. Under zinc limi- 
tation, Pra1 will continuously be secreted by C. albicans to acquire 
zinc and gr ow, whic h would incr ease neutr ophil influx and inflam- 
mation (Citiulo et al. 2012 , Roselletti et al. 2023 ). Through the re- 
lease of calprotectin by neutrophils, zinc can be further restricted 

maintaining this fungal-effector-inflammatory loop (Besold et al. 
2018 ). Depending on the location within the v a ginal nic he, as well 
as the time during disease, different fungal and host factors may 
mediate imm unopathology. Ele v ated le v els of perinuclear anti- 
neutrophil cytoplasmic antibodies (pANCA) reported in VVC pa- 
tients also contribute to VVC immunopathology by prematurely 
activ ating ROS pr oduction by neutr ophils ther eby limiting their 
ability to deploy these mechanisms when encountering the fun- 
gus (Ardizzoni et al. 2020 ). In addition to stimulating hyphal for- 
mation, estrogen can affect the host immune response to C. albi- 
cans to promote disease. Estrogen enables C. albicans immune eva- 
sion by promoting binding of Factor H on the fungal cell surface,
ther eby pr e v enting opsonization and pha goc ytosis (Kumw enda et 
al. 2022 ). In addition to fungal and host factors, the v a ginal en- 
vironment is shaped by the microbiota that can have further ad- 
verse effects on C. albicans . 

T he r ole of the micr obiota in VVC 

The onset of VVC in some cases is associated with the use of 
antibiotics, some studies e v en describe it as the highest risk to 
de v elop VVC (Yano et al. 2019 ). Bacteria of the healthy v a ginal 
icr obiota ar e ther efor e belie v ed to be essential in maintain-
ng homeostasis by antagonizing C. albicans pathogenicity. Com- 
ared to the intestinal microbiota, the healthy vaginal micro- 
iota of r epr oductiv e-a ged women has a low microbial diver-
ity that is dominated by Lactobacillus species (Ravel et al. 2011 ,
’Enfert et al. 2021 ). The dominating Lactobacillus species of the
ealthy v a ginal micr obiota may differ depending on geogr a phy.
iv e comm unity state types (CSTs) hav e been described: CST-I
 L. crispatus -dominated); CST-II ( L. gasseri -dominated); CST-III ( L.
ners -dominated); CST -V ( L. jensenii -dominated); and CST -IV (di-
 erse anaer obes, associated with bacterial v a ginosis) (Rav el et al.
011 ). Inter estingl y, a L. crispatus -dominated micr obiota i.e. CST-I
as found to be associated with C. albicans colonization (Brown et
l. 2019 ), supporting the idea that C. albicans can form part of the
ealthy v a ginal micr obiome. 

The v a ginal bacterial micr obiota is highl y dynamic especiall y
epending on hormonal changes and CST states can change dur-

ng menses, pregnancy, or menopause (d’Enfert et al. 2021 ). Es-
rogen not only affects the host immune response and C. albicans

orphology as mentioned before but it also affects the epithelial
ntegrity (Luthje et al. 2013 ) and lactobacilli population. Estrogen 

r omotes gl ycogen deposition in the v a ginal epithelium and when
pithelial cells ar e l ysed or exfoliated, glycogen becomes available
n the v a ginal nic he (Amabebe and Anumba 2018 ). Glycogen is
egraded by host and bacterial amylases into simple sugars that
oster the growth of Lactobacillus species (Spear et al. 2014 , Miller
t al. 2016 , Nunn et al. 2020 ). At least in part due to the different
ptimal pH at which glycogen-degrading enzymes function, glyco- 
en availability and pH were found to influence bacterial growth
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n a v a ginal fluid sim ulativ e medium (Jenkins et al. 2023 , Nav arr o
t al. 2023 ). Glycogen metabolism was also shown to be impor-
ant for C. albicans fitness in a murine VVC model (Miao et al.
023 ). The dynamic nature of the vaginal microbiota highlights
he difficulty of linking specific microbiota changes with the on-
et of VVC. Indeed, women with VVC show div erse micr obiome
atterns and not a specific microbiome signature characteristic of
VC has been identified (Liu et al. 2013 ). Further illustrating the
omplexity of VVC is the fact that estrogen is a major predispos-
ng factor, while sim ultaneousl y pr omoting Lactobacillus coloniza-
ion. Through their lactic acid production (which also has other
iv erse r oles that ar e discussed below), these bacteria are gen-
r all y belie v ed to help maintain a healthy v a ginal pH between 4
nd 4.5, where C. albicans hyphae production is limited (Saporito-
rwin et al. 1995 , Bosk e y et al. 2001 , Sobel 2007 , Kohler et al.
012 ). 

Although a Lactobacillus -dominated v a ginal micr obiota is asso-
iated with health, recent findings are challenging the role of lac-
obacilli. In women, antibiotic treatment for bacterial vaginosis
 as sho wn to increase the pr esence of v a g inal fung i, predomi-
antly C. albicans , and this correlated with an expansion in the

actobacilli population (Armstrong et al. 2024 ). Furthermore, the
v er all abundance of Lactobacillus species r emains compar able be-
ween healthy women and women with VVC (Ceccarani et al.
019 , Zhao et al. 2023 ). A shift in the Lactobacillus species present
uring VVC, i.e. from a L. crispatus -dominated to L. iners -dominated
icrobiota with an increase in Lactobacillus species diversity and

. gasseri abundance, has been described (Ceccarani et al. 2019 ).
hile still producing lactate that k ee ps the v a ginal pH low, the

ype of lactic acid produced may be crucial in determining the ca-
acity of the microbiota to antagonize fungal pathogenicity. Lac-
obacillus crispatus is typically associated with vaginal health in
art due to d -lactic acid production that is more antimicrobial
han l -lactic acid (Verstraelen et al. 2009 , Ravel et al. 2011 , Am-
bebe and Anumba 2018 ), while L. iners , which is often associ-
ted with v a ginal disease, pr oduces l -lactic acid (Verstr aelen et
l. 2009 , Amabebe and Anumba 2018 ). Micr o-nic hes may also ex-
st in the v a ginal tissue wher e comm unities of Lactobacillus species
re not in close enough range to fully antagonize C. albicans via
he combined effect of lactate and other mechanisms. Collec-
iv el y, this may explain why v a ginal pH and lactate le v els ar e not
r eatl y alter ed during VVC (Ceccar ani et al. 2019 , Zhao et al. 2023 ).
urthermore, the fact that filamentous morphologies are found
n the acidic v a ginal envir onment (Sobel 2007 , Roselletti et al.
019a , 2019b ), and that ele v ated pH le v els hav e been r eported in
ealthy women with Lactobacillus species-dominant populations

Ravel et al. 2011 ), suggest that other antagonizing factors are
rucial. 

A v ariety of mec hanisms hav e been pr oposed by whic h Lacto-
acillus species antagonize C. albicans pathogenicity and control
symptomatic colonization or the onset of VVC (Ardizzoni et al.
021 , d’Enfert et al. 2021 , Sun et al. 2023 , Pedro and Mira 2024 )
Fig. 3 ). Some Lactobacillus species and strains can negatively im-
act C. albicans growth, filamentation, and biofilm formation in a
ontact-independent manner (Strus et al. 2005 , Kohler et al. 2012 ,
oon and Hui 2023 , Takano et al. 2023 ). In addition to lactic acid
roduction as mentioned abo ve , lactobacilli were reported to pro-
uce hydr ogen per o xide, bacteriocin-lik e pe ptides, and biosurfac-
ants that antagonize C. albicans (Strus et al. 2005 , Hutt et al. 2016 ,
angl et al. 2019 ). Consequently, lactobacilli have been intensively
xplored as probiotics. 

Pr obiotics ar e defined as liv e micr oor ganisms that offer health
enefits if taken in adequate amounts (Hill et al. 2014 ). Lacticas-
ibacillus (formerly Lactobacillus ) rhamnosus GR-1 is the most stud-
ed pr obiotic str ain for impr oving women’s r epr oductiv e health,
lthough it must be noted that much more is known about the L.
hamnosus strain GG that is associated with the gut (Segers and
ebeer 2014 , Petr ov a et al. 2021 ). Lacticaseibacillus rhamnosus GG
or example has been shown to indir ectl y anta gonize C. albicans
athogenicity by competing with the fungus for nutrients and ad-
esion sites to the host (Mailander-Sanchez et al. 2017 ). Another
robiotic L. rhamnosus strain has also been shown to indirectly an-
agonize C. albicans by limiting carbon sources that ar e favor ed by
he fungus, which forces C. albicans to metabolicall y ada pt and
ubsequentl y compr omises its pathogenicity (Alonso-Roman et
l. 2022 ). 

Lactobacilli can further indir ectl y anta gonize C. albicans
athogenicity by affecting the host (Fig. 3 ). Lactic acid leads to
he incr eased expr ession of tight junction proteins in cervicov-
ginal cells and thereby improves the barrier integrity (Delgado-
iaz et al. 2022 ). Lactobacilli, ther efor e , ha ve the potential to pre-
 ent pathogens fr om br eac hing the v a ginal epithelium and pr o-
ect against pathogen-induced inflammation (Reid et al. 2011 ).
urface-active molecules, including lipoteichoic acids, enable lac-
obacilli to not only adhere to host cells but also bind PRRs on
mmune cells to modulate immunity (Chee et al. 2020 ). The im-
 unomodulatory pr operties of lactobacilli hav e been widel y r e-

orted (Lebeer et al. 2010 , Wells 2011 ). Although pr edominantl y
tudied in the context of the gut, this immunomodulatory capac-
ty makes probiotic bacteria e v en mor e pr omising for mana ging
nflammation during VVC. For example, biosurfactants mediated
he ability of lactobacilli to reduce leukocyte influx into the vagi-
as of C. albicans -infected mice (De Gregorio et al. 2019 , 2020 ).
actic acid and short-chain fatty acids (SCFAs) that are produced
y lactobacilli also have immunomodulatory functions (Manoha-
an et al. 2021 , Liu et al. 2023a , Ney et al. 2023 ). Although SCFAs
r e belie v ed to be mor e pr oinflammatory in the v a gina compar ed
o in the gut (Amabebe and Anumba 2020 ), it is still interesting
o consider the role of Lactobacillus -secreted metabolites in VVC.
oth in the gut and v a gina, lactobacilli can switc h fr om utilizing
ugar to tryptophan as a carbon source (Zelante et al. 2013 ). As a
onsequence of tryptophan utilization, indole-3-aldehyde is pro-
uced that binds the aryl hydr ocarbon r eceptor to pr oduce IL-22
hat provides colonization resistance to C. albicans (Fig. 3 ). Fur-
hermor e, pr obiotic L. rhamnosus strains can induce type I inter-
er on r esponses, similar to the pr otectiv e r esponses induced by
andida species on VECs (Pekmezovic et al. 2021a , Si et al. 2022 ),
nd dampen NLRP3 inflammasome responses during disease (Wu
t al. 2018 ). 

rea tment str a tegies for VVC 

mplemented treatment strategies 

he management strategies for VVC disease have been well es-
ablished (Sobel 2007 , Sobel and Sobel 2018 , Yano et al. 2019 , Neal
nd Martens 2022 , Cornely et al. 2025 ). Treatment mostly entail
n oral or topical azole with boric acid as a good alternative (Sobel
007 , Sobel and Sobel 2018 , Neal and Martens 2022 ). In pregnant
omen, who are at higher risk for VVC, the use of oral flucona-

ole treatment is restricted since it is associated with increased
isk of spontaneous abortion and stillbirth (Molgaard-Nielsen et
l. 2016 ). In recent years, the new antifungals ibrexafungerp and
teseconazole hav e emer ged as pr omising ways to tr eat VVC (Lee
021 , Sobel and Nyirjesy 2021 , Martens et al. 2022 , Sobel et al. 2022 ,
hillips et al. 2023 ). 
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Figur e 3. T he antagonistic mechanisms of lactobacilli, the predominant members of the vaginal microbiota. Lactobacillus species produce several 
metabolites , including peptides , lactate , and biosurfactants . T he production of lactate helps to k ee p a healthy acidic vaginal pH between 4 and 4.5. 
Either dir ectl y or via their secr eted metabolites, lactobacilli can pr e v ent C. albicans hyphal formation and compete for adhesion to the v a ginal 
epithelium. Lactobacilli can also impr ov e barrier integrity and regulate the immune response at the vaginal epithelium. In addition, lactobacilli can 
provide IL-22-mediated colonization resistance to C. albicans . 
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New and explored treatments 

To ac hie v e pr otectiv e imm unity, two v accine candidates for RVVC 

ar e being explor ed in clinical trials: NDV-3A tar geting the hyphal 
virulence factor Als3 (Edw ar ds et al. 2018 ) and PEV7 that is based 

on a recombinant Sap2 protein of C. albicans cloned into an in- 
fluenza virosome (De Bernardis et al. 2012 ). 

Antivirulence ther a py is a r elativ el y ne w concept that was 
mainl y pr oposed as a str ategy to r educe the de v elopment of drug 
resistance (Allen et al. 2014 ). This type of therapy specifically tar- 
gets C. albicans virulence factors, rather than fungal growth or sur- 
vival (Vij et al. 2021 ). For example, a zinc-containing gel was used 

to successfully treat women with RVVC by downregulating the 
expr ession of Pr a1, whic h is normall y upr egulated in C. albicans 
under zinc starvation conditions (Roselletti et al. 2023 ). Interest- 
ingly, lo w er levels of zinc in the plasma of women with RVVC was 
first reported over 30 years ago (Edman et al. 1986 ). This strength- 
ens the idea to continue investigating biomarkers of VVC since it 
can aid the identification of disease mechanisms and subsequent 
nov el tr eatment str ategies. An important benefit is that, unlike 
antifungals, antivirulence treatment does not disturb the healthy 
mycobiota during treatment. 

As part of the healthy v a ginal micr obiota, some Lactobacillus 
species antagonize C. albicans pathogenicity and ar e ther efor e 
good probiotic candidates to promote vaginal health. Probiotics 
ar e r ecommended to be used together with antifungals to pr e- 
vent the onset of VVC following antibiotic use (Shukla and So- 
bel 2019 ). Importantly, lactobacilli as probiotics, including live bio- 
ther a peutic pr oducts with L. rhamnosus , ar e safe to use b y w omen 

(Dausset et al. 2018 , van de Wijgert and Verwijs 2020 ). In the con- 
text of VVC, Lactobacillus pr obiotics wer e shown to alleviate VVC 

symptoms either alone (Vladareanu et al. 2018 , Oerlemans et al.
2020 , Mandar et al. 2023 , Mollazadeh-Narestan et al. 2023 ) or as 
an adjuvant, complementing the use of an antifungal (Martinez 
t al. 2009 , Pendharkar et al. 2015 ). These probiotics work when
dminister ed v a ginall y but e v en or all y when it passes through
he intestinal tract and r eac hes the v a gina 7 days later via skin
ontact with the perineum (Liu et al. 2023b ). L. rhamnosus and L.
cidophilus combined with lactoferrin after clotrimazole ther a py 
mpr ov ed symptoms and r ecurr ence (Russo et al. 2019 ). 

It is important to stress that even though probiotics were shown
o successfully treat VVC symptoms and recurrence (Xie et al.
017 , Oerlemans et al. 2020 , Mandar et al. 2023 , Mollazadeh-
arestan et al. 2023 ), contradicting results exist in the litera-

ure showing that probiotics are not effective, and there remains
ontr ov ersy ar ound the use and success of probiotics among ex-
erts (Falagas et al. 2006 , van de Wijgert and Verwijs 2020 ). Upon
 e vie w of studies conducted using probiotics it was found that
actobacillus probiotics sho w ed a better efficacy to pr e v ent and
reat bacterial vaginosis rather than VVC (van de Wijgert and Ver-
ijs 2020 ). Ho w e v er, it is ac knowledged that man y studies us-

ng lactobacilli-containing probiotics are not executed with large 
ample sizes and have methodological shortcomings such as the 
ack of proper control groups (Falagas et al. 2006 , van de Wijgert
nd Verwijs 2020 ). The antagonistic mechanisms of lactobacilli 
re well-studied and there is no doubt that these bacteria can
imit C. albicans pathogenicity (d’Enfert et al. 2021 ). Ne v ertheless,
or numer ous r easons, the effects of pr obiotics ar e difficult to
how in vivo . Models that are used to study the effects of lacto-
acilli in vitro are too simplified to fully recapitulate the complex-

ty of VVC in women. Furthermore, it is difficult to determine how
any bacterial cells are needed and will encounter C. albicans in

ivo to exert their activity. Probiotic lactobacilli that elicit an ap-
r opriate imm une r esponse in the v a ginal nic he may be crucial
o control VVC disease. While clearly showing promise, there is a
eed to better e v aluate Lactobacillus probiotics in the context of the
 a ginal nic he to impr ov e their efficacy in pr e v enting and tr eating
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VC. One could argue that we may learn lessons from probiotic
actobacilli on how to k ee p C. albicans pathogenicity in c hec k and
ase future prevention and treatment strategies for VVC on these
rinciples. 

Ther a pies aimed at modulating the dysregulated inflamma-
ory response during VVC ma y pro ve effective in reducing dis-
ase se v erity and alle viating symptoms . T he pr otectiv e r ole iden-
ified for type I interferons in modulating neutrophil activation
nd increasing epithelial resistance to disease warrants further
nvestigation to exploit this pathway for imm unother a py in VVC
Pekmezovic et al. 2021a , 2022 ). Ne v ertheless, ther a peutic type I
nterfer ons ar e not yet av ailable and high costs ar e associated
ith interferon-based treatments for other diseases (Nguyen et al.
019 ). Anakinr a (r ecombinant IL-1 r eceptor anta gonist) (Cv etk ovic
nd Keating 2002 ) could aid in breaking the self-pr opa gating IL-
 α- and IL-1 β-mediated inflammation and canakinumab (an IL-
 β neutralizing antibody) (Dhimolea 2010 ) could be promising to
ullify the proinflammatory effects of the cytokine IL-1 β during
VVC. Inhibitors of the inflammasome, which is responsible for
L-1 β release, could also be explored in the context of RVVC since
ome compounds hav e alr eady been shown to be effective in clin-
cal trials for the treatment of inflammatory disease (Zhang et
l. 2023 ). It should be noted that imm unother a py needs more
pecialized intervention that may not be r eadil y av ailable in all
linical settings worldwide and can be too expensive to be ac-
essed by all individuals. Ne v ertheless, if efficacious, short-term
mm unother a py may pr ov e mor e cost effective and safe than
ong-term antifungal maintenance ther a py. 

While there is still much unknown about how C. albicans cat-
lyzes the onset of immunopathology during VVC, several vir-
lence factors of C. albicans have been well c har acterized. This
llows us to exploit this knowledge to dir ectl y anta gonize its
athogenicity during disease. It has been suggested to block the C.
lbicans -secreted peptide toxin candidalysin and its downstream
ffects on the immune response (Bruno et al. 2015 , Richardson
t al. 2018 ). In a VVC mouse model, the addition of dextran sul-
ate, shown to bind candidalysin, was sufficient to reduce vagi-
al tissue damage and inflammation (Lin et al. 2024 ). Nanobodies
hat bind and neutralize candidalysin can reduce vaginal epithe-
ium damage, cytokine release, and subsequent neutrophil activa-
ion (Valentine et al. 2024 ). T hus , suggesting a potential for anti-
andidalysin nanobodies to alleviate inflammation in women
ith VVC. The neutralization of secreted candidalysin would help

o dampen immune activation and inflammation, halting the hy-
erinflammation at its onset. The nanobodies can be applied, for
xample, together with azole treatment (Valentine et al. 2024 ).
nce the fungal burden is reduced via fluconazole treatment, can-
idalysin would be secreted to a lesser extent and inflammation
ogether with symptoms would be reduced. After combined azole
nd nanobody treatment, maintenance azole therapy can be ini-
iated until the next se v er e episode, wher e azole tr eatment can be
ombined with the nanobodies to control disease and inflamma-
ion. 

Disease pr e v ention is k e y but it remains a double-edged sw or d.
n one hand pr e v ention is important since RVVC is extr emel y dif-
cult to treat, while on the other hand it is difficult to pr e v ent
 a ginal dysbiosis when it is not always clear which trigger may re-
ult in VVC. Additionally, women cannot always avoid certain pre-
isposing factors such as increased estrogen levels during preg-
ancy (Sobel 2007 ) and genetic predisposition (Jaeger et al. 2013 ).

n many cases C. albicans remains “dormant” as a colonizer un-
il its pathogenicity is triggered resulting in inflammation (Faria-
oncalves et al. 2020 , Fernandes et al. 2022 ). Limiting fungal bur-
en and inflammation thus seem most promising to reduce VVC
ymptoms. To bring new treatments to market, the development
f pr omising ther a py options that hav e been studied ov er the last
ears should be prioritized. Ideall y futur e RVVC tr eatment would
ntail personalized treatment strategies based on lifestyle. How-
 v er, we ar e far fr om this being ac hie v able since pathogenesis, es-
ecially with regards to recurrence, remains largely unknown. 

tudying vaginal C. albicans disease 

n vitro models 

VC is studied in vitro using the cell lines VK2/E6E7 (healthy v a gi-
al mucosal tissue that was immortalized by r etr ovir al tr ansduc-
ion) (Fic hor ov a et al. 1997 ) and A-431 (stems fr om a vulv al epider-

oid carcinoma) (Schaller et al. 2006 , Hernandez and Rupp 2009 ).
 r econstituted v a ginal epithelium model based on A-431 cells
xists that histologically mimics the vaginal mucosa (Schaller et
l. 2006 ). Neutrophils can be integrated into this model either di-
 ectl y in contact with the v a ginal epithelium, or indir ectl y in a
ell culture insert to allow for migration to w ar d the infected v a gi-
al epithelium (Schaller et al. 2006 , Valentine et al. 2024 ). Insight

nto the immune responses to vaginal C. albicans disease can be
cquir ed by stim ulating isolated primary imm une cells with su-
ernatant from C. albicans -infected VECs (Pekmezovic et al. 2021a ,
alentine et al. 2024 ). Furthermore, isolated human neutrophils
nd macr opha ges can be stim ulated with C. albicans in vitro to
tudy this fungus’ interaction with immune cells in isolation (Ur-
an et al. 2006 , Kasper et al. 2018 ). 

Curr entl y, most studies pr edominantl y use the well-
 har acterized wildtype C. albicans strain SC5413 (and/or its
eri vati ves), which is a highly virulent blood isolate (Gillum et al.
984 ). It remains unclear to which extent SC5314 represents the
 har acteristics of str ains causing VVC. In recent years, unique
 har acteristics of SC5314 have been identified that question its
uitability as a r epr esentativ e C. albicans strain (Glazier et al. 2023 ,
ohse et al. 2023 , Iracane et al. 2024 ). In the context of VVC, C. albi-
ans isolates have been shown to have divergent effects regarding
heir interaction with neutrophils and VECs (Shankar et al. 2020 ,
ala et al. 2023 ). The C. albicans str ain SC5314 is also toler ant
o w ar d lactic acid (Lourenco et al. 2018 ), while other C. albicans
tr ains hav e been found to be affected by lactic acid depending
n the culture conditions (Zangl et al. 2020 ). It would therefore be
f interest to include more C. albicans isolates from asymptomatic
 omen and w omen with VVC in futur e studies. Curr entl y to r ep-
 esent the v a ginal micr obiota in models, VECs can be colonized
ith Lactobacillus species prior to infection with C. albicans (Graf

t al. 2019 , Pekmezovic et al. 2021b , Alonso-Roman et al. 2022 ).
nother study imitated the v a ginal metabolome as a proxy for

he Lactobacillus -dominated microbiota (Zahra et al. 2023 ). Some
tudies have included lactobacilli and/or hormones to study
heir effects on v a ginal C. albicans infection and found that these
an downregulate C. albicans pathogenicity and inflammatory
ytokine release in vitro (Wagner and Johnson 2012 , Alves et al.
014 ). This illustrates the flexibility of in vitro infection models to
da pt and incr ease their physiological r ele v ance depending on
he scientific question. 

Over the past decades, developments in microfluidics, cell cul-
ure, and bioengineering led to the introduction of or gan-on-c hip

odels that bridge the gap between minimalistic in vitro and in
ivo infection models to offer a more physiologically complex sys-
em (Alonso-Roman et al. 2024 ). An or gan-on-c hip can be defined
s a microfluidic setup, where tissue is cultured to mimic specific
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aspects of human physiology (Alonso-Roman et al. 2024 ). Se v er al 
or gan-on-c hip models hav e been de v eloped to mimic various as- 
pects of the female r epr oductiv e system (Xiao et al. 2017 , Alonso- 
Roman et al. 2024 , Silva et al. 2024 ). Recently, a vagina-on-chip 

model included microbiota members associated with a healthy 
or dysbiotic v a ginal micr obiota (Mahajan et al. 2022 ). Compared 

to standar d w ell plate infection models, or gan-on-c hips can facil- 
itate long-term studies since media perfusion allows nutrient re- 
plenishment and waste pr oduct r emov al. This is especiall y useful 
when colonizing the mucosa with bacteria that are typically fast 
growing and where overgrowth can be flushed out to maintain a 
stable microbial community . Unfortunately , few of these models 
hav e incor por ated C. albicans (Alonso-Roman et al. 2024 ). Ideall y,
or gan-on-c hip models should include cells isolated from women 

that are healthy or have VVC that can be infected with C. albicans 
isolates originating from women (Fig. 4 ). This will not only allow to 
study the interaction between the host and C. albicans during VVC 

but could form the basis for e v aluating and de v eloping personal- 
ized treatment strategies. Future VVC-on-chip models would in- 
clude v a ginal micr obiota, wher e dysbiosis can be induced by us- 
ing, for example, antibiotics to mimic VVC predisposition in vitro 
and/or include immune cells to model the immunopathogenesis 
of VVC. Furthermore, it would be integral to include estrogen to 
increase physiological relevance. 

One main shortcoming of current models is that the 
commensal-to-pathogen switch of C. albicans cannot be modeled. 
During commensalism in women, se v er al factors, including the 
healthy micr obiota, r educe the expr ession of C. albicans virulence 
tr aits suc h as hyphae formation (d’Enfert et al. 2021 ). Ho w e v er, in 

in vitro infection models where C. albicans is cultured with host 
cells, pathogenicity cannot be suppressed and host damage can- 
not be limited. The addition of a predisposing factor, e.g. antibiotic 
use, can ther efor e not r esult in disease. Another shortcoming of 
current in vitro models is that neutrophil dysfunctionality during 
VVC can only be modeled using standard infection models that 
are supplemented with previously identified dysfunctionality fac- 
tors lik e he paran sulfate (Yano et al. 2017 ) or pANCAs (Ardizzoni 
et al. 2020 ). Consequently, in vitro infection models cannot be used 

to identify such factors. Dysfunctionality factors would normally 
co-occur in the v a ginal nic he, it would ther efor e be important to 
perform future experiments in a setting with the v a ginal epithe- 
lium and immune cells where factors responsible for neutrophil 
dysfunctionality ar e combined. Similarl y, serum can be used to 
include active immune elements such as those of the comple- 
ment system to better r epr esent the physiological conditions dur- 
ing VVC. 

In vivo studies 

VVC can be studied more comprehensively in vivo . While ethically 
c hallenging, a pr e vious study confr onted women intr av a ginall y 
with C. albicans to study the de v elopment of disease in real time 
(Fidel et al. 2004 ). This study was crucial in confirming that symp- 
tomatic disease is caused by the extent of inflammation that is 
driven by the innate immune response. In murine in vivo mod- 
els, the v a gina is not natur all y colonized by C. albicans and estr o- 
gen needs to be administered to allow infection with the fungus,
which is otherwise cleared (Cassone and Sobel 2016 ). Although 

known murine models do not completely recapitulate VVC in 

women, these models do provide important insights into the com- 
plex interactions between the fungus and host. In addition to C.
albicans not being a natural commensal of the murine vagina (in 

standard labor atory models), ther e ar e differ ences in imm unity 
nd v a ginal pH (m urine models tend to be more neutral), as well
s the fact that the microbiota is not dominated by lactobacilli
Cassone and Sobel 2016 ). Differences between v a ginal disease in

ice and women have been described (Roselletti et al. 2019b ). The
ssociated morphology of C. albicans during disease in women is
east and pseudohyphae, while true hyphae are found in mice.
urthermor e, differ ences in the expression of C. albicans virulence
enes, specifically SAP2 and ECE1 , were observed with both being
quall y expr essed in women and ECE1 being more dominantly ex-
r essed in mice. Ne v ertheless, findings obtained fr om in vitro and

n vivo models together with patient samples all indicate that Saps
nd candidalysin can play a role during disease (Schaller et al.
003 , Pericolini et al. 2015 , Roselletti et al. 2017 , Richardson et al.
018 ). This exemplifies how different infection models can be used
o study the mechanisms of VVC disease and that these findings
an be validated in patients. With data in women being limited it
s important to study VVC by combining the different models at
ur disposal (Fig. 4 ). Ne v ertheless, to decr ease the number of an-

mals used during studies, the physiological r ele v ance of current
n vitro models should be impr ov ed. For example, we hav e r ecentl y
stablished an A-431 epithelial model in acidified culture media 
Roselletti et al. 2023 ). 

To validate in vitro experimental results and to identify factors
hat play a role during disease, compr ehensiv e VVC cohorts ar e
eeded. Data should be collected r egularl y fr om women ov er at

east a 1-year period to give clarity on the onset and de v elopment
f symptomatic infection. Sampling w ould allo w the gathering of
nformation regarding the contents of vaginal flushes and s wabs ,
ncluding the v a ginal micr obiota (especiall y lactobacilli popula-
ions), pH, as well as C. albicans isolates and its morphology. Col-
ected samples should be stored in case of future analysis involv-
ng metabolomics and cytokine measurements. In addition, levels 
f known factors involved in immunopathology, such as heparan 

ulfate and Pra1 (Yano et al. 2017 , Roselletti et al. 2023 ), could be
easur ed ov er time to see if they fluctuate and to determine if

pecific changes are indicative of VVC onset and development. 
While se v er al C. albicans factors ar e known to play a r ole dur-

ng VVC, the degree to which these fungal factors induce im-
unopathology may be highly dependent on the C. albicans iso-

ate causing the disease. On the other hand, host factors will be
etermined by behavioral practices and the genetic background 

f women and will fluctuate throughout a women’s life. Spe-
ific combinations of fungal and host factors ther efor e likel y con-
ribute to v arying degr ees to VVC pathogenesis during different
tages of disease. Well-conducted cohort studies could help to 
tratify patients into subsets depending on the fungal and host
actors exacerbating disease and this information could be used 

n future to personalize women’s treatment accordingly. 
In addition to monitoring fungal disease markers, monitor- 

ng shifts in v a ginal metabolites could lead to the discovery of
etabolic biomarkers for the onset of VVC or indicators of disease

 eoccurr ence. Detection of suc h biomarkers could help to guide
pecific tr eatment r egimens. Questionnair es r egarding lifestyle
outines and changes would allow a better patient stratification 

nd to link specific patient groups to findings in the lab. 
To accur atel y determine the impact of pr obiotics on VVC, clin-

cal trials should include more patients with mor e compr ehen-
iv e contr ol gr oups and corr ect for self-tr eatment (Fala gas et al.
006 , van de Wijgert and Verwijs 2020 ). Many studies lack placebo
roups and are not blinded, which introduces bias and leads to
esults that cannot be objectiv el y used to assess the efficacy of
actobacilli-containing probiotics. While the resolution of symp- 
oms, the presence of C. albicans , and r ecurr ence of disease are
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Figure 4. Holistic a ppr oac h to studying VVC and RVVC. To study the multifactorial disease VVC it is important to use all tools to our disposal. A variety 
of in vitro and in vivo models can be emplo y ed in concert to study C. albicans pathogenicity and the immune response during VVC. Murine models and 
mor e physiologicall y r ele v ant, complex or gan-on-c hip models can be used to inv estigate imm unity and tr eatment str ategies. Other in vitro models can 
employ samples from women that are asymptomatically colonized with C. albicans or with VVC to investigate the pathogenicity of C. albicans isolates 
and disease pathology. Furthermore, the use of probiotic Lactobacillus species and their secreted metabolites can be explored using in vitro infection 
models. Created in part with BioRender.com. 
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mportant measures to quantify the efficacy of probiotic use, it
ay be useful to include compr ehensiv e pr ofiling of disease mark-

rs and inflammatory cytokines to better c har acterize the effect
f probiotics on the host. In line with this, in-depth characteriza-
ion of the immunomodulatory properties of probiotic Lactobacil-
us species using immune cells from uncolonized w omen, w omen
symptomatically colonized by C. albicans , women with VVC, and
VVC is needed (Fig. 4 ). Such a study can be extended by con-
ucting similar experiments using Lactobacillus species that nat-
r all y colonize the v a ginal micr obiota to gain insight into their

mm unomodulatory pr operties in vivo and r ole in VVC. Espe-
ially since the role of lactobacilli in VVC susceptibility is not as
ell c har acterized as in the intestinal environment. Lactobacillus

pecies-derived metabolites can also be further investigated for
heir immunomodulatory and antagonistic activities. By identify-
ng metabolites that can augment the probiotic efficacy of lacto-
acilli, we can expand available treatment options for VVC (Fig. 4 ).

onclusions 

VC is a multifactorial disease, where the combined effects of
ost, microbial, and pathogen-related factors contribute to dis-
ase de v elopment. The combination of factors leading to disease
ikely differs between women and specific patient subsets can be
dentified with unique patterns of disease onset with regards to
he catalyzing fungal, host, and microbiota factors. In this review,
e focused on C. albicans VVC and not VVC caused by NAC species,
hich further highlights the need for patient stratification. The

omplicated nature of VVC requires that fungal, host, and mi-
r obial factors ar e studied concomitantl y. Ne v ertheless, to gain
echanistic insight it is necessary to delineate the role of spe-

ific factors during VVC. It is ther efor e necessary to exploit all cur-
 entl y av ailable infection models alongside one another to study
VC and to impr ov e their translational capacity. This will allow
s to impr ov e our understanding of VVC pathology, to optimize
r eatment str ategies in cases wher e maintenance azole ther a py
s not feasible, and to minimize the de v elopment of antifungal re-
istance. By exploring alternative treatment strategies, we expand
n VVC treatment options that can be de v eloped into ther a peutic
 ppr oac hes in the future and made available to women as part of
ersonalized medicine. 
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