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Abstract

This article aims to review the literature regarding the immune response to fungi in diabetic patients with invasive
fungal rhinosinusitis. Systematic searches of Medline, EMBASE, and Cochrane Library databases were performed to
include articles from 1988 to 2019 which assessed ‘immune response to fungi in normal host, ‘immune deficiency in
diabetes mellitus, or ‘immune response to fungi in diabetic patients. Fungal cell wall activated pattern recognition re-
ceptors, resulting in recruitment of innate immune cells and an adaptive immune response. In diabetes mellitus, the
expression of class I major histocompatibility complex was reduced. A hyperglycemic state decreased vascular dilation
and the formation of neutrophil extracellular traps. The structure of complement was altered with consequent inhi-
bition of complement fixation to bacteria. The balance between complement activation and restriction was broken.
Hyperglycemia activated protein kinase C which inhibited neutrophil migration, decreased production of polymor-
phonuclear cells, decreased chemotaxis and decreased phagocytic activity. Germination and filamentous growth of the
fungus within a diabetic host caused angioinvasion, vascular thrombosis and necrosis. Patients with diabetic ketoaci-
dosis had elevated levels of serum iron which regulated endothelial cell damage. Iron and the overexpression of glu-
cose-induced glucose-regulated protein 78 enhanced the susceptibility of endothelial cells to fungi and induced fungal
invasion. In summary, associations among the immunopathology of diabetes, the pathophysiology of fungal infec-
tions, and the therapeutic outcomes must be considered in clinical practice. In diabetic patients, both the humoral
and cellular immune responses of innate and adaptive immune systems were defective. Treatments should aim for the
immune function restoration.
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Introduction

There are over 300 fungal species that are human patho-
gens.! Patients with immune deficiency are more susceptible
to infections, including fungal infections. Mucormycosis is
an invasive infection caused by fungi of the class Zygomy-
cetes.” Aspergillosis is an airborne fungus that does not cause
a disease in normal or healthy hosts but could cause a serious
infection in an immunocompromised host.’ Invasive fungal
rhinosinusitis is an aggressive and fatal infection. In patients
with a defective immune system, invasive fungal rhinosinus-
itis results from spore germination and tissue invasion. Fever,
facial pain, colored nasal discharge and orbital complaints are
the most initial presenting symptoms. The clinical presenta-
tions of the disease can be quite variable. However, the rapid

progression is always characteristic of this disease. Rapid
spread into the nearby structures is common. Severe endo-
thelial damage results in extensive necrosis and angioinvasion
(Figure 1). The extensions into the orbit, intracranial and the
cavernous sinus are the most common complications (Figure
2). Early diagnosis and prompt treatment are mandatory.

The prevalence of invasive fungal rhinosinusitis is high
in the immunocompromised patients, such as those with
diabetes mellitus, hematological malignancy and those un-
dergoing long-term corticosteroid therapy. Patients with di-
abetes mellitus are known to be susceptible to infections
throughout the entire body. Diabetic ketoacidosis (DKA) can
cause a rapid progression of invasive fungal sinusitis due to
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Figure 1. Nasal endoscopic view of the left nasal cavity of a

patient with invasive fungal rhinosinusitis
Footnote - NS: Nasal septum, MT: Middle Turbinate, MAX: Maxillary sinus

Figure 2. CT scan of a patient with invasive fungal rhinosi-

nusitis showing cavernous sinus invasion
Footnote - S.S: Sphenoid Sinus, Cav.S: Cavernous Sinus

Table 1. Summary table of host immune response to fungi

Innate immune response to fungi

Normal immune response to fungus
RE TG - Diabetic patient immune response
Effector cell of the host Response

Site of
the host

Beta—gll.lcan— h Monocyte, Macrophage, Dendritic » Expressed effector cells of innate
EXPI}‘:’SSIOH ;m e | =4 immune system « Decrease in production of PMN cells
yphae surface » Decrease in chemotaxis
E: . « Recruitment of innate immune cells * Decrease in phagocytic ?Ctl\.llty'
= « Toll-like receptors . .  Broken complement activation and
o) . . « Host antimicrobial response .
O Fungal cell wall « C-type lectin receptor lectin-1 . . . restriction
sienaling & Licati « Anti-aspergillum role - against . finfl .
gnaling & receptor Ligation conidial germination » Promotion of inflammation,
8 proliferation, thrombosis
Fungal hyphae Dendritic cell Expression of IL23 and TNF alpha
» Damage and degradation of fungal

Resting spore PMN cells, Neutrophil component
= + PMNGs activate -TNF-alpha and ILs « Decrease in neutrophil activity
° o Inhibition of neutrophil migration
Py .
k= Swollen Spore Macrophage, Neutrophil ?;Eqafz;:}[d degradation of fungal o Decrease in chemotaxis
= P  Decrease in phagocytic activity

Fungal Hyphae Macrophage, Neutrophil Damage and degradation of fungal

component
o Activation of Protein Kinase C
S  Decrease in vascular dilation
e Funeal Hyphae IL-8 response in monocytes and Limit in hyphae elongation and induced | « Enhanced GRP78 expression of
_é' s TP thrombin activation damage of fungi the endothelial cells
& o Elevated serum iron levels and
endothelial damage in DKA state
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Table 1. (Continued)

Adaptive immune response to fungi

Site of Immune . : q prerry
the host recognition Action Response Diabetic patient immune response
« Balance Th1 and Th2
Treg « Limit fungal or reduced Production of IL10
inflammatory response
= « Inhibition of the IL-10 production
E Thl Clearance of fungal pathogen Production of IFN - gamma by myeloid cells P
5 e
o Th2 Pathogenic Production of IL4 + Inhibition of the IFN—gamma and
= TNF-alpha production by T cells
Protective or harmful role
Th17 depending upon fungal loads Production of IL17
and components

Abbreviations: PMN = polymorphonuclear cell, IL = Interleukin, IFN = Interferon, TNF = tumour necrosis factor

its hyperglycemic and acidity state.* However, it is controver-
sial whether diabetes is associated with good or poor prog-
nostic factors of the invasive fungal rhinosinusitis. One study
showed that DKA did not affect the survival outcome.” This
manuscript aims to review the existing literature regarding
the immune response to fungi in diabetic patients with inva-
sive fungal rhinosinusitis. Host immune response to fungi is
summarized in Table 1.

Innate immune response to fungi in normal host

The fungal cell wall is one of the pathogen-associated mo-
lecular patterns (PAMPs) which is the first structure recog-
nized by the immune system and activates the host immune
response to the fungi. Beta-glucan is found in the fungal cell
wall. Its expression on the hyphae surface is recognized and
regulated by pattern recognition receptors (PRRs). These
PRRs are expressed on most effector cells of the innate im-
mune system, including on the surface of macrophages and
the human monocyte derived dendritic cells. The major PRRs
are Toll-like receptors (TLRs) and C-type lectin receptor, lec-
tin-1. Cytokines and chemokine productions are induced by
the signaling and receptor ligation resulting in a recruitment
of innate immune cells and host antimicrobial response. The
adaptive immune response is also induced.® Rhizophus hyphae
induce dendritic cells which release interleukin (IL)-23 and
tumor necrosis factor alpha (TNF-a). IL-23 drives T helper
(Th) 17 responses and TNF-a upregulates the Thl response.
The inhibition of B-glucan receptor, Dectin-1 reduces the IL-
23 production.’

A first line protective immune response is required to
get rid of the fungal spores and limit their ability to spread
before an invasive fungal infection is developed. The first
line defense cells such as monocytes, macrophages and nat-
ural killer cells recognize the pathogen and kill the hyphae.
The first defensive response to inhaled Aspergillus spores is
through the monocytes that inhibit the spores germination.
Monocytes are capable of ingesting Aspergillus conidia and
inducing damage to the hyphae. The anti-aspergillum role of
CD14* and CD16" monocytes is against conidial germina-
tion. CD14* and CD16* enhance an inflammatory response
by producing the TNF-a.° Macrophages, the next defense
cells, localize the infection at the early stage and prime the

adaptive immune response resulting in a more aggressive
and specific response to the infection.® Other first line de-
fense cells, the natural killer cells, limit tissue damage by in-
ducing cell cytotoxicity. If the protective response of the first
line defense cells is inadequate, polymorphonuclear leuko-
cytes (PMNs) will kill the hyphae. After Rhizopus oryzae (R.
oryzae) damages endothelial cells, the interactions between
R. oryzae and the endothelial cells induce the phagocytosis
of the fungus.® Neutrophils provide the rapid response that
fight against fungal hyphae by infiltrating the infected site
and timely apoptosis.'® Neutrophils can induce damage to
hyphae by several means. When resting spores that are high-
ly resistant to macrophage activity, swollen spores and hy-
phae are killed by non-oxidative methods and neutrophil
extracellular traps (NETs) antimicrobial action kill.%*!° After
monocyte and neutrophil attach to fungal growth, the fungi
are killed by oxidative means. PMNs activate the pro-inflam-
matory signaling by inducing pro-inflammatory cytokines
such as TNF-a and ILs. PMNs prevent spore germination of
the fungus even if the phagocytes fail to kill the spores. As
a result, the mucor is non-pathogenic in healthy persons."
Aspergillus hyphae activate platelets which induce both the
inflammatory (IL-8) response in monocytes and throm-
bin activation.® Platelets can adhere to the cell walls of the
Aspergillus hyphae which limit hyphae elongation and induce
damage of fungi.

Adaptive immune response to fungi in normal

hosts

The T helper (Th) cells are important for the clearance of
pathogenic fungi. The Thl response plays a protective role
while the Th2 response plays a non-protective role. The role
of regulatory T cells (T regs) during fungal infection is to
balance between the excessive inflammatory response due to
the Thl response and the hypersensitivity reaction associat-
ed with the Th2 response.'”? The Th17 response depends upon
fungal loads and components to become either a protective
or harmful role. The Thl cells produce interferon gamma
(IFN- y) as a protective response against fungus. The Th17
cells produce IL-17, which has a profound impact on neu-
trophil activity in a fungal reaction. In addition, IL-4, IL-10
and IFN-y are also released to fight against fungal infection.®
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An acquired immune response is mediated by the CD4 (Thl,
Th2, and Th17) and CD8 T cell responses.

Immune deficiency in diabetes mellitus

The reasons why patients with diabetes mellitus are more
susceptible to infections are not clearly understood. Diabetes
is acknowledged as a metabolic disorder and secondary im-
mune deficiency. Hyperglycemia is the main cause of com-
plications such as retinopathy, nephropathy and neuropathy.
It is also a precipitating factor of cardiovascular complica-
tions in long standing diabetes. Activation of a protein kinase
C (PKC) isoforms, in particular PKC-B, is the well described
pathway in the development of vascular complications in pa-
tients with diabetes.

Innate immunity of the patients with diabetes is defective
in both the humoral and cellular parts. Increased glycation
status reduces the expression of class I major histocompat-
ibility complex (MHC) on the surface of myeloid cells, and
inhibits the IL-10 production by myeloid cells and the IFN-y
and TNF-a production by T cells."* In addition, mononuclear
cells and monocytes of patients with diabetes secrete less IL-1
and IL-6." The hyperglycemic state also decreases vascular
dilation and the NETs formation. The structure of comple-
ment is altered which inhibits complement fixation to bacte-
ria. Complement dependent and complement independent
mechanisms induced by a high level of glucose promote in-
flammation, proliferation and thrombosis. In diabetes melli-
tus, the balance between complement activation and restric-
tion is broken.

The major effects of the above decrease phagocytosis.'*'¢
Hyperglycemia activates protein kinase C which inhibits neu-
trophil migration, decreases production of PMN cells, de-
creases chemotaxis and decreases phagocytic activity."” There
are many studies showing the decrease of phagocytic activi-
ties. A study by Albert et al. measured phagocytic activities
of the patients with type II diabetes and showed less percent-
age of activated macrophages when compared to the non-
diabetic patients. Another study by the same group showed
that the percentage of activated polymorphonuclear cells and
the phagocytic activities were significantly increased after
the blood glucose was well-controlled for 5 days.®

Patients with good metabolic control showed a robust
secondary immune response to standard antigens suggesting
normal T memory cell and CD4* lymphocyte functions. In
type 1 diabetes, T lymphocyte function is unaffected as long
as the HbAIC is less than 8 mmol/L."* Nevertheless, one study
showed that adaptive immunity could be defective indepen-
dent of glycaemia. There were impaired proliferative CD4*
cell responses to primary protein antigens due to an altered
expression of cellular adhesion molecules and/or reduced
cytokine release. Although a well-controlled blood glucose
may help to normalize cell mediated immunity in diabetic
patients, there are several other factors that could affect the
immunity system."

Immune response to fungi in patients with dia-

betic mellitus

Patients with DKA have elevated serum iron levels due
to the release of iron from binding proteins in the presence
of acidosis.?® Iron regulates endothelial cell damage. Patients
with diabetes that have endothelial damage are uniquely pre-
disposed to developing mucormycosis, especially when the
basement membrane and extracellular matrix proteins were
exposed. Fungi are normal commensals in the diseased si-
nus area. The main infectious particles for mucormycosis are
asexual spongiospores. There are three types of spores: rest-
ing spores, swollen spores, and opsonized spores. These rest-
ing spores can swell and germinate to produce fast-growing
hyphae during their natural life cycle. Germination and fil-
amentous growth within a host cause angioinvasion, vessel
thrombosis, and necrosis.”’ Angioinvasion is a hallmark of
zygomycotic infections. Hyperglycemia but not hyperosmolar-
ity is responsible for the enhanced human glucose-regulated
protein-78 (GRP78) expression. When endothelial cells were
incubated at the pH values similar to those seen in the pa-
tients with DKA, the GRP78 expression of the endothelial
cells was significantly enhanced in the lower pH values com-
pared with the normal blood pH of 7.4.* The GRP78 on in-
tact endothelial cells binds to Mucorales germlings. Iron and
the overexpression of glucose-induced GRP78 enhance endo-
thelial cell susceptibility to R. oryzae-induced fungal invasion
and damage. Of importance, the anti-GRP78 blocked this
enhanced endothelial cell susceptibility to R. oryzae-induced
damage.”

Discussion

Opverall, invasive fungal rhinosinusitis has a wide range
of mortality rates from 20% to 80%.** The extension of
the fungal tissue invasion is the key risk factor affecting the
mortality rate. Intracranial involvement is acknowledged as a
poor prognostic factor with a 73.5% mortality rate.”® Further,
underlying conditions of the patients that impaired their im-
mune function are the other key contributing factors. If the
immunocompromised state of the patients becomes well-con-
trolled and the immune function recovers, the mortality and
the morbidity rate should be minimized. The morbidity rate
varies from 20% to 50%, which includes 20% of the patients
that need orbital exenteration.”

Compared to other immunosuppressive conditions, diabe-
tes mellitus is acknowledged as an underlying disease related
to a higher mortality and morbidity rate.”® A Korean study
reported that all the fatal cases (100%) of rhinocerebral mu-
cormycosis were diabetic and 50% of them had DKA,”
athough this being controversial. In contrast, a study by Sae-
di et al.”® reported a greater survival rate for diabetes mellitus
(70.6%) than for hematologic malignancy (40%). The diver-
sity of treatment outcomes found within a study and across
studies could be explained by a great variety of the immune
status of diabetic patients. Understanding the immune re-
sponse to fungi in diabetic patients is essential. Associations
between the immunopathology of diabetes, the pathophys-
iology of fungal infections and the therapeutic outcomes
must be considered in practice. Treatment should aim for
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controlling the underlying conditions and a restoration of the
immune function.

The findings from our review showed that fungal cell walls
activated a system of pattern recognition receptors resulting
in both innate and adaptive immune responses. However, a
recruitment of innate immune cells and adaptive immune
response in patients with diabetes were defective. Hypergly-
cemia reduced the expression of the class I major histocom-
patibility complex, decreased vascular dilation and decreased
the formation of neutrophil extracellular traps. The activa-
tion of protein kinase C inhibited neutrophil migration, de-
creased production of polymorphonuclear cells, decreased
chemotaxis and decreased phagocytic activity. The structure
of complement was altered which inhibited the complement
fixation to bacteria. Patients with DKA had elevated levels
of serum iron which regulated endothelial cell damage. Iron
and the overexpression of glucose-induced glucose-regulated
protein 78 enhanced the susceptibility of endothelial cells to
fungi, and induced fungal invasion and damage. In clinical
practice, hyperglycemia and ketoacidosis must be evaluated
in patients with diabetes. The complement system, serum
neutropenia and CD4 level should be assessed.

Conclusions

Associations between the immunopathology of diabetes,
the pathophysiology of fungal infection and the therapeutic
outcomes must be considered in clinical practice. In diabetic
patients, both the humoral and cellular immune responses of
the innate and adaptive immunity were defective. Treatment
should aim for a restoration of the immune function.
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