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Pathogenesis of Mucormycosis: The Spores on a Sail.

Abstract:

Fungi of the order Mucorales are capable to infect human beings and animals. Mucormycosis is a well-known, life-threatening infection, primarily occurring in
immune-compromised conditions like diabetic ketoacidosis, organ transplantation, increased serum iron and neutropenia. The mortality and morbidity rate
due to Mucormycosis is rapidly rising despite of surgical debridement and antifungal aids. In this article, we will review (i) the existing knowledge about fungi (i)
interaction of Mucorales with host immune system (iii) assessment of virulence factors of Mucorales which play a key role in infection like high-affinity iron
permease FTR1, spore coat protein CotH, reductase permease system. Since Mucormycosis infection is angioinvasive in nature, emphasis is placed on the
ways by which organisms acquire iron from the host and its interaction with blood vessels. The present mini-review attempts to spread awareness regarding
difficult to treat infection of mucormycosis and to provide possible targets for future research for therapeutic measures.
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Introduction:

Mucormycosis is a promptly growing opportunistic infection
caused by Mucorales, an order of fungi. [1] Mucorales acts as
the most prevalent pathogen inflicting disease in humans. In
patients suffering from mucormycosis, Rhizopus Oryzae
species are found upon exploration. It accounts for about 60-
70% of most mucormycosis infections. [2] It has been
concluded using studies based on various biopsy reports that
Mucormycosis is the third most widespread fungal infection
after Candidiasis and aspergillosis. It is additionally common
in adults. [3]The reason behind uprising outbreak of
mucormycosis is due to increased cases of diabetes mellitus,
neutropenia, organ transplant, prolonged corticosteroid
therapy, malignant neoplasms. [4] A disparity in the risk
factors associated with mucormycosis is seen between
developing countries like India, Pakistan and developed
countries like the U.S. While uncontrolled Diabetic Mellitus
caps the leading cause in developed countries, stem cell
transplantation in developing ones. [5,6] Woefully, despite of
varying surgical treatments including debridement, antifungal
therapy, the mortality rate is high. New strategies which can
thwart the infection are the need of the hour. Understanding
pathogenesis behind infection can assist in modulating the
treatment plan effectively.
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Transmission:

It usually spread by three modes-

1. Inhalation of fungal spores

2 Consuming infected food

3. Inoculation by infected needles

4 Infected wounds, burns, trauma [4,7]

Pathogenesis:

The interaction between host and causative organism is
extremely significant in disease development. In
mucormycosis, the fungal spores and hyphae intrude the
human body, severing the defence barrier, infiltrating blood
vessels and dissemination. [§]
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Host Defense:

Macrophages are the initial line of defence that recognizes
and responds hastily when the pathogen invades, degrading
and ingesting the same. By any possibility, if fungi escape, it
evokes neutrophils which undergo migration towards them,
ravage and engulf them. Neutrophils fiddle a substantial role
in the defence mechanism. They elicit cytokines like tumour
necrosis factor [TNF-a], interferon-gamma [IFN-y],
interleukin Ib, who act as proinflammatory cytokines
recruiting other inflammatory factors. They also operate toll-
like receptors (TLR-2) and a vigorous NF-«xB related gene
expression. [9,10] Furthermore, Neutrophils generates
oxidative metabolites, peptides and perforins. These
oxidative metabolites exterminate the fungi by killing spores
and hyphae. [11]

In patients with diabetic ketoacidosis with decreased ph and
increased blood glucose, neutrophils are incapable to execute
their process of chemotaxis and degradation of hyphae by
differing mechanisms like oxidative and non-oxidative. In
studies, it has been revealed that inhalation of Mucorales
spores in usual healthy animals did not result in infection. But
the immunocompromised animals or the animals suffering
from diabetic ketoacidosis develop mucormycosis post-
invasion of spores in their body. [ 12]

Not solely do phagocytes dysfunction leads to the
development of mucormycosis in patients, but there are also
many other components associated. Similarly, platelets also
hold a key role against the invasion of Mucorales. Platelets on
contact with fungal hypha and spores aggregate and induce
clot formation, impeding the function of spores. They possess
antimicrobial and antifungal properties. They express
molecules that bind to endothelial cells, dendritic cells, which
gets activated upon binding and suppress Mucorales. They
contain granules having cytokines with antifungal properties.
[13, 14] Likewise, natural killer cells exhibit antifungal
properties and kill the hyphae by various oxidative and non-
oxidative methods. They secrete granules having pro-
inflammatory cytokines which act against fungi. [15]

Virulence factors:

Mucorales possess diverse virulence factors which facilitate
them to inflict disease in the host. Genomic studies have

ascertained that during the evolution of Rhizopus Oryzae, the
organism has made itself competent to withstand varying
environmental variations by secretion of virulence
components. [16] These genetic adaptations have made it
plausible for the organism to inundate the host body, survive
under hostile conditions, invasion in blood vessels, attains
nourishment for its metabolism from the host and evolving as
immune to antifungal agents. They are the rmotolerant and
stress-tolerant in nature. [17]

One of the virulence characteristics is the acquisition of iron
from the host. Iron is the vital element of the human body
required for the effective functioning of cells. Mucorales
acquire free iron from the host lowering down the immunity
rendering the host more susceptible to disease.[18] The
organism secretes lytic enzymes like aspartic proteinases
along with metabolic alkaloids and toxins like rhizoxin which
facilitates its access and spread in the host. Rhizoxin is
antimitotic in function. In recent studies, it has been observed
that rhizoxin is not secreted by fungi itself but from a
symbiotic association with the bacteria Burkholderia.
Rhizopus exhibits an active ketone reductase system too,
which bestows to its pathogenesis in patients suffering from
diabetic ketoacidosis. [19-22]

Host Pathogen Interaction:

Not many studies have been done associated to epithelium
interaction with the spores. After the deterioration of
epithelium, the spores adhere to extracellular matrix protein,
collagen type IV and laminin of the basement membrane.
Mucorales express differing glycolytic and proteolytic
enzymes which encroaches the host system after damaging it.
[23,24]

The endocytosed Mucorales bind to endothelium by
expressing a peculiar protein known as coat homolog (CotH)
protein. These (CotH) proteins are distinct to Mucorales and
the virulence of the organism relies upon the abundance of its
copies produced. Expressed protein gets adhered to receptors
called glucose-regulator protein 78 (GRP78) existing on the
surface of the host endothelium.[25] GRP78 is also called
BiP/HSPA[5]. It is recognized as a protein elicited during
glucose scaracity in the cells. It is a component of the heat
shock protein family HSP70, located in the endoplasmic
reticulum it is a unique receptor in host cells.[26] GRP78
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functions in two ways. It acts as a crucial chaperone, where it
supports in compiling, wrapping and organizing protein and
deportation of non-sense proteins. Furthermore, it presents as
a sensor during the stress of the endoplasmic reticulum.
GRP78 and CotH proteins expression is heightened during
Rhizopus invasion. Their secretion is also intensified during
diabetic ketoacidosis and increased free iron in serum. The
adherence of CotH to the receptor proteins boosts the invasion
of Mucorales in the host where it results in destruction. [27]

Research studies have implied that in the Mucorales infected
mice, an increased expression of GRP78 was found to be
present. These mice were more likely to be suffering from
diabetic ketoacidosis. Normal healthy mice carrying anti
GRP78 serum were found to be protected against diabetic
ketoacidosis. These findings suggest an association of
diabetic ketoacidosis in patients to Mucorales. [28]

Furthermore, Platelet-derived growth factor receptor [PDGF]
was found to be more triggered during this fungal infection.
PDGF is known to regulate cell division and functioning.
PDGF receptors promote the binding of fungi and cause
invasion in blood vessels. [29]

Iron Uptake Mechanism:

Iron is indispensable for the growth of fungus. In the normal
state, Iron is bound to the serum proteins like transferrin,
ferritin and lactoferrin. This bound state iron deters the host
from lethal consequences of unbound free iron. It is the
universal protection mechanism against fungi as scaracity of
free iron suppresses the growth of fungi in the human body. In
research studies done on animals, it has been established that
presence of iron in serum promotes the growth of fungi
whereas iron deprivation prohibits the growth. Fungi acquire
iron from the host by three mechanisms:

1. Ironfromthe heme
2. Proton mediated iron transfer
3. TIronchelation[30]

Reductase Permease System:

Fungi possess a reductase permease system which facilitates
them to acquire host iron. Permease has an elevated likeness

towards iron have enzyme reductase on the surface which
reduces insoluble ferric iron form to soluble ferrous ion. Thus
reduced ferrous state iron is captured by a protein complex.
The protein complex is made up of multicopper oxidase and a
ferrous permease. The genetic studies have revealed the
existence of ferric reductase (three), copper oxidase (six) and
iron permease (one) combination. FTR1 is the gene credible
for coding the high-affinity iron permease during fungal
infection. [31, 32] Reduction of gene expression FTR1 or
reduced synthesis of the gene declines the fungi impact in
animals with mucormycosis. Immunisation in mice utilizing

anti-FTR 1p, protected them from Mucorale infection. [33]

Pathway 1: Iron from the heme:

Heme is an affluent source of iron for intruding fungi because
of the angioinvasive attribute of disease. Heme is procured in
two ways. Through the reductase permease system, ferric iron
is acquired from heme. Heme oxygenase is an enzyme that
helps in attaining ferric iron in the cytosol when heme is
transported intracellularly. [34, 35]

Pathway 2: Proton mediated Iron transfer:

Patients suffering from Diabetic ketoacidosis are more likely
to be invaded by Mucorales causing mucormycosis. An acidic
ph of range 7.3-6.8 promotes the growth of R.oryzae. These
patients have a heightened level of free iron in serum eliciting
acidic conditions. Moreover, the addition of iron from
exogenous sources further accentuates the growth of fungi. It
has been seen that acidic pH impedes the binding of iron to
protein carriers and there is proton mediated transfer of free
iron to serum from transferrin. Protons from the acidic pH
bind to transferrin allowing iron displacement to the serum
which further moves intracellularly by reductase permease
system. [36]

The increased serum glucose level in DK A patients also leads
to impaired phagocytic function and IFN-y synthesis.The
presence of glucose, iron and ketone bodies provokes the
GRP78 and CotH expression which further augments damage
by fungi. [37]
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Pathway 3: Iron Chelation:

R. oryzae produces a siderophore, rhizoferrin. Rhizoferrin is
incapable of rendering adequate iron to Rhizopus from the
serum. Also, Rhizopus lacks an enzyme, non-ribosomal
peptide synthase which generates a siderophore. Thus,
Mucorales are dependent on host iron like in Diabetic KA
patients, enzyme haem oxygenase or reductase system. [38]

Deferoxamine, a siderophore is used in patients when there is
excessive iron load. It is an iron chelator and chelates iron
from carrier bounds iron with the formation of ferroxamine
(iron-deferoxamine complex). This complex adheres to the
fungus through receptors Fob 1 and Fob 2 b. By reduction
mechanism, iron is liberated from the complex. Thus formed
ferrous ion is oxidised to the ferric state by enzyme copper
oxidase which is then transported intracellularly by permease
FTRI1.[39]

Conclusion:

Immunocompromised patients, patients undergone organ
transplantation or on deferoxamine therapy are extremely
prone to the development of Mucormycosis. Virulence factors
of pathogen in a host at risk elicit numerous pathologies in
patients due to angioinvasion. Augmenting host immunity,
counteracting virulence factors can assist in counteracting the
Mucorales. FTR1 is an important gene for the survival of R.
Oryzae and inhibition of it by passive immunisation can
procure encouraging results in future against life-threatening
mucormycosis.
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