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Fungal diseases: A real threat to public health

Human fungal diseases differ fundamentally from other infections in diverse ways. As eukary-
otic pathogens, fungi share many similarities with their host cells, which impairs the develop-
ment of antifungal compounds. Fungal tropism is highly variable, as pathogens infect a wide
range of cell types. A single fungal pathogen can infect multiple tissues in the same patient
(depending on the host’s immunological status) and can undergo morphogenic shifts during
infection. Fungi are still underappreciated as major pathogens by both the public and public
health officials. Diseases caused by protozoa, bacteria, and viruses have been recognized as
important public health issues for centuries. For instance, syphilis, influenza, and Chagas dis-
ease have been documented for over 100 years [1], while invasive mycoses were only widely
acknowledged as medically important pathogens in the 1980s [2].

Viral diseases of major population impact (such as smallpox, influenza and—more recently—
dengue, Zika, Chikungunya, and coronavirus) have affected millions of people with significant
effects on human health in developed, developing, and less developed nations [3,4]. These condi-
tions have boosted the generation of knowledge, which has led to the eradication of smallpox [5],
the wide availability of effective vaccines [6], and the development of diagnostic and preventive
tools against influenza [7] and, more recently, Zika [8]. Bacterial diseases have profoundly
impacted human health at different times in history, and although the phenomenon of antimi-
crobial resistance is a matter of extreme concern, there are several effective tools for the preven-
tion, treatment, and diagnosis of bacterial infections [9]. Human parasitosis have been
recognized to negatively impact public health in different parts of the globe for decades, which
has stimulated the ongoing development of vaccines, new drugs, and diagnostic tests for malaria,
sleeping sickness, leishmaniasis, filariasis, and Chagas disease [10]. Fungal infections, however,
are part of a different scenario. These diseases, for most of recorded history as well as the majority
of the last century, have been rare or had a low impact on human health.

The increase in the number of immunocompromised patients, some of whom are highly
susceptible to fungal infections, has totally changed this picture. The invasive diseases caused
by fungi, the so-called systemic mycoses, profoundly impact human health. Moreover, the
Global Action Fund for Fungal Infections (GAFFI) also highlights the devastating impact of
focal fungal diseases in individuals who often have intact immune systems. GAFFI estimates
that more than 1 million eyes go blind each year due to fungal keratitis [11]. Nearly one billion
people have skin mycoses, which makes this disease only slightly less common on the planet
than headaches and dental caries. Fungal spores contribute to significant reactive airway dis-
eases in over 10 million individuals. In total, the GAFFI estimates that over 300 million people
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of all ages suffer from a serious fungal infection each year globally [11]. Notably, over 1.5 mil-
lion of these individuals are estimated to die from their fungal disease [12].

Individual fungal diseases have profound impacts on human health. Around 220,000 new
cases of cryptococcal meningitis occur worldwide each year, resulting in 181,000 deaths con-
centrated in sub-Saharan Africa [13]. More than 400,000 people develop Pneumocystis pneu-
monia annually and die without access to therapy [11]. In Latin America, histoplasmosis is
one of the most common opportunistic infections among people living with HIV/AIDS, and
approximately 30% of patients diagnosed with histoplasmosis in that region die from this dis-
ease [12]. Morbidity rates linked to fungal infections also represent an important health issue.
For example, diseases such as chromoblastomycosis and eumycetoma lead to destructive
deformations and debilitating conditions of the subcutaneous tissues, skin, and underlying
bones, which result in social exclusion [14].

AIDS and opportunistic fungal diseases: Problem solved or current
threat?

Along with patients on anticancer therapies and other immunosuppressive medications, indi-
viduals with advanced HIV have dramatically contributed to the excess numbers of deaths due
to fungal diseases. The implementation of new therapeutic strategies has had an unquestion-
ably positive impact on the health of individuals with HIV and, as a result, AIDS-related deaths
have fallen by more than 50% since their peak in 2004. The global number of people living
with HIV ranged from 32.7 million to 44 million in 2018. In this group, up to 23.3 million peo-
ple had access to antiretroviral therapy. In 2017, about 1.7 million new HIV infections were
reported, and about 770,000 people died from this condition. It is noteworthy that up to 75
million people have been infected with HIV since the start of the pandemic, resulting in
approximately 32 million AIDS-related deaths [15]. Hence, there remain large numbers of
individuals who are not in care or whose immune systems are compromised by HIV. These
compromised HIV-infected individuals, particularly those with CD4+ cell counts less than
200/mm”, are at high risk for invasive fungal diseases. Thus, the spread or control of AIDS is
directly linked to the impact of invasive mycoses on public health.

Tuberculosis remains the leading cause of death among people living with HIV, accounting
for about 1 in 3 AIDS-related deaths [15]. By the end of 2016, 1.2 million people living with
HIV developed tuberculosis. However, it is important to reinforce that invasive mycoses have
a similarly close relationship to AIDS. According to the Centers for Disease Control and Pre-
vention (CDC), fungi are among the leading causes of opportunistic infections affecting
patients with HIV/AIDS [16]. Even with the increasing availability of anti-HIV treatment in
less developed countries, fungal infections, particularly cryptococcosis and histoplasmosis
[12,13], are still a major problem for people living with HIV/AIDS. For example, meningitis
caused by the genus Cryptococcus is (after tuberculosis) the second leading cause of death in
people living with HIV [13]. Importantly, cryptococcal meningitis is a brain infection that, if
left untreated, results in an agonizing death for people living with HIV [17].

Systemic mycoses are neglected diseases

Despite their alarming impact on human health, fungal diseases have been continually
neglected over the years. According to Molyneux [18], neglected tropical diseases have particu-
lar characteristics. Firstly, they afflict the poorest people without access to safe drinking water,
sanitation, and basic health services. Secondly, they are usually chronic and slowly developing,
becoming progressively worse if left undiagnosed and untreated. The damage these diseases
cause can be irreversible. Finally, neglected tropical diseases can cause severe pain and
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disability throughout life, with long-term consequences for patients and families of the affected
person. People with neglected tropical diseases are often stigmatized and socially excluded,
which can affect their mental health. High-income groups are rarely affected.

The number of diseases that meet the above criteria is regrettably higher than would be
expected for the second decade of the current millennium. This number, however, is underes-
timated, as several important syndromes fit these criteria but are not formally recognized as
such, including systemic mycoses. Indeed, most high-mortality mycoses remain ignored by
public health authorities and decision-makers. The financial support for fungal disease
research is incredibly lower than the funding available for other infectious diseases that cause
similar mortality [19,20]. For instance, for each human individual dying from malaria, US
$1,315 are invested in research and development. Investment per death corresponds to US
$334 for tuberculosis, US$276 for diarrheal diseases, and only US$31 for cryptococcal menin-
gitis [19]. Still, there is no clear recognition of the importance of fungal diseases by interna-
tional health agencies. For example, the World Health Organization (WHO) has recently
included mycetoma, chromoblastomycosis, and “other deep mycoses” in the list of neglected
tropical diseases [21], but specific information on WHO plans to combat fungal diseases is not
yet available. Research on histoplasmosis, paracoccidioidomycosis, and sporotrichosis receives
negligible funding [19]. Although these diseases are associated with high rates of mortality or
the generation of conditions that hinder the performance of professional functions and social
integration [14], none of them has been formally recognized as neglected diseases by WHO.

According to Morel [22], neglected diseases persist due to failures in science, market, and
public health. Science failures occur when there is insufficient knowledge on the pathophysiol-
ogy of infectious agents and the host response. Market failures are usually observed in diseases
against which medicines or vaccines exist but at a prohibitive cost. Finally, public health fail-
ures occur in syndromes against which low cost or even free prophylactic tools and medicines
are available but their use is limited by poor logistics and lack of governmental support.

Fungal diseases are clearly affected by the 3 types of failures described above. In this field,
there has been a significant failure in science compared to diseases of medical importance rec-
ognized for decades or centuries, as previously mentioned. Of course, significant gaps in
knowledge generation rates exist. Fungal infections consist of pathogenic processes triggered
by eukaryotic microorganisms, which hinders the development of drugs that are toxic to the
pathogen without affecting host tissues.

The fact that there are no licensed antifungal vaccines underscores another clear failure in
science. Similarly, reliable diagnostic methods are available for a very limited number of myco-
ses [23], and therapeutic options are restricted to a few classes of drugs that too frequently are
associated to both intrinsic and acquired resistance [24], toxic, and expensive [25]. In fact,
innovative tools to combat invasive mycoses are rare and of slow development. For illustration,
the most recently developed antifungals (echinocandins) were approved for clinical use in
2002 [26], reinforcing a major science failure in the area. It is noteworthy that this class of
drugs is ineffective against various high-mortality mycoses [25].

Market failures have a profound impact on the control of fungal diseases. The deadliest fun-
gal infections affect neglected populations, which results in a reduced market for drug com-
mercialization and lack of interest from the pharmaceutical sector in the development of
medicines, vaccines, and diagnostic tests for human mycoses. The main drug historically used
for the treatment of severe disseminated mycoses is amphotericin B (AmB), whose discovery
dates to 1955 [27], and it remains the standard first-line medication for certain fungal infec-
tions, such as cryptococcal meningitis. AmB formulations used for invasive fungal infections
vary greatly in efficacy, safety, and cost. Conventional formulations are usually affordable but
include significant side effects. The most effective and least toxic formulation is liposomal
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AmB, which can generate costs of up to US$100,000 per patient in different parts of the globe,
including developing countries [28].

Liposomal AmB is highly effective when used in combination with other drugs. This phar-
maceutical preparation was recommended by WHO as the preferred treatment for cryptococ-
cal meningitis [29]. However, the high prices and unavailability of liposomal AmB in several
countries have created major barriers to access to the most recommended treatment—as rec-
ognized by WHO itself—in developing countries. Liposomal AmB is registered and available
for use (at high cost) in only 6 of 116 developing countries where fungal meningitis is a public
health problem [11]. Prices are impeditive in many countries, revealing an unquestionable
market failure.

Public health failures also impact fungal diseases negatively. According to GAFFI [11], sev-
eral major antifungals are not available or registered in various regions where fungal diseases
are most lethal. 5-Fluorocytosine, a low-cost antimetabolite that is beneficial to a number of
patients with systemic mycoses when used in combination with other antifungal drugs, is not
available and/or registered in many countries, including those highly affected by systemic
mycoses [11]. Given the intrinsic difficulties and high costs of drug development and the evi-
dent market and public health failures in this field, it is more realistic and impactful to make
rational use of the diagnostic and antifungal tests already available to minimize the number of
deaths caused by fungal diseases. In a recent study, Denning [30] proposed actions to reduce
deaths from fungal diseases on the basis of currently available diagnostic tests and generic anti-
fungals. Assuming that diagnostic tests would be properly applied and that antifungal therapy
would be administered promptly and following current international guidelines, it was esti-
mated that by 2020 annual deaths from cryptococcal meningitis could fall from 180,000 to
70,000. Deaths due to Pneumocystis pneumonia would fall from 400,000 annually to 162,500.
The 80,000 annual deaths attributable to disseminated histoplasmosis could be reduced by
60%. Annual deaths due to chronic pulmonary aspergillosis (56,288) could fall by 33,500.
These actions would thus result in a total of 1 million lives saved over 5 years. Of course, the
effective implementation of AIDS control and prevention campaigns in areas lacking such
programs would also positively impact the reduction in deaths caused by fungal infections.
Such actions have the potential to minimize a clear public health failure on the basis of the use
of existing tools for diagnosing and treating invasive mycoses.

Present and future problems: The unknown

The epidemiology of fungal diseases is dynamic, and changes are difficult to predict. In 2012,
the CDC reported an outbreak of fungal infections of the central nervous system that occurred
among patients who received epidural or paraspinal injections of methylprednisolone. The
majority of affected patients had meningitis caused by an extremely rare cause of fungal dis-
ease, namely Exserohilum rostratum [31]. This fungus is an example of an unexpected, emer-
gent fungal disease, and it reinforced the perception of the pathogenic potential inherent in the
fungal kingdom. The E. rostratum outbreak killed over 60 people out of 750 infected patients
[32].

There is also a growing perception that climate change directly impacts the ability of fungi
to cause damage to the human host. Recently, the multiresistant pathogen Candida auris has
emerged as a serious global threat to human health, causing infections resistant to all major
classes of antifungal drugs in immunocompromised patients [33]. C. auris differs from most
other Candida species in several aspects. As recently reviewed by Lockhart, C. auris colonizes
the skin rather than the gastrointestinal tract and is extremely resilient in the environment
[34]. This resiliency has led to the fungus being associated with healthcare outbreaks, which
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have been exceedingly difficult to control due to the remarkable difficulty in eradicating the
fungus from both patients and the environment [33]. Also of great concern, antimicrobial
resistance in C. auris is more common than susceptibility to antifungals [34]. The spread of C.
auris disease is linked to clonal isolates recovered from India, Venezuela, and South Africa
between 2012 and 2015. Widespread use of antifungal drugs has been suggested as a determin-
ing factor for the emergence of C. auris [35]. Another hypothesis for the emergence of C. auris
suggests that the fungus has recently acquired the virulence characteristics required to cause
damage to human hosts. Although these explanations cannot be ruled out, it is unlikely that
these changes occurred simultaneously on 3 continents. In this sense, it has recently been pro-
posed that isolates of C. auris adapted to the human body temperature through selection from
high-temperature regions [35]. Thus, this would be the first example of a novel human fungal
pathogen that emerged as a result of global warming, which would explain several of its patho-
genic characteristics. This observation demonstrates an important link between climate
change and infectious diseases. Importantly, new threats to human health might still occur
through climate adaptation mechanisms of zoonotic fungi, as proposed for C. auris.

Diseases that are known for decades still raise concerns. The city of Rio de Janeiro, Brazil,
currently faces the largest sporotrichosis epidemic in history from a species, Sporothrix brasi-
liensis, that emerged locally [36]. Paracoccidioidomycosis is still one of the most important
systemic mycoses in Latin America and the leading cause of mycosis mortality in immuno-
competent individuals in Brazil [37]. Globally, the latest estimates suggest an annual occur-
rence of approximately 3 million cases of chronic pulmonary aspergillosis, over 200,000 cases
of cryptococcal meningitis, 700,000 cases of invasive candidiasis, 500,000 cases of Pneumocystis
jirovecii pneumonia, 250,000 cases of invasive aspergillosis, 100,000 cases of histoplasmosis,
over 10 million cases of fungal asthma, and 1 million cases of fungal keratitis [12].

The need for improved diagnosis of fungal infections

Early diagnosis of mycoses is decisive to efficient therapy. Common methods for the labora-
tory diagnosis of fungal infections include direct microscopic examination of human or animal
samples, histopathology, microbial culture, antigen detection, serology, and, in a few cases,
molecular tests [38]. These tests are relatively efficient at identifying well-known pathogens as
causative agents of human and animal syndromes. Difficulties are nevertheless present as
fungi typically reproduce slowly, and culture methods may take as long as a month to identify
common species such as Histoplasma sp. Moreover, susceptibility testing to guide clinicians is
also problematic, and breakpoints are not available for several important human pathogenic
fungi, including C. auris [39]. Moreover, as reviewed by Wickes and Wiederhold [23], detec-
tion of less frequently encountered fungi is considerably more complex because routine clini-
cal laboratories may lack the expertise and appropriate equipment to identify pathogenic
agents. In fact, a recent survey involving 129 major laboratory centers in 24 countries of Latin
America and the Caribbean revealed that only 9% of these centers appear to potentially meet
the minimum European Confederation of Medical Mycology standards for fungal laboratory
diagnostics [40]. Furthermore, in the national laboratories of developing countries, there is an
enormous demand for the diagnostics of other infectious (quite often epidemic) diseases, and
the lack of trained personnel is an additional limitation.

The impact of this condition on human health is clear. For example, Exserohilum diseases
before the 2012 United States outbreak manifested as rare systemic, cutaneous, corneal, and
subcutaneous infections [41]. As the causative agent of the meningitis outbreak, E. rostratum
was identified 1 month after the first meningitis case was reported, when the CDC announced
that E. rostratum was recovered from unopened vials of steroid injections [42]. Similar
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problems occurred with necrotizing mucormycosis, a devastating complication of wounds
caused by Apophysomyces sp., Saksenaea sp., and Lichtheimia [43]. Late laboratory diagnosis of
cases of necrotizing mucormycosis caused by Apophysomyces trapeziformis resulted in 5 deaths
in Missouri in 2011 [44]. Addressing the epidemic of C. auris has also been impeded by inher-
ent deficiencies with classical laboratory methods utilized by many clinical laboratories as well
as public health institutions [39]. These cases reinforce the notion that tests rapidly identifying
infecting fungi have the potential to impact the course of fungal diseases beneficially.

Funding for research and innovation in fungal diseases

Funding for research on fungal diseases is unquestionably small compared to funding available
for other infectious diseases that cause similar mortality [19,20]. As an illustration, funding for
research on cryptococcal meningitis, the fifth deadliest infectious disease, receives 4.3-fold less
funding than the disease caused by the bacterial pathogen Neisseria meningititis [19]. Of con-
cern, reports submitted between 2008 and 2017 on funding for neglected diseases show that
cryptococcal meningitis was the only measurably funded fungal disease, accounting for 0.5%
of the total invested [45]. Tuberculosis, for comparison, had a 34-fold higher investment.
Other fungal diseases were not even included in these reports. Specifically, neglected mycoses
of unquestionable clinical importance—such as paracoccidioidomycosis, mycetoma, sporotri-
chosis, and chromoblastomycosis—have not even been mentioned in the report, suggesting
that these research areas have received negligible funding. These observations were fully con-
firmed by direct analysis of scientific articles declaring financial support from major interna-
tional agencies with a history of supporting neglected disease research [45].

Reduced support for research and innovation in fungal diseases impacts knowledge genera-
tion directly. For example, tuberculosis and malaria were the focus of 8,827 and 5,687 scientific
articles published in 2017, respectively. Fungal diseases, on the other hand, were much less
investigated, with 213 articles on cryptococcosis, 80 on paracoccidioidomycosis, 51 on chro-
moblastomycosis, 53 on mycetoma, and 56 on sporotrichosis produced in the same period
[45]. These numbers are probably linked to alarming facts, such as the aforementioned lack of
vaccines capable of preventing fungal disease, less effective diagnostics, and a dearth of anti-
fungal drugs in development.

Perspectives

There are ongoing initiatives to develop antifungal vaccines and drugs with the potential to
control invasive mycoses [46]. However, the distance between promising laboratory results
and the translation of knowledge into benefits to the general population is unquestionably
long. In fungal diseases, this distance is apparently longer, considering the lack of investment
in science and technology in association with the science, market, and public health failures
discussed here. The situation is even more complex if one considers the emergence of multire-
sistant and still largely unknown pathogens such as C. auris. The impact of emerging infections
of this nature on human health is still hard to predict, but, as C. auris is now spread across the
globe, the reality is that such infections can lead to significant morbidity and mortality as well
as have vast economic consequences. Thus, it seems clear that public health authorities and
decision-makers need to more thoughtfully and closely consider invasive fungal diseases as a
real and contemporary problem to avoid disasters historically observed in other models of
infectious diseases. The fact that fungal diseases are not spread at the same rate as other micro-
bial transmissible diseases causing epidemics does not mean they are less relevant in terms of
the number of attained individuals. Furthermore, the fact that they are less studied represents
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an enormous risk given the new potential threats as a consequence of environmental deterio-
ration and global warming.

Realistic discussions about how prevention, diagnosis, and control of fungal diseases will
improve outcomes demand a separation between concrete actions using currently available
tools and future preventive actions. Of course, prophylactic actions against as yet unknown
conditions are complex and difficult to develop, but the recent history of emerging fungal dis-
eases reveals a clear need for knowledge generation on fungal pathogens. The attention to
emerging fungal pathogens is important because even in the case they do not cause disease to
humans due to new and as yet unknown zoonosis, they can affect animal health with an impact
in the economy. Also, they can affect wild animals with an unpredictable ecological impact on
biodiversity. Stimulating basic science and innovative activities in the area is therefore essential
to reduce the impact of poorly known or yet unknown fungal diseases on human health.

On the basis of currently available therapeutic and diagnostic tools, short- and medium-
term impact actions also need to be implemented. For example, in 2019, WHO reinforced the
need to use the Histoplasma capsulatum antigen detection test to diagnose histoplasmosis [47].
This test allows the diagnosis of the disease in more than 85% of patients within 48 hours,
which would hasten the implementation of lifesaving antifungal therapy. Without proper diag-
nosis, patients are usually treated for tuberculosis, which has similar clinical symptoms. Under
these conditions, patients usually die within 1 to 3 weeks. It is estimated that 48,000 lives could
be saved over 5 years if appropriate diagnosis and treatment approaches are implemented for
histoplasmosis.

The above examples illustrate the complexity behind well-known and still poorly known
fungal diseases. In both scenarios, concrete actions can be implemented, Support for basic
research and technological development is obviously important, but making health profession-
als and decision-makers aware of the profound and ongoing impact of fungal diseases on
human health is essential. The current situation, however, raises serious concerns, considering
the funding limitations in the area and lack of public programs for prevention and control of
fungal diseases. The high incidence of invasive mycoses in AIDS patients and the recent exam-
ples of C. auris and E. rostratum demonstrate that, without game-changing actions, the per-
spective on how fungal diseases will impact human health in the coming decades is extremely
negative.
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