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| 1. Mucormycosis

Mucormycosis, previously known as zygomycosis, is a rare opportunistic, invasive, and deadly fungal infection that has
increased in incidence in the last few years, as a secondary infection in patients with debilitating diseases, such as
diabetes, cancer, and organ transplantation, and during natural disasters, such as tsunamis and earthquakes . Despite
the availability of treatment options for mucormycosis, mortality rates range between 50% and 100% (& which highlights
the importance of this emerging disease.

Although precise data about the prevalence of this mycosis are unknown, due to the lack of diagnosis, according to
epidemiological data of autopsy reports on invasive fungal diseases from 2008 to 2013, the etiological agents of
mucormycosis were the fourth most common cause of invasive mycoses in the general population and the third most
common cause in the onco-hematological and stem cell transplant populations, with a high prevalence of severe cases
(around 70%) Bl This infection is widely found in developing countries, being highly reported in India with uncontrolled
diabetes as the main cause, while in developed countries, it is mainly found in patients with hematologic malignancies and
hematopoietic stem cell transplantation /=],

The transmission route for these fungi can be through spores inhalation, contaminated food ingestion, traumatic
inoculation with contaminated materials, or implantation in already abraded skin €4, which results in the development of
several forms of the disease, including rhino-cerebral/rhino-orbital, pulmonary, gastrointestinal, cutaneous, and other
disseminated forms. The disseminated disease is caused by the fungal angioinvasive capacity &, with the rhino-cerebral
form being the most common one in developing countries 4. Regardless of the clinical form, patients show hemorrhage,
thrombosis, infarction, and tissue necrosis [, and the mortality rate depends on the organ affected, the causative agent,
the patient’s health condition, and early diagnosis and treatment (29,

The mucormycosis causative agents are fast-growing thermotolerant fungi belonging to the Mucorales order, under the
subphylum Mucormycotina and the phylum Glomeromycota L1221, Rhjzopus is the genus most frequently associated with
the disease, followed by Mucor and Lichtheimia, while Zygomycetes genera, including Saksenae, Cunninghamella,
Apophysomyces, and Rhizomucor, are less common [R2L3] These organisms form a heterogenous group and are
saprobes or facultative parasites, found worldwide growing on decaying organic matter, agricultural and forest soils, and
animal feces, all with similar morphologies characterized by large aseptate/pauci-septated, ribbon-like hyaline hyphae with
irregular or right-angle branching [BI2A124] Most of these species are heterothallic 2328l and reproduce asexually forming
nonmotile mitospores of 3—11um in diameter, produced in multi- or few-spored sporocarps, but there are a few species
reported as homothallic, which are self-fertile EI&],

Although all Mucorales share many unique characteristics, there are important differences among species in their
epidemiology, pathogenesis, virulence, susceptibilities to the host immune response and antifungals, disease severity, and
outcome W8I However, most of the research has focused on Rhizopus oryzae, which is the most common
mucormycosis causative agent &,



1.1. Risk Factors

As mentioned before, these fungi are ubiquitously found in the environment, and their ability to cause disease in
immunocompetent hosts is anecdotic but possible 24, In the majority of the cases, the patients have underlying health
conditions 12211221 These patients have comorbidities or certain conditions that cause impairment of the host immune
defenses and immunosuppression directly or indirectly W21, such as:

- Conditions that cause decreased numbers of phagocytes and altered immune functions, including hematologic
malignancies, hematopoietic stem cell transplantation, solid organ malignancies and transplantation, and
rheumatological diseases [12[14]21](23],

- Uncontrolled diabetes, diabetic ketoacidosis, and metabolic acidosis, which are conditions that cause changes in pH
and iron availability within the host [1I[12](14][21][23](24]-

- The use of corticosteroids/immunosuppressors in high doses and for long periods 1214l chelator therapy with
deferoxamine (DFO) W2I14I21I123] 5nd prolonged use of voriconazole 12114123];

- Malnutrition and neonatal prematurity 2421 On the other hand, the main factors linked to the development of
mucormycosis in immunocompetent patients are:

- Traffic and home accidents, trauma, skin injuries, and burns [LIIEIA3]23],
- Natural disasters, such as tsunamis, tornadoes, and volcanic eruptions [L8[13](26],

- The use of contaminated medical materials, such as bandages and tongue depressors, and prolonged hospital stays 4!
[6]

1.2. Pathogenesis

Mucorales have many traits that contribute to their ability to cause such an aggressive disease, including thermotolerance
(27]128]  rapid growth and angioinvasive nature 27129 cell wall remodeling to endure hostile environments 22, iron uptake
from the host [BIEI3Y aphility to bind to glucose-regulated proteins on endothelial cells B, downregulation of host genes
involved in the immune response and tissue repair (22321 and resistance to most available antifungals (31,

The fungus might enter the host through different vias, including spore inhalation, skin inoculation, or ingestion through
the gastrointestinal tract [22. Independently of the inoculation route, the establishment of the infection depends on several
steps: inoculation of spores, immune response evasion, attachment to the endothelium, endocytosis, germination into
hyphae, endothelial damage, and hematogenous dissemination 12122281 Thys far, the most studied Mucorales virulence
factors that participate in the infection process are the attachment to endothelial cells and iron uptake. Mucorales are
vasotropic; therefore, the interaction between the fungus and endothelial cells around blood vessels is an indispensable
step in mucormycosis pathogenesis 22l which explains the angioinvasive nature of these organisms.

Once in the host, spores attach to the basement membrane extracellular matrix proteins, laminin and collagen IV, and
secrete proteolytic enzymes [B4IS5I36] - gybtilases B4, and lipolytic/glycosidic enzymes 8l which contribute to the
destruction of the host tissue, which could have been already damaged by other host conditions, such as hyperglycemia
or chemotherapy & This interaction with the endothelial cells is specific and is through the spore-coat homolog (CotH)
proteins B2, which bind to the receptor glucose-regulator protein 78 (GRP-78) 21, It is well-reported that the expression
levels of the CotH proteins determine the fungal virulence degree since high-virulent genera, such as Rhizopus, Mucor,
and Lichtheimia, have three to seven CotH copies expressed, while low-virulent genera, such as Apophysomyces,
Cunninghamella, Saksenaea, and Syncephalastrum, express only one to two copies, and Entomophthorales isolates,
previously considered close to Mucorales, have no CotH genes and are avirulent 29,

The GRP-78 recognition by CotH proteins causes host cell death by the induction of endothelial cell-mediating
endocytosis, initiating the fungal invasion of the endothelium 2. The expression of both CotH and GRP-78 is highly
enhanced in a hyperglycemic environment and with high concentrations of iron in acid pH, which is the reason diabetes
and ketoacidosis are important risk factors for the development of mucormycosis BB, GRP-78 binding to CotH proteins
has been recognized as a unique mechanism for the Mucorales order since other opportunistic pathogens, such as
Candida albicans and Aspergillus fumigatus, do not bind this endothelial cell receptor Bl. However, it is not the only factor
involved in Mucorales binding to the host’s cells since blockage or suppression of GRP-78 does not completely abolish
endothelial invasion . In this regard, the platelet-derived growth factor receptor B (PDGFRB), found in the transcriptome



of endothelial cells interacting with Rhizopus delemar, R. oryzae, and Mucor circinelliodes 49 also contributes to the
fungus growth and angioinvasion since inhibition of PDGFRB phosphorylation partially reduces Mucorales-mediated
endothelial damage in vitro 42,

When talking about fungal growth and replication, nutrition is a very important factor, and iron is essential for these
processes. In Mucorales, iron uptake is performed by three mechanisms: low molecular weight iron chelators or
siderophores, high-affinity iron permeases, and heme-oxygenases El8l. |n healthy individuals, iron is bound to the serum
proteins, but in diabetic patients with uncontrolled high glucose levels and ketoacidosis, iron is found unbound and in
elevated concentrations, improving R. oryzae growth and causing phagocytosis defects “H42 |n hyperglycemia
conditions, excessive iron sequestering proteins glycation, such as transferrin, ferritin, and lactoferrin, is induced, which
reduces iron affinity and increases free iron levels X while increasing CotH and GRP-78 expression BL43]. Under acidic
conditions due to the accumulation of ketone bodies, such as B-hydroxy butyrate, the transferrin capacity of chelating iron
is impaired (24, and the GRP-78 expression is also increased 43!, Mucorales have an intrinsic siderophore known as
rhizoferrin, which supplies the fungus with unbound iron through a receptor-mediated process 2443l that, however, is
incapable of obtaining iron bound to serum proteins 4211481 which is thought to be the main mechanism for iron uptake
under hyperglycemic and acidic conditions. However, for iron uptake, Rhizopus is capable of using external siderophores,
such as DFO, an iron chelator used as a treatment in patients with increased iron overload El28l. DFO chelates iron from
transferrin and forms the complex iron-DFO, known as ferroxamine, which binds to the fungal cell surface receptors Fobl
and Fob2, where the iron from the complex is reduced 4311481471 reoxidized, and transported intracellularly by the high-
affinity iron permease FTR1 32143l The use of DFO plays an important predisposing role in the development of highly
lethal and disseminated mucormycosis 48, FTR1 permease has been proved to be important for fungal pathogenicity

since during infection, R. oryzae expresses FTR1, which, when inhibited or reduced, causes fungal virulence reduction
[30]

Finally, hemoglobin can also be used as a source of ferric iron by Mucorales, to which they have access due to their
angioinvasive ability 1. Once the fungus transports hemoglobin intracellularly, the heme-oxygenases in the cytoplasm,
through the reductase-permease system, enable the iron uptake from the host hemoglobin 2J[BAMS] |t js thought that
during this process, FTR1 acts as a cytoplasmic membrane permease that facilitates intracellular heme uptake (€,

1.3. Inmune Response during Mucormycosis

The main host defense against the Mucorales spores germination and dissemination are innate immune cells, consisting
of circulating neutrophils, mononuclear cells, and macrophages 8. Tissue and alveolar macrophages phagocytose the
spores and kill them, and in the case where any spore survives and germinates, hyphae then induce neutrophils
chemotaxis, which eliminate them through reactive oxygen metabolites, cationic peptides, perforin, and the production of
proinflammatory cytokines, such as TNFa, INFy, and IL-1B, which recruit and activate other immune cells [EI281491[50]
However, other reports suggest that, although capable of phagocytosing R. oryzae spores and inhibiting their germination,
macrophages cannot kill them due to the inhibition of LC3-associated phagocytosis (LAP), an important antifungal
pathway that participates in the host defense regulation B, |t was observed that melanin in the Rhizopus spore cell wall
blocks phagosome responses, completely inhibiting phagosome maturation and allowing fungal intracellular persistence
48] This fungistatic activity of macrophages and other phagocytes is thought to promote Mucorales virulence, prolonging
fungal survival in the lungs and serving as transport of spores to other organs BUBZ Therefore, it is suggested that
macrophages’ fungicidal activity is dependent on the spores development stage since lack of cell wall remodeling and
germination, which results in the retention of the cell wall melanin, inhibits LAP and therefore causes intracellular
persistence BUE3l |n addition, recognition and phagocyte binding of Mucorales seem to be dependent on the spore wall
composition 11, and the receptors participating in this process include Toll-like receptors, especially TLR-2, which plays
an important role in Rhizopus recognition by neutrophils 48149l and activation of proinflammatory cytokines such as IL-1f
and TNFo 49,

Platelets also participate in the host immune response during this infection, as they strongly bind to Mucorales spores and
hyphae. Once the platelets bind the pathogen and are activated, they damage hyphae in a time-dependent manner
through the secretion of granules with pro- and anti-inflammatory cytokines and chemokines with antifungal properties 5%
(4] a5 well as increasing their tendency to aggregate, which enhances clot formation and suppresses hyphal growth and
dissemination 12BYB4] |t was even observed that platelet antifungal activity is greater than that of polymorphonuclear
leucocytes 24551 Additionally, these cells express membrane-bound molecules that bind to endothelial cells, monocytes,
and dendritic cells, activating them and enhancing the immune response against the fungus 28,



Natural killer (NK) cells are also considered to have an important role in the immune response against Mucorales. It has
been observed that NK cells are activated by R. oryzae hyphae and damage this morphology, mainly by the protein
perforin 2458 and depending on the amount of fungal biomass B2, However, direct contact of R. oryzae hyphae with
these cells decreases secretion of IFNy and RANTES (Regulated upon Activation, Normal T-Cell Expressed, and
Presumably Secreted), which are important molecules that improve the fungicidal activity of macrophages and the host
defense against fungi BABA. Therefore, these cells’ activity is more effective in the early stage of the infection 28152,

It has been demonstrated that Mucorales are capable of down-regulating genes involved in pathogen recognition, innate
immune responses, and tissue repair mechanisms, facilitating fungal growth €9,

Although the knowledge regarding the adaptative response against Mucorales is scarce, it is already known that greater
resistance to pulmonary mucormycosis is associated with an early Th-1 response, mediated by IFNy and IL-2, while the
infection control is mediated by the Th-17 response, with increased production of IL-17 and IL-2 by the spleen €11, Just
like in the pulmonary infection, in disseminated mucormycosis, IL-17 signaling and the Thl- response, through IFNy
signaling, are crucial for fungal clearance and thus control of the infection (€11,

Finally, the patient's health conditions, such as diabetes and acidosis, alter the immune response against Mucorales. It
has been widely reported that hyperglycemia causes phagocyte dysfunction 62 and suppresses T lymphocyte induction
and IFNy production &, while ketoacidosis impairs chemotaxis and neutrophils functions [BI22I[28] aj| of them factors that
favor the fungus growth and dissemination.

| 2. COVID-19-Associated Mucormycosis

Although the first report of mucormycosis in the literature dates from 1855 (€3], and despite having extremely high mortality
rates [, this infection has not received enough attention, as much information about the disease and its etiological agents
is still unknown. However, with the surge of the COVID-19 pandemic, a rise in mucormycosis cases has been reported €4
(631 highlighting the severity and importance of both diseases, especially when combined. Before the COVID-19
pandemic, mucormycosis had a mortality rate of 50%, but now, the mortality of CAM has increased to 85% in India not
only due to the COVID-19 infection but also due to crowed hospitals and inadequate infrastructure, ineffective healthcare
resources, lack of healthcare workers, poor diagnosis, and lack of awareness [661(67] Currently, CAM represents 0.3% of
fungal COVID-19 coinfections (68!,

The increase in CAM development has been mainly observed during the second wave of the COVID-19 pandemic, which
might suggest a more effective association between mucormycosis and the SARS-CoV-2 delta variant, probably because
it is more contagious and resistant to vaccines, with a higher risk of hospitalization and predisposition for the rhino-
cerebral form, and also because of this variant's ability to affect the pancreas, predisposing to hyperglycemia £,

The majority of CAM cases reported worldwide are from India, followed by the United States, Egypt, Iran, Brazil, and
Chile, and a few cases have also been reported in the United Kingdom, France, Italy, Austria, and Mexico (a1,

According to epidemiological reports, it has been observed that, just like COVID-19, CAM is mainly present in male
patients with diabetes, hypertension, or treated with glucocorticoids EAIAZAZAZIZASIIEIITIE]  Fyrthermore, in

concordance with what has been observed in mucormycosis, the main clinical form of CAM is the rhino-orbital/cerebral,

followed by pulmonary, cutaneous, disseminated, and gastrointestinal forms, with the most common etiological agents
being Rhizopus spp. [BAESI7AI7Z8]

CAM has been reported in patients with active SARS-CoV-2 infection but also in patients already recovered, and although
the majority of CAM cases were reported in severe COVID-19 patients, the mycosis has also been found in mild/moderate
SARS-CoV-2 infections 9. The first evidence of CAM is usually found 15 days after COVID-19 diagnosis, but it can take
up to 90 days to detect the earliest symptoms (80,

To cause such an aggressive and lethal infection, the causative mucormycosis fungi take advantage of the many
alterations that SARS-CoV-2 infection generates on the host, such as (Figure 1):
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environment promoted by COVID-19 that predisposes the development of mucormycosis. The use of corticosteroids for
COVID treatment and the dysregulation of ACE2 caused by SARS-CoV-2 create a hyperglycemic status in the patient,
which causes overexpression of GRP-78, acidosis, and immunosuppression, this last also promoted by corticosteroid use,
acidosis, and the COVID-19 itself. GRP-78 overexpression and acidosis are closely related since the presence of one
promotes the development of the other, both causing iron overload; this last is also promoted by the cytokine storm
observed during COVID-19. ACE2 dysregulation is related to the development of endothelial damage, thrombosis,
angiogenesis, and altered pulmonary function, which can also be caused by the SARS-CoV-2 replication and the cytokine
storm. Iron overload, GRP-78 overexpression, immunosuppression, endothelial damage, thrombosis, angiogenesis, and
altered pulmonary function are directly related to mucormycosis development during COVID-19. Double black arrow: a
risk factor for COVID-19 and mucormycosis infection. Dotted black lines: alterations directly caused by SARS-CoV-2 and
COVID-19. Dotted red, blue, green, and purple lines: alterations caused by COVID-19. Purple, green, and brown lines:
factors directly related to the development of mucormycosis.

« Hyperglycemia, caused by the use of corticosteroids to treat COVID-19 Bl and dysregulation of the host receptor
ACE2 (angiotensin-converting enzyme 2) observed during the viral infection B2l (explained in vii). Pre-existing
diabetes is the main risk factor in most CAM cases 84! and is also related to an increase in the severity of SARS-CoV-2
infection [84l;

» Low pH, caused by diabetic ketoacidosis or metabolic acidosis caused by corticosteroid use [, which reduces the
leukocytes’ phagocytic activity and impairs bronchoalveolar macrophages migration and functions [641(88;

« Immunosuppression, caused by SARS-CoV-2 infection and hypoxia, corticosteroids, and tocilizumab use E8IEZl or
patients’ previous comorbidities. Endothelial damage, thrombosis, and lymphopenia are usually observed during
COVID-19, which contribute to the host immunosuppression [88][e9]-

« Free iron availability, caused by hyperglycemia, the COVID-19 cytokine storm, or by acidosis. Hyperglycemia and
diabetic ketoacidosis cause dissociation of iron from ferritin and lactoferrin, thus elevating free iron concentrations EU]
and some cytokines, mainly IL-6, stimulate ferritin synthesis and decrease iron export, increasing intracellular iron
storage [RUB293] and causing tissue damage and thus the release of iron into circulation 24l Therapeutic intervention
with lactoferrin has been suggested to revert iron availability 21126157,

« Pulmonary changes, including vascular endothielitis, thrombosis, and angiogenesis, caused by SARS-CoV-2 infection,
which provides a focal point for fungal growth and dissemination 28183, The damage to alveolar cells can also promote
anaerobic glycolysis, which causes lactic acidosis [3!;

« Overexpression of endothelial cells GRP-78, caused by hyperglycemia, acidosis, and iron availability, which enables
angioinvasion, hematogenous dissemination, and tissue necrosis [21;

« Dysregulation of ACE2 by SARS-CoV-2. By being present in many organs and tissues, the alteration of the receptor
ACE2 expression causes a suitable environment for the development of mucormycosis. During COVID-19, a
downregulation of ACE2 has been observed in the lungs 199, which causes inflammation, leukocytes exudation, and
altered pulmonary function and therefore poor oxygenation 2. Additionally, the effect of the virus on ACE2 in the
pancreatic beta cells causes hyperglycemia, while dysregulation of the receptor in the vascular endothelium causes
endothelial damage and vascular thrombosis, leading to vascular endothelial injury and venous stasis, causing an
increase in serum iron due to hemolysis [821[83l:



Prolonged hospital stays and mechanical ventilation in severe COVID-19 cases expose the patient to fungal
coinfections [Z2198],

In addition, the use of industrial oxygen in COVID-19 patients due to a shortage of medical oxygen and the re-use of

oxygen masks is suggested to be related to the development of CAM, especially in third-world countries. Unlike medical

oxygen, industrial oxygen is not purified nor stored in disinfected cylinders 812011,
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