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The COVID-19 pandemic has placed a huge strain on global healthcare and

been a significant cause of increased morbidity and mortality, particularly in at-

risk populations. This disease attacks the respiratory systems and causes

significant immune dysregulation in affected patients creating a perfect

opportunity for the development of invasive fungal disease (IFD). COVID-19

infection can instill a significant, poorly regulated pro-inflammatory response.

Clinically induced immunosuppression or pro-inflammatory damage to

mucosa facilitate the development of IFD and Aspergillus, Mucorales, and

Candida infections have been regularly reported throughout the COVID-19

pandemic. Corticosteroids and immune modulators are used in the treatment

of COVID-19. Corticosteroid use is also a risk factor for IFD, but not the only

reason for IFD in COVID -19 patients. Specific dysregulation of the immune

system through functional exhaustion of Natural killer (NK) cells and T cells has

been observed in COVID-19 through the expression of the exhaustion markers

NK-G2A and PD-1. Reduced fungicidal activity of neutrophils from COVID-19

patients indicates that immune dysfunction/imbalance are important risk

factors for IFD. The COVID-19 pandemic has significantly increased the at-

risk population for IFD. Even if the incidence of IFD is relatively low, the size of

this new at-risk population will result in a substantial increase in the overall,

annual number of IFD cases. It is important to understand how and why certain

patients with COVID-19 developed increased susceptibility to IFD, as this will

improve our understanding of risk of IFD in the face of future pandemics but

also in a clinical era of increased clinical immuno-suppression/modulation.
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1 Introduction

In the century between the Spanish influenza pandemic and

the current coronavirus disease 2019 (COVID-19) pandemic the

knowledge of infectious diseases has grown immensely (1). The

advent of antibiotic drugs massively reduced the burden of

infectious diseases in the developed world and vaccinations

campaigns as epitomized by on-going COVID-19 mass

immunization campaigns have helped control and even

eradicate certain infections (2). Effective treatment for

infectious disease has significantly enhanced health care,

making treatments such as solid-organ and stem-cell

transplants possible, but the increasing population of

immunosuppressed or immune dysregulated patients have led

to a rise in severe human fungal infections (3). It appears that

many medical advances are associated with fungal disease, with a

rise in fungal disease also echoed in plants and animals over the

same period (4).

While the primary risk-factors for the development of

invasive fungal disease (IFD) are clinical interventions causing

anatomical disruption or immunosuppression/immune

dysregulation of the individual (e.g. neutropenia, graft versus

host disease, corticosteroids, monoclonal antibodies) (5–8), in

uncontrolled conditions (e.g. Type 2 Diabetes mellitus) there is a

risk of IFD (e.g. mucormycosis) due to immune dysfunction in

this population (9). The primary AIDS defining diseases remain

fungal (e.g. Pneumocystis pneumonia and Cryptococcosis) and

other viral infections have also been associated with IFD in

immunocompromised patients (e.g. cytomegalovirus (CMV)

and respiratory viruses in haematology patients). More

recently, invasive aspergillosis (IA) has been significantly

associated with influenza infection in the intensive care patient

and there has been a large number of publications describing

IFD in the COVID-19 patient. In these cohorts, it is important to

understand why these opportunistic IFD occurred in patients

lacking the typical risk factors for IFD. Determining whether

antifungal immunity has been compromised by clinical

intervention or by the virus is essential for identifying patients

at risk of IFD but also in preparation for future viral pandemics.

This review will summarize the current knowledge on viral/

fungal coinfections before focusing on the impact of COVID-19

infection and its clinical management on antifungal immunity.
1.1 Viral infection as a risk factor for IFD

Viral infection has been associated with fungal co-infection

for decades. The activity of viral infections can lead to significant

disruption of normal immune function and cause damage to

epithelial surfaces. These create conditions favorable for fungal

infection, although usually in patients with specific underlying

conditions (CMV or respiratory virus infection and aspergillosis

in the haematology cohort). These co-infecting fungi are
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effects on patient outcomes.

In the AIDS pandemic, fungal infection was a prominent

indicator of late stage HIV infection, with Candida albicans

presenting as a prominent superficial co-infection in HIV

positive individuals and systemic disease due to Pneumocystis

pneumonia and cryptococcal meningitis were, and remain,

major AIDS defining diseases (10, 11). The immune

disruption resulting from the low CD4 count and the effect of

HIV infection on both myeloid and lymphoid immunity impacts

both innate and adaptive antifungal immunity with cytokine

production, T-Cell and B-Cell responses all affected. It is a major

risk factor for fungal infections, which is particularly concerning

with antifungal resistance increasing, (e.g. Candida spp. such as

C. glabrata and C. parapsilosis have emerged as causes of

candidiasis in this cohort) (10, 11). Other fungi endemic to

certain geographical areas (e.g. Histoplasma capsulatum, and

Talaromyces marneffei) also cause systemic infections in the HIV

population and are associated with significant morbidity and

mortality in developing countries (10, 12), although the burden

of these mycoses has been reduced in developed countries due to

the availability of antiretroviral therapy (13).

CMV infection is a well-documented predisposing factor for

IFD in haematology patients post allogeneic stem cell

transplantation (SCT), where the function of antigen specific

cytotoxic T-Lymphocytes is suppressed along with neutrophil

and macrophage responses, and the risk of IFD increased further

by neutropenia associated with the use of ganciclovir used to

treat the CMV infection (14). In the haematology patient with

lymphoproliferative conditions (myeloma/lymphoma)

undergoing autologous SCT the risk of both CMV and IFD

was considered minimal. However, novel immunomodulatory

therapeutic approaches with significant immunosuppressive

impact have been associated with increased rates of CMV post

autologous SCT and IFD, while still a rare complication in this

setting, are associated with CMV reactivation (15). Outside of

the haematology population, CMV viraemia has been associated

with IA in the critical care patient, where a higher circulating

viral load was associated with increased risk of IA (16).

While first described almost 70 years ago, the association

between influenza and IA in the critical care setting received

significant attention prior to the COVID-19 pandemic that

significantly impacted on the incidence of influenza. Influenza

associated pulmonary aspergillosis (IAPA) was shown to

complicate 19% of patients a median of 3 days post admission

to the intensive care unit (ICU) due to influenza and was

associated with significant mortality (51%) (17). The use of

corticosteroids to suppress the inflammatory reaction to

influenza and subsequent symptoms, also suppresses the

immune response to fungi and was significantly associated

with the development of IAPA. Given corticosteroids are not

universally administered in patients with influenza, it cannot be

the sole predisposing factor for the development of IAPA.
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Influenza itself is an independent risk factor for IA and

suppresses the nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase response to microbial pathogens, and

potentially represents a risk factor for IA similar to chronic

granulomatous disease (18, 19). Prior to the administration of

corticosteroids, the extensive damage to the respiratory

epithelium due to influenza/host immune response provides

an environment suitable for secondary infection with

Aspergillus, which has demonstrated the ability to generate

large fungal burdens associated with sporulation within the

respiratory tract (20). In this context, the administration of

corticosteroids would boost infection through immune

suppression but possibly also enhancing further fungal growth

(21). The use of influenza specific treatments, such as

neuraminidase inhibitors (e.g. oseltamivir), have been shown

to modulate the host defense against IA by impairing the

Aspergillus killing capacity of peripheral blood mononuclear

cells (22). A recent study investigated the gene expression of

755 genes lined to myeloid innate immunity and performed

protein analysis of 47 cytokines, chemokines and growth factors

in broncho-alveolar lavage (BAL) fluids from patients with

(n=40) and without IAPA (n=52) (23). Patients with IAPA

had significantly lower natural killer (NK) cell fractions

compared to those from patients with influenza only. There

were also numerically lower neutrophil cell fractions and

numerically higher epithelial cell fractions in patients with

IAPA compared to influenza only. Gene expression analysis,

adjusted for the influence of corticosteroids highlighted 26

significantly upregulated and 98 significantly downregulated

genes in patients with IAPA, including the downregulation of

genes associated with type 1 and type II interferon (IFN)

signaling, along with upregulation of fibrosis associated growth

factors. Overall, the authors concluded that innate immunity

defects in the epithelium, macrophages and neutrophils

significantly predisposed patients to IAPA and that

recombinant interferon-gamma (IFN-g) treatment represented

a possible adjunct antifungal therapy (23). There is an important

role for type I IFNs in immunity to IFD, while viral infection

may affect IFN secreting cells there is also a mechanism for

reducing IFNs through auto-antibodies. Auto-antibodies

produced against cytokines such as the IFNs can effectively

disrupt their activity and create another immune dysregulation

mechanism that can increase the probability of IFD (24).
1.2 COVID-19 and IFD

The COVID-19 pandemic and the sheer scale of infection

requiring critical care intervention has created an ideal situation

for co-infection by opportunistic pathogens. Secondary fungal

infections were documented early during the course of the

pandemic, but incidences varied considerably between

countries and centres, reflecting different diagnostic
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defining IFD in the COVID-19 patient (25). With cases of

COVID-19 associated IFD infrequently supported by autopsy

and the lack of antifungal treatment not always associated with a

poor prognosis determining an accurate burden of IFD in this

cohort is difficult. However, many COVID-19 patients have

over-whelming mycological evidence of IFD that would be

difficult to ignore even in the absence of autopsy evidence,

which may be lacking due to our limited understanding of

IFD pathogenesis in this specific cohort (25–27). Given the

significant number of post-COVID-19 IFD cases described in

the literature and the fact that certain diagnoses are without

doubt (e.g. recovery of Candida spp. by blood culture), it is safe

to say that IFD certainly complicates the management of

COVID-19 within critical-care, although it remains difficult to

ascertain the actual prevalence.
1.2.1 COVID-19 associated pulmonary
aspergillosis

A significant number of studies have described pulmonary

aspergillosis secondary to COVID-19 infection, particularly in

the critical-care patient, but significant gaps in the knowledge of

this condition remain (25). The availability of international

definitions for diagnosing CAPA have helped to standardize

disease classification and generate a pooled incidence of 7.6% in

the critical-care COVID-19 patient, although concerns have

been raised regarding the accuracy of CAPA classification

according to these definitions, which can define infection

based on a single positive mycological criterion, and typical

radiological investigations usually providing little clinical utility

for identifying CAPA (25, 28–30). CAPA is usually caused by

Aspergillus fumigatus and presents between 4-11 days after ICU

admission, more regularly presenting at the end of the first week/

start of the second week (26, 30, 31). Pooled CAPA mortality is

56%, and while a treatment benefit with the recommended

aspergillosis antifungal therapies has been demonstrated, not

all untreated patients will succumb to infection (25, 29).
1.2.2 COVID-19 associated candidiasis
Both superficial and invasive candidiasis (IC) have been well

documented in patients with COVID-19. As with the other IFD,

the incidence of CAC varies between centres, but rates are

generally higher in critical care settings, likely associated with

clinical interventions that increase the risk of IC (25). Given the

diagnosis of IC is generally based on the recovery of Candida

spp. from sterile sites including blood, there should be more

confidence in the accuracy of diagnosis. Several studies have

confirmed that rates of IC in the ICU during the pandemic were

greater than those preceding it but it is not clear if this is directly

related to the pathogenesis of COVID-19 itself, or reflects the
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increased clinical risk factors specific to managing COVID-19

(extracorporeal membrane oxygenation (ECMO), prolonged

mechanical ventilation, immunosuppression) or the difficulties

experienced by clinical staff managing large patient numbers

during the peaks of the pandemic and Candida outbreaks have

been documented (25, 26, 32–34). The presentation of CAC

varies, but median times indicate most cases occur after the first

week of ICU admission (26, 32). Mortality varies between 40-

70%, and a recent study confirmed that candidaemia during

COVID-19 increased all-cause mortality two-fold compared to

patients with candidaemia in the absence of COVID-19 (25, 34).

Candida albicans remains the most prevalent cause of CAC, but

rates vary geographical and outbreaks with potentially multidrug

resistant C. auris have been documented, treatment with an

echinocandin remains the frontline option (35, 36).
1.2.3 COVID-19 associated mucormycosis
A substantial number of cases of CAM have been

documented in patients with COVID-19 with other underlying

conditions that already predispose to mucormycosis, although

the estimated incidence of CAM outside of India remains low

(<1.0%) (25, 37). CAM usually presents 10-14 days post hospital

admission, but can be diagnosed post-COVID-19 recovery (25).

COVID-19 patients with poorly controlled diabetes are at

particular risk of developing CAM, which usually presents as

rhino-orbital cerebral disease, whereas patients with underlying

haematological conditions typically present with pulmonary

CAM (37). The use of zinc supplements during COVID-19

infection was common in India may also contribute to the

development of CAM (38). With diagnosis based on culture,

most cases of CAM attain a confidence inspiring proven

diagnoses. Most infections are caused by Rhizopus spp. All-

cause mortality was 49%, ranging from 24% in cases of rhino-

orbital CAM, through 59% in cases of rhino-orbital-cerebral

CAM, to 81% in cases of pulmonary/disseminated CAM (37).

Most cases of CAM are treated with lipid formulations of

Amphotericin B, with posaconazole and isavuconazole also

used to a lesser extent. However, surgical intervention is

recommended and associated with improved outcomes (37).
1.2.4 Other COVID-19 associated fungal
infections

While cases of IFD caused by other fungal genera (e.g.

Pneumocystis jirovecii, Cryptococcus spp. Rhodotorula spp.,

Fusasrium spp., endemic fungi) have been documented, it is

unclear as to whether these infections are directly associated with

COVID-19 or simply reflect the huge number of patients

infected with COVID-19 across the pandemic and the

subsequent increased likelihood of these secondary infections

occurring by chance (25). The limited number of cases has
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immunological studies and they will not be considered in

detail below.

2 Immune dysregulation and risk
factors during COVID-19

As highlighted, there has been a considerable number of

cases of IFD diagnosed secondary to COVID-19 infection. It is

unclear whether this reflects the pathogenesis of COVID-19

creating an environment suited to IFD, if clinical interventions

and treatments for COVID-19 increase the risk of IFD or its

associated with the presence of pre-existing conditions with

established links to IFD within the vast COVID-19 population.

On infection, COVID-19 binds to angiotensin-converting

enzyme 2 (ACE-2) receptors found on respiratory epithelial

cells and leads to transient impairment of ciliary motility,

limiting muco-ciliary clearance and innate immune function

(39). Cellular uptake and viral replication instigates a pro-

inflammatory immune response and in severe cases generates

a cytokine storm characterized by increased inflammatory

markers including IFN-a, Interleukin (IL)-1Ra and several

type 1 (IFN-g, IL-12p70), type 2 (IL-4, IL-5) and type 3

cytokines (IL-17A, IL-22) and chemokines that direct

leukocyte trafficking (C-C Motif Chemokine Ligand 2 (CCL2),

C-X-C Motif Chemokine Ligand 9 (CXCL9)) (40). The potential

for dysregulation of T-cell response being a risk factor for

secondary IFD, is highlighted by consistently elevated IL-17

and IL-22 levels throughout severe COVID-19 infection,

compared to a gradual decline in patients with moderate

disease (41).

The rapid stimulation of T helper 1 (Th1) cells leads to an

imbalanced pro-inflammatory response, with particularly high

levels of expression of IL-6 and tumor necrosis factor (TNF),

leading to impaired acquired immunity (lymphopenia) and an

uncontrolled innate response, further propagated by the release

of pro-inflammatory cytokines by alveolar macrophages (25, 42).

Dendritic cells may be significantly reduced by COVID-19

infection, with activation of T-cells limited by reduced

maturation of, and cytokine release from dendritic cells (43).

Defective monocyte and neutrophil function during COVID-19

infection affects monocyte activation and myelopoiesis, leading

to a redistribution of the monocyte population and immature

circulatory neutrophils and a subsequent hyper-inflammatory

response (44). Broncho-alveolar lavage fluid from patients with

CAPA can possess significantly lower neutrophil cell fractions

and significantly higher epithelial cell fractions compared to

patients with only COVID-19 (23). Inflammation increases

pulmonary fibrosis and limits repair through enhanced

pathological fibroblasts, with prolonged levels of IFN-g also

limiting the repair response (45). Elevated granulocyte

macrophage colony-stimulating factor (GM-CSF) has been
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noted in severe/fatal COVID-19 infection, possibly linked to

excessive tissue destruction through elevated monocyte and

neutrophil recruitment (46).

The significant damage to the lung parenchyma, exposing

the substratum, possibly worsened by the additional

inflammatory immune response to the presence of fungal

pathogens but also inflammatory fungal toxins (e.g. Mucoricin,

gliotoxin), could provide the opportunity for fungi to become

pathogenic (35, 37). Potential increased fungal tissue adherence

permits invasion of the already compromised or even repairing

tissue containing high levels of fibrin/fibrinogen (35, 37, 45).

Extensive epithelial damage could expose receptors/sensors

(melanin-sensing C-type lectin receptor (MelLec)) to

Aspergillus found on endothelial cells and promote infection,

particularly if the mechanism is already compromised by host

genetic variation (45). Risk is possibly enhanced by immune

dysregulation, such as lymphopenia which is already a risk factor

for IA and possibly CAM, but is also a risk factor for PcP, not a

common complication in COVID-19 (25, 37, 47). Hypoxia,

common in severe COVID-19 cases, possibly modulates host

immune response to fungi and has been shown to limit cytokine

release from and maturation of dendritic cells stimulated with A.

fumigatus (48). Increased platelet counts, common in COVID-

19 patients with severe disease, associated with vascular

complications may increase risk of co-infections (49, 50).

Underlying clinical conditions (e.g. solid organ

transplantation, solid cancer, chronic respiratory conditions,

diabetes) that predispose to IFD, have also been associated

with risk of COVID-19 associated IFD, particularly when

management of that condition already involved immuno-

suppressive therapy, that was continued or potentially

enhanced for the management of COVID-19 (26, 51, 52).

With corticosteroids dampening the hosts pro-inflammatory

response but also immune response and clearance of

pathogens, several studies have suggested an association

between their administration and increased risk of IFD with

52% of CAPA and 37% (P:0.0076) of non-CAPA patients

receiving them during their care (25, 26, 52, 53). Systemic

corticosteroid use is also common (79%) in patients with

CAM and while exhibiting the typical effects on host

immunity (impaired neutrophil migraton, ingestion and

phagolysosome fusion), it limits the efficacy of insulin

increasing the chances of uncontrolled diabetes which itself is

a risk factor for CAM (37). Mucorales spp. need free iron for

essential metabolic processes (54). In patients with poorly

controlled/uncontrolled diabetes, hyperglycaemia and the

subsequent ketoacidosis leads to high levels of free iron in the

circulation, something potentially enhanced with corticosteroids

and raised free iron levels are common in the serum of the

COVID-19 patient with or without ketoacidosis (37). Raised

circulatory free iron levels may also be associated with renal
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failure in the COVID-19 patient undergoing deferoxamine

chelation, with deferoxamine being a siderophore for

Mucorales spp (37).

During COVID-19 infection glucose receptor protein 78

(GRP78) is upregulated, potentially serving as a host factor for

viral entry and infection, with GRP78 induced by high

concentrations of glucose, iron and ketone bodies, all present

in the patient with poorly controlled diabetes (55). During

mucormycosis, the spore coat protein homologue CotH3,

present on the surface of the conidia, promotes infection via

its interaction with GRP78 present on host nasal epithelial cells

(56). The potential for increased concentrations of GRP78

during COVID-19 infection could increase risk of

mucormycosis and being located in the nasal cavity potentially

explain the large number of cases of rhino-orbital-

(cerebral) mucormycosis.

Regulation of the inflammatory response to COVID-19 may

be critical to minimizing susceptibility to secondary fungal

infection, but must be balanced against maintaining sufficient

natural host immunity against fungal pathogens. In addition to

corticosteroid use, immunomodulatory therapies inhibiting IL6

(tocilizumab/sarilumab) and Janus kinase (JAK) are

recommended for managing COVID-19, with the aim of

reducing the cytokine storm or inhibiting signaling required

for immune activation (57). Via signal transducer and activator

of transcription 3 (STAT3), IL6 is critical for protective Th17

anti-Aspergillus host responses and given the role these systems

have in the immune response to opportunistic infections,

including IFD, immuno-modulation will likely increase the

risk of IFD, as has been seen in other cohorts at risk of IFD

when treated with immunomodulatory therapies (5, 30). In one

of the largest, multicentre studies to date, the use of anti-IL6

treatments was associated with increased of IFD in the COVID-

19 cohort (OR: 2.93, P: 0.0017), and the dual use of

dexamethasone and anti-IL6 treatments were significantly

associated with CAPA (OR: 2.7, P:0.027) (51). Other large

studies have confirmed the individual use of dexamethasone

and antiIL6 treatment as independent risk factors for CAPA.

Although a recent study found similar levels of IL6 (and

Pentraxin-3) in the BAL fluid of COVID-19 patients

irrespective of CAPA (23, 58, 59). Levels of epidermal growth

factor, platelet derived growth factor and CXCL2 were elevated

in BAL fluid from CAPA patients (23). Further research into

patients with COVID-19 patients admitted to the ICU indicated

that there was no significant link between the use of

corticosteroids for treatment of COVID-19 and the

development of IFD, but more so the prolonged use of

corticosteroids to treat pre-existing conditions (60).

Predisposition to CAPA may be related to individual host

genetics. In patients, particularly males with CAPA, levels of IL-

8 and caspase-3 can be significantly lower, both of which are
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usually elevated in patients with IA, COVID-19 and the inability

to muster a sufficient response may indicate a risk for developing

IA during COVID-19 infection (61). Although higher

concentrations of IL-8 have been documented in CAPA

patients (23). The expression of 34 genes have been shown to

be downregulated during CAPA compared to COVID-19 alone,

28 of which were also downregulated during IAPA, and were

mainly associated with type I/type II IFN and TNF signaling,

and neutrophil degranulation (23). A previously mentioned

feature of COVID-19 is the production of autoantibodies

against IFNs; this can reduce the effectiveness of these

cytokines and related immune functions making these

autoantibodies a risk factor for IFD during COVID-19 (24).

Gene expression analysis from peripheral blood mononuclear

cells confirmed these as risk factors for developing CAPA.

While the increased rates of IC during COVID-19,

immunomodulatory interventions have been proposed as a

possible risk factor for CAC but initial studies documenting

the association lacked significant control cohorts (62). However,

a recent study involving 215 COVID-19 patents with an

incidence of CAC of 14.4% demonstrated a significant

association between potential CAC and the use of tocilizumab

with or without corticosteroids (63). In another study, both the

use of corticosteroids or immunomodulatory therapy was

significantly greater in CAC patients compared to patients

with candidaemia in the absence of COVID-19 (34). Given the

significant number of other clinical interventions associated with

increased risk of IC and widely applied in the ICU, it can be

hypothesized that immunomodulatory therapies add to the

cumulative clinical risk encountered in critical care (34). The

situation with CAC is complicated, the multitude of factors

affecting the at-risk population can make it difficult to discern

specific effects, a retrospective study of 264 patients did not find

an increased risk of IC in patients with severe COVID-19 related

pneumonia (64). There is a requirement for further research into

the occurrence and risk factors for CAC (65).
2.1 Immune exhaustion

The development of secondary infections is usually

attributed to direct damage to epithelial membranes or

because of drugs such as antibiotics whose activity can lead to

dysbiosis and opportunities for infection such as oral candidiasis

(39). The risk of IFD is greatly increased in neutropenic patients

or those being treated with corticosteroids, as previously

discussed. Another mechanism that can increase the risk of

infection is immune exhaustion (66). This phenotype in immune

cells is where the cells do not perform their expected function by

failing to produce cytokines or identify pathogens, it may also be

considered expression of inhibitory markers (66).
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The major groups of cells that have been studied regarding

immune exhaustion are T cells, usually CD8 cytotoxic T cells in

viral infections, and NK cells (67, 68). In cases of viral infection

immune exhaustion is associated with prolonged infection and

inability to clear the pathogen. It is possible to monitor the

exhaustion of T cells by measuring programmed death 1 (PD-1),

which has been found to be upregulated by exhausted T cells

(67). In hepatitis C virus (HCV) infection, the induction of the

inhibition receptor NKG2A is an indicator of NK cell

exhaustion, these exhausted cells show decreased IFN-g (68).

In both cases blocking PD-1 and NKG2A led to restored

antiviral activity. The function of NK cells has been shown to

be impaired during COVID-19 infection, possibly increasing

risk of IFD and other co-infections (69). NK cell exhaustion has

also been observed in an in vitro interaction with A. fumigatus

germlings (70); during this interaction there was a contact-

dependent reduction in the expression of the activating

receptor NKG2D and IFN-g.
The role of NK-cells in antifungal immunity has become

increasingly clear over the last decade, the role of NK cell derived

IFN-g was essential during the early stages of infection in a

murine model (71, 72). NK cells that are in the process of

recovering after allogeneic stem cell transplantation displayed an

impaired response against A. fumigatus indicating an increased

host susceptibility to fungal infection (73). Further studies found

cytotoxic effect of NK cells against A. fumigatus in vitro, leading

to the proposal of using NK cells in antifungal therapy (74, 75).

There is evidence that antifungal activity is morphotype-type

dependent with greatest fungicidal activity against conidia (75).

T cells in COVID-19 patients often show a hyperactive and

exhausted phenotype with coinhibitory molecule expression

(e.g., PD-1, T cell immunoreceptor with Ig and ITIM domains

(TIGIT), and Cytotoxic T-lymphocyte associated protein 4

(CTLA-4)) and increased populations of potentially

pathogenic Th17 cells. These attenuated yet sustained adaptive

immune responses may be explained by potential activation of

bystander T cells that cause organ damage and epitope

spreading. Delayed IFN-g or FS-7-associated surface antigen

(Fas)/Fas ligand signaling may trigger apoptosis of virus-specific

T cells in activation-induced cell death, as suggested in SARS-

CoV-2–infected spleens. Other potential mechanisms for

lymphopenia include the direct viral infection of lymphocytes

or suppression from other immune cells, perhaps through

interac t ions wi th to le rogen ic mixed M2 mye lo id

populations (76).

Immune exhaustion directly affects subsets of immune cells

needed to effectively control fungal infection. This has been

recently shown in a work by Vu et al. (77), who demonstrated in

a murine model that the blockade of PD-1 on post-sepsis

aspergillosis reinvigorated exhausted antigen-presenting cells

and T cells by upregulating CD86 expression and IFN-g
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production, and dampened IL-10 production. In consequence,

in their model this led to the attenuation of secondary

aspergillosis. The authors concluded that adjunctive anti-PD-1

therapy may become a promising strategy for advanced

immunotherapy against lethal fungal infection. Corresponding

results were also shown for pulmonary infections with

Mucorales (78), here the authors demonstrated that inhibition

of the PD-1/PD-L1 pathway effectively counteracted T-cell

exhaus t ion , e l i c i t ed s t rong pulmonary re lease of

proinflammatory cytokines and chemokines, and revealed

improved clinical outcomes of invasive pulmonary

mucormycosis in immunosuppressed mice, even without

concomitant antifungals.

Severe viral infection often causes a septic cytokine storm

followed by immune exhaustion/paralysis. Not surprisingly,

many pathogens are equipped with various anti-inflammatory

mechanisms. Such mechanisms might be leveraged clinically to

control septic cytokine storms. As an example, the N-glycan

from C. albicans ameliorates mouse sepsis through

immunosuppressive cytokine IL-10. In a sepsis model using

lipopolysaccharide (LPS), injection of the N-glycan upregulated

serum IL-10, and suppressed pro-inflammatory IL-1b, TNF and

IFN-g. The N-glycan also improved the survival of mice

challenged by LPS. Analyses of structurally defined N-glycans

from several yeast strains revealed that the mannose core is key

to the upregulation of IL-10. Knocking out the C-type lectin

Dectin-2 abrogated the N-glycan-mediated IL-10 augmentation.

Furthermore, C. albicans N-glycan ameliorated immune

exhaustion/immune paralysis after acute inflammation (79).

Not only in SARS-CoV-2 infection, both, the reduced

numbers, and cytotoxic activity of circulating NK, CD4+ and

CD8+T cells contribute to suboptimal outcomes, this

phenomenon has also been seen in H1N1 influenza, Epstein

Barr Virus (EBV), SARS-COV and Middle East respiratory

syndrome (MERS) infections, although not as frequently (80).
2.2 COVID-19 induced immune
exhaustion and IFD

There is now evidence that immune exhaustion is a

component of the immune dysregulation caused by SARS-

CoV-2 infection (81). COVID-19 patients display reduced

numbers of CD8 T cells and NK cells, these also show

increased PD-1 and NKG2A which, as previously discussed

are indicators of immune exhaustion (81, 82). This immune

exhaustion is connected to the prolonged immune response

induced during COVID-19 (83). Further studies have measured

decreased IFN-g and TNF production by NK cells as seen in
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other viral infections (84), creating risk factors for IFD as

observed in other infections.

The potential for COVID-19 induced immune exhaustion to

increase the risk of IFD has so far been the focus of very few

studies. The observed reduction in T and NK cells in COVID-19

and the presence of exhaustion markers have been proposed as a

contributor to the incidence of CAM (85). An analysis of patient

characteristics in India also found that indicators of T cell

exhaustion and prolonged periods with reduced T cell

numbers were important for the development of CAM in

diabetics (86).

An example of this COVID-19 associated immune

exhaustion was demonstrated using gene expression profiling

of BAL samples from COVID-19 patients with and without

aspergillosis (23). The patients with CAPA had downregulated

type II IFN signaling compared with patients not affected by

aspergillosis. This suppression of the pro-inflammatory

antifungal host response might have severe consequences on

the activation of many immune cell populations for instance via

inducing microtubule-associated protein 1A/1B-light chain 3

(LC3)-associated phagocytosis.

A functional analysis to determine the connection between

immune cells from COVID-19 patients and fungal pathogens

demonstrated an impaired immune response to fungal infection

(87). Challenging T cells from COVID-19 patients with antigens

from A. fumigatus and Rhizopus arrhizus revealed impaired

cytokine expression and increased expression of the exhaustion

marker PD-1 (87). A significant finding in this study was

impaired fungicidal activity by neutrophils, neutropenia is a

significant risk factor for IFD and neutrophils are the most

important innate immune cells in antifungal immunity (88).

Neutrophils will typically kill conidia after phagocytosis,

impaired killing could lead to fungal persistence within

neutrophils or the uncontrolled growth of germlings leading to

invasive infection (89). SARS-CoV-2 infection disrupts the

innate and adaptive immune systems in a manner that

promotes the development of IFD independent of

medical intervention.
3 Concluding comments

During COVID-19 infection immune dysregulation

increasing the risk of secondary IFD is likely a combination of

clinical intervention/immunosuppression, host factors (existing

underlying conditions and/or host predisposition) and the

pathophysiology of COVID-19 infection. A three-phase

breakdown in the innate antifungal immunity has been

proposed, where, initially, severe disruption to the respiratory
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epithelium resulting from an excessive pro-inflammatory

response to COVID-19 infection and limited mucociliary

clearance provides ample opportunity for fungal tissue

invasion. This is compounded by impaired phagocytosis of

conidia, a result of down-regulated expression of genes

associated with phagocytic opsonisation, recognition and

conidial killing and once conidia have evaded this second

phase, hyphal growth is not controlled due to lower neutrophil

fractions in the third phase (23). However, immune exhaustion

likely plays a role and is well documented during COVID-19

infection, and host immunity, post even moderate disease, has
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been shown not to respond as expected to the presence of fungi.

Given the complexity of this picture, a range and combination of

factors will likely predispose individual COVID-19 patients to

IFD, and a single predisposing profile is highly unlikely (Table 1

and Figure 1). Understanding the individual immune status will

likely govern the degree of tissue and angio-invasion, and will be

critical to optimizing patient specific immunotherapy when

managing cases of respiratory virus associated fungal disease.

Gaining an understanding of which patient would benefit from

suppressing hyper-inflammatory damage through anti-

inflammatories versus the use of adjuvant stimulatory
TABLE 1 Summary of the effects of SARS-CoV-2 infection on the host that match risk factors for the development of IFD.

Effects of COVID-19 on Host Risk Factors for IFD

COVID-19 binds to ACE-2 receptors on respiratory
epithelial cells
Poorly regulated pro-inflammatory response
(see below) leading to impaired acquired immunity and
dysregulated innate response.
Direct viral infection of lymphocytes (71)
Reduction of Dendritic cells, their maturation and function
(41)
T cell effects:
Reduced CD4+ and CD8+ populations (82)
*PD-1 upregulation (67)

Limited muco-ciliary clearance and innate function (37)
Cytokine storm and extensive damage to lung epithelium.
Lymphopenia
Lymphopenia
Limited activation of T-cells
Dysregulation of Th1 responses and cytokine signaling increases risk of IFD (80, 87)
Marker of immune exhaustion (62), limited T-cell response to Mucorales and Aspergillus antigens (82)

NK Cells:
*NKG2A upregulation (68, 70)
Reduced IFN-g release (87)

Functional NK cells (71) and NK cell derived IFN-g necessary for antifungal immunity (72)

Monocytes/Neutrophils:
Reduced fungicidal activity (87)
Redistribution of monocyte population/immature
neutrophils

Neutropenia and neutrophil defects are important for IFD (88)
Hyper-inflammatory response (42) leading to increased pulmonary fibrosis (43)

Abnormal lung function and epithelial damage (90) Decreased removal of spores and epithelial damage increase the risk of IFD (37). Potential for increased
fungal adherence to fibrin/fibrinogen in damaged tissue. Exposure to endothelial receptors associated with
infection (43).
Hypoxia impacts cytokine release and maturation of dendritic cells (46).

Corticosteroid treatment (25, 26)
IL6 inhibitors (55)
Increased concentrations of GRP78

Immunosuppressive treatment is a key risk factor for IFD (6)
Via STAT3, IL6 response is critical to a TH-17 anti-Aspergillus response (29)
Promotes infection with Mucorales spp. via CotH3 (54)

Genetic polymorphisms affect COVID-19 infection (91).
Link between COVID-19 polymorphisms and IFD not yet
known.
Altered Gene expression (genetic predisposition to IFD)

Genetic polymorphisms in genes such as CARD9 increase the risk of IFD (92)
34 genes, were mainly associated with type I/type II IFN and TNF-a signaling, and neutrophil
degranulation were downregulated in CAPA pts (23). IL8 and Caspase 3 significantly lower in CAPA pts
(58)
*Markers of cellular exhaustion.
ACE-2, Angiotensin-converting enzyme 2.
Th-1, Type 1 helper (Th-17, Type 17 helper).
CD4, Cluster of differentiation 4.
CD8, Cluster of differentiation 8.
IFD, Invasive fungal disease.
PD-1, Programmed cell death protein 1.
NK, Natural killer cells (NKG2A, Natural killer cell inhibition receptor G2A).
IFN, Interferon.
IL, Interleukin.
STAT-3, Signal transducer and activator of transcription 3.
CotH3, spore coat protein homolog 3.
CARD9, Caspase recruitment domain-containing protein 9.
TNF, Tumor Necrosis factor.
CAPA, COVID-19 associated pulmonary aspergillosis.
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immunotherapy (recombinant IFN-g) will be dependent on

improving our understanding of respiratory virus

pathogenicity and its subsequent influence on the risk of IFD

(23, 93). Through improved understanding of the various host

immune and clinical risk factors it may be possible to develop

predictive algorithms that can be coupled with existing

diagnostics to identify high risk patients and possibly apply

pre-emptive strategies, provide early diagnosis and treatment, or

a prognostic indication during the COVID-19 pandemic, but

more so prepare us for future issues.
Author contributions

CM and PLW: Conceptualization. All authors: Writing and

proof-reading. All authors contributed to the article and

approved the submitted version.
Frontiers in Immunology 09
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The handling editor SW declared a past collaboration with

the authors CM, JL, LW.
Publisher’s note

All claims expressed in this article are solely those of the authors

anddonotnecessarily represent thoseof theiraffiliatedorganizations,

or those of the publisher, the editors and the reviewers. Any product

thatmay be evaluated in this article, or claim thatmay bemade by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Simonetti O, Martini M, Armocida E. Covid-19 and Spanish flu-18: Review of
medical and social parallelisms between two global pandemics. J Prev Med Hyg
(2021) 62(3):E613–E20. doi: 10.15167/2421-4248/jpmh2021.62.3.2124

2. Aminov RI. A brief history of the antibiotic era: Lessons learned and challenges for
the future. Front Microbiol (2010) 1:134. doi: 10.3389/fmicb.2010.00134

3. Fridkin SK. The changing face of fungal infections in health care settings. Clin
Infect Dis (2005) 41(10):1455–60. doi: 10.1086/497138

4. Fisher MC, Henk DA, Briggs CJ, Brownstein JS, Madoff LC, McCraw SL, et al.
Emerging fungal threats to animal, plant and ecosystem health. Nature (2012) 484
(7393):186–94. doi: 10.1038/nature10947

5. Davis MR, Thompson GR3rd. Patterson TF. fungal infections potentiated by
biologics. Infect Dis Clin North Am (2020) 34(2):389–411. doi: 10.1016/j.idc.2020.02.010
6. Donnelly JP, Chen SC, Kauffman CA, SteinbachWJ, Baddley JW, Verweij PE,
et al. Revision and update of the consensus definitions of invasive fungal disease
from the European organization for research and treatment of cancer and the
mycoses study group education and research consortium. Clin Infect Dis (2020) 71
(6):1367–76. doi: 10.1093/cid/ciz1008

7. Slavin M, van Hal S, Sorrell TC, Lee A, Marriott DJ, Daveson K, et al. Invasive
infections due to filamentous fungi other than aspergillus: Epidemiology and
determinants of mortality. Clin Microbiol Infect (2015) 21(5):490 e1–10.
doi: 10.1016/j.cmi.2014.12.021

8. Valentine JC, Morrissey CO, Tacey MA, Liew D, Patil S, Peleg AY, et al. A
population-based analysis of invasive fungal disease in haematology-oncology
patients using data linkage of state-wide registries and administrative databases:
2005 - 2016. BMC Infect Dis (2019) 19(1):274. doi: 10.1186/s12879-019-3901-y
FIGURE 1

A graphical summary demonstrating how COVID-19 infection contributes to increased susceptibility to invasive fungal disease.
frontiersin.org

https://doi.org/10.15167/2421-4248/jpmh2021.62.3.2124
https://doi.org/10.3389/fmicb.2010.00134
https://doi.org/10.1086/497138
https://doi.org/10.1038/nature10947
https://doi.org/10.1016/j.idc.2020.02.010
https://doi.org/10.1093/cid/ciz1008
https://doi.org/10.1016/j.cmi.2014.12.021
https://doi.org/10.1186/s12879-019-3901-y
https://doi.org/10.3389/fimmu.2022.1080822
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Morton et al. 10.3389/fimmu.2022.1080822
9. Rammaert B, Lanternier F, Poiree S, Kania R, Lortholary O. Diabetes and
mucormycosis: A complex interplay. Diabetes Metab (2012) 38(3):193–204.
doi: 10.1016/j.diabet.2012.01.002

10. Armstrong-James D, Meintjes G, Brown GD. A neglected epidemic: Fungal
infections in Hiv/Aids. Trends Microbiol (2014) 22(3):120–7. doi: 10.1016/
j.tim.2014.01.001

11. Cassone A, Cauda R. Candida and candidiasis in hiv-infected patients:
Where commensalism, opportunistic behavior and frank pathogenicity lose their
borders. AIDS (2012) 26(12):1457–72. doi: 10.1097/QAD.0b013e3283536ba8

12. Brown GD, Meintjes G, Kolls JK, Gray C, Horsnell WWorking Group from
the E-ARMW, et al. Aids-related mycoses: The way forward. Trends Microbiol
(2014) 22(3):107–9. doi: 10.1016/j.tim.2013.12.008

13. Limper AH, Adenis A, Le T, Harrison TS. Fungal infections in Hiv/Aids.
Lancet Infect Dis (2017) 17(11):e334–e43. doi: 10.1016/S1473-3099(17)30303-1

14. Pagano L, Busca A, Candoni A, Cattaneo C, Cesaro S, Fanci R, et al. Risk
stratification for invasive fungal infections in patients with hematological
malignancies: Seifem recommendations. Blood Rev (2017) 31(2):17–29.
doi: 10.1016/j.blre.2016.09.002

15. Marchesi F, Pimpinelli F, Di Domenico EG, Renzi D, GalloMT, Regazzo G, et al.
Association between cmv and invasive fungal infections after autologous stem cell
transplant in lymphoproliferative malignancies: Opportunistic partnership or cause-
effect relationship? Int J Mol Sci (2019) 20(6):1373. doi: 10.3390/ijms20061373

16. Kuo CW, Wang SY, Tsai HP, Su PL, Cia CT, Lai CH, et al. Invasive
pulmonary aspergillosis is associated with cytomegalovirus viremia in critically ill
patients - a retrospective cohort study. J Microbiol Immunol Infect (2022) 55
(2):291–9. doi: 10.1016/j.jmii.2021.03.005

17. Schauwvlieghe A, Rijnders BJA, Philips N, Verwijs R, Vanderbeke L, Van
Tienen C, et al. Invasive aspergillosis in patients admitted to the intensive care unit
with severe influenza: A retrospective cohort study. Lancet Respir Med (2018) 6
(10):782–92. doi: 10.1016/S2213-2600(18)30274-1

18. Grimm MJ, Vethanayagam RR, Almyroudis NG, Lewandowski D, Rall N,
Blackwell TS, et al. Role of nadph oxidase in host defense against aspergillosis.Med
Mycol (2011) 49 Suppl 1:S144–9. doi: 10.3109/13693786.2010.487077

19. Sun K, Metzger DW. Influenza infection suppresses nadph oxidase-
dependent phagocytic bacterial clearance and enhances susceptibility to
secondary methicillin-resistant staphylococcus aureus infection. J Immunol
(2014) 192(7):3301–7. doi: 10.4049/jimmunol.1303049

20. Verweij PE, Rijnders BJA, Bruggemann RJM, Azoulay E, Bassetti M, Blot S,
et al. Review of influenza-associated pulmonary aspergillosis in icu patients and
proposal for a case definition: An expert opinion. Intensive Care Med (2020) 46
(8):1524–35. doi: 10.1007/s00134-020-06091-6

21. Ng TT, Robson GD, Denning DW. Hydrocortisone-enhanced growth of
aspergillus spp.: Implications for pathogenesis. Microbiol (Reading) (1994)
140:2475–9. doi: 10.1099/13500872-140-9-2475

22. Dewi IMW, Cunha C, Jaeger M, Gresnigt MS, GkountzinopoulouME, Garishah
FM, et al. Neuraminidase and Siglec15 modulate the host defense against pulmonary
aspergillosis. Cell Rep Med (2021) 2(5):100289. doi: 10.1016/j.xcrm.2021.100289

23. FeysS,GoncalvesSM,KhanM,ChoiS,BoeckxB,ChatelainD,et al.Lungepithelial
andmyeloid innate immunity in influenza-associated or covid-19-Associated pulmonary
aspergillosis: An observational study. Lancet Respir Med (2022). Online ahead of print;
S2213-2600(22)00259-4 doi: 10.1016/S2213-2600(22)00259-4

24. Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann HH, Zhang Y, et al.
Autoantibodies against type I ifns in patients with life-threatening covid-19. Science
(2020), 370(6515):eabd4585. doi: 10.1126/science.abd4585

25. Baddley JW, Thompson GR3rd, SC C, PL W, MD J, MH N, et al.
Coronavirus disease 2019-associated invasive fungal infection. Open Forum
Infect Dis (2021) 8(12):ofab510. doi: 10.1093/ofid/ofab510

26. White PL, Dhillon R, Cordey A, Hughes H, Faggian F, Soni S, et al. A
national strategy to diagnose coronavirus disease 2019-associated invasive fungal
disease in the intensive care unit. Clin Infect Dis (2021) 73(7):e1634–e44.
doi: 10.1093/cid/ciaa1298

27. White PL, Springer J, Wise MP, Einsele H, Loffler C, Seif M, et al. A clinical
case of covid-19-Associated pulmonary aspergillosis (Capa), illustrating the
challenges in diagnosis (Despite overwhelming mycological evidence). J Fungi
(Basel) (2022) 8(1):81. doi: 10.3390/jof8010081

28. Delliere S, Dudoignon E, Voicu S, Collet M, Fodil S, Plaud B, et al.
Combination of mycological criteria: A better surrogate to identify covid-19-
Associated pulmonary aspergillosis patients and evaluate prognosis? J Clin
Microbiol (2022) 60(3):e0216921. doi: 10.1128/JCM.02169-21

29. Koehler P, Bassetti M, Chakrabarti A, Chen SCA, Colombo AL, Hoenigl M,
et al. Defining and managing covid-19-Associated pulmonary aspergillosis: The
2020 Ecmm/Isham consensus criteria for research and clinical guidance. Lancet
Infect Dis (2021) 21(6):e149–e62. doi: 10.1016/S1473-3099(20)30847-1
Frontiers in Immunology 10
30. Verweij PE, Bruggemann RJM, Azoulay E, Bassetti M, Blot S, Buil JB, et al.
Taskforce report on the diagnosis and clinical management of covid-19 associated
pulmonary aspergillosis. Intensive Care Med (2021) 47(8):819–34. doi: 10.1007/
s00134-021-06449-4

31. Salmanton-Garcia J, Sprute R, Stemler J, Bartoletti M, Dupont D, Valerio M,
et al. Covid-19-Associated pulmonary aspergillosis, march-august 2020. Emerg
Infect Dis (2021) 27(4):1077–86. doi: 10.3201/eid2704.204895

32. Macauley P, Epelbaum O. Epidemiology and mycology of candidaemia in
non-oncological medical intensive care unit patients in a tertiary center in the
united states: Overall analysis and comparison between non-Covid-19 and covid-
19 cases. Mycoses (2021) 64(6):634–40. doi: 10.1111/myc.13258

33. Nucci M, Barreiros G, Guimaraes LF, Deriquehem VAS, Castineiras AC,
Nouer SA. Increased incidence of candidemia in a tertiary care hospital with the
covid-19 pandemic. Mycoses (2021) 64(2):152–6. doi: 10.1111/myc.13225

34. Seagle EE, Jackson BR, Lockhart SR, Georgacopoulos O, Nunnally NS,
Roland J, et al. The landscape of candidemia during the coronavirus disease 2019
(Covid-19) pandemic. Clin Infect Dis (2022) 74(5):802–11. doi: 10.1093/cid/
ciab562

35. Arastehfar A, Carvalho A, Nguyen MH, Hedayati MT, Netea MG, Perlin
DS, et al. Covid-19-Associated candidiasis (Cac): An underestimated complication
in the absence of immunological predispositions? J Fungi (Basel) (2020) 6(4): 211.
doi: 10.3390/jof6040211

36. Prestel C, Anderson E, Forsberg K, Lyman M, de Perio MA, Kuhar D, et al.
Candida auris outbreak in a covid-19 specialty care unit - Florida, July-august 2020.
MMWR Morb Mortal Wkly Rep (2021) 70(2):56–7. doi: 10.15585/
mmwr.mm7002e3

37. Hoenigl M, Seidel D, Carvalho A, Rudramurthy SM, Arastehfar A,
Gangneux JP, et al. The emergence of covid-19 associated mucormycosis: A
review of cases from 18 countries. Lancet Microbe (2022) 3(7):e543–e52.
doi: 10.1016/S2666-5247(21)00237-8

38. Chakravarty J, Gupta MK, Tilak R, Kumar R, Maurya RP, Kumar N, et al.
Covid-19-Associated mucormycosis: A clinico-epidemiological study. J Diabetes
Complications (2022) 36(9):108284. doi: 10.1016/j.jdiacomp.2022.108284

39. Drummond RA, Desai JV, Ricotta EE, Swamydas M, Deming C, Conlan S,
et al. Long-term antibiotic exposure promotes mortality after systemic fungal
infection by driving lymphocyte dysfunction and systemic escape of commensal
bacteria. Cell Host Microbe (2022) 30(7):1020–33 e6. doi: 10.1016/
j.chom.2022.04.013

40. Lucas RM, Liu L, Curson JEB, Koh YWH, Tuladhar N, Condon ND, et al.
Scimp is a spatiotemporal transmembrane scaffold for Erk1/2 to direct pro-
inflammatory signaling in tlr-activated macrophages. Cell Rep (2021) 36
(10):109662. doi: 10.1016/j.celrep.2021.109662

41. Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al.
Longitudinal analyses reveal immunological misfiring in severe covid-19. Nature
(2020) 584(7821):463–9. doi: 10.1038/s41586-020-2588-y

42. Hu B, Huang S, Yin L. The cytokine storm and covid-19. J Med Virol (2021)
93(1):250–6. doi: 10.1002/jmv.26232

43. Chang T, Yang J, Deng H, Chen D, Yang X, Tang ZH. Depletion and
dysfunction of dendritic cells: Understanding sars-Cov-2 infection. Front Immunol
(2022) 13:843342. doi: 10.3389/fimmu.2022.843342

44. Merad M, Martin JC. Pathological inflammation in patients with covid-19:
A key role for monocytes and macrophages. Nat Rev Immunol (2020) 20(6):355–
62. doi: 10.1038/s41577-020-0331-4

45. Salazar F, Bignell E, Brown GD, Cook PC, Warris A. Pathogenesis of
respiratory viral and fungal coinfections. Clin Microbiol Rev (2022) 35(1):e0009421.
doi: 10.1128/CMR.00094-21

46. Thwaites RS, Sanchez Sevilla Uruchurtu A, Siggins MK, Liew F, Russell CD,
Moore SC, et al. Inflammatory profiles across the spectrum of disease reveal a
distinct role for gm-csf in severe covid-19. Sci Immunol (2021) 6(57):eabg9873.
doi: 10.1126/sciimmunol.abg9873

47. Danion F, Duval C, Severac F, Bachellier P, Candolfi E, Castelain V, et al.
Factors associated with coinfections in invasive aspergillosis: A retrospective cohort
study. Clin Microbiol Infect (2021) 27(11):1644–51. doi: 10.1016/j.cmi.2021.02.021

48. Fliesser M, Wallstein M, Kurzai O, Einsele H, Loffler J. Hypoxia attenuates
anti-aspergillus fumigatus immune responses initiated by human dendritic cells.
Mycoses (2016) 59(8):503–8. doi: 10.1111/myc.12498

49. Bernardes JP, Mishra N, Tran F, Bahmer T, Best L, Blase JI, et al.
Longitudinal multi-omics analyses identify responses of megakaryocytes,
erythroid cells, and plasmablasts as hallmarks of severe covid-19. Immunity
(2020) 53(6):1296–314 e9. doi: 10.1016/j.immuni.2020.11.017

50. Cilloniz C, Ewig S, Menendez R, Ferrer M, Polverino E, Reyes S, et al.
Bacterial Co-infection with H1n1 infection in patients admitted with community
acquired pneumonia. J Infect (2012) 65(3):223–30. doi: 10.1016/j.jinf.2012.04.009
frontiersin.org

https://doi.org/10.1016/j.diabet.2012.01.002
https://doi.org/10.1016/j.tim.2014.01.001
https://doi.org/10.1016/j.tim.2014.01.001
https://doi.org/10.1097/QAD.0b013e3283536ba8
https://doi.org/10.1016/j.tim.2013.12.008
https://doi.org/10.1016/S1473-3099(17)30303-1
https://doi.org/10.1016/j.blre.2016.09.002
https://doi.org/10.3390/ijms20061373
https://doi.org/10.1016/j.jmii.2021.03.005
https://doi.org/10.1016/S2213-2600(18)30274-1
https://doi.org/10.3109/13693786.2010.487077
https://doi.org/10.4049/jimmunol.1303049
https://doi.org/10.1007/s00134-020-06091-6
https://doi.org/10.1099/13500872-140-9-2475
https://doi.org/10.1016/j.xcrm.2021.100289
https://doi.org/10.1016/S2213-2600(22)00259-4
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1093/ofid/ofab510
https://doi.org/10.1093/cid/ciaa1298
https://doi.org/10.3390/jof8010081
https://doi.org/10.1128/JCM.02169-21
https://doi.org/10.1016/S1473-3099(20)30847-1
https://doi.org/10.1007/s00134-021-06449-4
https://doi.org/10.1007/s00134-021-06449-4
https://doi.org/10.3201/eid2704.204895
https://doi.org/10.1111/myc.13258
https://doi.org/10.1111/myc.13225
https://doi.org/10.1093/cid/ciab562
https://doi.org/10.1093/cid/ciab562
https://doi.org/10.3390/jof6040211
https://doi.org/10.15585/mmwr.mm7002e3
https://doi.org/10.15585/mmwr.mm7002e3
https://doi.org/10.1016/S2666-5247(21)00237-8
https://doi.org/10.1016/j.jdiacomp.2022.108284
https://doi.org/10.1016/j.chom.2022.04.013
https://doi.org/10.1016/j.chom.2022.04.013
https://doi.org/10.1016/j.celrep.2021.109662
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1002/jmv.26232
https://doi.org/10.3389/fimmu.2022.843342
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1128/CMR.00094-21
https://doi.org/10.1126/sciimmunol.abg9873
https://doi.org/10.1016/j.cmi.2021.02.021
https://doi.org/10.1111/myc.12498
https://doi.org/10.1016/j.immuni.2020.11.017
https://doi.org/10.1016/j.jinf.2012.04.009
https://doi.org/10.3389/fimmu.2022.1080822
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Morton et al. 10.3389/fimmu.2022.1080822
51. Gangneux JP, Dannaoui E, Fekkar A, Luyt CE, Botterel F, De Prost N, et al.
Fungal infections in mechanically ventilated patients with covid-19 during the first
wave: The French multicentre mycovid study. Lancet Respir Med (2022) 10(2):180–
90. doi: 10.1016/S2213-2600(21)00442-2

52. Permpalung N, Chiang TP, Massie AB, Zhang SX, Avery RK, Nematollahi S,
et al. Coronavirus disease 2019-associated pulmonary aspergillosis in mechanically
ventilated patients. Clin Infect Dis (2022) 74(1):83–91. doi: 10.1093/cid/ciab223

53. Bartoletti M, Pascale R, Cricca M, Rinaldi M, Maccaro A, Bussini L, et al.
Epidemiology of invasive pulmonary aspergillosis among intubated patients with covid-
19:Aprospective study.Clin InfectDis (2021)73(11):e3606–e14. doi: 10.1093/cid/ciaa1065

54. Reid G, Lynch JP3rd, Fishbein MC, Clark NM. Mucormycosis. Semin Respir
Crit Care Med (2020) 41(1):99–114. doi: 10.1055/s-0039-3401992

55. Carlos AJ, Ha DP, Yeh DW, Van Krieken R, Tseng CC, Zhang P, et al. The
chaperone Grp78 is a host auxiliary factor for sars-Cov-2 and Grp78 depleting
antibody blocks viral entry and infection. J Biol Chem (2021) 296:100759.
doi: 10.1016/j.jbc.2021.100759

56. Alqarihi A, Gebremariam T, Gu Y, Swidergall M, Alkhazraji S, Soliman
SSM, et al. Grp78 and integrins play different roles in host cell invasion during
mucormycosis. mBio (2020) 11(3):e01087-20. doi: 10.1128/mBio.01087-20

57. Bhimraj A, Morgan RL, Shumaker AH, Lavergne V, Baden L, Cheng VC, et al.
Infectious diseases society of America guidelines on the treatment and management of
patientswith covid-19.Clin InfectDis (2020). Epubaheadof print doi: 10.1093/cid/ciaa478

58. Leistner R, Schroeter L, AdamT, PoddubnyyD, StegemannM, Siegmund B, et al.
Corticosteroids as risk factor for covid-19-Associated pulmonary aspergillosis in intensive
care patients. Crit Care (2022) 26(1):30. doi: 10.1186/s13054-022-03902-8

59. Shadrivova O, Gusev D, Vashukova M, Lobzin D, Gusarov V, Zamyatin M,
et al. Covid-19-Associated pulmonary aspergillosis in Russia. J Fungi (Basel) (2021)
7(12):1059. doi: 10.3390/jof7121059

60. Fekkar A, Lampros A, Mayaux J, Poignon C, Demeret S, Constantin JM,
et al. Occurrence of invasive pulmonary fungal infections in patients with severe
covid-19 admitted to the icu. Am J Respir Crit Care Med (2021) 203(3):307–17.
doi: 10.1164/rccm.202009-3400OC

61. Zoran T, Seelbinder B, White PL, Price JS, Kraus S, Kurzai O, et al.
Molecular profiling reveals characteristic and decisive signatures in patients after
allogeneic stem cell transplantation suffering from invasive pulmonary
aspergillosis. J Fungi (Basel) (2022) 8(2):171. doi: 10.3390/jof8020171

62. Antinori S, Bonazzetti C, Gubertini G, Capetti A, Pagani C, Morena V, et al.
Tocilizumab for cytokine storm syndrome in covid-19 pneumonia: An increased risk for
candidemia? Autoimmun Rev (2020) 19(7):102564. doi: 10.1016/j.autrev.2020.102564

63. Segrelles-Calvo G, de SAGR, Llopis-Pastor E, Carrillo J, Hernandez-
Hernandez M, Rey L, et al. Candida spp. Co-infection in covid-19 patients with
severe pneumonia: Prevalence study and associated risk factors. Respir Med (2021)
188:106619. doi: 10.1016/j.rmed.2021.106619

64. Blaize M, Raoelina A, Kornblum D, Kamus L, Lampros A, Berger M, et al.
Occurrence of candidemia in patients with covid-19 admitted to five icus in France.
J Fungi (Basel) (2022) 8(7):678. doi: 10.3390/jof8070678

65. Mastrangelo A, Germinario BN, Ferrante M, Frangi C, Li Voti R, Muccini C,
et al. Candidemia in coronavirus disease 2019 (Covid-19) patients: Incidence and
characteristics in a prospective cohort compared with historical non-Covid-19
controls. Clin Infect Dis (2021) 73(9):e2838–e9. doi: 10.1093/cid/ciaa1594

66. Kaminski H, Lemoine M, Pradeu T. Immunological exhaustion: How to
make a disparate concept operational? PloS Pathog (2021) 17(9):e1009892.
doi: 10.1371/journal.ppat.1009892

67. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al.
Restoring function in exhausted Cd8 T cells during chronic viral infection. Nature
(2006) 439(7077):682–7. doi: 10.1038/nature04444

68. Zhang C, Wang XM, Li SR, Twelkmeyer T, Wang WH, Zhang SY, et al.
Nkg2a is a nk cell exhaustion checkpoint for hcv persistence. Nat Commun (2019)
10(1):1507. doi: 10.1038/s41467-019-09212-y

69. Small CL, Shaler CR, McCormick S, Jeyanathan M, Damjanovic D, Brown
EG, et al. Influenza infection leads to increased susceptibility to subsequent
bacterial superinfection by impairing nk cell responses in the lung. J Immunol
(2010) 184(4):2048–56. doi: 10.4049/jimmunol.0902772

70. Santiago V, Rezvani K, Sekine T, Stebbing J, Kelleher P, Armstrong-James
D. Human nk cells develop an exhaustion phenotype during polar degranulation at
the aspergillus fumigatus hyphal synapse. Front Immunol (2018) 9:2344.
doi: 10.3389/fimmu.2018.02344

71. BouzaniM,OkM,McCormickA, Ebel F, KurzaiO,MortonCO, et al.Human nk
cells display important antifungal activity against aspergillus fumigatus, which is directly
mediated by ifn-gamma release. J Immunol (2011) 187(3):1369–76. doi: 10.4049/
jimmunol.1003593

72. Park SJ, Hughes MA, Burdick M, Strieter RM, Mehrad B. Early nk cell-
derived ifn-{Gamma} is essential to host defense in neutropenic invasive
aspergillosis. J Immunol (2009) 182(7):4306–12. doi: 10.4049/jimmunol.0803462
Frontiers in Immunology 11
73. Weiss E, Schlegel J, Terpitz U, Weber M, Linde J, Schmitt AL, et al.
Reconstituting nk cells after allogeneic stem cell transplantation show impaired
response to the fungal pathogen aspergillus fumigatus. Front Immunol (2020)
11:2117. doi: 10.3389/fimmu.2020.02117

74. Schmidt S, Luckowitsch M, Hogardt M, Lehrnbecher T. Natural killer cell
line nk-92-Mediated damage of medically important fungi. J Fungi (Basel) (2021) 7
(2):144. doi: 10.3390/jof7020144

75. Soe WM, Lim JHJ, Williams DL, Goh JG, Tan Z, Sam QH, et al. Using
expanded natural killer cells as therapy for invasive aspergillosis. J Fungi (Basel)
(2020) 6(4):231. doi: 10.3390/jof6040231

76. Zhou T, Su TT, Mudianto T, Wang J. Immune asynchrony in covid-19
pathogenesis and potential immunotherapies. J Exp Med (2020) 217(10):
e20200674. doi: 10.1084/jem.20200674

77. Vu CTB, Thammahong A, Yagita H, Azuma M, Hirankarn N, Ritprajak P,
et al. Blockade of pd-1 attenuated postsepsis aspergillosis Via the activation of ifn-
gamma and the dampening of il-10. Shock (2020) 53(4):514–24. doi: 10.1097/
SHK.0000000000001392

78. Wurster S, Albert ND, Bharadwaj U, Kasembeli MM, Tarrand JJ, Daver N, et al.
Blockade of the pd-1/Pd-L1 immune checkpoint pathway improves infection outcomes
and enhances fungicidal host defense in a murine model of invasive pulmonary
mucormycosis. Front Immunol (2022) 13:838344. doi: 10.3389/fimmu.2022.838344

79. KawakitaM,OyamaT, Shirai I, Tanaka S, Akaki K, Abe S, et al. Cell wall n-glycan
of candida albicans ameliorates early hyper- and late hypo-immunoreactivity in sepsis.
Commun Biol (2021) 4(1):342. doi: 10.1038/s42003-021-01870-3

80. Worku DA. Sars-Cov-2 associated immune dysregulation and covid-
associated pulmonary aspergilliosis (Capa): A cautionary tale. Int J Mol Sci
(2022) 23(6):3228. doi: 10.3390/ijms23063228

81. Mohammed RN, Tamjidifar R, Rahman HS, Adili A, Ghoreishizadeh S,
Saeedi H, et al. A comprehensive review about immune responses and exhaustion
during coronavirus disease (Covid-19). Cell Commun Signal (2022) 20(1):79.
doi: 10.1186/s12964-022-00856-w

82. Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and
functional exhaustion of T cells in patients with coronavirus disease 2019 (Covid-
19). Front Immunol (2020) 11:827. doi: 10.3389/fimmu.2020.00827

83. Mudd PA, Remy KE. Prolonged adaptive immune activation in covid-19:
Implications for maintenance of long-term immunity? J Clin Invest (2021) 131(1):
e143928. doi: 10.1172/JCI143928

84. Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, et al. Functional
exhaustion of antiviral lymphocytes in covid-19 patients. Cell Mol Immunol
(2020) 17(5):533–5. doi: 10.1038/s41423-020-0402-2

85. Chakrabarti SS, Kaur U, Aggarwal SK, Kanakan A, Saini A, Agrawal BK,
et al. The pathogenetic dilemma of post-Covid-19 mucormycosis in India. Aging
Dis (2022) 13(1):24–8. doi: 10.14336/AD.2021.0811

86. Bhargava D, Ahirwal R, Dubey S, Gurjar P, Pandey A, Beena S, et al. Covid
induced functional exhaustion and persistently reduced lymphocytes as vital
contributing factors for post-covid rhino-orbital and cerebral mucormycosis in
patients with diabetes: Report from the Indian Sub-continent. Head Neck Pathol
(2022) 16(3):645–50. doi: 10.1007/s12105-021-01382-w

87. Tappe B, Lauruschkat CD, Strobel L, Pantaleon Garcia J, Kurzai O, Rebhan
S, et al. Covid-19 patients share common, corticosteroid-independent features of
impaired host immunity to pathogenic molds. Front Immunol (2022) 13:954985.
doi: 10.3389/fimmu.2022.954985

88. MircescuMM, Lipuma L, van Rooijen N, Pamer EG, Hohl TM. Essential role for
neutrophils but not alveolar macrophages at early time points following aspergillus
fumigatus infection. J Infect Dis (2009) 200(4):647–56. doi: 10.1086/600380

89. Gazendam RP, van Hamme JL, Tool AT, Hoogenboezem M, van den Berg
JM, Prins JM, et al. Human neutrophils use different mechanisms to kill aspergillus
fumigatus conidia and hyphae: Evidence from phagocyte defects. J Immunol (2016)
196(3):1272–83. doi: 10.4049/jimmunol.1501811

90. Adivitiya, Kaushik MS, Chakraborty S, Veleri S, Kateriya S. Mucociliary
respiratory epithelium integrity in molecular defense and susceptibility to
pulmonary viral infections. Biol (Basel) (2021) 10(2):95. doi: 10.3390/
biology10020095

91. Adli A, Rahimi M, Khodaie R, Hashemzaei N, Hosseini SM. Role of genetic
variants and host polymorphisms on covid-19: From viral entrance mechanisms to
immunological reactions. J Med Virol (2022) 94(5):1846–65. doi: 10.1002/
jmv.27615

92. Lupianez CB, Canet LM, Carvalho A, Alcazar-Fuoli L, Springer J, Lackner
M, et al. Polymorphisms in host immunity-modulating genes and risk of invasive
aspergillosis: Results from the aspbiomics consortium. Infect Immun (2015) 84
(3):643–57. doi: 10.1128/IAI.01359-15

93. van de Veerdonk FL, Brüggemann RJM, Vos S, De Hertogh G, Wauters J,
Reijers MHE, et al. COVID-19-associated aspergillus tracheobronchitis: the
interplay between viral tropism, host defence, and fungal invasion. Lancet Respir
Med (2021) 9(7):795–802. doi: 10.1016/S2213-2600(21)00138-7
frontiersin.org

https://doi.org/10.1016/S2213-2600(21)00442-2
https://doi.org/10.1093/cid/ciab223
https://doi.org/10.1093/cid/ciaa1065
https://doi.org/10.1055/s-0039-3401992
https://doi.org/10.1016/j.jbc.2021.100759
https://doi.org/10.1128/mBio.01087-20
https://doi.org/10.1093/cid/ciaa478
https://doi.org/10.1186/s13054-022-03902-8
https://doi.org/10.3390/jof7121059
https://doi.org/10.1164/rccm.202009-3400OC
https://doi.org/10.3390/jof8020171
https://doi.org/10.1016/j.autrev.2020.102564
https://doi.org/10.1016/j.rmed.2021.106619
https://doi.org/10.3390/jof8070678
https://doi.org/10.1093/cid/ciaa1594
https://doi.org/10.1371/journal.ppat.1009892
https://doi.org/10.1038/nature04444
https://doi.org/10.1038/s41467-019-09212-y
https://doi.org/10.4049/jimmunol.0902772
https://doi.org/10.3389/fimmu.2018.02344
https://doi.org/10.4049/jimmunol.1003593
https://doi.org/10.4049/jimmunol.1003593
https://doi.org/10.4049/jimmunol.0803462
https://doi.org/10.3389/fimmu.2020.02117
https://doi.org/10.3390/jof7020144
https://doi.org/10.3390/jof6040231
https://doi.org/10.1084/jem.20200674
https://doi.org/10.1097/SHK.0000000000001392
https://doi.org/10.1097/SHK.0000000000001392
https://doi.org/10.3389/fimmu.2022.838344
https://doi.org/10.1038/s42003-021-01870-3
https://doi.org/10.3390/ijms23063228
https://doi.org/10.1186/s12964-022-00856-w
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1172/JCI143928
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.14336/AD.2021.0811
https://doi.org/10.1007/s12105-021-01382-w
https://doi.org/10.3389/fimmu.2022.954985
https://doi.org/10.1086/600380
https://doi.org/10.4049/jimmunol.1501811
https://doi.org/10.3390/biology10020095
https://doi.org/10.3390/biology10020095
https://doi.org/10.1002/jmv.27615
https://doi.org/10.1002/jmv.27615
https://doi.org/10.1128/IAI.01359-15
https://doi.org/10.1016/S2213-2600(21)00138-7
https://doi.org/10.3389/fimmu.2022.1080822
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Defective antifungal immunity in patients with COVID-19
	1 Introduction
	1.1 Viral infection as a risk factor for IFD
	1.2 COVID-19 and IFD
	1.2.1 COVID-19 associated pulmonary aspergillosis
	1.2.2 COVID-19 associated candidiasis
	1.2.3 COVID-19 associated mucormycosis
	1.2.4 Other COVID-19 associated fungal infections


	2 Immune dysregulation and risk factors during COVID-19
	2.1 Immune exhaustion
	2.2 COVID-19 induced immune exhaustion and IFD

	3 Concluding comments
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


