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Abstract
The coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
is threatening public health. A large number of affected people need to be hospitalized. Immunocompromised patients and 
ICU-admitted patients are predisposed to further bacterial and fungal infections, making patient outcomes more critical. 
Among them, COVID-19-associated candidiasis is becoming more widely recognized as a part of severe COVID-19 seque-
lae. While the molecular pathophysiology is not fully understood, some factors, including a compromised immune system, 
iron and zinc deficiencies, and nosocomial and iatrogenic transmissions, predispose COVID-19 patients to candidiasis. 
In this review, we discuss the existing knowledge of the virulence characteristics of Candida spp. and summarize the key 
concepts in the possible molecular pathogenesis. We analyze the predisposing factors that make COVID-19 patients more 
susceptible to candidiasis and the preventive measures which will provide valuable insights to guide the effective prevention 
of candidiasis in COVID-19 patients.

Introduction

The novel coronavirus, SARS-CoV-2, first broke out in 
Wuhan, China, in December 2019 and has since spread 
worldwide, resulting in over 379 million confirmed cases 
and over 5.6 million deaths (till Feb 02, 2022) [1]. COVID-
19 is caused by the SARS-CoV-2 and is characterized by 
mild-to-moderate respiratory illness, with symptoms, such 
as fever, coughing, fatigue, and breathing difficulties [2–4]. 
Individuals with underlying medical conditions or weakened 
immune systems are more likely to acquire the severe forms 
of COVID-19, in which the infection causes respiratory 
deterioration and may result in acute respiratory distress syn-
drome (ARDS) [3, 5]. Critically ill COVID-19 patients with 
ARDS, especially those admitted to the intensive care unit 
(ICU) and required mechanical ventilation, are more likely 
to develop nosocomial fungal co-infections [6–9]. Reports 
on the prevalence of bacterial and fungal co-infections and 
bacterial super-infection in COVID-19 patients have pro-
gressively increased worldwide [9–13]. A rare but lethal 
infection of mucormycosis (black fungus) and pulmonary 
aspergillosis has been reported in steroid treated and criti-
cally ill COVID-19 patients [14, 15]. COVID-19-associated 
mucormycosis, in particular, caused by mucorales such as 
Rhizopus arrhizus, Rhizomucor pusillus, Apophysomyces 
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variabilis and, Lichtheimia corymbifera has been surging in 
India [16]. Although COVID-19–associated mucormycosis 
is the most common fungal infection in COVID-19 patients, 
candidiasis, a less common and less studied fungal infection 
among COVID-19 patients has emerged in several countries, 
including India [17, 18], Iran [19], China [6], UK [20] and 
is growing more prevalent.

Candidiasis is an opportunistic fungal infection caused 
by Candida species. Preventing candidiasis infections has 
long been a medical annoyance, and now COVID-19-asso-
ciated candidiasis (CAC) is posing new challenges [21]. The 
precise pathogenesis of this fungal infection in COVID-19 
patients is yet to be fully determined, and the knowledge 
on fungal co-infections is limited. As a result, incomplete 
understanding of the pathogenesis of candidiasis, lack of 
understanding of the possible risk factors that predispose 
COVID-19 patients to candidiasis, as well as lack of proper 
preventive measures may lead to misdiagnosis of secondary 
candidiasis in COVID-19 patients, worsening COVID-19 
outcomes. Therefore, in this review, we briefly discuss the 
possible underlying patho-mechanisms of CAC, predispos-
ing factors, and treatment strategies. Taken together, this 
review will add to our current knowledge of the proper man-
agement of CAC patients.

Candidiasis and Its Causative Agents

Belonging to the Ascomycota phylum, the Candida genus 
comprises approximately 200 species, among which only 30 
Candida species have been identified as human pathogens 
[22]. Candida spp. is a part of the normal human microbiota, 
inhabits the mucosal surfaces of gastrointestinal, respira-
tory, and genitourinary tracts, as well as on the skin [23]. 
Like other natural flora, Candida spp. has been associated 
with humans as harmless commensals and has co-evolved 
to maintain homeostasis and a symbiotic relationship with 
the host [24].

Fungi comprise a small proportion of the wide variety 
of microorganisms found in residential microbiota, where 
the presence of other microbes naturally suppresses their 
growth. The interactions between all the microbial popu-
lations involved and the interplay between the commensal 
microbiome and the host immunity dictate whether a par-
ticular species will be virulent toward the host or remain 
benign. For example, in the intestinal and female repro-
ductive systems, lactic acid bacteria, also co-existing with 
Candida albicans, compete with C. albicans for adhesion 
sites and prevent fungal attachment and Candida virulence 
[25]. On the other hand, studies have also shown that dif-
ferent oral bacteria can facilitate C. albicans pathogenicity 
by adhering to C. albicans and forming complex communi-
ties known as multispecies biofilms [26]. Mostly, when a 

disruption in the balance between commensal bacteria and 
the host immune system occurs, it triggers the switch from 
the harmless to virulent state, causing overgrowth of Can-
dida spp. and candidiasis. Therefore, although Candida spp. 
live as harmless commensals in healthy individuals, they 
have virulence features that exploit opportunities, such as a 
weakened host immune system to cause infections, making 
them opportunistic fungi.

As an opportunistic pathogen, Candida spp. can cause 
two major types of infections in humans: superficial infec-
tions (which include cutaneous and mucosal candidiasis) 
and invasive systemic infections [23]. Superficial candidiasis 
arises from saprophytic Candida spp. blastospores residing 
in the normal flora that affect skin, gastrointestinal, vagi-
nal, esophageal, and oropharyngeal mucosa and form white 
lesions or patches [27]. Superficial infections are so frequent 
that 75% of women are affected at least once in their lifetime 
by Vulvovaginal candidiasis (VVC) and about 90% of human 
immunodeficiency virus (HIV)-positive patients suffer from 
Oropharyngeal candidiasis (OPC) [28]. In an immunocom-
promised host, superficial candidiasis can overcome the 
weak host immunity and spread in the bloodstream, evolv-
ing into invasive systemic candidiasis called candidemia and 
can eventually colonize vital organs, causing disseminated 
candidemia. This bloodstream fungal infection can also be 
acquired via invasive medical devices, such as catheters 
[29]. Although less frequent than superficial candidiasis, the 
systemic infection has a mortality rate of 35–80% [30, 31], 
even with first-line antifungal therapy [32]. In the USA, the 
overall cost of treating candidiasis is $1.7 billion per year, 
making it the most expensive of systemic fungal infections 
[33]. While C. albicans have gained notoriety by being the 
predominant Candida spp. recovered from candidemia and 
invasive candidiasis isolates, non-albicans Candida spp. are 
now also emerging as opportunistic pathogens [34, 35]. Par-
ticularly, Candida auris, an emerging multi-drug-resistant 
fungal pathogen, is a non-albican Candida spp. that spreads 
rapidly in critically ill patients, causing nosocomial infection 
outbreaks and is associated with high mortality rates [36].

COVID‑19‑Associated Candidiasis

Prevalence of CAC and Causal Isolates

Prevalence of CAC and infection rate was found to vary 
among different countries [12, 37–42] (Table 1). A case 
study in Iran found 5% of patients developed OPC; 70.7% 
of the isolates were found to be C. albicans, while the least 
prevalent species was C. tropicalis [19]. Studies in Egypt 
found cases of CAC in Gharbia and Cairo where four 
patients were diagnosed with oral and/or vaginal CAC [12, 
38]. Another case study in Iran reflected greater rates of 
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Candidemia, with 85.7% of fungal infections confirmed to be 
caused by C. albicans and C. glabrata and 14.3% caused by 
non-Candida spp. [37]. The study found that patients with 
CAC had a mortality rate of 100% even after treatment with 
antifungal drugs. A study in Spain found cases of candiduria, 
candidemia, and intra-abdominal candidiasis (IAC) [42], 
0.7% of patients had fungal infections, 57.1% of which was 
caused due to infection with C. albicans. Patients with CAC 
had a mortality rate of 50%. A case study in Italy found 6.9% 
of patients developed candidemia upon receiving parenteral 
nutrition, ICU support, and antibiotic treatment [39]. The 
occurrence of candidemia and candiduria in a COVID-19 
unit in Florida, USA, prompted a point prevalence survey, 
in which 35 patients were found to be colonized with C. 
auris, 8 of whom died within 30 days of screening [40]. C. 
auris is a particular species of concern that is associated 
with high mortality rates, atypical fomite spread, and multi-
drug resistance; numerous cases of C. auris co-infections 
have been documented worldwide [43]. Even so, the extent 
of association of CAC with the mortality rate is unknown 
as most patients had comorbidities, like diabetes, chronic 
kidney disease, or cancer. A study in the UK found 12.6% of 
fungal infections caused in a cohort of 135 patients, among 
which 93.8% were candidemia due to C. albicans and C. 
parapsilosis [41]. The mortality rate for patients with fungal 
co-infections was 53%, much higher than the mortality rate 
in patients without fungal co-infections at 31%.

Symptoms of CAC 

CDC recommends home isolation for COVID-19 or sus-
pected COVID-19 patients in regards to the general popula-
tion [44]. Since some common signs of CAC and COVID-
19 overlap, they may not be distinguishable to the general 
population, thereby preventing an early diagnosis of CAC. 
Clinical characteristics of oral candidiasis (OC) are often 
yellow–white plaques or pseudomembranous structures 
found on surfaces of lips, intraoral mucosal layer, buccal 
mucosa, the palate, mouth floor, tongue, and/or oropharynx 
[12, 19, 38]. White lesions and reddened surfaces may also 
be found on the oral mucosa. The white plaques can be eas-
ily removed with gauze to reveal a reddened, non-ulcerated 
mucosa—a characteristic of OPC [45]. Most patients are 
asymptomatic—symptoms shown in severe cases due to 
these plaques or lesions are sensitivity, oral burning, dys-
phagia (difficulty in swallowing), glossitis, and/or glossagia 
[12, 19, 38, 45].

Some common symptoms of COVID-19 are the loss of 
taste [12, 38], dysphagia [38], mild-to-severe oral discom-
fort/burning [12, 38], and/or intermittent fevers [12, 38]. 
These are also symptoms of OPC [12, 19, 38]; Candidemia 
causes intermittent fevers and chills [46]. The overlapping Ta
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symptoms may prevent the early diagnosis of CAC. Addi-
tionally, COVID-19 is associated with xerostomia or a dry 
mouth, leading to dysphagia [38]. Dysphagia is also a symp-
tom of OPC [19, 38], thus making it difficult to distinguish 
between the two infections [12, 19, 38] by the untrained eye.

Virulence Factors and Candida Pathogenesis 
in Human Body

The molecular pathogenesis of Candida sp. is complex 
composed of different pathways, which are summarized 
in Fig. 1. Initial events of superficial candidiasis involve 
attachment of Candida spp. in the planktonic form to 
host surfaces followed by colonization at epithelial sur-
faces. Specialized proteins called adhesins are expressed 

in Candida spp. Upon the initial contact, which allows 
adherence to the host membranes and abiotic surfaces 
[51]. Upon contact with a surface, thigmotropism (con-
tact sensing) and various environmental cues trigger the 
yeast-to-hypha transition, further guided by thigmotropism 
to penetrate deeper into epithelia [52]. Most Candida spp. 
is dimorphic, i.e., it can grow both as yeast and filamen-
tous forms. However, some Candida spp., such as C. 
albicans, exhibit polymorphism by transitioning between 
ovoid-shaped yeast, pseudohyphae, and true hyphae forms 
[53]. Environmental stimuli, such as temperature change, 
nutrient starvation, oxidative stress, osmotic pressure, 
and pH stress, induce the heat shock proteins (HSPs) 
and adaptation pathways that regulate morphology-asso-
ciated genes leading to filamentous growth and biofilm 
formation [52, 54]. The phenotype switching of Candida 

Fig. 1  Molecular pathogenesis of Candida spp. (1 and 2) Planktonic 
Candida spp. cells express adhesins that facilitate attachment to host 
cell surfaces. (3) Environmental stimuli and induce morphology-asso-
ciated genes and thigmotropism stimulate the transition from yeast-
to-hypha transition and hyphal-directed growth. (4) Some Candida 
spp. exhibit phenotype switching, i.e., the epigenetic switching from 
white to opaque cells. (5) The two routes of Candida spp. invasion 
are as follows: (5A) Induced endocytosis where the fungal cells are 

engulfed by the host cell and (5B) Active penetration where the fun-
gal hydrolases mediate host tissue penetration. (6) Some Candida 
spp. form biofilms upon the attachment to both biotic and abiotic sur-
faces. When Candida spp. enters the bloodstream, they are dissemi-
nated to vital organs, causing disseminated candidiasis. The genes 
involved in virulence are listed along with the corresponding steps in 
the pathogenesis
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spp. predominantly from white to opaque, provides mat-
ing competency and offers adaptive advantage and host 
immune system evasion [55]. Candida spp. utilizes two 
routes of invasion: induced endocytosis and active pen-
etration. The interaction of the invasin expressed on the 
fungal cell surface with the host epithelial cell receptors 
(E-cadherin on epithelial cells, N-cadherin on endothelial 
cells) triggers induced endocytosis, resulting in the engulf-
ment of the fungi into the host cell [56, 57]. On the other 
hand, active penetration is mediated by means of hyphae 
extension and secretion of fungal hydrolases (proteases, 
phospholipases, and lipases) to disrupt host tissues, caus-
ing deep-seated infection [56]. An important virulence 
feature of Candida spp. is the formation of biofilm, which 
involves the attachment of yeast cells to biotic (host cells) 
and abiotic (e.g., catheters, dentures) surfaces, prolifera-
tion, accumulation of extracellular matrix material (ECM), 
and finally, dispersal of yeast cells from the mature biofilm 
that can establish new biofilms [57]. The ECM acts as a 
protective barrier, enhancing adhesion, hyphae production, 
colonization, and fungal invasion while protecting the cell 
from immunological attack, preventing ROS formation, 
and increasing resistance to antifungal agents [59, 60]. 
Finally, when Candida spp. escapes the immune system, 
penetrates vascular tissues, and enters the bloodstream, it 

can infect other tissues and essential organs, resulting in 
disseminated candidiasis.

Factors that Predispose Candidiasis 
in COVID‑19 Patients

Candida spp. infections in COVID-19 patients could affect 
patient outcomes and complicate treatment efforts. There are 
various factors associated with COVID-19 that predispose 
patients to fungal infections (Fig. 2).

ICU

A combination of treatment-associated factors such as pro-
longed stays at the hospital or ICU, medical interventions, 
such as the use of mechanical ventilators, and intravenous 
catheters largely increase the risks of candidiasis [61]. 
COVID-19 patients with ARDS, who required admission 
into ICU had a greatly increased risk of infection through 
iatrogenic and/or nosocomial conditions [62, 63]. Accord-
ing to CDC, 21% and 12.1% of hospitalized patients aged 
over 65 required ICU admission and invasive mechanical 
ventilation respectively between January and June 2021 [64]. 
Moreover, patients at the ICU often require central venous 
catheterization and parenteral nutrition, while patients who 

Fig. 2  The factors that predispose COVID-19 patients to candidiasis and the possible mechanism involved
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do not require ventilation receive peripheral venous catheters 
[65, 66]. These medical devices penetrate the skin barrier 
and provide a direct path into the host interior [61, 67]. Some 
Candida spp. can form biofilms on these devices; the bio-
films act as physical barriers that protect Candida spp. from 
antifungal treatment and the host’s immune defenses that 
are already weakened due to COVID-19 [61, 68]. Several 
studies demonstrated a strong positive correlation between 
length of ICU stay prior to infection and the development of 
infection, confirming that increased hospital and ICU stay 
increases the risk of co-infections [19, 26]. This may be due 
to an increased probability of fungal infections in a longer 
time frame and a gradually deteriorating immune system.

Antibiotics

The prolonged use of broad-spectrum antibiotics is also 
related to the disruption of the normal microbiota balance 
that switches Candida spp. from commensal to pathogenic 
morphogenesis [18, 19]. COVID-19 patients are often sus-
ceptible to bacterial co-infections for which antibiotics are 
prescribed, most commonly ceftriaxone and azithromycin 
[69]. A study found that 67% of COVID-19 patients require 
antibiotic use [69]. This has been shown to cause dysbiosis 
in local flora, allowing Candida spp. to outcompete other 
organisms to colonize and disseminate [19, 55, 61, 70]. 
Although the precise causes of dysbiosis are unknown, it 
may be caused by numerous other factors as well, such as 
the prescription of analgesics and the onset of lymphopenia 
during COVID-19 [71]. The level of dysbiosis may also dif-
fer depending on age, BMI, presence of comorbidities, etc. 
which also needs more exploration. A recent study found a 
direct correlation between the use of antibiotics and corti-
costeroids by a COVID-19 patient and the development of 
candidiasis [12, 72].

Corticosteroid

COVID-19 patients with ARDS are at risk of a severe 
inflammatory response known as the cytokine storm [72]. 
Immunosuppressive drugs like systemic or inhaled corti-
costeroids are often used as a treatment for this [72]. While 
this reduces the risk of hyperinflammatory response in 
the patients, it predisposes them to opportunistic fungal 
co-infections as fungal hyphae are protected from phago-
cytic attack [73, 74]. A study showed that corticosteroid 
treatment is linked to a 3.33-fold increase in the devel-
opment of fungal co-infections [72]. The inhaled steroid 
fluticasone has been demonstrated to predispose patients 
to oral candidiasis through immune suppression [72, 75]. 
In addition to immunosuppression supporting opportunis-
tic fungal growth, corticosteroids have also demonstrated 

inciting a hyperglycemic effect that predisposes patients 
to vulvovaginal candidiasis (VVC) [75, 76]. The increase 
in glucose levels creates a favorable environment for the 
proliferation of Candida spp. in the vagina; it was dem-
onstrated that patients with a history of chronic corticos-
teroid use had a VVC recurrent rate of 65.9%, as opposed 
to non-users with a rate of 40.4% [75, 76]. Conclusively, 
corticosteroids have a high chance of predisposing patients 
with COVID-19 to candidiasis, especially in combination 
with other immunosuppressive drugs.

Weakened Immune System

It was observed that COVID-19 patients encountered a 
decrease in CD4 and CD8 T-cell count [68, 77, 78]. This 
may contribute to the development of lymphopenia observed 
in severe COVID-19 cases [78, 79]. Lymphopenia increases 
susceptibility to fungal attack due to an impaired immune 
system being unable to defend the host against infection. 
Subsequently, the already weakened immune system is 
further suppressed by drugs prescribed during COVID-19 
infection—this may facilitate Candida spp. to manipulate 
and evade the host immune system [71, 73, 80]. COVID-
19 patients with poor clinical outcomes or severe cases 
were found to have elevated levels of blood lactate [81] and 
increased levels of acid in blood and body tissues, i.e., aci-
dosis [82]. When Candida spp. land on host niches rich in 
carboxylic acids and lactate, they assimilate these nutrients 
in order to modulate their cell wall architecture and mask 
the β-glucans on their cell wall [31, 83]. The masking of 
β-glucans, a key PAMP and a major fungal cell wall polysac-
charide, aid Candida spp. which evade the host immune sys-
tem. A study showed that low CD4 + counts were correlated 
with C. Neoformans infection [61]. Candida spp. are able 
to form biofilms [58] that play a key role in their virulence. 
It has been observed that a host defense against biofilms is 
through neutrophil cell death by DNA expulsion. The death 
of neutrophils cause the subsequent release of granulocytes 
that can potentially destroy fungal cells [67]. However, no 
such effect has been observed for Candida spp. infections. It 
has also been observed that leukocytes are unable to phago-
cytize biofilm-associated cells efficiently [67]. This may be 
why Candida spp. infections persist in COVID-19 patients 
experiencing a cytokine storm. Many COVID-19 patients 
experience a hyperinflammatory response or cytokine storm 
in which macrophage cell count increases significantly [84]. 
This should lead to increased phagocytosis and by exten-
sion, decreased fungal proliferation; however that is not the 
case in CAC. This may be collectively due to the decreased 
T-cell count and inefficient phagocytosis. Cytokine storms 
also increase pro-inflammatory cytokines, such as Tumor 
necrosis factor-α (TNF-α). TNF has been found to limit bio-
film development in an in vitro C. albicans biofilm model, 
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while TNF inhibition has been shown to promote biofilm 
metabolic activity [85]. The COVID-19 infection triggers a 
cytokine storm which leads to tissue damage and necrosis 
at the site of infection [78]. Due to this, COVID-19 patients 
are often prescribed TNF-α inhibitors [61]. Hence, the use 
of TNF-α inhibitors during COVID-19 may be a predispos-
ing factor to the development of CAC. There are conflicting 
results associated with the role of macrophage levels and 
their effect on Candida spp. infections. A study found that 
reduced macrophage levels did not exacerbate infection by 
Candida spp. in the gut of mouse models as expected [70]. 
The effect of macrophage levels on fungal infection and its 
mechanism remains to be elucidated. Additionally, most 
cases of Candida spp. infections were found to occur due 
to nosocomial factors rather than immune-related ones. The 
significance of the sole effects of the immune response on 
fungal infections needs further investigation.

Iron Deficiency

COVID-19 patients develop dysregulations of iron homeo-
stasis due to inflammation. This is characterized by high fer-
ritin levels, referred to as hyper-ferritinemia, and decreased 
levels of circulating iron in the blood [86]. A study found 
over 80% of COVID-19 patients to have imbalanced levels 
of iron [86]. Hyper-ferritinemia has been linked to organ 
damage and ferroptosis, which increase the susceptibility of 
patients with COVID-19 to fungal co-infections due to the 
use of TNF-α antagonists [61, 78, 86]. It was observed in 
a study that patients with iron deficiency had a high preva-
lence of OC [87].

Iron acquisition mechanisms used by C. albicans include 
a high-affinity reductive system, a siderophore uptake sys-
tem, and a heme–iron uptake system [88]. The reductive 
system obtains iron from ferritin, transferrin, as well as free 
iron from the environment reduces the ferric iron extracted 
to the ferrous form and transports it into the cell via a fer-
rous transporter complex [88]. It uses the invasin Als as the 
receptor for binding to ferritin, the predominant intracel-
lular storage protein for iron [89]. In an iron-deficient stress 
state, Candida spp. secrete high-affinity iron chelators called 
siderophores that have a much higher affinity for iron than 
that of the host iron-binding proteins and thus are able to 
strip iron from host proteins [90]. Since COVID-19 patients 
have elevated levels of ferritin, the C. albicans reductive 
system can obtain more iron from higher ferritin sources, 
suggesting they may be at higher risks of co-infection [86, 
90]. COVID-19 patients also have lowered blood pH due to 
increased pCO2 levels [91]. Ferritin is unstable at low pH 
and tends to release its protein-bound iron which can then 
be taken up by Candida spp. [87]. The elevated levels of 
ferritin together with low blood pH in COVID-19 patients 
may increase its proliferation and exacerbate the infection. 

A study also found that 30% of patients are susceptible to 
iron deficiencies after 2 months of COVID-19 onset, mean-
ing COVID-19 patients are at risk of co-infection for a pro-
longed time period after disease onset [86]. Finally, COVID-
19 has been associated with decreased electrolyte levels [92, 
93]. Another study found that 16.3%, 12.5%, and 11.9% of 
patients had hyponatremia, hypokalemia, and hypochlo-
remia, respectively [94]. C. albicans secrete hemolysins to 
lyse erythrocytes and uptakes the released hemoglobin via 
the receptors RBT5, RBT51, CSA1, CSA2, and PGA7 (RBT6) 
to extract iron from the heme group [90]. It has been shown 
that the hemolytic activity of Candida spp. is reduced by the 
presence of electrolytes [95]. Since electrolytes suppress the 
hemolytic activity of Candida spp., these lowered levels may 
possibly be linked to increased susceptibility in COVID-19 
patients to co-infection [96].

Zinc Deficiency

Patients with COVID-19 were found to have significantly 
low levels of zinc [97]. Due to this, zinc supplements are a 
common prescription in COVID-19 cases [92]. Analogous 
to the siderophore uptake system for iron acquisition, C. 
albicans uses a “zincophore” zinc scavenger that is able to 
chelate zinc. The zincophores are the zinc-binding protein 
Pra1 (pH-regulated antigen 1) which binds to extracellular 
zinc and then re-associates with the fungal cell, allowing 
the fungal cell to uptake host zinc [98]. Since zinc deficien-
cies hinder fungal growth by inducing oxidative stress and 
inhibiting the activity of zincophores [99], this may increase 
the risk of COVID-19 patients receiving zinc supplements 
to fungal co-infections. However, conflicting studies showed 
that C. albicans are able to revert to a specific cell morphol-
ogy with higher pathogenicity under zinc-starved conditions, 
suggesting that zinc may not be a large predisposing factor 
[94, 99].

Prevention and Treatment

Despite advancing therapeutic strategies, candidiasis contin-
ues to be a rising concern, particularly during the COVID-19 
pandemic. The understanding of the spread of the disease 
helps shed light on preventive measures that reduce the risk 
of infection. Subsequently, diagnosis of candidiasis is crucial 
for species identification, which is required for administering 
further treatment plans. The currently available treatment 
option for candidiasis is limited with the persistence of anti-
fungal resistance.
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Preventive Measures

The majority of candidemia occurred due to nosocomial 
and/or iatrogenic conditions rather than reasons associ-
ated with immune suppression [80]. This suggests that 
the primary focus to prevent fungal co-infection should 
be related to medical interventions. The surge of global 
COVID-19 cases has resulted in a shortage of PPE [92, 
100] and decreased practicing of routine health guidelines, 
such as proper hand hygiene [101]. An increased focus 
on ensuring strict health guidelines like controlled anti-
microbial use, isolating patients infected with multi-drug 
resistant organisms, use of aseptic techniques, and the 
conduction of regular microbiological tests on COVID-19 
patients may contribute to the prevention of co-infections 
[100, 101]. Healthcare professionals in the COVID-19 unit 
must use eye protection, gloves, gown, and must remove 
all PPE and perform hand hygiene before exiting the unit. 
Mobile computers and medical equipment must always 
be disinfected between uses. Moreover, infected catheters 
must be removed in the absence of alternative treatments, 
such as antifungal lock therapy [86]. Furthermore, a rapid 
diagnosis of CAC is required to prevent further fungal 
transmission to non-infected individuals and enable timely 
treatment of the infected patient to prevent poor prognosis.

Diagnosis Methods

Early diagnosis and treatment of Candidiasis are key 
factors in decreasing mortality rates in patients with co-
infections. Initially, patients’ medical records are checked 
as standard protocol to see if there is a predisposition to 
CAC associated with medications, previous long duration 
of hospital stay, use of corticosteroids, etc. [19, 42].

Non‑Sterile Culture

OC can be diagnosed by isolating and then identifying the 
Candida spp. [102]. The suspected sample is taken from 
oral tissues using a swab or oral rinse depending on the 
type of plaques or lesions present. In case of imperceptible 
lesions, an oral rinse or sputum collection is preferred. 
The samples are usually cultured on Saboraus Dextrose 
Agar (SDA) and incubated for 24 to 48 h at 37 °C [102]. 
Microbial culture is usually effective in diagnosing acute 
forms of OC. OPC was successfully diagnosed in COVID-
19 patients using this method in a study conducted in Iran 
[19].

Respiratory cultures are done with samples, such as 
bronchoalveolar lavage (BAL), tissue biopsies, or cytol-
ogy specimens [17, 103]. These undergo microscopy or 

histopathological examinations using fungal-specific stain-
ing techniques or fluorescent markers [103].

Sterile Culture

Cultures from sterile sites such as blood, peritoneal fluid, 
or pleural fluid are considered the reference standard for the 
diagnosis of invasive candidiasis [103]. Peripheral or Central 
Venous (CV) blood cultures are usually carried out to check 
for the growth of Candida spp. [104]. However, this method 
effectively diagnoses 50% of invasive candidiasis cases as 
the number of yeast cells available in the blood culture is 
low [62].

β‑D‑Glucan (BDG)

BDG testing is a non-culture method of diagnosis that 
depends on antigen/antibody assaying (known as Fungitell 
assay) [103]. 1–3 β-D-glucan (BDG) is a common fungal 
cell wall polysaccharide—so this method can detect a wide 
range of fungal species [103]. Since the method is more 
sensitive than blood culturing techniques, it is often used for 
the diagnosis of CAC [62]. It is effective, with a sensitivity 
and specificity of 80% [65]. This can be further improved 
with sequencing positive BDG results [103]. However, BDG 
testing is not widely available and may not be available to 
developing countries during the COVID-19 pandemic, mak-
ing the diagnosis of CAC difficult in specific regions [41].

Molecular‑Based Methods

Candida mannan antigens in serum samples can be detected 
via Enzyme-linked immunosorbent assay (ELISA) kits to 
diagnose invasive candidiasis [62]. This method is associ-
ated with comparatively high specificity and sensitivity [62].

T2-Candida is a multiplex PCR technique that amplifies 
intervening transcribed spacer-2 (ITS2) regions and uses T2 
magnetic resonance to detect and identify C. albicans, C. 
glabrata, C. parapsilosis, C. tropicalis, and C. krusei [65, 
103]. The drawback to this method is that the number of 
Candida spp. that can be identified is limited [103]. An early 
diagnosis is especially important in the case of C. auris, 
an increasingly proliferating species. This is because C. 
auris is often misidentified using conventional diagnostic 
methods based on biochemistry or phenotype and requires 
specific molecular testing methods, such as sequencing and 
internal transcribed spacers [43]. 16 s rRNA sequencing is a 
high throughput, next-generation sequencing method that is 
also used for the identification of Candida spp. [105, 106]. 
16 s rRNA gene is highly conserved with several variable 
regions. PCR primers are designed based on the conserved 
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regions for universal amplification; variable regions are used 
to distinguish between different species [105].

Treatment

The immediate start of treatment is imperative to treat any 
fungal disease, including candidiasis [62, 107]. The three main 
classes of antifungals prescribed for the treatment of candidi-
asis are azoles, polyenes, and echinocandins. The antifungal of 
choice is dependent on disease severity, presence of comorbid-
ities, prior fungal exposure, etc. [103]. Additionally, antifungal 
susceptibility is an increasingly pressing concern associated 
with the use of antifungals [19, 103]. Although antifungal 
susceptibility or degree of fungal resistance can be predicted 
upon identification of species, antifungal susceptibility testing 
(AST) should be done prior to prescription of antifungals to 
optimize treatment of candidiasis without further aggravating 
antifungal resistance [103].

Azoles

Azoles inhibit fungal growth by blocking the ergosterol 
production pathway [108]. The resulting decreased levels 
of ergosterol and subsequent buildup of sterol intermedi-
ates in the cytoplasmic membrane cause hindered growth 
[108]. Some commonly prescribed azoles for candidiasis 
treatment are fluconazole, miconazole, and clotrimazole [38, 
45]. Fluconazole is usually administered for 7–14 days at a 
50–100 mg dose per day, while clotrimazole is prescribed 
5 times a day for 14 days in the form of 10 mg oral pills for 
COVID-19 patients [45]. A headache and hepatotoxicity are 
experienced for over 10% and 4–23% patients, respectively, 
as side effects [103]. A study in Cairo, Egypt showed the 
successful treatment of a COVID-19 patient with OPC with 
the simultaneous use of miconazole (4 times a day) and flu-
conazole (3 times a day) [38]. No separate side effects to 
these drugs were observed in the COVID-19 patients.

Polyenes

Polyenes such as nystatin is an antifungal agent that destroys 
fungal cells [109]. The drug binds to ergosterol in the cell 
membrane to induce changes in its permeability—eventually 
resulting in cell death [109]. Nystatin does not cause serious 
side effects when ingested orally and is often the choice of 
treatment of OC [45]. A patient in Egypt was prescribed the 
topical antifungal nystatin for treatment of OC; the dosage 
was four times a day along with chlorhexidine (an antibacte-
rial mouthwash) twice per day—resulting in the successful 
treatment of OC within 10 days of the treatment [38].

Echinocandins

Echinocandins—such as caspofungin and micafungin—are 
lipopeptides that initiate fungal cell death by blocking the 
transmembrane glucan synthase complex, resulting in the 
disruption of BDG synthesis [103]. These are the preferred 
choice of treatment over azoles and polyenes as they are 
more tolerated by Candida spp. compared to azoles and 
polyenes [17, 62, 103]. Echinocandins are generally associ-
ated with positive outcomes upon removal of the CVC (if 
present) in patients [62].

Future Directions

The COVID-19 pandemic has led to a rise in immune-
compromised individuals and subsequently, cases of hospi-
talization [78, 110]. This puts patients at risk of developing 
co-infections, such as invasive candidiasis. The diagnosis 
of co-infection is difficult due to the lack of symptoms or 
the development of symptoms similar to COVID-19 [100]. 
Therefore, more emphasis on precise diagnostic methods 
such as microbiological examinations should be given, 
especially to make diagnosis more accessible to developing 
countries. Methods to track the dissemination of Candida 
spp. infections should be developed to understand and pre-
vent fungal spread. Thus, more research is needed to elu-
cidate the exact mechanism of each step of Candida spp. 
pathogenesis. This could lead to the identification of specific 
genes responsible for virulence, and the subsequent develop-
ment of treatment working to inhibit gene expression. The 
use of iron chelators, such as hydroxypyridone antimycotic 
and ciclopirox olamine, has demonstrated positive outcomes 
against infection [92]. It was observed that there was no 
development of fungal resistance toward Ciclopirox ola-
mine [92]. This suggests that treatment targeting the host’s 
micronutrient acquisition may be a potentially promising 
avenue of research. More research should be conducted on 
identifying substances that can inactivate or hinder biofilm 
formation. Subsequently, multi-drug-resistant Candida spp. 
remains a pressing problem associated with fungal co-infec-
tions. Further research is crucial to develop methods that 
inhibit antifungal-resistant mechanisms of Candida spp. and 
the expansion of our limited range of antifungal treatment.

The etiology of candidiasis and its pathogenesis and viru-
lence factors are crucial to further understand its association 
and inclination toward COVID-19 patients. Additionally, 
more research should be conducted that follows currently 
available antifungal treatments in COVID-19 patients to 
get a better understanding of the drug combinations and 
side effects of treatment. Collectively, these will provide 
gateways to the development of new therapeutic antimi-
crobial treatment strategies as well as the management of 
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co-infections. The implementation of awareness programs 
based on the mechanism and spread of fungal co-infections 
could create public health awareness and incite behavioral 
changes that lower disease prevalence. The emphasis on 
these areas of research will contribute toward a decrease in 
mortality and morbidity of COVID-19 patients with fun-
gal co-infections and will prevent future Candida-related 
epidemics that will undoubtedly otherwise have disastrous 
consequences on public health.

Conclusion

Candidiasis, an opportunistic fungal infection, has become 
more prevalent as the world continues to tackle COVID-19. 
It is crucial to understand the pathogenesis and mechanism 
of virulence to shed light on disease progression, especially 
in the case of co-infections. The transition of Candida spp. 
from commensal to pathogen, the ability to switch mor-
phology and form biofilms, the progression of Candida 
spp. infection, and its virulence factors are not yet entirely 
elucidated. Additionally, the various highlighted factors that 
predispose COVID-19 patients to Candidiasis, their inter-
actions, and individual effects must be well understood to 
prevent the development of opportunistic co-infections that 
drastically lower chances of survival. The paper also empha-
sizes possible methods of prevention and treatment with 
azoles, polyenes, and echinocandins. Conclusively, further 
research is required to curb the rapid increase of Candidiasis 
and lessen the burden of CAC in the world.
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