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Preface

The first edition of Clinical Mycology established this text as an
important, internationally recognized reference work for clinical
mycology. Owing to numerous recent advances in the diagnosis
and management of mycoses, a second edition is mandated
to provide clinicians and laboratorians with a contemporary
source of information. The second edition provides modern
tools that will assist in the diagnosis, prevention and treatment
of fungal infections in various patient populations. A group of
internationally recognized experts was assembled to present
this information in a comprehensive, authoritative manner with
a clear focus on the clinical management of fungal infections.

All chapters in the second edition have been extensively
revised and updated with current information and references.
Obsolete and out-of-date material was eliminated to maintain
this important textbook as a single volume. Two new chapters
have also been added; one on pneumocystosis, in recognition
of the reclassification of Pneumocystis jiroveci as a fungus and
another covering anomalous fungal and fungal-like infections;
that is, Lacaziosis and Rhinosporidiosis. Several new sections
have been added to the chapter on fungal infections in cancer
patients to reflect the formidable clinical challenges these
infections continue to present.

The success of the first edition was due in part to the
use of practical tools (algorithms, slides, graphs, pictorials,
photographs, and radiographs) that have made the work
clinically practical. A significant effort has been made in the
second edition to enhance these reader-friendly features with a
significant increase in the number of practical tools, algorithms
and the expanded use of color for enhanced clarity.

The book is divided into 4 sections (32 chapters) covering
the following topics:

1. General principles, covering epidemiology, pathogenesis,
immunology, diagnostics and antifungal therapy
(7 chapters).

1. The organisms, which includes a discussion of the
pathogenesis, laboratory and clinical characteristics
and treatment of infections caused by various fungal
pathogens (11 chapters).

1. Clinical syndromes and organ systems. In this section,
fungal infections are discussed according to host
characteristics (AIDS, cancer, solid organ transplantation
and pediatric populations) and according to the organ(s)
involved (e.g., respiratory tract, central nervous system,
etc.) (12 chapters)

IV. Special considerations. This section covers fungal
infection associated with geographic location, travel and
occupation and mycotoxicosis of relevance to humans
(2 chapters).

We believe that the enormous efforts of all contributors
to the second edition of Clinical Mycology have resulted in a
state-of-the-art and clinically useful textbook that will guide
clinicians in the diagnosis, prevention and treatment of fungal
infections in various patient populations.

The editors wish to thank the remarkably talented authors
who have contributed to Clinical Mycology and the superb
Infectious Diseases team at Elsevier.

Elias J. Anaissie, MD
Michael R. McGinnis, PhD
Michael A. Pfaller, Mp
2008
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SECTION ONE GENERAL PRINCIPLES, INCLUDING DIAGNOSIS

CHAPTER 1

The epidemiology of fungal infections

Shawn R. Lockhart, Daniel J. Diekema, Michael A. Pfaller

Fungal infections may be divided into two categories: nosoco-
mial and community associated. Nosocomial fungal infections
are defined as those acquired in a healthcare setting, and are
almost always opportunistic mycoses. In contrast, community-
associated fungal infections include not only opportunistic
mycoses but also the endemic mycoses, for which susceptibil-
ity to the infection is acquired by living in a geographic area
constituting the natural habitat of a pathogenic fungus and
possessing risk factors that are predisposing.

Over the past two and a half decades, the incidence of both
nosocomial and community-associated fungal infection has
increased dramatically. An analysis of trends in infectious dis-
ease mortality in the United States found that fungal infections
had risen from the tenth to the seventh most common cause of
infectious disease related mortality between 1980 and 1997.1

Numerous factors have contributed to the increase in fungal
infections. most notably a growing population of immunosup-
pressed or immunocompromised patients whose mechanisms
of host defense have been impaired by primary disease states
(e.g., AIDS, cancer), a mobile and aging population with an
increased prevalence of chronic medical conditions, and the
use of new and aggressive medical and surgical therapeutic
strategies, including broad-spectrum antibiotics, cytotoxic
chemotherapies, and organ transplantation.

Nosocomial fungal infections

Increasing incidence and mortality

For the past two decades, hospitals have been experiencing
increasing problems with nosocomial fungal infections.>
A recent study of the epidemiology of sepsis found that the
annual number of cases of sepsis caused by fungal organisms
in the United States increased by 207% between 1979 and
2000.2 In the Surveillance and Control of Pathogens of Epi-
demiological Importance Study, a 49-center study of 24,179
nosocomial bloodstream infections recorded between 1995 and
2002, 9.5% of the infections were fungal in origin.¢ Candida
spp. were the fourth leading cause of nosocomial bloodstream
infections, surpassed only by staphylococci and enterococci

(Table 1-1).6

Table 1-1 Nosocomial bloodstream infections: most
frequent associated pathogens. Scope surveillance program,
April 1995 to September 20022

% of
Rank Pathogen isolates®
1 Coagulase-negative 31.3
staphylococci
2 Staphylococcus aureus 20.2
3 Enterococcus spp. 94
4 Candida spp. 9.0
5 Escherichia coli 5.6
6 Klebsiella spp. 4.8
7 Pseudomonas aeruginosa 43
8 Enterobacter spp. 3.9
9 Serratia spp. 1.7
10 Acinetobacter baumannii 13

aData reproduced from Wisplinghoff et al .6
bpercent of a total of 24,179 infections.

Rates of invasive fungal infection vary by hospital and
region because they are dependent upon local factors and prac-
tice patterns as well as underlying risk factors. However, the
first population-based incidence rates of fungal infection were
provided by an active laboratory surveillance program con-
ducted in the San Francisco Bay area between 1992 and 1993.7
The cumulative incidence of invasive mycoses in this study was
178 per million population. The most common nosocomial
fungal pathogens were Candida (73 cases per million per year),
Aspergillus (12 cases per million per year), and zygomycetes
(~2 cases per million per year) (Table 1-2).” Cryptococcus was
also a major cause of invasive mycoses in this study (65 cases
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The epidemiology of fungal infections

Table 1-2 Population-based incidence rates and case-fatality
rates for opportunistic mycoses

Case-
fatality
ratio (%)P

No. cases
per million

Organisms? per year®

Yeasts

A. Candida species 72.8 339
C. albicans

C.glabrata

C. parapsilosis

C. tropicalis

C. krusei

C. lusitaniae

C. rugosa

C. guilliermondii

C. inconspicua

C. norvegensis

B. Cryptococcus species 65.5 12.7

C. Other yeasts
Hyaline moulds

A. Aspergillus species 124 233

B. Zygomycetes 1.7 30.0

C. Other hyalohypho- 1.2
mycetes

14.3

Dematiaceous 1.0 0
moulds

Pneumocystis jiroveci

aList not all-inclusive.
bData reproduced from Rees et al.”
Table reproduced from Pfaller and Diekema.?'

per million per year), which reflected the large number of
patients at high risk due to HIV infection in the era prior to
highly active antiretroviral therapy (89% of the patients with
cryptococcosis were also HIV positive).”

The increasing rates of invasive fungal infection have also
resulted in significant mortality. In one report, the number
of deaths in the United States in which mycosis was listed on
the death certificate increased fourfold between 1980 (1557
deaths) and 1997 (6534 deaths).! The crude mortality of fun-
gal infections ranges from 27% to 77% but may exceed 90%
in certain patient populations (e.g., aspergillosis or fusariosis in
bone marrow transplant patients with persistent neutropenia).
Although estimates of attributable mortality are confounded
by the serious underlying diseases in many of these patients,
matched cohort studies have confirmed that the mortality
directly attributable to the fungal infection is extremely high.3-10
A retrospective cohort study of fungal infections in Italian
patients with hematologic malignancies placed the attributable

mortality at 33% for candidemia, 42% for aspergillosis, 53%
for fusariosis and 64 % for zygomycosis.!!

Risk factors

Although numerous risk factors for nosocomial fungal infec-
tion have been identified (Table 1-3), most are common in
hospitalized patients and thus may not be useful in predicting
those individuals who will develop invasive mycosis.®!2:13 In
an attempt to control for confounding factors such as underly-
ing illness, several studies have used multivariate analysis to
identify independent risk factors such as antimicrobial use,
administration of chemotherapy, presence of indwelling cath-
eters, colonization at other body sites, and hemodialysis (see
Table 1-3).8:13 The various exposures place individuals at risk
for fungal infection primarily by inducing immunosuppres-
sion, promoting colonization or providing direct access to the
bloodstream, lung or deep tissues (see Table 1-3).

Among patients at highest risk of fungal infection are solid
organ transplant (SOT) and hematopoietic stem cell transplant
(HSCT) recipients (Tables 1-4 and 1-5). For SOT recipients,
the type of organ transplanted may predispose a patient to
one type of fungal infection over another (Table 1-4)'# while
for HSCT recipients, risk for fungal infection depends upon
the degree of immunosuppression (e.g., higher for allogeneic
than for autologous transplants).%15:16 Risk factors for fun-
gal infections in transplant recipients include the use of large
doses of corticosteroids, multiple or acute rejection episodes
(SOT), graft-versus-host disease (HSCT), hyperglycemia, poor
transplant function, leukopenia, and advanced age.!”

Pathogens

Candida species

Although the array of fungal pathogens known to cause
nosocomial infection is extremely diverse, most of these infec-
tions are due to Candida spp.® Candida spp. accounted for
88% of all nosocomial fungal infections in the United States
between 1980 and 1990 and were the fourth leading cause
of nosocomial bloodstream infection (BSI).5>'2 A more recent
multicenter surveillance program found that Candida species
caused over 70% of invasive fungal infections in hospitalized
patients (Fig. 1-1).18:1% Between 1995 and 2002, the frequency
of nosocomial candidemia rose significantly from 8% to 12%
of all reported BSIs.® Wenzel and Gennings, extrapolating
from these data, estimate the annual burden of candidemia
to be 10,500-42,000 infections in the United States, associ-
ated with between 2800-11,200 deaths per year.2? National
Hospital Discharge Survey (NHDS) data estimates of invasive
candidiasis incidence have been steady or increasing between
1996 and 2003 at 22-29 infections per 100,000 population
(Fig. 1-2).21 These data include not only candidemia but also
other forms of invasive candidiasis that may not be associ-
ated with positive blood cultures, which may partially explain
why the estimates are higher than several recent population-
based studies of candidemia incidence (Table 1-6).22-3% Com-
bined with data from the NNIS system, which show an overall
decline in frequency of candidemia among ICU patients in the
US,* these data suggest that the burden of invasive candidia-
sis is shifting from the ICU to the general hospital (and even
outpatient) setting.



Table 1-3 Risk factors for fungemia in hospitalized patients

Possible role

Risk factor in infection
Antimicrobial agents?
Number Promote fungal
colonization
Duration Provide intravascular
access
Adrenal Immunosuppression

corticosteroid
Chemotherapy? Immunosuppression

Hematologic/solid
organ malignancy

Immunosuppression

Translocation across
mucosa

Previous colonization?

Indwelling catheter?
Central venous
catheter
Pressure transducer/
Swan-Ganz

Direct vascular access

Contaminated product

Direct vascular access
Contamination
of infusate

Total parenteral nutrition

Neutropenia
(polymorphonuclear
cells <500/mm3)?

Immunosuppression

Route of infection
Direct vascular access

Extensive surgery

or burns
Assisted ventilation Route of infection

Hospitalization or intensive care
unit stay

Exposure to pathogens
Exposure to additional
risk factors

Route of infection
Immunosuppression

Hemodialysis?

Malnutrition Immunosuppression

aIndependent risk factor.

The excess (or attributable) mortality due to Candida
spp- bloodstream infection is high (20-50%), and two studies
performed at the University of lowa Hospital demonstrate that
this mortality did not change substantially between 1983 and
2001.%10 In addition, among patients who survive an episode
of candidemia, the mean excess length of stay in the hospi-
tal attributable to the infection is 30 days.” Population-based
mortality burden due to invasive candidiasis is available from
National Center for Health Statistics (NCHS) multiple cause

NOSOCOMIAL FUNGAL INFECTIONS

of death data, which reveal that the mortality associated with
invasive candidiasis has remained steady since 1997 at approx-
imately 0.4 deaths per 100,000 population (Fig. 1-3).2!

Although more than 100 species of Candida have been
identified, fewer than 20 species have been implicated in noso-
comial infections. C. albicans is the species most commonly
isolated from clinical material and accounts for 40-70% of
cases of invasive candidiasis.?!23:31-35 The second and third
most frequently isolated species of Candida causing nosoco-
mial candidiasis are dependent upon the age of the patient
and the geographic location of the hospital (Table 1-7). In the
NICU setting in the United States C. parapsilosis is the second
most frequently isolated organism while in the general ICU
setting it is C. glabrata. Despite reports suggesting that shifts
have occurred in the distribution of infections caused by spe-
cies of Candida other than C. albicans, many of these reports
are isolated to specific institutions, and we have observed that
the rank order of species distribution has been stable over 12
years of global surveillance.3¢

Accumulated knowledge about the epidemiology of noso-
comial candidemia is summarized in Figure 1-4. Certain hospi-
talized patients are at increased risk of contracting nosocomial
candidemia because of their underlying medical conditions,
while medical interventions such as antibiotic use, the presence
of a central venous catheter, and hemodialysis further increase
the risk of contracting candidemia (Table 1-8).37 The available
epidemiologic data indicate that between 5 and 10 of every 1000
high-risk patients exposed to any of the preceding risk factors
will contract Candida bloodstream infection, which comprises
8-10% of all nosocomial bloodstream infections.?® Approxi-
mately 35% of these patients will die as a result of the infec-
tion, and an additional 30% will die because of their underlying
disease.? In a recent matched cohort study of nosocomial can-
didemia, 49% of the patients died as a result of their infection
while an additional 12% died of their underlying disease.!°

Because delays in the administration of appropriate anti-
fungal therapy are important contributors to the unacceptably
high associated mortality, considerable efforts are now being
made to develop risk stratification strategies to guide antifun-
gal therapy (prophylaxis and early empiric therapy) to improve
outcomes.?!

Aspergillus species
Aspergillus species are ubiquitous fungi that may be isolated
from a variety of environmental sources, including soil, grain,
leaves, grass, and air.3%40 Reservoirs in hospitals from which
aspergilli have been cultured include unfiltered air, ventilation
systems, dust dislodged during construction, carpeting, food,
and ornamental plants.3%42 Although several hundred species
of Aspergillus have been described, relatively few are known
to cause disease in humans. Aspergillus fumigatus remains the
most common cause of aspergillosis, although the proportion
of aspergillosis cause by A. fumigatus has fallen from ~90%
of cases in the 1980s to ~50-60% of cases in the 1990s into
the 2000s.5 The other species of Aspergillus commonly causing
nosocomial infections include A. flavus, A. terreus, A. niger,
A. versicolor, and A. nidulans.16:39:40:43

Aspergillus infections occur worldwide and appear to be
increasing in prevalence.’%*0 National Hospital Discharge data
from the 1990s reveal that there are approximately 10,000
aspergillus-related hospitalizations annually in the United States.*
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Table 1-4 Compiled incidence of fungal infections among organ transplant recipients, 1980-19992

Incidence of
Organ invasive fungal .
transplant infection Aspergillus
Renal 0-20% 0-26%
Heart 5-21% 77-91%
Liver 4-42% 1-53%
Lung and 10-36% 20-50%
heart-lung
Small bowel 33-59% 0-4%
Pancreas and 6-38% 0-3%

pancreas-kidney

NA, data not available.
aAdapted from Fungal infections.’*

Table 1-5 Most common opportunistic mould infections
in organ transplant and hematopoietic stem cell transplant
recipients

Percentage of
invasive mould

infections
Fungus SOoT? HSCT?
Aspergillus fumigatus 55% 51%
Other Aspergillus species 15% 26%
Non-Aspergillus hyalohypho- 18% 14%
mycetes and phaeohyphomycetes
Zygomycetes 6% 9%
Other 6% -

aData based on a multicenter study 1998-2002 by Husain et al.38
bData reproduced from Marr et al.>

Although the total number of nosocomial infections due to
Aspergillus spp. is small compared with those caused by Candida
spp., Aspergillus spp. are particularly important causes of noso-
comial infections in patients who are immunocompromised as a
result of burn injury, malignancy, leukemia, and bone marrow
and other organ transplantation.3%40

Although invasive aspergillosis is a devastating complica-
tion for SOT recipients,3® the incidence of Aspergillus spp.
infections in these patients has been lower than in HSCT
recipients, probably because of the greater degree of granu-
locytopenia among HSCT recipients. Most studies place the
cumulative incidence of invasive aspergillosis among allogeneic
HSCT recipients at between 3% and 15%.16:45:4¢ However,
the incidence of aspergillosis increases in relation to the type

Proportion of invasive fungal infection

Candida Cryptococcus Other
76-95% 0-39% 0-39%
8-26% NA NA
35-91% 3-7% 3-15%
42-73% 18-26% 1%
80-100% NA 0-11%
97-100% NA NA

of donor used for transplantation (Table 1-9).1¢ Major risk
factors for invasive aspergillosis include neutropenia, broad-
spectrum antibacterial therapy, administration of corticos-
teroids, antitumor necrosis factor therapy, and grade II-1V
graft-versus-host disease (see Table 1-3).3%40 The most impor-
tant extrinsic risk factor is the presence of aspergilli in the
hospital environment. Nosocomial transmission of Aspergillus
to patients occurs primarily by the airborne route, but contact
transmission (e.g., direct inoculation from occlusive materials)
has also been implicated.*! Outbreaks of nosocomial aspergil-
losis occur most commonly among granulocytopenic patients
(<1000/mm3) and have been described in association with
exposure to Aspergillus conidia aerosolized by hospital con-
struction, contaminated air-handling systems, and insulation
or fireproofing materials within walls or ceilings of hospital
units.3%-41

The crude mortality associated with invasive aspergillo-
sis is high, but the attributable mortality has been difficult to
determine given the high mortality rate in susceptible patients.
A recent case review of nosocomial aspergillosis placed the
attributable mortality rate at approximately 58 %.4” The highest
attributable mortality rates have been observed among patients
with aplastic anemia and after bone marrow transplantation.
The survival rate of patients diagnosed with aspergillosis has
been steadily increasing, especially in HSCT patients. The
mortality rate in 1990 was >95% but by the end of that decade
the mortality rate had decreased to between 55% and 80%.3°

Prevention of nosocomial aspergillosis is a difficult issue
and requires active surveillance for cases of aspergillosis,
minimization of host risk factors, and maintenance of an
environment as free as possible of Aspergillus spp. spores for
patients with severe granulocytopenia.*8 For those at highest
risk of invasive aspergillosis, provision of high-efficiency par-
ticulate air (HEPA) filtered environments is recommended.*’
Revised guidelines for prevention of nosocomial aspergillosis
have been published by the CDC;*® however, despite these
efforts, invasive aspergillosis remains a constant threat to the
survival of immunocompromised patients.
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Figure 1-2 Incidence of invasive candidiasis and invasive aspergillosis in
the United States, from NHDS, 1996-2003. Data reproduced from Pfaller
and Diekema.?'

Zygomycetes

Zygomycosis is a general term that includes infections caused
by fungi in the orders Mucorales and Entomophthorales (class
Zygomycetes). Rhizopus species are the most frequent cause
of zygomycosis but invasive infections in hospitalized indi-
viduals are also caused by species of Mucor, Cunninghamella,
Apophysomyces, Absidia, Saksenaea, Rbhizomucor and occa-
sionally other representatives of this class of fungi.’?

The zygomycetes are ubiquitous worldwide in decaying
soil and vegetation, and infections may be acquired by inhala-
tion, ingestion or contamination of wounds with conidia from
environmental sources. The incidence of zygomycosis is on the
rise. The Fred Hutchinson Cancer Center reported a doubling
in the number of cases from 1985-1989 to 1995-1999,5 and
other reports have indicated an increase in incidence since

of the patient. Risk factors for zygomycete infections include
corticosteroid and deferoxamine therapy, diabetic ketoacido-
sis, hematologic malignancy, solid organ transplant, penetrat-
ing trauma or burns, and exposure to hospital construction
activity.3253

Recent case series’% and one case-control study®¢ sug-
gest that exposure to voriconazole prophylaxis among HSCT
recipients (used to prevent invasive aspergillosis) may be a risk
factor for zygomycosis. While this phenomenon is still incom-
pletely understood, it is clear that the use of broader spectrum
antifungal agents for prophylaxis will inevitably change the
epidemiology of fungal infections, and that selective advantage
will accrue to those organisms with intrinsic resistance to the
currently available antifungals.

Emerging nosocomial fungal pathogens

Although most nosocomial fungal infections are caused by
Candida and Aspergillus species, a significant number of infec-
tions are now caused by a diverse array of so-called emerging
fungal pathogens. These organisms include yeasts other than
Candida spp. or Cryptococcus spp., non-dematiaceous or hya-
line moulds, and the pigmented or dematiaceous fungi (Table
1-10).57 Infections caused by these organisms range from
catheter-related fungemia and peritonitis to hematogenously
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Table 1-6 Estimated incidences of candidemia: population-based studies in Europe, Canada and the United States

Region Year Location Cases/100K/yr Reference
Europe 1995-1999 Finland 1.9 22
1991-1994 Norway 2.0 23
2001-2003 Norway 3.0 23
1995-1999 Iceland 49 24
2002-2003 Barcelona 49 25
2003-2004 Denmark 11.0 26
United States 1998-2001 lowa 6.0 27
1992-1993 San Francisco, CA 7.1 28
1992-1993 Atlanta, GA 8.7 28
1998-2000 Connecticut 7.1 29
1998-2000 Baltimore, MD 24.0 29
Canada 1999-2004 Calgary 2.8 30

0.8

0.6

0.47_/_/_/./‘\-—-\-_.\.\____\-

Figure 1-3 US crude mortality
rates for invasive candidiasis and
invasive aspergillosis, 1991 to
2003 (NCHS multiple cause of
death data from public use files
(www.cdc.gov/nchs)).
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disseminated infections to more localized infections involving
lung, skin, and paranasal sinuses.’” The frequency of infec-
tions due to any one of these emerging pathogens is quite low,
and thus our understanding of the epidemiology and modes of
treatment for specific infections is minimal.

Among the non-Candida and non-Cryptococcus yeast
pathogens, nosocomial infections due to Malassezia spp.,
Trichosporonspp., Rhodotorulaspp.,Saccharomyces cerevisiae
and Blastoschizomyces capitatus (formerly Geotrichum capi-
tatum) are most prominent (see Table 1-10). These rare path-
ogens may cause invasive (primarily bloodstream) infections
in immunocompromised hosts, are usually associated with
central venous catheters, and in many cases may demonstrate
resistance to one or more antifungal agents. These infections
are covered in more detail in Chapter 10, Infections caused by
non-Candida, non-Cryptococcus yeasts.

The hyaline hyphomycetes constitute an array of fungal
pathogens that are ubiquitous in the environment. As many
as 20 different genera have been described as causative agents
of hyalohyphomycosis, including such diverse opportunis-
tic pathogens as Acremonium, Chrysosporium, Fusarium,
Paecilomyces, Penicillium, Scopulariopsis, and Sepedonium
species. Although infections caused by most of these fungi
are relatively uncommon, they appear to be increasing in inci-
dence.’” Most disseminated infections are thought to be acquired
by the inhalation of conidia or by the progression of previously

|
2003

localized cutaneous lesions. The most important of these agents
as a cause of nosocomial fungal infection is Fusarium.

Fusarium spp. have been recognized with increasing fre-
quency as causes of nosocomial infection in immunosuppressed
patients.>38:98:59  Patients with hematologic malignancies
receiving cytotoxic chemotherapy, bone marrow transplant
recipients, and patients with extensive burns are at increased
risk for invasive fusariosis. Fusarium spp. was one of the
three most common non-Aspergillus mould infections among
hematopoietic stem cell recipients at the Fred Hutchinson
Cancer Center between 1985 and 1999, with the most com-
mon species being the F. solani complex, F. oxysporum and
F. moniliforme.>*9 The outcome of disseminated fusariosis
is dismal, with mortality between 79% and 87% at 90 days
following diagnosis.>®

Phaeohyphomycosis is defined as tissue infection caused by
dematiaceous (pigmented) hyphae or yeasts. The dematiaceous
fungi that have been documented to cause human infection
encompass a large number of different species; however,
most infections have been caused by Alternaria, Bipolaris,
Curvularia, Cladosporium, Exserohilum and Scedosporium
species (although the latter can also be recognized as an
agent of hyalohyphomycosis). Risk factors for disseminated
phaeohyphomycosis include immunosuppression, malignancy,
neutropeniaandleukemia.®! Arecentliteraturereview of 72 cases
of disseminated phaeohyphomycosis revealed Scedosporium
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Table 1-7 Candida species distribution from global and regional surveillance programs?

C.albicans C. glabrata C. tropicalis  C. parapsilosis  C. krusei Others

All ages

United States 48% 24% 19% 7% 2%
1993-1995

United States 59% 12% 10% 11% 1% 7%
1989-1999

North Am. 51% 22% 7% 14% 2% 4%
2001-2004

Taiwan 50% 12% 21% 14% 3%
1994-2000

Asia 56% 10% 14% 16% 2% 2%
2001-2004

Norway 70% 13% 7% 6% 2% 2%
1991-2003

Spain 45% 12% 10% 19% 5% 9%
2001-2006

Europe 60% 10% 9% 12% 5% 4%
2001-2004

South Am. 1997 41% 2% 12% 38% 7%
Latin Am. 50% 7% 20% 16% 2% 5%
2001-2004

Brazil 41% 5% 21% 21% 1% 11%
2003-2004

Children

United States 63% 6% 29% 2%
1993-1995

United States 58% 2% 4% 34% 2%
1995-2004

Slovakia 50% 7% 12% 17% 7% 7%
1998-2000

aData reproduced from references 4, 21, 23, 31-33, 35.

prolificans and Bipolaris spicifera to be the most commonly
reported causes of disseminated disease and revealed that
the outcome of antifungal therapy remains poor with a 79%
overall mortality rate for this group of organisms.¢!

Molecular Epidemiology: Reservoirs
and Modes of Transmission

Modern epidemiologic studies now require that nosocomial
pathogens be characterized below the subspecies level to bet-
ter define infectious processes and modes of transmission.6%:63
Although many physiologic and protein-based typing methods

have been used in epidemiologic studies of fungal infection, the
DNA-based molecular typing (DNA fingerprinting) methods
have been most useful for this purpose.®*

Molecular typing systems are used to assist the microbiol-
ogist, clinician, and epidemiologist in addressing the question
of whether two or more isolates of a given species of fungus
are “the same” or “different.” This question may arise in
epidemiologic investigations, in the management of patients,
or in studies of pathogenesis. A variety of typing methods
have been used to provide molecular fingerprints of different
fungi, and the method used in a given study may vary with the
organism and the specific goals of the study (Table 1-11).
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Figure 1-4 Global view of hospital-acquired candidemia.

Table 1-8 Factors for increased risk of high-risk patients
contracting candidemia in the hospital setting compared to
control subjects without specific risk factors or exposures?”

Risk factors Fold increased risk
Each class of antimicrobial 2x

received

Patient has a central venous 7x

catheter

Candida colonizes another site 10x

Patient has undergone acute 18x

hemodialysis

*Hospitalization in an ICU is an independent risk factor.
aAdapted from Wenzel and Gennings.2°

In a typical epidemiologic investigation, isolates from
two or more patients are examined to determine whether the
infections being studied are due to the same strain or due to
different strains. In general, if isolates are classified as dif-
ferent by at least one molecular typing method, they may
be assumed to represent different strains and to reflect inde-
pendent infections.®>%* If the isolates are the same, it may be
assumed that cross-infection has occurred or that the patients
were infected by exposure to a common source. The strength
of these assumptions depends on the reproducibility and dis-
criminatory power of the typing method used.®%¢* Typing
methods may also be used to address clinical problems related
to distinguishing reinfection versus relapse of an infection and
to examine the development of antifungal resistance among
fungal pathogens during the course of antifungal therapy.
Multiple isolates obtained sequentially from an individual

Table 1-9 Aggregate cumulative incidence of aspergillosis
12 months after transplantation?

Type of transplant Rate of aspergillosis
After autologous HSCT 0.5%

After allogenic HLA-matched 2.3%

donor transplant

After HLA-mismatched donor 3.2%

transplant

After unrelated donor transplant ~ 3.9%

aData reproduced from Morgan et al.'®

patient may be tested to detect strain relatedness. Repeated
infections with different strains of an organism may suggest
that the patient is predisposed to that particular infection as a
result of specific exposures or host defects, whereas recovery
of the same strain on multiple occasions suggests a relapsing
infection, possibly due to a residual focus such as an indwell-
ing catheter or persistent colonization.®465 Likewise, determi-
nation of DNA fingerprints of sequential isolates from patients
undergoing antifungal therapy has been useful in demonstrat-
ing the potential for the development of antifungal resistance
in previously susceptible strains and for detecting the substitu-
tion of a more resistant strain for a more susceptible strain in
the face of intense antimicrobial pressure.

DNA fingerprinting of fungal pathogens may be accom-
plished with a variety of different techniques (see Table 1-11).
In almost all cases, DNA fingerprinting methods involve com-
parisons of patterns that are assumed to reflect genetic relat-
edness and are generated by some form of electrophoresis or
DNA sequencing. To be useful as an epidemiologic typing
method, a DNA fingerprinting system must effectively distin-
guish between genetically unrelated strains, be capable of iden-
tifying the same strain in separate samples, and reflect genetic
relatedness or unrelatedness (genetic distance) among strains or
species.®* Although the ability of most of the DNA fingerprint-
ing methods listed in Table 1-11 to measure genetic distance
has not been established, qualitative analysis of the various
DNA profiles has been useful in studies of several nosocomial
fungal pathogens.®*

One of the most recent developments in typing of the
infectious fungi is multilocus sequence typing (MLST). This
methodology was developed for bacterial population genetics
and involves the amplification and sequencing of small por-
tions of a number of housekeeping genes in search of stable
sequence variations.®®¢7 MLST allows for universal protocol
development and strain archiving in large data sets, and elimi-
nates interlaboratory variation, as long as a good sequencing
reaction can be obtained. The single caveat to this protocol is
that it may be cost prohibitive to laboratories without access to
inexpensive sequencing. MLST protocols have been developed
for C. albicans,®3%° C. glabrata,’”® C. tropicalis,” C. krusei,’>
Cryptococcus neoformans,”> and Fusarium oxysporum.’* In
addition, there is an online database listed for A. fumigatus
(www.mlst.net and http://pubmlst.org).
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Table 1-10 Emerging nosocomial fungal pathogens
Yeasts other than Candida and Cryptococcus

Malassezia spp.

M. furfur

M. pachydermatis
Trichosporon beigelii
Rhodotorula rubra
Saccharomyces cerevisiae

Hyalohyphomycetes

Fusarium spp.
Acremonium spp.
Paecilomyces lilacinus

Phaeohyphomycetes

Alternaria spp.
Scedosporium prolificans?
Scedosporium apiospermum?
Bipolaris spicifera

aMay also be classified under hyalohyphomycetes.

Strategies for prevention and control of nosocomial fun-
gal infections must take into account both endogenous and
exogenous reservoirs for infection. In addition to the fact
that colonization with a fungus frequently precedes infec-
tion, evidence for an endogenous source of nosocomial yeast
infection includes the isolation of patient-unique strains from
multiple anatomic sites over time and the fact that colonizing
and infecting strains usually share the same DNA fingerprint
profile.”5:7¢ Conversely, most nosocomial mould infections
are acquired exogenously from the environment. Although
molecular typing methods have been used infrequently to
study nosocomial mould infections, Girardin et al””-78 used
a moderately repetitive DNA probe to fingerprint isolates of
A. fumigatus. These investigators detected multiple genotypes
of A. fumigatus in the hospital environment and found evi-
dence for an environmental origin of a strain infecting two
patients. Evidence exists to support the exogenous acquisition
of other fungal pathogens as well.75:”? Numerous accounts
now exist of the transmission of Candida spp., Malassezia
spp., Pichia anomala, Exophiala jeanselmei, Saccharomyces
cerevisiae subtype boulardii, and Trichosporon to high-risk
patients by means of contaminated infusates, biomedical
devices or the hands of healthcare workers.”5>79-82 Studies
of the inanimate hospital environment suggest that strains
of Candida may survive on environmental surfaces,”® that
strains of Aspergillus may colonize decorative plants in the
hospital, and that nosocomial acquisition of such strains
may be documented.*%7? As with endogenous infection, the
epidemiology of exogenous acquisition of nosocomial fungal
pathogens has been clarified by the application of molecular
typing methods to identify common strains among isolates
from exogenous sources and infected patients.

Table 1-11 Molecular methods for epidemiologic typing of
fungal pathogens

Method Fungal pathogens
DNA-based methods

Southern hybridization Candida spp.

analysis (RFLP) Aspergillus spp.

Cryptococcus neoformans
Trichosporon beigelii
Histoplasma capsulatum

Restriction endonuclease
analysis of genomic
DNA (ethidium bromide)

Candida spp.
Aspergillus spp.
Malassezia spp.
Histoplasma capsulatum

Pulsed-field gel electrophoresis
Electrophoretic
karyotyping
Restriction
endonuclease
Digestion with
rare cutters

Candida spp.
C. neoformans

PCR fingerprinting Candida spp.
Aspergillus spp.

C. neoformans
Histoplasma capsulatum

Pneumocystis jiroveci
Multilocus sequence typing

Candida spp.

C. neoformans

A. fumigatus
Fusarium oxysporum

Protein-based methods

Immunoblot fingerprinting Candida spp.
Aspergillus spp.

Polyacrylamide gel electro- Candida spp.

phoresis of cellular proteins

Multilocus enzyme Candida spp.

electrophoresis C. neoformans

Community-associated fungal
infections

The agents of community-associated mycoses include the
geographically delimited endemic dimorphic fungi and an
ever-increasing array of opportunistic yeasts and moulds
(Table 1-12). Despite tremendous differences in their individ-
ual physiologic and biologic characteristics, these organisms
often originate extrinsically in the environment and share a
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Table 1-12 Agents of community-associated mycoses
Endemic dimorphic pathogens

Blastomyces dermatitidis
Penicillium marneffei
Histoplasma capsulatum
Coccidioides immitis complex
Paracoccidioides brasiliensis

Opportunistic pathogens

Candida and other opportunistic yeasts
Candida spp.
Cryptococcus neoformans
Trichosporon spp.
Rhodotorula spp.
Saccharomyces cerevisiae

Hyalohyphomycetes
Aspergillus spp.

Fusarium spp.
Scopulariopsis spp.
Trichoderma spp.

Zygomycetes

Absidia spp.
Mucor spp.
Rhizomucor spp.

Rhizopus spp.

Phaeohyphomycetes
Alternaria spp.

Bipolaris spp.

Curvularia spp.

Exserohilum spp.

Scedosporium prolificans?

Scedosporium apiospermum?
Pneumocystis jiroveci

Subcutaneous pathogens

Sporothrix schenckii

Agents of chromoblastomycosis
Cladosporium spp.
Fonsecaeae spp.
Phialophora spp.

Agents of mycetoma
Pseudallescheria boydii
Madurella grisea

aMay also be classified under hyalohyphomycetes.

similar natural history with respect to human infection (Fig.
1-5). The infectious propagule, present in the environment as
either a yeast or a mould, enters the human host by inhala-
tion, ingestion or traumatic inoculation, and a localized infec-
tion is initiated in the lung, paranasal sinus or tissues. The
extent of localized infection or dissemination to other organs
largely depends on the infectious dose, the immune status of
the host, and in some cases the specific properties of the infect-
ing organism. Several of these community-associated mycoses

Environmental SOUrCe: e Human Host:
Yeast Inhalation
Mould Ingestion
Traumatic inoculation
Localized —— Fungal infection

!

Dissemination:
Hematogenous <
Single or multiple organs

Figure 1-5 Natural history of community-acquired (endemic and
opportunistic) fungal pathogens.

produce serious, life-threatening disease, especially in individ-
uals with immunocompromising conditions.!”-83

Endemic, dimorphic fungi

Unlike nosocomial and community-associated infections cau-
sed by other opportunistic fungal pathogens, infections caused
by the endemic, dimorphic pathogens Histoplasma capsula-
tum, Coccidioides immitis complex, Blastomyces dermatitidis,
Paracoccidioides brasiliensis and Penicillium marneffei are
acquired in specific geographic regions of the world.$#85
Histoplasma capsulatum var. capsulatum is the causative
agent of histoplasmosis and is endemic to the central United
States and Latin America. Serious infection with H. capsulatum
is observed most commonly among individuals with AIDS and
recipients of organ transplantation.!” Histoplasmosis occurs
in approximately 0.4% of renal transplant recipients®® and in
2-5% of patients with AIDS from areas of endemicity. The
organism is typically isolated from soil contaminated with
avian or bat guano, and a number of epidemics have been
associated with disruption of contaminated soil and with
construction work in and around hospitals.8”
Coccidioidomycosis, a disease caused by the dimorphic fungi
Coccidioides immitis and Coccidioides posadasii, is endemic
to the desert southwestern United States, northern Mexico,
and Central and South America. The two species of Coccidi-
oides are closely related and the description of C. posadasii
as a separate species is relatively recent.® The major difference
in species is in geographic range, with C. immitis limited pri-
marily to California and C. posadasii also endemic in Texas,
Arizona, Central and South America. C. immitis complex is
found in soil, and the growth of the fungus in the environment
is enhanced by bat and rodent droppings. Exposure to the infec-
tious arthroconidia is heaviest in late summer and fall when
dusty conditions prevail. Severe drought followed by periods of
heavy rainfall have been associated with an excessive number
of cases in recent years.8-?! Acquisition of coccidioidomycosis
occurs principally by inhalation of fungal arthroconidia, and
in endemic areas infection rates may be 16-42% or greater
by early adulthood.?? Infection with C. immitis complex is
a major threat to persons with AIDS and recipients of solid
organ transplants who have resided in, currently reside in or
have traveled to areas of endemic infection at any time during
their life. Symptomatic coccidioidomycosis has been shown
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Table 1-13 Incidence of cryptococcosis prior to and following the era of highly active antiretroviral therapy in HIV/AIDS patients

Location Incidence pre-HAART
Atlanta, GA 66 cases/1000 patients 1992
Houston, TX 24 cases/1000 patients 1993
France 1352 cases 1985-1996

to occur in 4-9% of heart transplant recipients and 4-7% of
renal transplant recipients in endemic areas.”?

Although the geographic distribution of Blastomyces der-
matitidis and Paracoccidioides brasiliensis is well defined,
infections due to these organisms are relatively infrequent,
and little is known of the incidence of infection. Both B. der-
matitidis and P. brasiliensis may be acquired by contact with
soil and organic material.”*%° It is not clear that infection with
B. dermatitidis or P. brasiliensis occurs with increased fre-
quency among immunocompromised individuals, but one
study noted that African-Americans may have an increased
risk for blastomycosis.?®

Penicillium marneffei is a recently recognized dimorphic
fungus that is endemic in Southeast Asia. Although infections
have been reported in both normal and immunocompromised
hosts, most of the cases occur in HIV-infected individuals.®”
Thus far, all known infections have occurred in patients who
have either lived in or traveled to Southeast Asia. In northern
Thailand, infection with P. marneffei is the third most com-
mon opportunistic infection (after tuberculosis and cryptococ-
cosis) among HIV-infected individuals.?”-?8 The environmental
reservoir for the organism appears to be two species of rat and
their burrows. Although the fungus does not seem to exist in
other parts of the world, increasing international travel makes
it likely that infections will be detected far beyond the endemic
range of the species.

Opportunistic pathogens

The risk factors for community-associated opportunistic fungal
infections include many of those listed in Table 1-4. In fact,
in many instances, the distinction between nosocomial and
community-associated opportunistic mycoses is not readily
apparent. Increasingly, highly immunocompromised individuals
are cared for in the home environment rather than the hospital
and thus are exposed to fungal pathogens that they may or may
not have encountered in the hospital environment.

Among the community-associated opportunistic fungal
pathogens, the single most common agent of serious infec-
tion is Cryptococcus neoformans.®®190 A rare disease before
the onset of the HIV epidemic, cryptococcosis soon became a
common cause of meningitis at many large hospitals caring for
AIDS patients. Although precise estimates of the incidence of
cryptococcal disease are not available, the incidence increased
at least fivefold from 1980 to 1989 with a concomitant shift
from older age groups before the advent of AIDS to the age
groups most affected by HIV.?? With the introduction of highly
active antiretroviral therapy (HAART) the frequency of cryp-
tococcal infection among HIV-positive persons has decreased
significantly (Table 1-13).101.102 HIV-associated deaths caused

Incidence post-HAART Decrease
7 cases/1000 patients 2000 89%
2 cases/1000 patients 2000 92%
292 cases 1997-2001 46%

by cryptococcosis have declined steadily since 1989 but showed
a dramatic decrease between 1996 and 1997,! after the intro-
duction of HAART. Despite the reduction in cryptococcosis
since the introduction of HAART, it remains an important
pathogen in this patient population.

Cryptococcus neoformans exists in two varieties, neo-
formans and gattii, which inhabit different ecologic niches.
C. neoformans var. neoformans is found worldwide, most fre-
quently from soil contaminated with bird guano. C. neoform-
ans var. gattii is largely restricted to tropical and subtropical
areas, and its major ecologic niche appears to be eucalyptus
trees.!03 More recently, C. neoformans var. gattii has emerged
as a cause of infection in British Columbia and the Pacific
Northwest among individuals with no travel to C. neoformans
var. gattii endemic areas.!* Although the nature of the infec-
tious particle for either variant is unknown, it is assumed that
infection is acquired by inhalation of infectious forms from the
environment.

Pneumocystis jiroveci (formerly P. carinii), another oppor-
tunistic fungal pathogen, was formerly classified as a protozoan.
In the pre-HIV era, P. jiroveci was a relatively uncommon cause
of pneumonia in immunocompromised hosts.'% The HIV epi-
demic resulted in the emergence of P. jiroveci from a rare disease
to a common cause of pneumonia (Preumocystis pneumonia
or PCP). PCP was the leading AIDS-defining illness among the
HIV infected, affecting up to 75% of HIV-infected persons dur-
ing their lifetime.1%¢ A decline in PCP incidence occurred after
the introduction of PCP prophylaxis in 1989.197 Later, the intro-
duction of HAART further reduced rates of PCP.198 However,
since P. jiroveci is a ubiquitous environmental organism world-
wide, infection rates remain high in areas of the developing
world where access to prophylaxis and HAART is limited.!0?

Conclusion

Infections due to both common and previously obscure or
unusual fungi are being seen more frequently in both the
hospital environment and the community. Unfortunately,
our understanding of the epidemiology of fungal infections
remains quite rudimentary and is hampered by inadequate
diagnostic methods and the lack of mandatory reporting of
fungal disease. The epidemiology of fungal infections is in
a constant state of flux. Since the 1980s we have witnessed
an increase in the incidence of aspergillosis in patients with
hematologic malignancies while candidiasis decreased in the
same group; a change in the species causing aspergillosis, with
A. fumigatus on the decline and A. terreus on the rise; an
increase in the incidence of non-albicans candidiasis; a general
rise in the incidence of zygomycosis; and a dramatic decrease in
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cryptococcosis among HIV/AIDS patients receiving HAART.
Concentrated efforts by the CDC and other groups to study
nosocomial fungal infections have increased our understanding
of these important infections. These studies have been aided
by the use of molecular typing methods. The shift in health-
care from hospital-based care to outpatient-based care places
greater emphasis on the need to understand the epidemiology
of community-associated mycoses. Continued epidemiologic
and laboratory investigation is needed to better characterize
the ever-increasing array of endemic and opportunistic fungal
pathogens, allowing for improved diagnostic, therapeutic, and
preventive strategies in the future.

References

1.

10.

11.

12.

13.

14.
15.

McNeil MM, Nash SL, Hajjeh RA, et al. Trends in mortality
due to invasive mycotic diseases in the United States, 1980—
1997, Clin Infect Dis 33:641, 2001

Martin GS, Mannino DM, Eaton S, et al. The epidemiology of
sepsis in the United States from 1979 through 2000.

N Engl ] Med 348:1546, 2003

. Baddley JW, Stroud TP, Salzman D, Pappas PG. Invasive mold

infections in allogeneic bone marrow transplant recipients. Clin
Infect Dis 32:1319, 2001

Trick WE, Fridkin SK, Edwards JR, et al. National Nosocomial
Infections Surveillance System Hospitals. Secular trend of hos-
pital-acquired candidemia among intensive care unit patients

in the United States during 1989-1999. Clin Infect Dis 35:627,
2002

. Marr KA, Carter RA, Crippa F, et al. Epidemiology and out-

come of mould infections in hematopoietic stem cell transplant
recipients. Clin Infect Dis 34:909, 2002

Wisplinghoff H, Bischoff T, Tallent SM, et al. Nosocomial
bloodstream infections in US hospitals: analysis of 24,179 cases
from a prospective nationwide surveillance study. Clin Infect
Dis 39:309, 2004

. Rees JR, Pinner RW, Hajjeh RA, et al. The epidemiological

features of invasive mycotic infections in the San Francisco Bay
area, 1992-1993: results of population-based laboratory active
surveillance. Clin Infect Dis 27:1138, 1998

. Zaoutis TE, Argon ], Chu J, et al. The epidemiology and attrib-

utable outcomes of candidemia in adults and children hospital-
ized in the United States: a propensity analysis. Clin Infect Dis
41:1232, 2005

. Wey SB, Mori M, Pfaller MA, et al. Hospital-acquired candi-

demia. The attributable mortality

and excess length of stay. Arch Intern Med 148:2642, 1998
Gudlaugsson O, Gillespie S, Lee K, et al. Attributable mortality of
nosocomial candidemia, revisited. Clin Infect Dis 37:1172-7, 2003
Pagano L, Caira M, Candoni A, et al. The epidemiology of
fungal infections in patients with hematologic malignancies: the
SEIFEM-2004 study. Haematologica 91:1068, 2006

Blumberg HM, Jarvis WR, Soucie JM, et al. Risk factors for
candidal bloodstream infections in surgical intensive care

unit patients: the NEMIS prospective multicenter study. The
National Epidemiology of Mycosis Survey. Clin Infect Dis
33:177, 2001

Wey SB, Mori M, Pfaller MA, et al. Risk factors for hospital-
acquired candidemia. A matched case-control study. Arch
Intern Med 149:2349, 1989

Fungal infections. Am J Transplant 4(suppl 10):110, 2004
Marr KA, Seidel K, Slavin MA, et al. Prolonged fluconazole
prophylaxis is associated with persistent protection against
candidiasis-related death in allogeneic marrow transplant
recipients: long-term follow-up of a randomized, placebo-
controlled trial. Blood 96:2055, 2000

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Morgan J, Wannemuehler KA, Marr KA, et al. Incidence of
invasive aspergillosis following hematopoietic stem cell and solid
organ transplantation: interim results of a prospective multicenter
surveillance program. Med Mycol 43(suppl 1):549, 2005

Patel R, Paya CV. Infections in solid-organ transplant recipi-
ents. Clin Microbiol Rev 10:86, 1997

Horn DL, Fishman JA, Steinbach WJ, et al. Presentation of the
PATH Alliance(R) registry for prospective data collection and
analysis of the epidemiology, therapy, and outcomes of invasive
fungal infections. Diagn Microbiol Infect Dis 59(4):407, 2007
Horn DL, Fishman JA, Steinbach W7J, et al. Invasive fungal infec-
tions in 1,710 patients from the PATH Alliance: epidemiology and
outcomes. Focus on Fungus, 7-9 March 2007, San Diego, CA
Wenzel RP, Gennings C. Bloodstream infections due to Can-
dida species in the intensive care unit: identifying especially
high-risk patients to determine prevention strategies. Clin
Infect Dis 41(suppl 6):S389, 2005

Pfaller MA, Diekema DJ. Epidemiology of invasive candidiasis: a
persistent public health problem. Clin Microbiol Rev 20:133, 2007
Poikonen E, Lyytikainen O, Anttila V], et al. Candidemia in
Finland, 1995-1999. Emerg Infect Dis 9:985, 2003

Sandven P, Bevanger L, Digranes A, et al. Candidemia in
Norway (1991 to 2003): results from a nationwide study.

J Clin Microbiol 44:1977, 2006

Asmundsdottir LR, Erlendsdottir H, Gottfredsson M. Increas-
ing incidence of candidemia: results from a 20-year nationwide
study in Iceland. J Clin Microbiol 40:3489, 2002

Almirante B, Rodriguez D, Park B]J, et al. Epidemiology and
predictors of mortality in cases of Candida bloodstream infec-
tion: results from population-based surveillance, barcelona,
Spain, from 2002 to 2003. J Clin Microbiol 43:1829, 2005
Arendrup MC, Fuursted K, Gahrn-Hansen B, et al.
Seminational surveillance of fungemia in Denmark: notably
high rates of fungemia and numbers of isolates with reduced
azole susceptibility. J Clin Microbiol 43:4434, 2005

Diekema D], Messer SA, Brueggemann AB, et al. Epidemiology
of candidemia: 3-year results from the emerging infections and
the epidemiology of Iowa organisms study. J Clin Microbiol
40:1298, 2002

Kao AS, Brandt ME, Pruitt WR, et al. The epidemiology of
candidemia in two United States cities: results of a population-
based active surveillance. Clin Infect Dis 29:1164, 1999

Hajjeh RA, Sofair AN, Harrison LH, et al. Incidence of
bloodstream infections due to Candida species and in vitro
susceptibilities of isolates collected from 1998 to 2000 in a
population-based active surveillance program. J Clin Microbiol
42:1519, 2004

Laupland KB, Gregson DB, Church DL, et al. Invasive Candida
species infections: a 5 year population-based assessment.

J Antimicrob Chemother 56:532, 2005

Krcmery V, Laho L, Huttova M, et al. Aetiology, antifungal
susceptibility, risk factors and outcome in 201 fungaemic
children: data from a 12-year prospective national study from
Slovakia. ] Med Microbiol 51:110, 2002

Colombo AL, Nucci M, Park B]J, et al. Epidemiology of candi-
demia in Brazil: a nationwide sentinel surveillance of candi-
demia in eleven medical centers. ] Clin Microbiol 44:2816, 2006
Chen YC, Chang SC, Luh KT, et al. Stable susceptibility of Can-
dida blood isolates to fluconazole despite increasing

use during the past 10 years. J Antimicrob Chemother 52:71,
2003

Pfaller MA, Boyken L, Hollis R], et al. In vitro susceptibilities
of Candida spp. to caspofungin: four years of global surveil-
lance. J Clin Microbiol 44:760, 2006

Cuenca-Estrella M, Gomez-Lopez A, Mellado E, et al. Head-
to-head comparison of the activities of currently available
antifungal agents against 3,378 Spanish clinical isolates of
yeasts and filamentous fungi. Antimicrob Agents Chemother
50:917, 2006



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

5S.

Pfaller MA, Diekema D], International Fungal Surveillance
Participant Group. Twelve years of fluconazole in clinical
practice: global trends in species distribution and fluconazole
susceptibility of bloodstream isolates of Candida. Clin Micro-
biol Infect 10(suppl 1):11, 2004

Pfaller MA, Pappas PG, Wingard JR. Invasive fungal patho-
gens: Current epidemiological trends. Clin Infect Dis 43:S3,
2006

Husain S, Alexander BD, Munoz P, et al. Opportunistic myc-
elial fungal infections in organ transplant recipients: emerging
importance of non-Aspergillus mycelial fungi. Clin Infect Dis
37:221, 2003

Barnes PD, Marr KA. Aspergillosis: spectrum of disease,
diagnosis, and treatment. Infect Dis Clin North Am 20:545,
2006

Patterson TF, Kirkpatrick WR, White M, et al. Invasive
aspergillosis. Disease spectrum, treatment practices, and
outcomes. 13 Aspergillus Study Group. Medicine (Baltimore)
79:250, 2000

Vonberg RP, Gastmeier P. Nosocomial aspergillosis in out-
break settings. ] Hosp Infect 63:246, 2006

Lass-Florl C, Rath P, Niederwieser D, et al. Aspergillus terreus
infections in haematological malignancies: molecular epide-
miology suggests association with in-hospital plants. ] Hosp
Infect 46:31, 2000

Caston JJ, Linares MJ, Gallego C, et al. Risk factors for pul-
monary Aspergillus terreus infection in patients with positive
culture for filamentous fungi. Chest 131:230, 2007

Dasbach EJ, Davies GM, Teutsch SM. Burden of aspergillosis-
related hospitalizations in the United States. Clin Infect Dis
31:1524, 2000

Siwek GT, Pfaller MA, Polgreen PM, et al. Incidence of
invasive aspergillosis among allogeneic hematopoietic stem cell
transplant patients receiving voriconazole prophylaxis. Diagn
Microbiol Infect Dis 55:209, 2006

Chamilos G, Luna M, Lewis RE, et al. Invasive fungal infec-
tions in patients with hematologic malignancies in a tertiary
care cancer center: an autopsy study over a 15-year period
(1989-2003). Haematologica 91:986, 2006

Lin SJ, Schranz J, Teutsch SM. Aspergillosis case-fatality rate:
systematic review of the literature. Clin Infect Dis 32:358,
2001

Tablan OC, Anderson L], Besser R, et al. Guidelines for
preventing health-care-associated pneumonia, 2003: recom-
mendations of CDC and the Healthcare Infection Control
Practices Advisory Committee. MMWR Recomm Rep 53:1,
2004

Eckmanns T, Ruden H, Gastmeier P. The influence of
high-efficiency particulate air filtration on mortality and
fungal infection among highly immunosuppressed patients:

a systematic review. ] Infect Dis 193:1408, 2006

Roden MM, Zaoutis TE, Buchanan WL, et al. Epidemiology
and outcome of zygomycosis: a review of 929 reported cases.
Clin Infect Dis 41:634, 2005

Kontoyiannis DP, Wessel VC, Bodey GP, et al.

Zygomycosis in the 1990s in a tertiary-care cancer center.
Clin Infect Dis 30:851, 2000

Spellberg B, Edwards J Jr, Ibrahim A. Novel perspectives on
mucormycosis: pathophysiology, presentation, and manage-
ment. Clin Microbiol Rev 18:556, 2005

Ribes JA, Vanover-Sams CL, Baker DJ. Zygomycetes in human
disease. Clin Microbiol Rev 13:236, 2000

Marty FM, Cosimi LA, Baden LR. Breakthrough zygomycosis
after voriconazole treatment in recipients of hematopoietic
stem-cell transplants. N Engl ] Med 350:950, 2004

Siwek GT, Dodgson K], de Magalhaes-Silverman M, et al.
Invasive zygomycosis in hematopoietic stem cell transplant
recipients receiving voriconazole prophylaxis. Clin Infect Dis
39:584, 2004

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

REFERENCES

Kontoyiannis DP, Lionakis MS, Lewis RE, et al. Zygomycosis
in a tertiary-care cancer center in the era of Aspergillus-active
antifungal therapy: a case-control observational study of 27
recent cases. | Infect Dis 191:1350, 2005

Pfaller MA, Diekema D]J. Rare and emerging opportunistic fun-
gal pathogens: concern for resistance beyond Candida albicans
and Aspergillus fumigatus. ] Clin Microbiol 42:4419, 2004
Walsh TJ, Groll A, Hiemenz J, et al. Infections due to emerging
and uncommon medically important fungal pathogens. Clin
Microbiol Infect 10(suppl 1):48, 2004

Nucci M, Anaissie EJ, Queiroz-Telles F, et al. Outcome
predictors of 84 patients with hematologic malignancies and
Fusarium infection. Cancer 98:315, 2003

Nucci M, Marr KA, Queiroz-Telles F, et al. Fusarium infection
in hematopoietic stem cell transplant recipients. Clin Infect Dis
38:1237, 2004

Revankar SG, Patterson JE, Sutton DA, et al. Disseminated
phaeohyphomycosis: review of an emerging mycosis. Clin
Infect Dis 34:467, 2002

Singh A, Goering RV, Simjee S, et al. Application of molecular
techniques to the study of hospital infection. Clin Microbiol
Rev 19:512, 2006

Pfaller MA. Epidemiology of nosocomial candidiasis: the
importance of molecular typing. Braz J Infect Dis 4:161, 2000
Soll DR. The ins and outs of DNA fingerprinting the infectious
fungi. Clin Microbiol Rev 13:332, 2000

Merz WG, Connelly C, Hieter P. Variation of electrophoretic
karyotypes among clinical isolates of Candida albicans. J Clin
Microbiol 26:842, 1988

Urwin R, Maiden MC. Multi-locus sequence typing: a tool for
global epidemiology. Trends Microbiol 11:479, 2003

Sullivan CB, Diggle MA, Clarke SC. Multilocus sequence typ-
ing: data analysis in clinical microbiology and public health.
Mol Biotechnol 29:245, 2005

Bougnoux ME, Morand S, d’Enfert C. Usefulness of multilo-
cus sequence typing for characterization of clinical isolates of
Candida albicans. J Clin Microbiol 40:1290, 2002

Tavanti A, Gow NA, et al. Optimization and validation

of multilocus sequence typing for Candida albicans. J Clin
Microbiol 41:3765, 2003

Dodgson AR, Pujol C, Denning DW, et al. Multilocus sequence
typing of Candida glabrata reveals geographically enriched
clades. J Clin Microbiol 41:5709, 2003

Tavanti A, Davidson AD, Johnson EM, et al. Multilocus
sequence typing for differentiation of strains of Candida tropi-
calis. ] Clin Microbiol 43:5593, 2005

Jacobsen MD, Gow NA, Maiden MC, et al. Strain typing and
determination of population structure of Candida krusei by
multilocus sequence typing. J Clin Microbiol 45:317, 2007
Litvintseva AP, Thakur R, Vilgalys R, et al. Multilocus
sequence typing reveals three genetic subpopulations of
Cryptococcus neoformans var. grubii (serotype A), including

a unique population in Botswana. Genetics 172:2223, 2006
O’Donnell K, Sutton DA, Rinaldi MG, et al. Genetic diversity
of human pathogenic members of the Fusarium oxysporum
complex inferred from multilocus DNA sequence data and
amplified fragment length polymorphism analyses: evidence
for the recent dispersion of a geographically widespread clonal
lineage and nosocomial origin. J Clin Microbiol 42:5109, 2004
Marco F, Lockhart SR, Pfaller MA, et al. Elucidating the ori-
gins of nosocomial infections with Candida albicans by DNA
fingerprinting with the complex probe Ca3. J Clin Microbiol
37:2817, 1999

Soll DR, Staebell M, Langtimm C, et al. Multiple Candida
strains in the course of a single systemic infection. J Clin
Microbiol 26:1448, 1988

Girardin H, Sarfati J, Kobayashi H, et al. Use of DNA
moderately repetitive sequence to type Aspergillus fumigatus
isolates from aspergilloma patients. J Infect Dis 169:683, 1994

13



14

SECTION ONE GENERAL PRINCIPLES, INCLUDING DIAGNOSIS

The epidemiology of fungal infections

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Girardin H, Latge JP, Srikantha T, et al. Development of DNA
probes for fingerprinting Aspergillus fumigatus. J Clin Micro-
biol 31:1547, 1993

Viviani MA, Cogliati M, Esposto MC, et al. Four-year
persistence of a single Candida albicans genotype causing
bloodstream infections in a surgical ward proven by multilocus
sequence typing. ] Clin Microbiol 44:218, 2006

Chakrabarti A, Singh K, Narang A, et al. Outbreak of Pichia
anomala infection in the pediatric service of a tertiary-care
center in Northern India. J Clin Microbiol 39:1702, 2001
Clark TA, Slavinski SA, Morgan J, et al. Epidemiologic and
molecular characterization of an outbreak of Candida parap-
silosis bloodstream infections in a community hospital. J Clin
Microbiol 42:4468, 2004

Nucci M, Akiti T, Barreiros G, et al. Nosocomial outbreak of
Exophiala jeanselmei fungemia associated with contamination
of hospital water. Clin Infect Dis 34:1475, 2002

Ampel NM. Emerging disease issues and fungal pathogens
associated with HIV infection. Emerg Infect Dis 2:109, 1996
Anstead GM, Graybill JR. Coccidioidomycosis. Infect Dis Clin
North Am 20:621, 2006

Kauffman CA. Endemic mycoses: blastomycosis, histoplasmo-
sis, and sporotrichosis. Infect Dis Clin North Am 20:645, 2006
Davies SF, Sarosi GA, Peterson PK, et al. Disseminated histo-
plasmosis in renal transplant recipients. Am J Surg 137:686,
1979

Wheat L], Smith EJ, Sathapatayavongs B, et al. Histoplasmosis
in renal allograft recipients. Two large urban outbreaks. Arch
Intern Med 143:703, 1983

Fisher MC, Koenig GL, White TC, et al. Molecular and
phenotypic description of Coccidioides posadasii sp. nov.,
previously recognized as the non-California population of
Coccidioides immitis. Mycologia 94:73, 2002

Centers for Disease Control and Prevention. Coccidioido-
mycosis — Arizona, 1990-1995. JAMA 277:104, 1997

Crum NF, Lederman ER, Stafford CM, et al. Coccidioidomy-
cosis: a descriptive survey of a reemerging disease. Clinical
characteristics and current controversies. Medicine (Baltimore)
83:149, 1994

Park BJ, Sigel K, Vaz V, et al. An epidemic of coccidioido-
mycosis in Arizona associated with climatic changes, 1998-
2001. J Infect Dis 191:1981,1995,

Duquette RC, Jogerst GJ, Wurster SR. Prevalence of coccidioidin
skin test sensitivity in an ambulatory population. In: Einstein
HE, Cantazaro A (eds) Coccidioidomycosis. National Founda-
tion for Infectious Diseases, Washington, DC, 1985, p. 67

Blair JE, Logan JL. Coccidioidomycosis in solid organ trans-
plantation. Clin Infect Dis 33:1536, 2001

Klein BS, Vergeront JM, Weeks R], et al. Isolation of Blasto-
myces dermatitidis in soil associated with a large outbreak of
blastomycosis in Wisconsin. N Engl ] Med 314:529, 1986

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Sugar AM, Restrepo A, Stevens DA. Paracoccidioidomycosis in
the immunosuppressed host: report of a case and review of the
literature. Am Rev Respir Dis 129:340, 1984

Cano MV, Ponce-de-Leon GF, Tippen S, et al. Blastomycosis
in Missouri: epidemiology and risk factors for endemic disease.
Epidemiol Infect 131:907, 2003

Vanittanakom N, Cooper CR Jr, Fisher MC, et al. Penicillium
marneffei infection and recent advances in the epidemiology
and molecular biology aspects. Clin Microbiol Rev 19:95,
2006

Mootsikapun P, Srikulbutr S. Histoplasmosis and penicil-
liosis: comparison of clinical features, laboratory findings and
outcome. Int J Infect Dis 10:66, 2006

Perfect JR, Casadevall A. Cryptococcosis. Infect Dis Clin North
Am 16:837, 2002

Chayakulkeeree M, Perfect JR. Cryptococcosis. Infect Dis Clin
North Am 20:507, 2006

Mirza SA, Phelan M, Rimland D, et al. The changing epide-
miology of cryptococcosis: an update from population-based
active surveillance in 2 large metropolitan areas, 1992-2000.
Clin Infect Dis 36:789, 2003

Dromer F, Mathoulin-Pelissier S, Fontanet A, et al. Epidemiol-
ogy of HIV-associated cryptococcosis in France (1985-2001):
comparison of the pre- and post-HAART eras. AIDS 18:555,
2004

Ellis DH, Pfeiffer TJ. Ecology, life cycle, and infectious prop-
agule of Cryptococcus neoformans. Lancet 336:923, 1990
MacDougall L, Kidd SE, Galanis E, et al. Spread of Cryptococ-
cus gattii in British Columbia, Canada, and detection in the
Pacific Northwest, USA. Emerg Infect Dis 13:42, 2007

Morris A, Lundgren JD, Masur H, et al. Current epidemiology
of Pneumocystis pneumonia. Emerg Infect Dis 10:1713, 2004
Hay JW, Osmond DH, Jacobson MA. Projecting the medical
costs of AIDS and ARC in the United States. ] Acquir Immune
Defic Syndr 1:466, 1988

Fischl MA, Dickinson GM, La Voie L. Safety and efficacy of
sulfamethoxazole and trimethoprim chemoprophylaxis for
Pneumocystis carinii pneumonia in AIDS. JAMA 259:1185,
2008

Kaplan JE, Hanson D, Dworkin MS, et al. Epidemiology of
human immunodeficiency virus-associated opportunistic infec-
tions in the United States in the era of highly active antiretrovi-
ral therapy. Clin Infect Dis 30(suppl 1):S5, 2000

Fisk DT, Meshnick S, Kazanjian PH. Pneumocystis carinii
pneumonia in patients in the developing world who have
acquired immunodeficiency syndrome. Clin Infect Dis 36:70,
2003



SECTION ONE GENERAL PRINCIPLES, INCLUDING DIAGNOSIS

CHAPTER 2

Recent advances in understanding human
opportunistic fungal pathogenesis mechanisms

Robert A. Cramer Jr, John R. Perfect

Introduction: fungal pathogens

Fungi are important components of the ecosystem. Fungi
drive the global carbon cycle, help sustain agricultural and
plant biodiversity through mycorrhizal associations, and pro-
vide mankind with other benefits including food, beer, and
life-saving antibiotics.! The earliest fossil evidence of fungi is
directly associated with plants (arbuscular mycorrhizae) and is
approximately 460 million years old.2:3 At some point in their
evolutionary history, fungi evolved the ability to become path-
ogenic and utilize living organisms as sources of nutrients to
complete their life cycles. Recent phylogenetic analyses of the
fungi indicate that numerous transitions between pathogenic
and saprophytic lifestyles have occurred. It seems clear that
the development of fungal plant pathogenesis was the result of
a long co-evolutionary history between fungi and plants.5:6

This co-evolutionary relationship between fungi and plants
is exemplified in the gene-for-gene hypothesis first observed in
1947 by H.H. Flor. Flor observed that corresponding genes in
the pathogen and host determined outcomes of fungal-plant
interactions. He proposed a model whereby a dominant resist-
ance gene (R gene) in the host confers resistance against a fun-
gal pathogen with a corresponding avirulence gene (Avr gene).
Strains of the pathogen that lacked the dominant Avr gene
could cause disease, until random mutation brought about
another dominant R gene in the plant population that could
provide resistance.” Viewed over time, an evolutionary “arms
race” occurs where a random mutation in the fungal popula-
tion leads to the arrival of a new Avr gene undetectable by
the plant population resulting in disease, which persists until a
new R gene appears in the plant population to provide resist-
ance. Though this model has proved to be more complex than
these single gene product interactions suggest, it is now well
established that plant pathogenic fungi have evolved specific
mechanisms to invade, elude, and overcome plant defense
responses.$-10

In contrast to fungal plant infections, fungal infections of
mammals are a relatively rare occurrence. This strongly sug-
gests that mammals have evolved complex defense mecha-
nisms against fungi and, importantly, that fungi have been
unable to develop pathogenesis mechanisms to counteract
mammalian resistance. Recently, it has been hypothesized that

the emergence of mammals at the end of the Cretaceous period
is related to the ability to survive exposure to massive fun-
gal challenges which may have occurred during this period.!!
Regardless, it is clear that mammals are remarkably resistant
to fungi despite daily exposure to fungal conidia and hyphae.
Understanding these mechanisms and how they prevent fungal
disease is critical to our understanding of fungal pathogenesis
in humans.

The mechanisms of this remarkable resistance are likely due
to several inherent attributes of mammals. First, the core body
temperature of most mammals is between 37°C and 39°C. The
overwhelming majority of fungi thrive at temperatures between
25°C and 35°C and thus growth inside a mammalian host is
not permissive for most fungi. Second, mammals have alkaline
body fluids and most fungi prefer growth at a slightly acidic
to neutral pH. Third, mammals have evolved complex innate
and adaptive immune systems that prevent fungal growth from
occurring when fungal conidia are inhaled. The combination
of these three factors presents a formidable barrier to fungal
infections in humans. In order for fungal infections to occur
in humans, fungi must be able to overcome these barriers.
Thus, this chapter ultimately deals with how fungi overcome
these barriers to colonization and cause disease in mammalian
hosts.

Recent events in modern medicine are dramatically chang-
ing the paradigm of fungi-mammal interactions. Advances in
medical therapies, organ transplantation, HIV infections, and
an increasing geriatric population have all resulted in a signifi-
cant increase in life-threatening human fungal infections over
the last two decades.'? These underlying diseases and technol-
ogies have created increasing populations of immunocompro-
mised patients susceptible to certain fungi that can overcome
the innate factors of temperature, structural, and chemical bar-
riers to infection found in mammals.

Fungal infections in immunocompromised patients are
usually termed “opportunistic” as the fungi that most often
cause these infections are saprophytic organisms not capable
of causing disease in immunocompetent hosts. However, the
recent rise of these lethal human fungal infections has led to
a concerted effort to better understand fungal pathogenesis
mechanisms in mammals. Current research efforts on fun-
gal pathogenesis mechanisms in mammals have focused on
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whether these opportunistic pathogens have evolved specific
virulence factors to cause disease like their plant-pathogenic
counterparts or whether they simply are well adapted to a host
environment devoid of innate and adaptive immune responses.
Recent technologic advances in molecular biology and genomic-
based sciences have started to provide answers to this impor-
tant question.

The purpose of this chapter is to review recent advances in
our understanding of how important opportunistic fungal path-
ogens are able to cause disease in mammalian hosts, focusing
on how an understanding of the biology of these organisms is
critical to elucidating human fungal pathogenesis mechanisms.
However, given the dramatic advances in this field over the last
decade, this review will not be comprehensive for each fungus
discussed; rather, we will seek to discuss some examples at the
molecular level that illustrate how opportunistic fungal patho-
gens may be causing disease in immunocompromised patients.
At the conclusion we will briefly touch on important issues for
consideration on the host side of the infection.

Definitions: what is a “virulence factor?”

A review of fungal pathogenesis mechanisms must first define
the important yet controversial terms “virulence” and “patho-
genesis.” The microbial pathogenesis literature is rich with
debate on the definitions of these often misused terms. Yet,
a clear understanding of how these terms are utilized by indi-
viduals is important for gaining an understanding of fungal
pathogenesis mechanisms. A full discourse on the complicated
history of these terms is not appropriate here and the reader
is referred to recent articles discussing the history of “viru-
lence” and “pathogenesis” for more in-depth analyses of these
terms.!3 Here, we briefly discuss our preferred use of these
terms, how they relate to human fungal pathogenesis, and why
correct use of these terms is critical to our understanding of
human fungal pathogenesis mechanisms.

The widespread and varied use of the terms “pathogenesis,”
“virulence,” and “virulence factor” inhibits communication
between scientists in different areas of microbial pathogenesis
research. Importantly, it also prevents a true understanding of
the biology and evolutionary history of these important patho-
gens, which has implications for affecting the research direc-
tions of the fungal pathogenesis community. Historically, the
terms “virulence” and “pathogenesis” were developed based
on the ability of microbes to cause disease. Subsequently, the
use of these terms was pathogen-centric and implied that spe-
cific selection pressures from hosts led to virulence factor evo-
lution. The term pathogenesis stems from the Greek pathos
‘disease’ and genesis ‘development’ and thus pathogenesis,
simply stated, is the ability of an organism to cause disease.
In contrast, the term virulence has been defined as the relative
ability of a pathogen to cause disease. Hence, all fungal patho-
gens cause disease but some are more virulent then others, i.e.,
they have a greater ability to cause disease and damage to the
host. This of course begs the question: Why are some fungal
pathogens more virulent than others?

The answer to this question lies in the controversial term
“virulence factor.” Virulence factors have been defined as
components of a pathogen that permit a pathogen to cause
disease. Typically, these components are genetically encoded

in the genome of the pathogen. Elimination of these compo-
nents, through induced mutations in the laboratory or evolu-
tionary mechanisms in the environment, reduces the virulence
of the pathogen but not its viability. Thus, virulence factors
have evolved specific functions required for pathogenesis. We
consider this evolutionary component of the definition of a
virulence factor a critical component in understanding micro-
bial virulence.

Taking into account the likely evolutionary history of a
gene or gene product allows the differentiation between a true
virulence factor and a factor that has been called a virulence
factor simply because in its absence the organism cannot cause
disease. For example, genes essential for fungal growth in vitro
have at times been termed virulence factors in the medical
mycology literature. Yet, it seems clear that these genes have
little to do with microbial virulence; rather, these genes have
defined evolutionary functions involved in the basic biology of
fungal organisms. If removal of this type of gene prevents or
severely alters fungal growth and fitness in vitro, naturally these
fungal strains will be incapable of causing disease in vivo.

Thus, if we accept the simple classic definition of virulence
and virulence factor, most human fungal pathogens do not
possess classic virulence factors. Yet when one begins to exam-
ine the literature on human fungal pathogenesis, it becomes
difficult to ascertain what is or is not a virulence factor. This
confusion stems from the requirement that for most human
fungal infections to occur, deficiencies in the host immune
system must be present. In other words, most human fungal
pathogens cannot overcome an intact host immune system to
cause disease. We, and many others, now argue that the use
of the term “virulence factor” with regard to these important
genes in normal fungal physiology and microbial fitness is con-
fusing and fails to appreciate the biology of these important
organisms. For this review, we would like to emphasize the
evolutionary biology of these fungal pathogens, taking into
consideration the potential and likely evolutionary mecha-
nisms that led to the specific functions of genes and gene prod-
ucts. Thus, rather than taking the definitions of “virulence”
and “virulence factor” and redefining them to fit new under-
standings of human fungal pathogenesis, we encourage the use
of new terms that accurately reflect and appreciate the biology
of these fungal pathogens as saprophytic organisms.

These terms should also accurately depict certain fungi’s
unique ability to become pathogenic in specific conditions
most often associated with immunosuppression of the host.
We propose that human opportunistic fungal pathogens pos-
sess “virulence attributes” rather then “classic virulence fac-
tors.” Virulence attributes are components of these fungi that
have arisen through selection pressures encountered through-
out the course of evolutionary history to allow these fungi to
adapt and complete their life cycles in their natural environ-
ments. Coincidentally, these attributes also allow certain fungi
the ability to cause disease in immunocompromised hosts by
allowing them to adapt and survive in an immunocompro-
mised mammalian host, which quite often is an environment
that is not unlike their natural ecological niches.

Next, we turn our discussion to the three main causative
agents of human mycoses: Aspergillus fumigatus, Cryptococ-
cus neoformans, and Candida albicans. In addition, we briefly
discuss a fascinating attribute of a group of fungal pathogens
termed the dimorphic fungi. In these discussions, we present
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Table 2-1 General characteristics of the three most commonly encountered fungal pathogens

Primary
Fungal pathogen  Ecologic niche morphology Virulence attributes Diseases
Aspergillus fumigatus Soil, compost piles, Conidia, High temperature growth,  Invasive aspergillosis,
organic debris filamentous oxidative stress resistance,  allergic bronchopulmo-
hyphae fast growth rates, nary aspergillosis
secondary metabolites
Cryptococcus Soil, trees, avian Yeast High temperature growth,  Cryptococcal
neoformans excreta polysaccharide capsule, meningitis,
melanin production pulmonary disease
Candida albicans Human commensal Yeast High temperature growth,  Systemic, oral, and

the main virulence attributes of these organisms (Table 2-1),
their implications for human fungal infections, the prob-
able evolutionary mechanisms by which these attributes have
arisen, and possible novel therapeutic treatments that may be
developed from this knowledge.

Aspergillus fumigatus — the menacing
mould

Advances in medical technologies have significantly increased
our ability to treat patients with debilitating forms of cancer
such as various forms of leukemia and whole organ failures.
Currently, an estimated 15,000 allogeneic and 25,000 autolo-
gous stem cell transplants are performed worldwide yearly.14.15
In addition, from 1998 t0 2002, 113,682 solid organ transplants
were performed in the United States, which is a 20% increase
over the previous 5-year period.!3:1¢ Unfortunately, patients
undergoing these life-saving procedures are at increased risk
for infections by Aspergillus fumigatus and other Aspergillus
species due to their immunocompromised condition. Overall,
since 1980, the mortality due to Aspergillus fumigatus infec-
tions has increased 357%.12 As medical technologies continue
to advance and the immunocompromised patient population
continues to increase, incidences of often fatal infections by
A. fumigatus will continue to skyrocket. While recent stud-
ies with broad-spectrum azole prophylaxis in high-risk patient
populations have been successful, Aspergillus infections have
yet to be completely prevented from affecting specific patient
populations.

Due to the urgent need to gain a better understanding of the
pathogenesis mechanisms of this increasingly important fila-
mentous fungus, molecular analyses of A. fumigatus pathogen-
esis mechanisms have also increased. The recent completion of
a whole genome sequence for a clinical strain of A. fumigatus
and other related Aspergillus species promises to quicken the
pace of A. fumigatus pathogenesis research.!”-18 Currently,
research on the molecular mechanisms of A. fumigatus

adherence, protease
production, biofilm
formation, dimorphism

vaginal candidiasis

pathogenesis is underdeveloped. To date, no classic virulence
factor has been identified in A. fumigatus; however, mutation
of approximately 20 genes, all with roles in basic fungal biol-
ogy, have resulted in reduced virulence in murine models of
aspergillosis (Table 2-2).

Taken together, these results allow us to understand the
unique virulence attributes that make A. fumigatus a lethal
opportunistic pathogen. These attributes are thought to
include thermotolerance, growth rates, conidium morphology,
secondary metabolite production, degradative enzyme produc-
tion, and oxidative stress resistance.!?22 However, as indicated
in Table 2-2, the majority of genes reported to be involved
in A. fumigatus pathogenesis are directly related to primary
metabolism and subsequently involved in fungal growth and
development. Thus, research on A. fumigatus pathogenesis
mechanisms to date strongly suggests that A. fumigatus does
not possess virulence factors, but rather possesses a unique
complement of virulence attributes for survival in immuno-
compromised mammalian hosts.

Growth and development

Recently, it was hypothesized that the success of A. fumiga-
tus as a pathogen was directly related to its increased in vitro
growth rates.23 Other support for this hypothesis has come
from molecular analysis of genes involved in A. fumigatus
growth and development. Steinbach et al?* discovered that
the calcium-calmodulin dependent serine/threonine protein
phosphatase calcineurin was required for A. fumigatus growth
and development. A strain of A. fumigatus with the catalytic
domain of calcineurin replaced by a selectable marker displayed
severe growth defects, including lack of polarized growth
and morphologic defects related to conidium development
and morphology (Fig. 2-1). Not surprisingly, this calcineurin
mutant was unable to establish disease in various murine
models of invasive aspergillosis, confirming that inhibition of
A. fumigatus hyphal growth and development in vitro corre-
lates with the inability to cause disease. These results were also
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Table 2-2 Genes reported to be involved in Aspergillus fumigatus pathogenesis

Gene Cellular function

pyrG Pyrimidine biosynthesis

chsG Chitin biosynthesis

areA Transcriptional regulator — nitrogen
metabolism

pksP, alb1 DHN-melanin biosynthesis

pabaA Folate biosynthesis

fos1 Histidine kinase two-component stress

cat1 and cat2

response signaling

Oxidative stress response

rhbA Nitrogen sensing

cgrA Ribosome biosynthesis

sidA Siderophore biosynthesis

CpcA Transcriptional regulator — amino acid
biosynthesis

lysF Lysine biosynthesis

gpaB cAMP signaling

pkaCi cAMP signaling

acyA cAMP signaling

laeA Transcriptional regulator — secondary
metabolism

rasB Polarized hyphal growth

pkaR Growth, morphology and oxidative stress
resistance, CAMP signaling

gel2 GPl-anchor protein, $(1-3)
glucanosyltransferase

cnaA Polarized hyphal growth, hyphal
and conidial morphology

pes1 Oxidative stress, conidial morphology

ppoA, B, and C Prostaglandin production

Animal model Reference
Murine intranasal 155
Murine intranasal 156

157
Murine intravenous 62,158
Murine intravenous and intranasal 159, 160
Murine intravenous 161
Rat intratracheal 162
Murine intranasal 163
Murine intranasal and Drosophila 51
model

49
Murine intranasal 27
Murine intranasal 164
Murine intranasal 59
Murine intranasal 59
Murine intranasal 58,59
Murine intranasal 35,36
Murine intranasal 165
Murine intranasal 61
Murine intranasal 166
Murine inhalational, intranasal 24
and intravenous
Galleria moth model 167
Murine intranasal 43

confirmed by Ferreira et al?® with a calcineurin mutant in
another strain of A. fumigatus and with a separate aspergil-
losis animal model.

Molecular analyses of the signaling pathways mediated by
calcineurin in A. fumigatus are currently under way. However,
these preliminary results may shed light on the potential of
genes involved in fungal growth and development to be used
as antifungal targets. Two well-studied calcineurin inhibitors

currently exist: cyclosporin A and FK506 (tacrolimus). These
inhibitors bind to the immunophilins cyclophilin and FKBP12,
respectively, and consequently the immunophilin—drug com-
plexes inhibit calcineurin function.2¢ Thus, addition of these
drugs to current antifungal drug therapies may improve
aspergillosis patient outcomes. However, given the highly
conserved nature of the calcineurin signaling pathway (it is
conserved in other higher eukaryotes including humans), it may
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Figure 2-1 Importance of calcineurin signaling in Aspergillus fumigatus growth,
development and pathogenicity. (A) Glucose minimal medium plates were
inoculated with 1x10° conidia of each A. fumigatus strain and incubated at 37°C
for 48 hours. Note severe growth restriction of AcnaA mutant. (B) Scanning
electron microscopy of A. fumigatus strains grown in GMM broth for 48 hours.
Note blunted and restricted hyphae of AcnaA mutant compared to WT and
complemented strains. (C) Gomori's methenamine silver staining showing
fungal burden. Substantial fungal growth is seen in WT and complemented but
not AcnaA strains. (D) Hematoxylin and eosin staining showing massive inflam-
mation and necrosis of lung tissue with WT and complemented strains, and mild
inflammation with AcnaA strain. (E) Survival curve of inhalational murine model
of invasive aspergillosis showing significant (P<0.001) decrease in mortality (90%
vs 10%) between WT and AcnaA strains (modified from Steinbach et al.24).
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be difficult to selectively target the calcineurin pathway in the
fungal pathogen without adversely affecting the corresponding
signaling pathway in the host. Inhibition of calcineurin signal-
ing in humans leads to increased immunosuppression, which
could further exacerbate fungal infections. Further dissection
of the A. fumigatus calcineurin signaling pathway may reveal
fungal-specific targets that may be more effective antifungal
targets then calcineurin itself.

Another highly conserved signaling pathway recently iden-
tified to be important in A. fumigatus pathogenesis is the cross-
pathway control system, which modulates fungal amino acid
biosynthesis. Krappmann et al?” identified an ortholog of the
yeast transcriptional activator protein, Gen4p, in A. fumigatus
and named it cpcA. Mutants with a deleted cpcA locus are
hypersensitive to the tryptophan analog 5-methyltryptophan,
which induces a starvation response and decreased growth
rates in the mutant strains. However, cpcA mutants ultimately
displayed no specific nutritional requirements and therefore
are prototrophic for amino acids, purines or pyrimidines.
Interestingly, in a neutropenic intranasal model of invasive
aspergillosis, cpcA mutant strains displayed an approximate
50% reduction in virulence (measured by mortality). The
authors hypothesize that this reduction in virulence might be
attributable to imbalances in the amino acid pool available
in vivo or that cpcA is required for the transcription of an
unidentified A. fumigatus virulence factor. Further studies are
needed to elucidate the exact role of cpcA in A. fumigatus, and
these studies have the potential to reveal important informa-
tion about the environment encountered by A. fumigatus in a
mammalian lung. However, the apparent involvement of the
A. fumigatus cross-pathway control system in pathogenesis
further suggests that mechanisms of saprophytic growth and
microbial fitness are also required for fungal pathogenesis.

Secondary metabolism

Many fungi, including Aspergillus species, produce a diverse
array of biologically active small molecular weight metabo-
lites. Collectively these metabolites have been termed second-
ary metabolites, and include many well-known pharmaceutical
agents such as cyclosporin and penicillin.?® In several plant—
fungal interactions, secondary metabolites have been found to
be the primary virulence factor of the fungus.?%3% Aspergil-
lus fumigatus is known to produce several biologically active
metabolites that are known to be immunosuppressive, and
thus secondary metabolite production has been hypothesized
to be an important virulence attribute of A. fumigatus.31-32
Recent phylogenetic and genomic analyses of Aspergillus
whole genome sequences have revealed substantial diversity in
the ability to produce secondary metabolites.18:33:34

Support for the potential role of secondary metabolites in
A. fumigatus pathogenesis can be seen with strains lacking the
transcriptional regulator laeA. Mutant laeA strains are defi-
cient or have significant reductions in the production of glio-
toxin, helvolic acid, fumagillin, and other unknown secondary
metabolites.3-3¢ Sequence analysis of the laeA protein showed
no definitive similarity to known proteins, but suggested that
laeA might be a protein methyltransferase involved in altering
chromatin structure.3”-38 Of significance, an A. fumigatus strain
lacking laeA was found to be avirulent in a murine intranasal
model of invasive aspergillosis. This result suggests a potential

role for secondary metabolites in A. fumigatus pathogenesis;
however, the pleiotropic nature of laeA loss prevents this con-
clusion from being definitive. The authors, however, hypoth-
esized that significant reduction in gliotoxin production in the
laeA mutant may account for the avirulent phenotype due to
gliotoxin’s known immunosuppressive properties.

The direct role of gliotoxin was subsequently examined
by creating a mutant in the non-ribosomal peptide synthetase
responsible for gliotoxin production, gliP.3%40 Two independ-
ent labs with different Aspergillus background strains and ani-
mal models produced similar results regarding the gliP mutant
phenotype. gliP mutant strains displayed normal growth and
morphology in vitro, and concomitantly were capable of caus-
ing similar mortality compared with their respective wild-type
strains in distinct murine models of invasive aspergillosis.
These results suggest that gliotoxin is not required for disease
development in these murine models.

However, gliotoxin is a strong immunosuppressant and in
these animal models, as in the majority of patients with aspergil-
losis, severe immunosuppression is already present prior to the
fungal infection. Thus, the additional immunosuppressive activ-
ity of gliotoxin may not be critical for disease establishment.
However, these results do not rule out a role for gliotoxin in
chronic forms of aspergillosis such as allergic bronchopulmo-
nary aspergillosis, or even in making subtle differences in host
immune system responses that could affect patient outcomes
depending on the pathophysiology of the underlying immune
system defect. Indeed, culture filtrates from gliP mutant strains
lacking gliotoxin were unable to inhibit ionomycin-mediated
mast cell degranulation, which may suggest that gliotoxin
could play a role in immunomodulation in chronic forms of
aspergillosis.3® Further, it could significantly alter the ability of
the immune system to reconstitute after bone marrow or solid
organ transplants. Thus, the exact role of gliotoxin produc-
tion, if any, in aspergillosis is still not fully understood.

Another mechanism of host immune system modulation by
A. fumigatus and related Aspergillus species may be the pro-
duction of prostaglandins. Prostaglandins are eicosanoids and
comprise a subclass of C,y oxylipins. Eicosanoids are known
to be involved in numerous immune system activities includ-
ing regulation of inflammation, pain, and allergic responses.*!
It has been hypothesized that production of eicosanoids and
other oxylipins could be manipulated to treat fungal infec-
tions.*2 RNA silencing was used to silence three cycloxygenase
genes (ppoA, ppoB, ppoC) in A. fumigatus that were predicted
to produce prostaglandins.*? Silencing led to loss of prostag-
landin detection in fungal culture filtrates and, most interest-
ingly, hypervirulence in an intranasal murine model of invasive
aspergillosis. Additional in-depth animal model experiments
are currently needed to examine this interesting and potentially
important finding that implies host—fungal communication via
the production of small molecules.

The host environment clearly plays an important role in
determining the outcome of microbial infections.** One nutri-
ent required by both pathogenic bacteria and fungi that is not
readily available in the human body is iron. Both bacteria
and fungi produce low molecular weight metabolites called
siderophores, that bind Fe(Ill) with high affinity.#4” The role
of iron in bacterial pathogenesis has been extensively explored
and confirmed, and recently the production of siderophores
by A. fumigatus has been shown to be critical for Aspergillus



infections.*$4° Aspergillus fumigatus is able to grow in iron-
poor human serum, and it was hypothesized that this survival
was due to siderophore production.

Confirmation of this hypothesis was obtained by creation
of an A. fumigatus strain deficient in the siderophore biosyn-
thetic gene, sidA. sidA encodes a 1-ornithine (N5oxygenase)
involved in the first step of hydroxamate siderophore biosyn-
thesis. Deletion of sidA resulted in significant fungal growth
defects in culture medium and serum with low iron concen-
trations. The sidA mutants were found to lack production of
triacetylfusarine C and ferricrocin siderophores. Importantly,
the sidA mutant strains were completely avirulent in an intra-
nasal murine model of invasive aspergillosis. In fact, sparse
or no fungal hyphae were found in lung tissue samples from
sidA mutant-infected mice, indicating that sidA mutants could
not grow in vivo.*? Thus, the ability to scavenge iron in the
lungs of immunocompromised hosts appears to be a critical
virulence attribute for fitness of A. fumigatus in vivo. Hemato-
logic malignancy patient populations at high risk for invasive
aspergillosis often receive many blood transfusions providing
exogenous iron, and thus development of a treatment strategy
that inhibited the ability of A. fumigatus to sequester iron in
vivo may potentially improve treatment outcomes.

Thermotolerance

The ability of A. fumigatus to survive temperatures up to
70°C is a unique attribute in the Aspergillus genus and fun-
gal kingdom in general. This thermotolerant phenotype has
been hypothesized to be an important virulence attribute of
A. fumigatus.'® Molecular analysis of genes involved in ther-
motolerant growth has recently shed light on this hypothesis.
A gene required for growth at 42°C was recently identified by
complementation of a mutant unable to grow at this tempera-
ture. The gene, THTA, has an unknown function, but deletion
of this gene in a wild-type strain of A. fumigatus confirmed
its role in thermotolerant growth.’® However, virulence of
the THTA mutant strain was unaffected in a murine model
of invasive aspergillosis, indicating that growth at physiologic
temperatures was not affected by loss of THTA. Thus, while
growth at physiologic temperatures is clearly required to cause
disease, thermotolerant growth may not be an important viru-
lence attribute of this organism.

The importance of growth at physiologic temperatures was
confirmed by deletion of a gene involved in ribosome biogen-
esis. Deletion of this gene, cgrA, results in delayed germination
and reduced growth rates at 37°C.5! The cgrA mutant has sig-
nificant decreases in mortality in a murine model of invasive
aspergillosis and in a Drosophila (fruit-fly) Toll receptor-
deficient model. The decrease in virulence in the Drosophila
model, which is conducted at 25°C, also points to the impor-
tance of timely conidial germination in A. fumigatus pathogen-
esis. Clearly, genes that are required for fungal survival and/or
optimal growth rates at physiologic temperatures are excellent
targets for antifungal drug development.

Oxidative stress

It is likely that most mammalian microbial pathogens encoun-
ter oxidative stress during pathogenesis and A. fumigatus is no
exception. Inhaled fungal conidia are engulfed and attacked

ASPERGILLUS FUMIGATUS — THE MENACING MOULD

by alveolar macrophages, which generate reactive oxygen spe-
cies (ROS) that can kill the fungal conidia.’>3 Fungal hyphae
growing in mammalian hosts are attacked by neutrophils which
utilize ROS to kill the invading fungus.’*-5¢ For example, the
human condition chronic granulomatous disease (CGD) is
characterized by the inability of immune effector cells to gen-
erate an oxidative burst.>” Interestingly, in CGD patients who
develop aspergillosis, typically patients acquire more A. nidu-
lans than A. fumigatus infections, possibly suggesting that the
ability to tolerate oxidative stress is greater in A. fumigatus
than A. nidulans.

Recent molecular analysis of genes involved in oxidative
stress tolerance in A. fumigatus has clearly shown the impor-
tance of this attribute in fungal pathogenesis. For instance,
genes involved in cyclic AMP-dependent signaling pathways
were found to be essential for A. fumigatus pathogenesis.’8-61
Conidia of deletion mutants in adenylate cyclase (acyA) and the
G-protein alpha subunit (gpaB) were more sensitive to killing
by human monocyte-derived macrophages.’® One possible
explanation for these results is that cAMP signaling was found
to, in part, regulate expression of pksP, a gene encoding a
polyketide synthetase involved in melanin production. pksP
mutants have white conidia compared to the greenish-gray
pigment of wild-type conidia, and are more susceptible to
ROS.62 Fungal melanins are proposed to protect fungi from
ROS, ultraviolet light, and enzyme stresses. Thus regulation
of melanin production by cAMP-dependent signaling may
be required for fungal pathogenesis.®3> However, melanin
production is also found widely in non-pathogenic saprophytic
fungi, and the functions that melanin performs in vivo during
infections are likely required during saprophytic growth in
complex microbiologic communities. The cAMP signaling cas-
cade illustrates the point that many of these types of regulatory
gene networks and resulting phenotypes work in concert to
establish disease. Whether the fungus is in an immunocom-
promised host or a compost pile, it is using multiple complex
genetic interactions to survive the harsh environments.

Aspergillus fumigatus virulence attributes -
where did they come from?

An examination of the A. fumigatus virulence attributes and
the genes that are responsible for these attributes begs the fol-
lowing questions. Did these attributes arise during the course
of evolutionary history as the result of selective pressures from
interactions with mammalian hosts (and hence are virulence
factors in the classic sense)? Or did these virulence attributes
arise from other environmental selective pressures that have
little to do with fungal virulence, yet in combination, coin-
cidentally allow A. fumigatus to infect immunocompromised
hosts? While direct studies addressing these questions have yet
to be undertaken with A. fumigatus, an argument can be made
that none of the genes listed in Table 2-2 are classic virulence
factors. Instead, an explanation of the occurrence of these
genes can be found from likely selective pressures encoun-
tered by A. fumigatus in its natural ecologic niche, the soil.
Ultimately selective pressures from this environment, particu-
larly in compost piles where A. fumigatus is frequently found,
resulted in a unique combination of attributes that coinciden-
tally also allow A. fumigatus to thrive in immunocompromised
mammals. Possible sources of these selective pressures include:
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heat stress in compost piles, competition from other microor-
ganisms for limited nutrient supplies, predation by soil nema-
todes and protozoa, and ultraviolet radiation exposure. One
can envision how these environmental pressures could lead to
development and persistence of manys, if not all, of the A. fumi-
gatus virulence attributes identified to date.

Recently, questions regarding the evolution of human fun-
gal pathogenesis have begun to be experimentally examined in
the yeast fungal pathogen Cryptococcus neoformans, and we
now turn our discussion to this sugar-coated killer.

Cryptococcus neoformans —
the sugar-coated killer

Like Aspergillus species, Cryptococcus species are found abun-
dantly in the environment often associated with soil, trees, and
avian excreta.®* Unlike the Aspergilli, Cryptococcus species
are basidiomycete yeasts, giving them morphology distinctly
different from hyphae of filamentous fungi like A. fumigatus.
Infections caused by Cryptococcus species have concomitantly
risen with the worldwide increase in immunocompromised
patient populations in the last two decades, and have been
particularly associated with the AIDS epidemic. The best esti-
mates of Cryptococcus infections pre-AIDS epidemic predicted
0.8 cases per million persons per year.5® During the peak of the
AIDS epidemic within the United States, incidences of Crypto-
coccosis dramatically increased to five cases per 100,000 per-
sons in urban areas, and in less developed countries afflicted
with the AIDS epidemics, prevalence rates of 15-45% in AIDS
patients have been reported.65:6¢

Recently, an outbreak of cryptococcosis occurred on Van-
couver Island, British Columbia, Canada. Of particular interest
to our discussion of fungal pathogenesis, afflicted patients and
animals demonstrated no detectable abnormal immune system
functions, indicating that this strain of Cryptococcus (now a
separate species, C. gattii, formerly C. neoformans var. gattii),
is capable of causing disease in immunocompetent hosts, and
hence contains classic virulence factors.®” This finding has
direct implications regarding the generally accepted belief that
opportunistic fungal pathogens have not evolved classic viru-
lence factors, and will be discussed later in this section.

In order to combat this important emerging fungal patho-
gen, substantial efforts have been made to develop molecular
tools to explore mechanisms of Cryptococcus pathogenesis.
Unlike A. fumigatus, a defined sexual cycle for C. neoformans
is available to conduct genetic studies and furthermore, the
molecular manipulation of the fungus is relatively straightfor-
ward and successful compared to A. fumigatus. Several genome
sequences are currently available or on the way to completion
for the various C. neoformans strains and “new” species,
C. gattii.®® Consequently, substantial progress has been made
in elucidating the virulence attributes of Cryptococcus species
at the molecular level, and some now consider C. neoformans a
model organism for the study of human fungal pathogenesis.®*

Studies on the pathogenesis mechanisms of C. neoformans
have revealed three essential virulence attributes: high tempera-
ture (37-39°C) growth, formation of an extracellular polysac-
charide capsule, and synthesis of melanin (Fig. 2-2).66:69,70
A substantial number of genes and complex regulatory path-
ways have been shown to mechanistically contribute to these

three major components of C. neoformans’ ability to cause dis-
ease (for a list of these genes, see Perfect’!). In addition, several
excellent reviews focusing on these well-established aspects of
Cryptococcus pathogenesis are available.6:66:69.71-77 For our dis-
cussion of mammalian fungal pathogenesis mechanisms, we will
focus on recent studies utilizing Cryptococcus to understand the
evolution and potential sources of human fungal pathogenesis.

Alternative hosts as reservoirs for selective
pressure that led to virulence attribute
development and persistence

While the mechanisms and persistence of virulence in fungal
pathogens of plants are generally well accepted, we still do
not understand the same phenomenon in human fungal path-
ogens. It is clear that certain fungi possess what others and
we term virulence attributes or a virulence composite, which
allow these fungi to cause disease in mammals. Recently, evi-
dence has been gathered that suggests that fungal interactions
with other microorganisms in the environment could explain,
in part, the evolution and persistence of mammalian fungal
pathogenesis mechanisms.

In many ways, C. neoformans is a unique and ideal model
to explore this hypothesis. Unlike A. fumigatus, C. neoformans
infections can be latent and persist inside macrophages in
immunocompetent individuals.”® The polysaccharide capsule
is primarily responsible for C. neoformans’ ability to persist
in macrophages, and when host immune defenses deteriorate,
shedding of capsule into macrophage vacuoles induces host cell
cytotoxicity.”? Thus, the question arises: how has C. neoform-
ans gained the ability to persist and replicate inside macrophages
when it is not required to complete its life cycle? To address this
question, Steenbergen et al®? built on earlier observations that
C. neoformans is readily phagocytosed by soil-dwelling proto-
z0a.8! Interestingly, amoebae and macrophages share many of
the same biologic properties including the ability to phagocytose
particles, sequester particles in vacuoles, and secrete lysosomal
enzymes to digest the engulfed particles.32

Steenbergen and colleagues hypothesized that interactions
with soil-dwelling protozoa led to the ability of C. neoformans
to become an intracellular facultative pathogen.’ It was
found that the soil-dwelling amoeba Acanthamoeba castellanii
readily engulfed C. neoformans cells. Importantly, wild-type
C. neoformans were able to replicate within the amoebae,
which resulted in increased numbers of polysaccharide-
containing vesicles that eventually caused amoebae cell death.
However, a C. neoformans mutant strain defective in capsule
production was unable to survive phagocytosis by amoebae.
This acapsular strain also was protected from amoebae killing
by melanization. Interestingly, the non-pathogenic common
baker’s yeast Saccharomyces cerevisiae and the human com-
mensal opportunistic pathogen Candida albicans were unable
to survive phagocytosis by A. castellanii.

These results support the hypothesis that virulence attributes
of C. neoformans such as capsule production and melaniza-
tion may have arisen through selection pressures resulting from
environmental interactions with soil-dwelling amoebae. This
hypothesis has been further supported by studies demonstrating
that virulence attributes of C. neoformans are also required for
pathogenesis of the model organisms Caenorbabditis elegans,
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Figure 2-2 Virulence attributes of Cryptococcus neoformans. (A) Melanin formation by C. neoformans. Lack of melanin production is seen in Agpal
strain, which is also attenuated for virulence in a murine model of cryptococcosis (modified with permission from reference 168). (B) High temperature
growth of C. neoformans. Lack of growth at 37°C is seen with a Aras1 strain (modified from reference 169). (C and D) Capsule formation by C. neoformans.
Significant decrease in capsule formation is seen with a Anrg1 strain (photo courtesy of Dr Connie Nichols, Duke University Medical Center).

a soil-dwelling nematode known to ingest bacteria and yeast for
food, and Dictyostelium discoideum, a free-living soil amoeba
often used as a model for the study of phagocytic processes.83-85
Cryptococcus neoformans strains grown in the presence of
D. discoideum were hypervirulent compared to C. neoformans
strains grown alone. In vitro characterization of the hyperviru-
lent strain revealed increased capsule production and melani-
zation, strongly suggesting that interactions with soil-dwelling
organisms can rapidly alter the virulence of C. neoformans.®

This apparent phenotypic plasticity of C. neoformans to
alter properties in response to environmental conditions may
have direct relevance to the development of mammalian fun-
gal virulence in this genus. For example, the recent outbreak
of cryptococcosis on Vancouver Island in Canada occurred
in apparently immunocompetent patients and animals.67-86
Molecular analyses of the Vancouver Island C. gattii isolates
revealed the primary population to be clonal and of the alpha
mating type with a molecular type of VGIL87 It appeared that
two strains mated and the resulting recombinant strain was
more virulent in animals similar to the strain that causes over
90% of the reported infections in the outbreak.’8 The ques-
tion becomes: how and when did this strain of C. gattii evolve
the ability to infect immunocompetent hosts? An alternative
hypothesis, however, is that there is something unique about
the immune system of afflicted individuals not yet detected
that allowed these strains to cause disease.

However, as seen with the Dictyostelium experiments,
Cryptococcus species can rapidly respond to changing envi-
ronments and alter their virulence or phenotypically switch
colony morphology. While the mechanisms for this phenotypic
plasticity are currently unknown, it has been hypothesized that
a recent genetic recombination event in an unusual fertile clade
of C. gattii with increased basidioconidium production and/or
altered environmental niche is responsible for the Vancouver
Island outbreak.3? Thus, environmental selection pressures may
increase the virulence of Cryptococcus species. These selection
pressures may be driven by yeast interactions and response to
soil microorganisms and result in the persistence of virulence
attributes in selected populations, increasing encounters with
immunocompromised hosts, and the ability to create virulence
diversity in the yeast population through sexual recombina-
tion.”® Future mechanistic and population genetic studies will
undoubtedly continue to shed light on the evolution of mam-
malian fungal virulence attributes and Cryptococcus species
are ideal for these studies.

Candida albicans

From thrush to vaginal infections to candidemia, infections
caused by Candida species are likely the fungal infections
most familiar to clinicians and patients. In the United States,
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Candida infections are the fourth most common cause of
nosocomial infections.®!*3 The most common species identi-
fied in human infections is C. albicans; however, additional
species are increasing in frequency and include: C. dublinien-
sis, C. glabrata, C. krusei, C. lusitaniae, C. parapsilosis, and
C. tropicalis.®**%5 C. albicans can be isolated from the orophar-
ynx of over 40% of normal individuals and is a standard
commensal of the lower gastrointestinal tract.”®

Like Aspergillus and Cryptococcus, the vast majority of
candidiasis cases occur in immunocompromised individuals.
However, Candida infections are unique because they typi-
cally are acquired endogenously. Unlike Aspergillus and Cryp-
tococcus species, C. albicans is seldom found in the soil or
external environment.?” Instead, it is a commensal and normal
inhabitant of the human microflora. This feature of C. albi-
cans biology has significant ramifications for our discussion
of fungal pathogenesis, and it is likely that the key attributes
which allow it to be a commensal will integrally be used in its
pathogenic fitness profile.

Previously, we discussed the interplay between selec-
tion pressures in the soil environment and the evolution of
virulence attributes in A. fumigatus and C. neoformans. Yet
C. albicans is already highly adapted to the host environment
since it is a common commensal of mucosal surfaces in mam-
mals, especially humans. Some of these adaptations neces-
sary for growth and persistence in humans include: adherence
to mucosal surfaces, ability to withstand normal and fever-
induced body temperature (37-39°C), and the innate ability to
rapidly adapt to changing microenvironments in the host. In
order to persist as a commensal, Candida must have evolved
elaborate mechanisms to evade or minimize host immune
responses without causing disease. In addition, because
C. albicans can colonize a diverse array of host environments
(oral, vaginal, gastrointestinal), it must also possess the abil-
ity to survive in these disparate host environments. Below, we
discuss some of the unique aspects of C. albicans biology and
their impact on fungal pathogenesis.

Adherence to host tissue

Adherence to host tissue is required for commensals, like Can-
dida, to colonize hosts and cause disease. Recent studies utiliz-
ing C. albicans have identified many of the fungal adhesins
that this fungus uses to adhere to various host tissues.?8-100
One gene family in particular, the agglutinin-like sequence
(ALS) gene family, has received extensive attention. The ALS
gene family contains at least eight members that are character-
ized by the presence of conserved tandem repeats in the cen-
tral region of the proteins.'%! The C-terminus of the proteins
contains a glycosylphosphatidylinositol (GPI) anchor site that
anchors the proteins to the fungal cell wall (Fig. 2-3).
Substrate binding studies using both gene knockouts of the
ALS gene family members as well as heterologous expression
in the model non-pathogenic yeast Saccharomyces cerevisiae
have identified the potential binding specificities of the ALS
gene family members.?8:102-107 A[s1 and Als3 null mutants have
reduced adherence to endothelial cells and overexpression of
these two ALS gene family members in S. cerevisiae increases
adherence. Als3 null mutant also had reduced adherence to
oral epithelial cells. Expression of Als1, Als3, and AlsS in
S. cerevisiae increased adherence to a broad range of substrates

Rights were not granted to include this content in
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Figure 2-3 Conceptual model of structural-functional relationships in

Als family proteins. Als proteins are composed of three general compo-
nents: an N-terminal domain, serine/threonine-rich tandem repeats, and a
serine/threonine-rich C-terminal domain containing a glycosylphosphati-
dylinositol anchor that is bound to the C. albicans cell wall. As illustrated,
Als proteins contain multiple conserved anti-parallel beta-sheet regions
(CR1-n) that are interposed by extended spans, characteristic of the
immunoglobulin superfamily. Projecting from the beta-sheet domains
are loop/coil structures containing the hypervariable regions (HVRs). The
three-dimensional physicochemical properties of specific Als protein HVRs
probably govern interactions with host substrates that confer adhesive
and invasive functions to C. albicans. For illustrative purposes, only three
N-terminal beta-sheet/coil domains and their respective CR/HVR compo-
nents are shown (reproduced with permission from Filler et al.'79).

including collagen, endothelial cells, fibronectin, laminin, and
oral epithelial cells.’%7 In addition, Als3 was found to mediate
endocytosis by endothelial cells, and thus Als3 is likely a criti-
cal factor involved in endothelial cell invasion.

Of interest to fungal pathogenesis mechanisms is the lack
of similarity between adhesins in Candida and other fungal
pathogens. Thus, the ability to adhere to substrates is likely
specific for the ecologic niche that each fungus typically occu-
pies. The human commensal C. albicans is uniquely positioned
to adhere to host tissues, unlike A. fumigatus or C. neoformans
that are typically found in the soil and are not persistent mam-
malian colonizers. One could hypothesize that A. fumigatus
and C. neoformans possess adhesins that allow them to adhere
to important substrates in their natural environments such as
plant and other organic debris. However, it is clear that even
A. fumigatus and C. neoformans adhere to host tissues prior
to their invasion, indicating that their respective adhesins
may have overlapping substrate specificity. Future studies will
undoubtedly discover the specific adhesive proteins and mol-
ecules in these important fungal pathogens and may be used to
compare and contrast with Candida adhesins.

In relation to adherence to host tissue, C. albicans and other
pathogenic Candida species also produce secreted aspartic pro-
teinases (SAP) that have long been known to be important for
interactions with host cell surfaces and for virulence.'98 SAPs
have been shown to degrade host cell surface molecules and
degrade tissue, allowing Candida infections to disseminate.
Recently, it was shown that SAPs could alter the host immune



response via modulation of epithelial cytokine response in
an in vitro model of vaginal candidiasis.!% Ultimately, SAPs
may be critical factors in altering host cell surfaces, affecting
immune system responses and also allowing greater adherence
and tissue invasion of Candida cells.

Biofilm formation

It is now clear that many microorganisms grow in complex
communities on specific substrates in their ecologic environ-
ments, rather than as single free-living organisms.'10:111 These
substrate-attached communities are frequently referred to
as biofilms characterized by a secreted extracellular matrix
around a colony of cells, and it has become clear that biofilm
formation has a significant impact on human health,!11-115
Importantly, C. albicans can form extensive biofilms on medi-
cally implanted, indwelling devices such as catheters.!1¢ Since
C. albicans is a human commensal, it can frequently come
into contact with indwelling medical devices, attach, develop
a biofilm, and cause severe infections. In fact, a substantial
number of C. albicans infections are now reported to be asso-
ciated with biofilm formation.!16:117 This has direct effects on
clinical management of these kinds of Candida infections as
antifungal activity in biofilms is altered compared to free-living
yeast cells.

The importance of biofilm formation in C. albicans infec-
tions has resulted in focused research aimed at elucidating the
molecular mechanism(s) of biofilm formation. Biofilm forma-
tion is a complex developmental and genetically controlled
phenomenon with three basic stages (reviewed by Nobile and
Mitchell118):

e attachment and yeast cell colonization of substrate

e vyeast cell growth and proliferation forming a basal layer
of yeast cells

e pseudohyphae, hyphal extension, and concomitant produc-
tion of an extracellular matrix.

Recent data suggest that C. albicans cells can detect the
presence of a specific surface and in response initiate a tran-
scriptional program leading to biofilm formation. For example,
within 30 minutes of contacting a polystyrene surface, yeast
cells initiate a distinct transcript profile apparently directly
related to surface contact.!'’® Of potential clinical interest,
azole efflux pump genes, CDR1 and MDR1, are transcription-
ally induced within 6 hours of surface contact.!?? This surface
contact induction of efflux pump genes may help explain the
significant increase in azole resistance found in biofilm cells.!21
Biofilm drug resistance may also be due to the morphologic
heterogeneity of biofilms. Biofilms contain all three forms of
C. albicans including yeast cell, pseudohyphae, and hyphae.
For instance, it has been reported that pseudohyphae and
hyphae are more resistant then yeast cells to the biocide chlo-
rhexidine.!22 It has also been shown that yeast in biofilms are
resistant to azoles and standard polyenes but there is anti-
fungal activity with the echinocandins and lipid products of
amphotericin B.123

Interestingly, recent results have shown that biofilm for-
mation is inhibited by alcohol dehydrogenase activity via an
ethanol-dependent mechanism.'?* This may suggest that a
novel treatment strategy using ethanol for the elimination of
Candida biofilm formation could be developed.

CANDIDA ALBICANS

Adaptation to host environment

One environmental characteristic of mammals is the diverse
pH range of various tissues in the body. Consequently, C. albi-
cans must be able to adapt and respond to a wide range of
pH conditions during colonization of distinct host tissues. For
example, it must be able to respond to the changing pH of the
vaginal tract dependent upon the menstrual cycle of the host.
The ability of Candida to respond to these diverse extracel-
lular pH changes is governed by a conserved network of genes
regulated in part by a zinc finger transcription factor RIM101/
PacC.125128 Specifically, this pathway allows Candida to
respond to neutral and alkaline pH typically found in mam-
malian hosts. Using mutants of the RIM101 pathway, it has
been shown that this ability to respond to environmental pH
is required for systemic candidiasis.!?8 Perhaps importantly,
environmental pH has also been found to be a potent regulator
of the yeast to hyphal transition often associated with Can-
dida pathogenesis. Mutants in several of the RIM101 pathway
components, including RIM101 itself, fail to form hyphae at
pH 8 and remain as yeast.!2”

Dimorphism

Candida albicans is a dimorphic fungus; it can exist as yeast
cells, pseudohyphae or hyphae. This ability to change morpho-
logy has been hypothesized to be an important virulence fac-
tor of C. albicans. The hypothesis generally states that hyphal
forms of the fungus are invasive while the yeast morphology
is non-invasive. Several studies have suggested a correlation
between morphology and virulence in murine models.12%130
Yet the pleiotropic nature of the mutations in the strains uti-
lized in these studies make the conclusion that morphology
is directly linked to virulence untenable.!3! In fact, in studies
with mutants of the gene NRG1 (negative regulator of filamen-
tation) driven by a tetracycline-inducible promoter, there was
no correlation between fungal burden, mortality, and hyphal
mortality in a murine model of candidiasis.!3 Furthermore,
C. glabrata does not have the ability to produce hyphae and is
a prominent opportunistic pathogen. Perhaps more likely is the
hypothesis that in vivo fitness of C. albicans is directly linked
to the unique host microenvironments that it encounters dur-
ing pathogenesis.!3? Thus, certain morphologies of the fungus
may be more critical than others, depending on the location of
the infection within the host.

On the other hand, dimorphism has been definitively shown
to be a critical virulence attribute in a small group of fungi col-
lectively called the dimorphic fungi. In these fungi, conidia and
hyphae are produced in their natural environments and can
infect mammalian hosts. The dimorphic switch from yeast to
hyphal form occurs in vivo induced by high mammalian body
temperatures. Recent advances with molecular biology have
begun to elucidate the mechanisms and importance of fungal
dimorphism in these fungi.

Dimorphic fungal pathogens - the shape shifters

Like C. albicans, the ability to dramatically alter morphol-
ogy is also present in a small group of phylogenetically related
fungi called the dimorphic fungi. These fungi include: Blasto-
myces dermatitidis, Coccidioides immitis, Histoplasma capsu-
latum, Paracoccidioides brasiliensis, Sporothrix schenckii, and
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Penicillium marneffei. These fungi are responsible for over
one million new infections in the United States annually.!33
The ecology and epidemiology of these organisms are unclear;
however, they are often found in soil associated with animal
excreta and decaying wood.!34 In the environment, they pro-
duce hyphae and conidia (likely the infectious propagule).
Once inhaled by mammalian hosts, like Cryptococcus, these
fungi persist in macrophages and establish latent infections.
Importantly, this group of fungi can change morphology from
filamentous hyphal growth at ambient temperatures to yeast
cells inside a mammalian host at 37°C. This ability to switch
morphology has been hypothesized to be required for patho-
genicity, and increasing molecular evidence has provided data
to support the essential features of this hypothesis.

Some of the first data to support a link between fungal
dimorphism and fungal virulence came from investigations on
H. capsulatum, the causative agent of histoplasmosis. Myc-
elium treated with a sulfhydryl inhibitor, p-chloromercuriphe-
nylsulfonic acid, a compound that prevents transition from
yeast to hyphal form of the fungus, resulted in lack of disease
establishment in a murine model.!35 With advances in molec-
ular biology techniques available to study these dimorphic
pathogens, molecular determinants of fungal dimorphism, and
consequently pathogenicity, have begun to be identified.!36-137
For example, a small calcium-binding protein, CBP1, specific to
the yeast phase of H. capsulatum, has been shown to be essen-
tial for virulence.!3® Two potential roles have been hypoth-
esized for CBP1 in Histoplasma virulence. First, CBP1 could
be performing a role in acquiring calcium from the extracellu-
lar environment, much like siderophores for iron acquisition.
Second, CBP1 could be a critical component of the various
signal transduction cascades that rely upon calcium such as the
calcineurin signaling pathway.

Importantly, it is clear that fungal dimorphism in these
fungi is regulated by temperature.13%143 At ambient tempera-
tures dimorphic fungi exist as hyphal moulds similar to the
previously discussed Aspergillus species. Indeed, the infectious
propagule is the spore produced from the filamentous form
of these moulds. Once inside a mammalian host, the change
in temperature to 37°C stimulates a complex biochemical and
molecular response in the fungus that leads to a drastic change
in morphology from filamentous mould to globular yeast. In
addition, in Paracoccidioides brasiliensis the conversion from
conidia to yeasts is blocked by estrogen.!44146 This finding
appears to be clinically relevant as it may explain the increased
incidence of this mycosis in males versus females. Thus, the
question arises: Why have these fungi evolved the ability to
change morphology from filamentous moulds at ambient tem-
peratures to yeast at mammalian body temperatures? One
hypothesis is that this transition is required in their ecologic
niches, but to date no convincing evidence exists to confirm or
refute this hypothesis.

Recently, a gene involved in regulating the morphologic
switch between hyphal and yeast growth has been identi-
fied in Blastomyces dermatitidis.'33 This regulator, DRK1
(dimorphism-regulating histidine kinase), is involved in a two-
component signaling system that regulates dimorphism, virulence
gene expression and virulence. A strain of B. dermatitidis lack-
ing DRK1 was unable to transition from hyphal morphology
to yeast morphology at the permissive temperature (37°C),
had altered cell wall composition, and a significant decrease

in sporulation. Importantly, drk1 mutants were unable to cause
disease in a mouse model of pulmonary infection.!33 To show
the conservation of this important gene, DRK1 was also silenced
in Histoplasma capsulatum, and this drkl mutant strain was
also unable to cause disease in a mouse model of histoplasmo-
sis. These results strongly support the hypothesis that fungal
dimorphism is required for fungal pathogenesis of mammals.
Since humans lack histidine kinases like DRK1, fungal histidine
kinases may serve as attractive targets for antifungal drug devel-
opment. In addition, Nemecek and colleagues also hypothesize
that drk1 mutants could be used in the development of a vaccine
against dimorphic fungal pathogens.!33

Fungal pathogenesis: where are we
now and what does the future hold?

One recurring theme presented in this chapter is the lack of a
“magic bullet” fungal virulence factor associated with human
fungal pathogenesis. In contrast to this utopist notion, fungal
pathogenesis of humans is primarily a multifactorial phenom-
enon that involves complex interactions between the invading
fungal pathogen and recipient host to produce disease.!#” This
is exemplified by the examples of known virulence attributes
of the major human fungal pathogens presented in this review.
For example, the ability to form a dense polysaccharide cap-
sule is critical to C. neoformans pathogenesis but not A. fumi-
gatus or C. albicans, and the ability to form invasive hyphae is
critical for A. fumigatus but seemingly not for C. neoformans
or C. albicans.

However, it is also evident that certain attributes are
required for fungi to invade mammalian hosts, including:
growth at mammalian body temperatures, resistance to oxida-
tive stress, and ability to scavenge nutrients from a mammalian
host. Importantly, the immune system status of the host is ulti-
mately the determining factor that allows these fungi to cause
disease. This fact alone strongly suggests that the majority of
human fungal pathogens have not evolved specific virulence
factors in the classic definition of the term. Instead, certain
fungi have accumulated virulence attributes that likely arose
from selection pressures in the fungi’s ecologic niches. These
virulence attributes concomitantly allow these fungi to succeed
in their natural ecologic environments and cause disease in
immunocompromised hosts. In Figure 2-4 we present a pos-
sible model for the evolution of human fungal pathogenesis.
In this model, we leave open the possibility that increased
contact between fungi and immunocompromised humans may
over time increase the ability of these fungi to cause disease
in immunocompetent patients. While the Cryptococcus out-
break on Vancouver Island may suggest that this is plausible,
one may argue that the lack of C. albicans virulence, given its
intimate association with humans, disproves this possibility.
Still, the unique reproductive and genetic mechanisms utilized
by these fungi to create genetic diversity may be an important
factor for consideration.

Further, while we have not focused on the host in this
chapter, it is clear that the key risk factors that likely determine
whether the majority of human fungal infections occur depend
on the host immune system.!48-151 There are two major factors
of invasive mycosis that cannot be ignored. First, except for
commensalisms of some yeasts and the adaptation of certain
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Figure 2-4 Model of the evolution of human fungal pathogen virulence attributes. The model depicts possible stress encountered by fungi in their
natural ecologic environments. These stresses are selection pressures that led to the development of attributes to allow the fungi to overcome these
stresses. Consequently, with the arrival of immunocompromised patients, these attributes also allowed certain fungi the ability to persist in humans.
Interactions with humans may lead to microevolution processes in vivo that have the potential to become fixed in the fungal population through
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Af, Aspergillus fumigatus; Cn, Cryptococcus neoformans: Ca, Candida albicans.

anthropophilic dermatophytes, fungi do not use humans as
part of their life cycle. In fact, a fungal infection is an acci-
dental encounter, which rarely leads to fungal transmission
and therefore is most often an evolutionary dead end. How-
ever, fungi do participate in degrading the complex biomass
and possess the tools to live off organic material. Thus, recent
advances in medical technologies have created hosts whose
impressive immune system has been abrogated in some way
to allow establishment of fungal infection and production of
disease. Second, we must clearly articulate that as clinicians
we are primarily dealing with the ability of the fungi to create
change in the normal homeostatic processes of the host or, in
other words, disease.!4”

Fungal disease is best described in our view of the Gold-
ilocks paradigm of host immunity. It occurs when there are
host immune imbalances, either too little (invasive mycoses)
to too much (immune reconstitution syndrome; IRS). These
immune system perturbations can come from several sources.
First, prematurity allows a variety of host issues to be circum-
vented. Second, there are both congenital and acquired immuno-
deficiencies which allow fungi to evade. Congenital defects in
granulocyte function such as myeloperoxidase deficiencies and
chronic granulomatous disease allow Candida and Aspergil-
lus, respectively, to establish disease. Acquired defects can
occur through iatrogenic or natural causes. For instance, can-
cer chemotherapy has produced profound neutropenias and
risks for invasive fungal infections. With the nadir in blood
counts and concomitant mucositis, it is clear that total abso-
lute neutrophil counts under 500/mm? place the patient at risk
for fungal infection and, without recovery of neutropenia, the
inability to consistently cure infection with antifungals alone.

It is also clear that even with normal numbers of neu-
trophils, we can inhibit the immune system response with high
doses of corticosteroid such as during graft-versus-host disease

or connective tissue diseases. Furthermore, as we continue to
enlarge our indications for monoclonal antibody use, such as
infliximab and alemtuzumab, cases of invasive mycoses will be
uncovered. Along with these iatrogenically acquired immuno-
suppressive events, the world remains in the throes of the HIV
epidemic. Despite highly successful antiretroviral therapy, viral
destruction of immunity with lowering of CD4 cell counts to
200/mm? and the appearance of oral candidiasis to destruc-
tion of CD4 counts below 100/mm? is associated with the
appearance of Prneumocystis, cryptococcosis or other endemic
mycoses. Thus, it is absolutely clear that an intact cell-mediated
immune system is critical to protection from invasive mycoses.
Finally, with a further understanding of the human genome,
we will likely uncover polymorphisms in specific immune sys-
tem genes associated with a higher risk for fungal infections.
These studies may help explain the “normal host” with an
invasive fungal infection, such as those on Vancouver Island,
or further stratify risk groups exposed to common fungi into
higher or lower risk groups.

As important as the host immune response is for either
protection from fungal invasion or elimination of an invading
fungus, it has become clear that rapidly changing the immune
response in the host can produce “too much” immunity.!52
This syndrome is called the immune reconstitution syndrome
(IRS) and it can occur with established fungal infections and
their management. For instance, during administration of
HAART in a patient with HIV and mycoses or solid organ
transplant recipient with mycoses and changing antirejection
drug, as the fungus is being eliminated the exuberant immune
response might damage the host with too many inflammatory
cells at the site of infection.!93:154

It is clear that despite great strides in the antifungal drug
discovery arena (i.e., lipid products of amphotericin B, broad-
spectrum azoles, and echinocandins), a further understanding
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of fungal pathogens and their pathogenic mechanisms is needed
to develop novel treatments and/or preventive strategies to better
prepare for the inevitable development of antifungal resist-
ance to current antifungal therapies. It is important to recog-
nize that as we continue to gain understanding of the intricate
details of what makes a human fungal pathogen, all of its basic
pathogenic attributes are tightly linked to a powerful, chang-
ing host immune response, which range from simple structural
barriers to innate factors and fluids to professional phagocytes
to the highly complex and finely adjusted adaptive immune
system. As our ability to successfully treat patients with what
were formerly life-ending diseases continues to increase, the
incidence of human fungal infections, and the morbidity and
mortality associated with them, will continue to dramatically
rise. As we gain a better appreciation of how these organisms
colonize and cause disease in immunocompromised patients,
we will increase our ability to thwart these life-threatening
fungal infections.
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Immunology

Thomas S. Harrison, Stuart M. Levitz

Introduction

The medically important fungi are a very diverse group, some
of which are exceedingly prevalent in the environment. They
provide a formidable challenge to the immune system. Even
within species, variations in morphology with associated
changes in surface antigens are common and not confined to
the dimorphic fungi. For example, in susceptible hosts, inhaled
Aspergillus conidia shed waxy surface coats, swell, and exhibit
new surface antigens, then germinate to form hyphal filaments
with further distinct antigens. These surface changes evoke
distinct host humoral and cellular responses. Within tissues,
Candida albicans may grow as yeastlike blastoconidia, pseudo-
hyphae, and hyphae that differ in surface antigen expression.
Moreover, C. albicans and other fungi can undergo switching
of surface antigenic phenotypes in vivo.

A broad array of host defense mechanisms have evolved to
protect humans against fungal invasion. Even lower inverte-
brates have the capacity to sense preserved molecular patterns
on fungi (e.g., B-glucans) and mount a protective response.
Interestingly, features of many of these primitive innate defenses
are conserved in humans. Vertebrates are also endowed with
the capacity to mount adaptive immune responses, including
antibody production and T cell-mediated immunity. Adap-
tive immunity is slower to develop but considerably more spe-
cific. The result of these efficient innate and adaptive defenses
is that even the most pathogenic of the fungi usually induce
only asymptomatic or self-limited infections in persons with
an intact immune system. This is especially the case for the
saprophytic, opportunistic fungi. Thus, the outcome of the
host-fungus interaction usually depends on the status of host
defenses and most serious fungal infections occur in persons
with defects in one or more of these defenses. Awareness of
the type of compromise afflicting a host enables the clini-
cian to predict which mycoses are likely to occur (Table 3-1).
Conversely, a patient without known immunocompromise
who has a disseminated fungal infection usually warrants
investigation for an underlying immunodeficiency, particularly
acquired immunodeficiency syndrome (AIDS). Immunodefi-
ciencies can be either acquired (e.g., due to medications such
as corticosteroids) or congenital. Within the later category, it
is becoming apparent that single nucleotide polymorphisms in

CHAPTER 3

key immune response genes can increase susceptibility to cer-
tain infections.

For all mycoses, the clinical manifestations of disease can
result from damage caused by the fungus as well as the host
inflammatory response.! An extreme example of damage caused
by the host response is mediastinal fibrosis due to Histoplasma
capsulatum. Here, small numbers of fungi trigger an inflamma-
tory response resulting in progressive life-threatening fibrosis
of the mediastinum. At the other extreme, some patients with
AIDS present with overwhelming cryptococcosis yet virtually
no inflammatory response. However, immune reconstitution
following initiation of antiretroviral therapy can then result in a
life-threatening immune response inflammatory syndrome. Even
in the absence of invasion, fungi can trigger immune-mediated
hypersensitivity reactions that can present, for example, as
asthma, extrinsic allergic alveolitis, or allergic bronchopulmo-
nary aspergillosis.

For convenience, we have broken down the immune
response into component parts (e.g., complement, antibody,
neutrophils). However, the in vivo immune response is the
result of an exceedingly complex integration of these parts,
and divisions are somewhat arbitrary. T cell-mediated immu-
nity seems to be especially important for host defense against
Cryptococcus neoformans, Pneumocystis jiroveci, and the
endemic dimorphic fungi, Coccidioides immitis, H. capsula-
tum, Blastomyces dermatitidis and Paracoccidioides brasilien-
sis. Protection against invasive candidiasis, aspergillosis, and
zygomycosis is more dependent on intact neutrophil function.

Non-immune factors in host defense
against fungi

Although not usually considered a part of the immune system,
a number of non-specific host factors form an important first
line of defense against fungal invasion. These include the mech-
anical barrier provided by the skin and mucous membranes,
competition for nutrients from the normal indigenous bacte-
rial flora, and the mucociliary clearance system of the respira-
tory tract. The importance of these factors is illustrated by the
association of disseminated candidiasis with the disruption of
mechanical barriers by burns, surgical wounds or intravenous

33



34

SECTION ONE GENERAL PRINCIPLES, INCLUDING DIAGNOSIS

Immunology

Table 3-1 Etiologic agents of systemic fungal infections
associated with specific predisposing factors

Predisposing factor Etiologic agent(s)

Traumatized skin
and mucosal surfaces

Candida species

Neutropenia Candida species
(disseminated disease)
Aspergillus species
Agents of zygomycosis
Fusarium species
Trichosporon species
Pseudallescheria boydii

Scedosporium species

Impaired T cell-mediated
immunity

Candida species
(mucocutaneous disease)
Cryptococcus neoformans
Histoplasma capsulatum
Coccidioides immitis
Pneumocystis jiroveci
Paracoccidioides brasiliensis
Penicillium marneffei

Chronic granulomatous
disease

Aspergillus species
Candida albicans
(disseminated disease)

Ketoacidosis Agents of zygomycosis

Deferoxamine therapy Agents of zygomycosis

TNF-a inhibitors Histoplasma capsulatum

Aspergillus species

Graft-versus-host disease Aspergillus species

catheters, and with the inhibition of normal bacterial flora by
broad-spectrum antibiotics.? In serum, chelation of iron and
other essential heavy metals restricts the growth of many fungi.
The association of zygomycosis (mucormycosis) with therapy
with the iron chelator deferoxamine is thought to be due to the
ability of the causative fungi to use iron-saturated deferoxam-
ine as a siderophore.3- Similarly, ketoacidosis may predispose
patients to zygomycosis by making iron more readily available
to the fungus. In addition, incompletely characterized serum
and cerebrospinal fluid (CSF) factors have been reported to
inhibit fungal growth.”

Complement

The complement system is made up of more than 30 pro-
teins found in blood and extracellular fluid.® These comple-
ment components can be activated in a cascade-like fashion
by way of three pathways, designated the classic, alternative,
and lectin pathways, each of which results in activation of C3.

Components of each activation pathway are proenzymes. The
cleavage of each proenzyme generates a serine protease that
cleaves the next proenzyme in the sequence. Initiation of the
classic pathway occurs by binding of Cl1q to the Fc portion of
IgG or IgM antibody bound to antigen. Initiation of the alter-
native pathway does not require antibody. Instead, spontane-
ous hydrolysis of some circulating C3 leads to generation of
a fluid-phase C3 convertase, C3(H20)Bb, capable of cleaving
C3. By this mechanism, small amounts of C3b are probably
continuously generated. Further activation and amplification
only occur if some C3b so generated is bound to an activating
particulate surface. Such surfaces favor the binding of factor B
and the formation of solid-phase C3 convertase.” On non-
activating surfaces, binding of factor H promotes cleavage of
C3b by factor I to yield enzymatically inactive iC3b. Activa-
tion of the lectin complement pathway occurs when pathogen
recognition by mannose-binding lectin (MBL) or ficolins trig-
ger MBL-associated serine proteases (MASPs).8 MBL appears
particularly relevant for host defenses against fungi as
exposed mannose residues are frequently present on fungal
surfaces.10:11

Activation of the terminal complement components
(C5-C9) by either the classic or alternative pathways can lead
to the assembly of a pore-forming membrane attack com-
plex on target membranes and the lysis of some bacteria and
viruses.!! Such direct killing of pathogenic fungi has not been
demonstrated, presumably because of the thick fungal cell
wall. However, activation of the complement system has a
number of other functions, some of which are implicated in
host defense against fungi. C3 fragments bound to fungal sur-
faces act as opsonins that promote binding and phagocytosis
of the fungi by leukocytes bearing the appropriate complement
receptors. In addition, cleavage of C3, C4, and CS releases sol-
uble proinflammatory fragments, C3a, C4a, and C5a. These
anaphylotoxins cause release of histamine and other mediators
from mast cells and basophils. C5a, the most potent, is also
chemotactic for neutrophils and enhances neutrophil migra-
tion across the endothelium. Last, complement activation by
means of the classic pathway can also promote the clearance
of potentially harmful immune complexes.

Fungi are generally potent activators of the alternative
complement pathway.'? Studies of patients with cryptococ-
cosis and of mice infected with C. neoformans suggest that
complement activation occurs in vivo. Alternative path-
way components were found to be depleted in patients with
cryptococcemia.!3 C3 has been detected on C. neoformans
isolated from the skin, but not the CSF of patients with cryp-
tococcal meningitis.!415 Similarly, in a murine model Truelsen
et al'® found readily detectable C3 on cryptococci from liver
and lung but not on cryptococci from brain tissue. Absence
of complement-mediated opsonization in the central nervous
system is one possible factor explaining the predilection of
C. neoformans to cause infection at this site. Interestingly,
there are species-related differences regarding C3 deposition
(Fig. 3-1). Activation by human serum results in C3 bound at
or very near the capsular edge whereas with mouse serum, C3
is buried beneath the capsular surface, and thus not available
to interact with complement receptors.!” Complement likely
has two main functions in host defense against cryptococ-
cosis: opsonization and induction of inflammation. In vitro
binding and phagocytosis of serum-opsonized encapsulated
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Figure 3-1 Species-specific differences in binding of C3 to encapsulated C. neoformans. Differential interference contrast and confocal microscopy images
of C. neoformans following incubation in human and mouse serum. Red color demonstrates the capsule rim whereas the green color demonstrates C3.
Note human C3 is located at the capsular surface whereas mouse C3 is subcapsular (reproduced with permission from Gates and Kozel."?).

cryptococci by macrophages is complement dependent and
can be blocked by antibodies to the CR3, CR4, and CR1 com-
plement receptors.!8

All three complement pathways can be activated by
C. albicans.':121° Normal human serum contains IgG anti-
mannan antibodies which can activate the classic pathway.
MBL has been shown to bind to C. albicans both in vitro
and in vivo.'! Unlike the case with C. neoformans, most C3
bound to C. albicans is in the form of C3b.!2 Also in con-
trast to encapsulated cryptococci, binding of Candida blas-
toconidia to macrophages in the presence of normal serum
likely involves Fc, as well as complement receptors. Consist-
ent with the function of C5a as a neutrophil chemoattractant
and the known importance of neutrophils in defense against
disseminated candidiasis, C5-deficient mice are also more
susceptible to disseminated disease.?? Interestingly, as well as
providing a surface for complement activation, C. albicans
has been shown to have CR2 and CR3 complement receptor-
like activities, as manifest by their capacity to bind C3d- and
iC3b-coated sheep erythrocytes.?!

Other pathogenic fungi have also been shown to activate
complement.!? Aspergillus conidia and hyphae exposed to
normal serum bind C3 fragments (C3b and iC3b). Comple-
ment activation by Aspergillus antigens has been postulated to
contribute to allergic asthma by generation of the complement
anaphylatoxins C3a and C5a.22 Activation of complement has
also been demonstrated in vitro for a number of other patho-
genic fungi including H. capsulatum, C. immitis, B. dermati-
tidis, P. brasiliensis, Sporothrix schenckii and Trichophyton
species, but the role of complement in host defense against
these fungi is less clear. As discussed later, unopsonized
H. capsulatum and B. dermatitidis bind to phagocytes by way
of complement receptors.23-2

In addition to the components of the complement sys-
tem, other soluble molecules participate in innate antifungal
host defenses. The long pentraxin, PTX3, is a secreted pattern
recognition molecule which binds to Aspergillus conidia.2
PTX3-deficient mice have impaired phagocyte recognition of
Aspergillus fumigatus and are susceptible to invasive pulmonary
aspergillosis.2¢ Saliva contains anticandidal peptides, including
histatins and B-defensins,?” which may help explain the predis-
position of patients with xerostomia to oral candidiasis.

Antibody

Recent studies have emphasized the complexities of the inter-
action of humoral and cell-mediated immunity, and the some-
what artificial nature of this simple division of the adaptive
immune response.?8 Nevertheless, for many of the medically
important fungi, an important role for specific antibodies in
natural immunity remains unproven. In contrast to patients
with impaired cell-mediated immunity or neutropenia, those
with hypogammaglobulinemia are not particularly predisposed
to the development of invasive fungal infections and studies
correlating the presence of specific antibody with protection
have yielded conflicting results. In addition, in animal models
of aspergillosis, blastomycosis, and coccidioidomycosis, stud-
ies to date have not shown any beneficial effect from adminis-
tration of immune serum.2’ Moreover, B cell-deficient animals
do not appear to be more susceptible to histoplasmosis3? and
mucosal candidiasis.?! Nevertheless, for C. albicans, C. neo-
formans and H. capsulatum,’? in vitro studies demonstrating
enhanced effector cell activity in the presence of antibody and
animal model studies showing modification of disease with
antibody administration suggest that, whatever the importance
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or complexities of the role of antibody in natural infection,
passive administration of particular specific antibodies could
be beneficial to patients with these mycoses. Of note, work
with monoclonal antibodies against both C. albicans and
C. neoformans has shown that, depending on fine specificity
and isotype, antibodies may be protective, neutral or actually
disease enhancing, a finding that may help explain the incon-
sistent results of earlier studies with polyclonal sera.

Experimental immune sera to C. albicans, depending on the
preparation used and route of inoculation, have been shown to
contain antibodies to more than 50 different antigenic com-
ponents.33 Three types of studies suggest humoral immunity
plays some role in protection against disseminated candidiasis.
First, mice depleted of IgM-bearing B cells have been shown to
have enhanced susceptibility to systemic candidiasis.3* Second,
for some but not all Candida-specific antibodies, a correlation
between the presence of antibody and protection has been
found.3:36 Third, some studies have found administration of
specific antibody, including those against the heat shock pro-
tein (HSP) 90 and mannan epitopes, to be beneficial in animal
models of disseminated infection.37-38

Mechanisms of protection from mucosal candidiasis may
be site specific. While cell-mediated immunity is clearly impor-
tant for protection against oropharyngeal and esophageal
candidiasis,?’ and vaginal disease may result from an overexu-
berant innate response,* there is only limited evidence for an
important role for humoral immunity at either mucosal site.
IgA deficiency is not associated with more severe mucosal dis-
ease. There were no differences in Candida-specific antibody
levels in saliva of HIV-seropositive individuals with and with-
out oral candidiasis.*! In addition, levels of vaginal Candida-
specific IgA and IgG are similar in women with and without
candidiasis, and the presence of antibody does not protect from
recurrent infection.*? Nevertheless, some studies have demon-
strated protection against Candida vaginitis in rats by passive
administration of antibody specific for aspartyl proteinase and
mannan antigens.*3:44

Most patients with cryptococcosis have defects in cell-
mediated immunity, but some evidence suggests humoral
immunity may also play some role in protection. There are
reports of cryptococcosis in patients with hyper-IgM syndrome
and hypogammaglobulinemia.**#” In patients with cryptococ-
cal meningitis, specific antibody is a favorable prognostic sign,
and the appearance of antibody in the CSF may accompany
recovery.*$:49 Nevertheless, some studies suggest the natural
antibody response to C. neoformans is often dominated by
anticapsular antibodies that are not opsonic and may not be
protective.50-5!

Although earlier studies with polyclonal sera were incon-
clusive, several groups of investigators have now shown benefi-
cial effects of administration of certain monoclonal antibodies
against the glucuronoxylomannan component of the crypto-
coccal polysaccharide capsule, as well as a peptide mimetic of
such an antibody.*2-%% Both isotype and specificity are impor-
tant determinants of efficacy and, as with C. albicans, both
protective and non-protective antibodies have been described.
Class switching of a non-protective IgG3 antibody to an other-
wise identical IgG1 antibody caused it to become protective.’®
The importance of fine specificity is illustrated by the fact that
of two IgM antibodies derived by somatic mutation from the
same B cell, one was protective and the other was not.’” More

recently, monoclonal antibodies to a cell surface histone-like
protein of H. capsulatum have been shown to prolong survival
of mice when given prior to intranasal infection.3? Prolonged
survival was associated with increased IL-4, IL-6, and IFN-y
and reduced inflammation in the lungs, and reduced fungal
burden. In vitro, the antibody increased phagocytosis and inhi-
bition of growth of H. capsulatum by murine macrophages.

The mechanisms whereby particular antibodies modify the
course of fungal infections are under investigation. Antibod-
ies to C. albicans mannan may interfere with adhesion, and
have been shown to lead to rapid complement deposition
on fungal cells, thereby enhancing the candicidal activity of
phagocytes.’8-5% Antibodies against HSP90 bind fungal HSP
on the Candida cell surface and have direct antifungal activity,
although it is also possible that some benefit may derive from
inhibition of human HSP, that is involved in pathways leading
to circulatory shock.38

Anticryptococcal antibodies can be potent opsonins®%-¢!
and have been shown to enhance cryptococcal antigen pres-
entation and the activity of neutrophils, mononuclear cells,
and natural killer cells against C. neoformans.6>¢5 Anticap-
sular antibodies also cause clearance of potentially harmful
glucuronoxylomannan (GXM), reduce release of GXM from
the capsule,®® and abrogate many of the immunosuppressive
effects of GXM (reviewed in reference 67). However, a body
of data now suggests a complex interaction between protec-
tive antibodies to GXM and cellular immunity. The beneficial
effects of an IgG1 antibody in immunocompetent mice were not
seen in severe combined immunodeficiency (SCID) (T cell- and
B cell-deficient) mice, CD4 T cell-deficient mice, or IFN-y knock-
out mice.®® Subsequently antibody-mediated protection was
found to be associated with largely downregulatory changes
in lung cytokines and to involve, as well as both Th1 and Th2
cytokines, B cells, iNOS, and mouse genetic background.®®-74
These and other observations have led Casadevall and Pirofski
to propose that antibody may have proinflammatory effects
early in infection but also beneficial anti-inflammatory effects
that reduce immune-mediated pathology in established
infection.?8

Specific antibodies may also play a critical role in the patho-
genesis of allergic responses to inhaled fungi. For example,
IgE-mediated reactions to fungal allergens may play a part in
some asthmatic attacks;”> fungal-specific IgE and IgG may be
involved in the pathogenesis of chronic rhinosinusitis in some
patients;’¢ and precipitating antibodies to fungal antigens are
responsible for some of the manifestations of extrinsic allergic
alveolitis through the formation of immune complexes. This
topic is also discussed in Chapter 25.

Non-opsonic recognition of fungi
by phagocytes

As noted above, opsonization, particularly with complement
and antibody, plays a critical role in facilitating host recogni-
tion of invading fungi. However, even in the absence of opsoni-
zation, phagocytes will recognize surface-exposed ligands on
most fungal pathogens. (Due to its antiphagocytic capsule,
C. neoformans is the notable exception.) Following host cell
recognition, two types of responses, which are not mutually
exclusive, can occur. The first response leads to actin-dependent
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Figure 3-2 Dectin-1 is recruited to alveolar macrophage phagosomes containing A. fumigatus conidia. Differential interference contrast and confocal
microscopy images of mouse alveolar macrophages following in vivo challenge with A. fumigatus swollen conidia. Cells were incubated with green-
labeled antibody against f-glucan and red-labeled antibody against dectin-1 (Reproduced with permission from Hohl TM, VAn Epps HL, Rivera A, et al.
Aspergillus fumigatus triggers inflammatory responses by stage-specific f-glucan display. PLoS Pathogens 1: €30, 2005).

phagocytosis (internalization) of the fungal cell. The second
response leads to stimulation of phagocyte signaling pathways.
Importantly, the antifungal response appears to be critically
dependent upon which receptors the pathogen stimulates.

Fungal cell wallsare rich in f-glucans and mannans. Dectin-1
is expressed on nearly all phagocyte populations and mediates
uptake of fungi with exposed B-glucans”7-30 (Fig. 3-2). How-
ever, for some fungi, the B-glucans are mostly in the inner cell
wall, masked by mannans, a-glucans or capsule, and may not
be available to interact with dectin-1.8182 The cytoplasmic tail
of dectin-1 contains an immunoreceptor tyrosine activation
motif which is necessary for its signaling properties.””>’8 The
specific ligand for dectin-2 is less well defined, although bind-
ing of dectin-2 to C. albicans hyphae has been demonstrated.?3
Mannans or mannoproteins are surface exposed on most
fungal cell walls, and for some fungi are secreted.!%-8* Man-
nosylation of proteins can occur via either N-linkages or
O-linkages. Exposed mannose groups are recognized by man-
nose receptors present on a wide variety of cell types, partic-
ularly dendritic cells (DC) and macrophages.!0:85:86 As with
dectin-1, mannose receptors are competent to mediate both
phagocytosis and signaling responses. The major mannose recep-
tors are the macrophage mannose receptor and DC-SIGN.

The original association of Toll with antimicrobial host
defenses in Drosophila was made when it was noted that flies
deficient in Toll were abnormally susceptible to challenge with
A. fumigatus.8” Soon thereafter, based on their sequence simi-
larities in the cytoplasmic portions, the Toll-like receptors
(TLR) were discovered.’3:8 TLR represent a family of con-
served proteins that mediate intracellular signaling responses
to conserved pathogen-associated molecular patterns. The
major function of TLR appears to be signaling rather than
phagocytosis, although TLR can act cooperatively with phago-
cytic receptors including mannose receptors and dectin-1.77.7
Ultimately, the cytokine and chemokine response of the phago-
cyte to fungal stimulation depends in large measure on which
of the many innate immune receptors are stimulated. In vitro,
TLR2 appear to be the most important of the TLR for sign-
aling responses to fungi, although roles for TLR4 and TLR9
have also been described.?8-1 However, in vivo, perhaps due to
redundancy in the immune system, mice deficient in individual
TLR generally have had no or only relatively minor increases
in susceptibility to fungal challenge.38-92

Some fungi appear to be able to exploit phagocytic recep-
tors to gain entry into the cell. This may facilitate intracellular
parasitism, as it allows the pathogen to avoid many of the effec-
tor pathways that would otherwise be triggered in response
to opsonins, mannans or p-glucans. Entry of H. capsulatum
to macrophages and neutrophils is mediated by an interac-
tion between HSP60 on the fungal surface with CD18 present
on the phagocytic surface.232493 In contrast, even though DC
express CD18, they instead utilize very late antigen-5 (VLA-5)
to phagocytose H. capsulatum.®* B. dermatitidis uses a cell
wall protein, BAD1, to gain access to macrophages via CR3
and trigger an antiinflammatory program which fosters patho-
gen survival.25:%5 Table 3-2 summarizes many of the known
ligands on major fungal pathogens that are recognized by spe-
cific phagocytic receptors.

Neutrophils and eosinophils

Neutrophils, also known as polymorphonuclear granulocytes,
constitute primary effector cells in acute inflammation. Present
in large numbers in circulating blood, they are rapidly recruited
to sites of infection by a carefully regulated series of events
that features adhesion to the vascular endothelium followed
by migration across the endothelium and through tissue.”®
Microbial products, complement components (especially C5a),
chemodkines (especially IL-8), and arachidonic acid metabolites
act on endothelial cells and neutrophils to initiate this series
of events. Once at the inflammatory site, binding to microbes
occurs by means of specific neutrophil receptors and is facili-
tated if the microbe is opsonized by C3 or IgG. However,
binding may also occur in the absence of opsonins because
of the presence of ligands on the microbial surface (e.g., man-
nose and fB-glucan residues) that are recognized by neutrophil
receptors. After binding, actual phagocytosis (internalization)
of the organism usually occurs.

Killing of microorganisms can occur by oxidative or non-
oxidative mechanisms.?” Oxidative mechanisms refer to proc-
esses dependent on the respiratory burst, whereby molecular
oxygen is reduced to superoxide anion. Most of the superoxide
is dismutated to hydrogen peroxide. H,O, has relatively weak
antimicrobial activity. However, in a reaction catalyzed by
neutrophil granule enzyme myeloperoxidase, H,O, can react
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Table 3-2 Examples of receptors and ligands involved
in the binding of unopsonized fungi to phagocytes

Fungal Phagocytic
Pathogen Ligand(s) Receptor(s)
Aspergillus Mannans, DC-SIGN, dectin-1
fumigatus B-glucans
Blastomyces BAD1 CR3,CD14
dermatitidis
Candida Mannans, Mannose receptors,
albicans B-glucans dectin-1
Coccidioides Mannans, Mannose receptors,
posadasii B-glucans dectin-1
Cryptococcus Glucuronoxy-  TLR2, TLR4,CD14, CD18,
neoformans lomannan” FeyRIl
Histoplasma HSP60 CD18, VLA-5
capsulatum
Pneumocystis Mannans, Mannose receptors,
jiroveci B-glucans dectin-1

*Unopsonized C. neoformans generally is not recognized by phagocytes.
Shed glucuronoxylomannan is recognized by the indicated receptors.

with a halide ion to form oxidants (e.g., hypochlorous acid)
with potent microbicidal activity. Monocytes and macrophages
will also undergo a respiratory burst on stimulation, although
at a level of activity considerably less than that seen in neu-
trophils. Moreover, mature macrophages lack myeloperoxi-
dase. Neutrophil granules contain substances that can mediate
oxygen-independent microbicidal activity, including defensins,
lactoferrin, and calprotectin. During neutrophil activation,
degranulation occurs with release of granule contents into the
phagolysosome and extracellular space.

Clinically, there is a strong association of neutropenia with
disseminated candidiasis and invasive aspergillosis. Undoubt-
edly, this association is a reflection of not only the paramount
importance of neutrophils in host defenses against these
two mycoses but also the frequency with which exposure to
these ubiquitous fungi occurs. Many other mycoses, includ-
ing zygomycosis, fusariosis and pseudallescheriasis, although
still relatively rare, nevertheless occur with greatly increased
prevalence in neutropenic hosts. The association of neutrope-
nia with mycoses has prompted research into the interactions
of neutrophils with a variety of fungi, in particular Candida
and Aspergillus.

In vitro, human neutrophils can kill C. albicans yeast cells,
pseudohyphae and hyphae, and A. fumigatus hyphae.?$-100 [n
contrast, A. fumigatus conidia, which are the inhaled form of
the organism, are resistant to neutrophil killing despite being
readily phagocytosed.!?! Candida and Aspergillus hyphae are
too large to be ingested by neutrophils; however, groups of
neutrophils can attach to the fungal surface and kill it.9%-100
Hyphae of both fungi stimulate neutrophils to undergo a
respiratory burst and degranulate. The oxidants generated

(e.g., hydrogen peroxide and hypochlorous acid) and granule
products released (e.g., defensins) are fungicidal.101,102

The importance of neutrophils in defense against C. albicans,
A. fumigatus and other catalase-positive fungi is highlighted
by the frequency of these mycoses (20% in one large series)
in patients with chronic granulomatous disease (CGD), an
inherited disorder of the NADPH oxidase.!?® Neutrophils
from CGD patients are defective in their ability to generate a
respiratory burst and produce only scant amounts of microbi-
cidal oxidants. Consequently, CGD neutrophils have difficulty
killing catalase-positive organisms, including Aspergillus and
Candida species. With catalase-negative organisms, CGD neu-
trophils are able to make up for their deficient H,O, production
by use of the H,O, produced by the organisms. Catalase-
positive organisms, by degrading the H,O, they produce,
deprive the phagocyte of its endogenous H,0,.104

Neutrophils possess cytokine receptors, and stimulation
of neutrophils with the appropriate cytokines can augment
fungal killing, 105106 suggesting feedback mechanisms whereby
stimulated mononuclear cells produce cytokines, which in
turn activate neutrophils for more effective fungal killing.
In vivo administration of recombinant IFN-y to CGD patients
has been shown to significantly reduce the incidence of seri-
ous infections. Neutrophils from IFN-y-treated CGD patients
acquire the capacity to damage A. fumigatus hyphae.!%” Con-
versely, candidacidal activity of neutrophils was impaired by
the antiinflammatory cytokines IL-4 and IL-10,'98 a process
that may help limit the damage that can be caused by an overly
exuberant inflammatory response. When stimulated with
C. albicans and A. fumigatus, neutrophils secrete both proin-
flammatory and antiinflammatory cytokines.!0%-111

The pathology of disseminated candidiasis and aspergillo-
sis features angioinvasion. This finding has stimulated study of
the interaction of C. albicans and A. fumigatus with vascular
endothelium and how neutrophils affect this interaction. Mul-
tiple adhesins have been described that facilitate this process,
including integrin analogs (fungal proteins exhibiting anti-
genic and functional similarity to mammalian integrins) that
recognize integrin ligands on endothelial cells.!1%113 Many of
these same receptors likely mediate adherence of C. albicans to
epithelial cells.

Compared with neutrophils, less is known about the con-
tribution of eosinophils to host responses to invading fungi.
Eosinophils are commonly seen in association with allergic
fungal diseases, including sinusitis and asthma. In such cases,
it has been postulated that eosinophils are deleterious due to
their release of toxic products, including major basic protein
and eosinophil peroxidase.'* In vitro, extracts from the envi-
ronmental fungi Alternaria alternata and Penicillium notatum
induced exocytosis in eosinophils from normal individuals.!14
An eosinophilic response is occasionally found in humans with
mycoses, particularly with coccidioidomycosis.!!’

Mononuclear phagocytes

Mononuclear phagocytes are central to a protective immune
response to a number of the most important fungal pathogens.
Monocytes, resident macrophages, and DC form a part of the
first line of innate cell-mediated immunity. In addition, mono-
nuclear phagocytes, particularly DC, are critical in linking the



Figure 3-3 H. capsulatum within a human peripheral blood monocyte.
Peripheral blood smear from a patient with AIDS and progressive dis-
seminated histoplasmosis. Numerous intracellular H. capsulatum yeast
cells are apparent within a monocyte.

innate and adaptive immune responses by initiating and prop-
agating specific T cell-mediated immune responses. Once acti-
vated, T cells can then secrete cytokines to activate phagocytes
to become more potent effector cells. Many fungi, particularly
C. neoformans and H. capsulatum, appear adapted for sur-
vival within phagocytes (Fig. 3-3).

Dendritic cells

Dendritic cells (DC) are present in all organs of the body
where they act as sentinels. Upon exposure to antigens and a
maturation signal, DC migrate to lymphatic tissue where they
mature, secrete cytokines and initiate cell-mediated immune
responses.! 16118 The interaction of DC with naive T cells in
the lymph node not only results in generation and expansion
of antigen-specific T cells but also polarizes the T cells to dif-
ferentiate into Th1, Th2 or regulatory T cells. As such, DC
are key bridges between innate and adaptive immunity. Not
surprisingly then, a variety of studies have demonstrated the
critical importance of DC in initiating CD4+ and CD8+ T cell
responses against fungal pathogens.8%117

Although their primary function is thought to be initiation
of adaptive immune responses through the process of anti-
gen presentation, DC are also phagocytic effector cells. Fun-
gal pathogens for which DC phagocytosis and/or antifungal
activity have been documented include C. albicans, H. capsu-
latum, A. fumigatus, C. neoformans and C. posadasii.®*120-125
Opsonization with complement or antibody is required for
DC phagocytosis of encapsulated C. neoformans, whereas for
the other fungi, ligands present on the fungal surface are rec-
ognized by DC receptors. The mechanisms by which DC kill
fungal cells have not been well defined, although one study
implicated lysosomal hydrolases.!?¢ DC can mature, secrete
cytokines and present fungal antigens following phagocyto-
sis. The morphotype of the fungus can influence the nature of
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the immune response. DC phagocytosis of C. albicans yeast
cells and A. fumigatus conidia resulted in a Th1-type response
whereas the hyphal forms of these fungi stimulated DC to
induce a Th2-type response.!21:123

Macrophages

Macrophages originate from circulating monocytes following
recruitment to tissue and subsequent differentiation. The anti-
fungal properties of macrophages are greatly influenced by the
anatomic site in which differentiation occurs and also the state
of activation of the macrophage. Activation of macrophages
with lymphocyte-derived cytokines, particularly interferon-y,
may impart fungicidal properties upon these phagocytes.
This presumably accounts for the critical importance of cell-
mediated immunity in the control of many fungal pathogens.

With the notable exception of C. albicans, for most fungi
that cause systemic disease, initial exposure occurs by inhala-
tion of airborne fungal cells. Therefore, bronchoalveolar mac-
rophages constitute a particularly important component of host
defense. Bronchoalveolar macrophages inhibit the growth of a
number of fungi and have usually been found to have greater
antifungal activity than other macrophage populations. In vitro,
bronchoalveolar macrophages can kill the conidia but not
the hyphae of A. fumigatus. Conversely, neutrophils cannot
kill ungerminated conidia but can kill hyphae.!27:128 [n vivo,
these two lines of phagocyte defense may combine to prevent
the establishment of infection. Conidia that escape killing by
resident bronchoalveolar macrophages and germinate will be
susceptible to attack by recruited neutrophils. Bronchoalveolar
macrophages have been shown to have activity against other
fungal species, including C. neoformans, Rhizopus arrhizus,
and B. dermatitidis.'?8130 In contrast, following ingestion
by alveolar macrophages, H. capsulatum microconidia, the
inhaled form of the organism, undergo phase-transition into
yeast cells and then replicate.!3!

As with neutrophils, monocytes and macrophages exert
antifungal activity by both oxidative and non-oxidative mech-
anisms.!'32 Reactive nitrogen intermediaries, including nitric
oxide, produced by activated macrophages play a key role in
mediating the antifungal activity of murine macrophages.!'33
However, because the quantities of reactive nitrogen interme-
diaries made by activated human macrophages are consider-
ably lower, it is uncertain whether this antifungal mechanism
is operative in human cells.!3* The non-oxidative mediators
of antifungal activity are less well defined, but likely include
degradative enzymes and antimicrobial peptides. Enzymes,
including chitinases, that may play a role in the degradation
of the fungal cell wall have been described.!3* Acidification
of the phagosome seems to occur to at least some degree fol-
lowing phagosome-lysosome fusion, but may be a “double-
edged sword.” While a low pH promotes optimal activity of
lysosomal hydrolases, it also makes iron available to the fun-
gus.'36:137 H, capsulatum has developed mechanisms whereby
it can maintain a phagosomal pH of about 6.5, thus allowing
the organism to obtain iron and to minimize the activity of
macrophage lysosomal hydrolases.!3% Interestingly, for both
H. capsulatum and C. neoformans, agents such as chloroquine
that raise phagolysosomal pH were found to significantly
enhance the antifungal activity of human macrophages.!3%140
For H. capsulatum the effect of chloroquine was mediated by
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restriction of iron availability at a higher pH. For C. neofor-
mans the effect of chloroquine was independent of iron dep-
rivation and related to the poor growth of C. neoformans at
higher pH.

T cell-mediated immunity

The specific CD4 T cell-mediated immune
response

Specific cell-mediated immunity is critical for a protective
immune response to C. neoformans and the dimorphic fungi
and is involved in protection against dermatophyte infections.
Cell-mediated immunity, rather than intact neutrophil func-
tion, is also of primary importance for protection against
oropharyngeal and esophageal candidiasis. Evidence for the
importance of specific cell-mediated immunity comes from
clinical observation and animal studies. These mycoses are
seen with increased frequency in patients with AIDS, lympho-
mas, and sarcoidosis, and in those taking immunosuppressive
medications such as corticosteroids, cyclophosphamide or aza-
thioprine that depress T cell- mediated immunity. The high
incidence of fungal infections in HIV-infected patients is par-
ticularly striking. HIV infects CD4+ lymphocytes and mono-
nuclear phagocytes, the two cell types whose interactions are
central to the cell-mediated immune response.

Development of a specific CD4 T cell-mediated immune
response requires antigen-presenting dendritic cells to process
and present fungal antigen(s) to T lymphocytes. Exogenous
antigens such as fungi are taken up into acidic vesicles of
the endosome-lysosome pathway and processed into peptide
fragments. These peptides bind to major histocompatibility
complex (MHC) class II molecules within the vesicles and the
MHC-peptide complexes are then expressed on the cell sur-
face where they may be recognized by antigen-specific CD4 Th
(T helper) cells. The T cell receptor binds to the peptide that
lies within a groove in the MHC molecule and to polymor-
phic determinants on the MHC, whereas the CD4 co-receptor
binds to a separate site on the MHC class II molecule. For
T cell activation to occur, a second signal must be provided by
co-stimulatory molecules on the antigen-presenting cell (APC),
such as CD80 and CD86. The co-stimulatory molecules inter-
act with corresponding receptors on T cells. Other factors,
including cytokines secreted by the APC (see below), influ-
ence the nature and magnitude of the resultant T cell response.
Activation of T cells leads to proliferation and clonal expansion
through upregulation of the expression of IL-2, the principal
T cell growth factor, and of the IL-2 receptor. Clonal expan-
sion of antigen-specific T cells provides an enlarged pool of
effector cells and, subsequently, of antigen-specific memory
cells that can initiate a more rapid response on subsequent
exposure to the same antigen. Activation also causes expres-
sion of other cytokines and of surface molecules involved in
the effector function of these Th cells.

Th1- and Th2-type responses

Different subsets of CD4 Th cells exist that secrete different
patterns of cytokines. Naive T cells, depending on factors such
as co-stimulatory signals from antigen presenting cells, cytokine

milieu, and antigen dose, may become polarized, secreting pre-
dominantly IL-2 and IFN-y (Th1 pattern) or predominantly
IL-4, IL-5, and IL-13 (Th2 pattern). This differential develop-
ment is controlled by specific sets of transcription factors.!#!
Once established, patterns of response may be maintained by
cross-regulation whereby, for example, IL-4 and IFN-y inhibit
each other’s production. Originally defined in cloned murine
T cell lines, T cells that fit these patterns of cytokine release
have been defined in many human and experimental animal
immune responses, including those to fungi. Furthermore,
earlier evidence for the importance of Thl-type responses in
protection from fungal infection in murine models has been
supported by characterization of immune responses in patients.
Thus, although the Th1 and Th2 paradigm is undoubtedly an
oversimplification, and is now complicated by the recognition
of further subsets of regulatory T cells (see below), it has greatly
advanced our understanding of protective and non-protective
responses to fungal infection.

Different immune responses are mediated by Th1 and Th2
patterns of cytokine release: IFN-y and IL-2 activate macro-
phages and cytotoxic T and natural killer (NK) cells, respec-
tively, for clearance of intracellular organisms. In contrast,
Th2 cytokines favor B cell growth and differentiation, isotype
switching to IgE, and eosinophil differentiation and activation —
responses that may lead to protection against some parasites
but that have also been implicated in allergy and hypersensi-
tivity. The multiple factors controlling this critical divergence
in the immune response include early cytokine production by
other cell types, particularly dendritic cells. Thus, early IL-12
and IL-18 production in response to microbes or microbial
products stimulates IFN-y production by T and NK cells and
drives the response toward the Th1 pattern.'? In addition,
fungi have been shown to directly stimulate NK and other
innate cells to secrete IL-10 or IFN-y!43 which may affect the
nature of the Th response.

Studies in experimental animals suggest that protection
against a number of fungi may be associated with a Th1-type
response. In studies of murine systemic candidiasis, inves-
tigators have shown that the balance between Th1 and Th2
cytokines can be influenced by the C. albicans strain used for
priming, the mouse strain, the route of initial inoculation
(gastrointestinal colonization induced a Thl pattern and
intravenous injection a Th2 pattern), and the fungal morpho-
type. In vitro, ingestion of yeasts induced IL-12 release from DC
and priming of Th1 cells, whereas ingestion of hyphae inhibited
IL-12 and induced IL-4 production.!?? In vivo, generation of
antifungal protective immunity was induced upon injection of
DC pulsed with Candida yeasts but not hyphae. The immu-
nization capacity of yeast-pulsed DC was lost in the absence
of IL-12, whereas that of hypha-pulsed DC was gained in the
absence of IL-4. Furthermore, a number of interventions that
convert a Th2 to a Th1 response, such as administration of
IFN-y, antibody to IL-4 or IL-10, or soluble IL-4 receptor,
are also associated with subsequent protection.!#4147 Mice
with self-limiting infections that were treated with antibody
to IL-12 developed progressive disease associated with a Th2
response.'#8 In summary, although neutrophils are of primary
importance in protection from systemic candidiasis, considera-
ble evidence suggests that in mice with normal phagocyte func-
tion, induction of a Th1-type cell-mediated response enhances
clearance of the organism.



In the case of invasive aspergillosis, the murine data linking
a Th1 pattern of cytokine production to resistance'#’ is sup-
plemented by clinical studies showing that healthy individu-
als and patients with aspergillosis responding to therapy had
strong lymphoproliferative responses to Aspergillus antigen
with a high IFN-y/IL-10 ratio, in contrast to patients whose
infections were progressing.!3 In addition, serum IL-10 levels
were high in non-neutropenic patients with aspergillosis and
increased further in those failing therapy.!>! Similar to the
observations in murine candidiasis, murine dendritic cells initi-
ated a Th1 response when challenged with aspergillus conidia
but a Th2 response when challenged with hyphae.!2!

Clinical and experimental animal studies also suggest
a Thl-type response is associated with protection against
C. immitis and H. capsulatum. In inbred mouse strains, resist-
ance to C. immitis is correlated with a Th1-type response; sus-
ceptible mice can be rendered more resistant by treatment with
IFN-y, anti-IL-4 or IL-12, and resistant mice can be made more
susceptible by anti-IFN-y or anti-IL-12.152:153 [n patients with
coccidioidomycosis, high complement-fixing antibody titers,
more suggestive of a Th2-type response, are associated with a
worse prognosis, whereas return of a delayed-type hypersensi-
tivity response is a good prognostic sign.!>* Using peripheral
blood mononuclear cells (PBMC) and whole-blood assays,
IFN-y, but not IL-4 or IL-10, expression and release in response
to coccidioidal antigen was higher in healthy immune donors
than patients with acute disseminated disease, and was lowest
in those with most severe infection.!33-157 An inverse correlation
between cell-mediated immune responses and antibody titers is
also found in patients with histoplasmosis. In murine histo-
plasmosis, resistance is associated with higher levels of IFN-y
and susceptibility with early IL-4 induction. Furthermore, sus-
ceptible mice could be protected by administration of IL-12, an
effect mediated by IFN-y.158 Similar associations between Th1
patterns of response and protection have been described for
C. neoformans, B. dermatitidis and P. brasiliensis.}>9-162

Notwithstanding the consistency of the above data, much
remains to be learnt about the complexities of the develop-
ment, maintenance, and regulation of Th1-mediated protec-
tion. In some systems, Th2 and regulatory cytokines such as
IL-4 and IL-10 have nevertheless been shown to be necessary
for immunity in models in which protection is in general Th1
mediated.!63:164 Other proinflammatory cytokines, especially
IL-1p, TNF-o and IL-6, appear involved and important in the
development of Thl-type responses. In murine histoplasmo-
sis, absence of IL-1 signaling resulted in reduced resistance to
primary infection that was associated with reduced IFN-y and
increased IL-4 and IL-10 in the lungs,'¢® while neutralization
of TNF-a lead to reduced resistance to secondary infection,
again associated with increased lung concentrations of 1L-4
and IL-10.166

One possible mechanism contributing to the latter observa-
tion is the proapoptotic effect of TNF-a. Inhibition of apoptosis
was found to increase IL-4 and IL-10 and increase susceptibil-
ity to histoplasmosis, suggesting that the lymphocytes that are
normally eliminated by this means serve a regulatory func-
tion.'¢”7 Reports of histoplasmosis, coccidioidomycosis, cryp-
tococcosis, and candidiasis in patients treated with antibodies
to TNF-a emphasize the importance of this cytokine in host
defense against fungal infection.'®8 In cryptococcosis, IL-6 has
been associated with enhanced antifungal immunity in in vitro
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studies with human PBMC!¢® and murine models.!7? IL-6 lev-
els in the CSF of patients with cryptococcal meningitis were
tightly correlated with levels of IFN-y and TNF-a, and high
levels were associated with survival. In multivariate analysis,
CSF levels of IFN-y were independently associated with the
rate of clearance of infection from the CSF, confirming the key
role of Th1-type immunity in protection against cryptococco-
sis in vivo in the human system.!”!

While Th1 responses appear critical for protection against
invasive infections, it is possible that study of Th2 responses
will shed light on the pathogenesis of some of the allergic man-
ifestations of fungal exposure or colonization.!72

The role of CD8 T cells

CD4 Th cells are critical for a protective Th1-type immune
response to fungal infection, but there is evidence that CD8
T cells may also play an important role. CD8 T cells recognize
peptides complexed with MHC class I molecules. Such peptides
are generated in the cytosol through the action of proteasomes
and then transported into the endoplasmic reticulum where
they associate with newly synthesized class I molecules before
transport through the Golgi apparatus to the cell surface. DC
have been shown to be capable of “cross-presentation” of
exogenous antigens to CD8 T cells following phagocytosis of
fungi.119:122

Romani and colleagues, using an intravenous model of sys-
temic candidiasis, showed that CD4 T cells play the dominant
role in the development of a protective response after prim-
ing with an avirulent C. albicans strain, but that both CD4
and CD8 cells are involved in the expression of resistance to
a subsequent lethal challenge.!”3:174 In murine cryptococcosis,
CD8 cells have been shown to be involved in the develop-
ment of a DTH response!” and in resistance to pulmonary
infection.!”’® In murine histoplasmosis, although CD4 cells
are critical for protection in immunocompetent mice and
CD4 cells from immune mice can transfer protection to naive
animals,!77:178 CD8 cells are also required for optimal elimina-
tion of the organism.!”® Furthermore, for histoplasmosis and
blastomycosis, immunity can be induced by vaccination with
H. capsulatum or B. dermatitidis yeasts in mice lacking CD4.
The protection is MHC class I restricted, mediated by CD8 T
cells, and associated with CD8 T cell-derived IFN-y, TNF-a,
and granulocyte macrophage colony-stimulating factor (GM-
CSF).180 The results emphasize the redundancy of the immune
response and have important implications for vaccination of
CD4-deficient hosts such as those with HIV infection.

Regulatory responses and suppression
of the immune response

Recently, in addition to Th1 and Th2, other inducible CD4
T cell subsets have been described that secrete a predominance
of regulatory cytokines, type 1 regulatory (Tr1) cells, secreting
high levels of IL-10, Th3 cells secreting high levels of trans-
forming growth factor-f (TGF-B), and Th17 cells, eponymously
named for their production of IL-17.181 Thus, rather than a
dichotomy between Th1 and Th2 responses, in some circum-
stances, a Th1 response associated with immunity to infection is
balanced by responses which may turn out to be better defined
as regulatory rather than Th2. Unregulated, immune responses
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that limit microbial growth may also lead to immune-mediated
pathology. The contribution of both microbial and immune
effects to host damage is seen when the immune response is
either too “weak” or too “strong,” respectively.! Many of the
clinical manifestations of the mycoses, especially in immuno-
competent hosts, result from the inflammatory response to
fungal antigens. Thus, cytokines that have suppressive effects,
including IL-10 and TGF-B, when produced in appropriate
amounts may be important in limiting damage to host tissues.

In addition to inducible, microbial antigen-specific CD4 reg-
ulatory T cells described above, much recent work has focused
on natural regulatory CD4 T cells.!82:183 These mature in the
thymus and exit functionally committed and characterized by
expression of the IL-2 receptor, CD25, and the transcriptional
factor Foxp3. The role of these cells in immunity to infection
is under intense investigation but it appears they accumulate
and proliferate at the site of infection and limit tissue damage,
but also limit antimicrobial immunity, through the effects of
IL-10, TGF-B and cell—cell contacts. It may be that at least
some natural T regulatory cells are specific for self antigens.
Populations of CD4 CD25 T cells that reduce inflammation
but may diminish antimicrobial immunity have been described
in murine candidiasis and aspergillosis, 34185 although at least
in some instances these appear to be induced rather than natu-
ral. Much work remains to be done with regard to the role of
these cell populations in immunity to fungal infections. Para-
doxically, TGF-B, which is involved in the differentiation and
function of regulatory T cells, is also involved, with IL-6 and
IL-23, in driving the development of Th17 cells, that through
secretion of IL-17 cytokines have proinflammatory and neu-
trophil-mobilizing effects.!41:18¢ Stimulation of DC via dectin-
1 biases towards Th17-type responses.!8”

Co-evolution of host and microbes may lead to immune
regulation that limits tissue damage and allows low-level per-
sistence of infection that is necessary to maintain protection
from re-challenge. On the other hand, excessive regulation, in
some instances triggered by microbial products, may be det-
rimental to the host and a means by which pathogens evade
elimination. For example, cryptococcal glucuronoxyloman-
nan has been found to have numerous suppressive effects on
innate and adaptive immunity.®” It is bound by multiple pat-
tern recognition receptors on innate cells, including TLR 4
and 2 and the inhibitory Fc gamma receptor II,'88 and causes
IL-10 release from macrophages. The latter may be important
in favoring the development of a regulatory or Th2 over Th1
pattern of T cell cytokine response. In relation to C. albicans,
mannose-containing oligosaccharides have been shown to non-
specifically inhibit lymphoproliferative responses to antigen.!8%
Such oligosaccharides derived from the breakdown of Candida
cell wall mannan in vivo could contribute to the depression of
cell-mediated immunity seen in chronic candidiasis. Examples
of other immunomodulatory fungal products include prostag-
landins produced by C. neoformans and C. albicans,'° and
the mycotoxin gliotoxin of A. fumigatus.'”!

Recruitment of leukocytes and organization
at the site of infection
For those fungi for which an adaptive cell-mediated immune

response is critical in protection, mononuclear phagocytes
and lymphocytes play a key role in the further recruitment

of immune cells into the site of infection and in containment
of the infection through granuloma formation. Huffnagle
and colleagues found that clearance of less virulent strains of
C. neoformans after intratracheal infection in mice was associ-
ated with a relatively early and large influx of macrophages
into the lungs.!°? This recruitment depends on early produc-
tion of proinflammatory cytokines such as TNF-0,!93 perhaps
by alveolar macrophages, chemokines, and the subsequent
development of specific T cell immunity, and in particular CD4
cells. TNF-a enhances T cell proliferation and cytokine pro-
duction, and is required for the development of T cell-mediated
immunity in this model. TNF-a depletion prevents induction of
IL-12 and IFN-y,'94 an effect that may be related to its role in the
maturation and accumulation of DC in lung lymph nodes.!?>
Leukocyte recruitment is also dependent on the production of
chemokines, such as MCP-1 and MIP-1a (members of the C-C
family of chemokines that are chemotactic predominantly for
mononuclear cells) by macrophages, T cells, and non-leukocyte
cells, and the expression of endothelial adhesin molecules that
mediate leukocyte binding and diapedesis.'¢-197 Mice deficient
in the MIP-1a ligand, CCR-5, have a specific defect in recruit-
ment to the CNS and protection against CNS infection.!%8
T cells are also required for monocyte/macrophage recruitment
such that, in their absence, the inflammatory reponse is delayed
and composed mainly of neutrophils.'®® After recruitment,
CD4 T cells are required for the formation of granulomas and
the confinement of C. neoformans within multinucleated giant
cells.2%0 Finally, as noted above, complement activation results
in the generation of the potent leukocyte chemotaxin, C3a.

For the fungal infections for which Th1 immunity is para-
mount, protection is associated with a well-defined granuloma-
tous organization of immune cells in the tissues. A few studies
have attempted to characterize the immunologic organization
of granulomas from patients with fungal disease. Coccidi-
oidal pulmonary granulomata were found to comprise central
necrosis with a mantle of roughly equal numbers of CD4 and
CD8 T lymphocytes, within which there were distinct clusters
comprising roughly equal numbers of T and B cells.2! IFN-y
was expressed by a third of cells in the mantle but by very few
cells in the clusters, and IL-10 by 40% and 24% of cells in
the mantle and clusters, respectively. IL-10 was expressed by
B and CD4 T cells, but not CD8 T cells.

Activation of effector cells

There are several possible mechanisms by which activated
T cells could mediate protection. Probably the most important
is through the secretion of cytokines that enhance the anti-
fungal activity of other effector cells such as macrophages,
neutrophils, and NK cells. In addition, however, activated
T cells may themselves have antifungal activity,202 and CD8
cells could lyse infected macrophages,!!® releasing fungal cells
to be ingested by more potently activated cells. Both intracel-
lular and extracellular inhibition or killing may be involved.
For those fungi controlled by cell-mediated immune
responses, mononuclear phagocytes may be the most important
final effector cells that clear the organism. As discussed above,
macrophages from different species and different anatomic
sites vary in their capacity to inhibit and kill fungi. Moreover,
murine and human macrophages may require different signals to
become activated to kill fungi. IFN-y has been shown to increase



the activity of murine macrophages against a number of fungi,
including C. neoformans, H. capsulatum, C. albicans, B. der-
matitidis and C. immitis, by mechanisms including nitric oxide
generation and restriction of iron availability.203204 In contrast
to studies with murine cells, it has been less easy to demonstrate
antifungal activity for activated human macrophages. Although
IFN-y has been reported to increase the activity of human mono-
cyte-derived macrophages against C. albicans,?% most studies
have found that IFN-y does not enhance the activity of human
macrophages against C. neoformans or H. capsulatum 206209
Generation of microbicidal concentrations of nitric oxide has
been difficult to demonstrate in human macrophages in vitro,
which may help to explain why the effects of IFN-y seen in
mouse macrophages have not always been reproduced in
human cells.

A number of other activating factors and fungicidal mec-
hanisms may be involved in human macrophages. Human
monocyte-derived macrophages did limit the growth of
H. capsulatum if the colony-stimulating factors (CSF) IL-3,
granulocyte macrophage (GM)-CSF or macrophage (M)-CSF
were present during the process of differentiation.20 GM-CSF
and IL-3 were also shown to enhance the activity of human
monocytes and monocyte-derived macrophages against
C. albicans.>'%In contrast, a variety of cytokines (IFN-y, TNF-a,
IFN-y + TNF-a, GM-CSF) were found not to enhance
the anticryptococcal activity of human monocyte-derived
macrophages.20¢

Activated macrophages are important effector cells, but
cytokines generated in the course of a specific cell-mediated
immune response may also enhance the antifungal activ-
ity of NK cells, cytotoxic CD8 and CD4 T lymphocytes, and
neutrophils. For example, although NK cells have constitu-
tive anticryptococcal activity, IL-12 was shown to enhance the
activity of purified NK cells from HIV-infected donors against
C. neoformans.>'! 1L-2 has been shown to increase the activ-
ity of murine CDS8 cells against C. albicans,?’? and IL-2
and IL-15 to enhance the anticryptococcal activity of CD4
and CD8 T cells, respectively, from normal donors.213-215
TNF-a, IFN-y, IL-8, G-CSF, GM-CSF, and IL-2 have all been
shown to increase the activity of neutrophils against C. albicans
blastoconidia.2!6-218 G-CSF and IFN-y, but not TNF-a, were also
shown to enhance neutrophil killing of C. albicans hyphae.105:219

Natural killer (NK) and cytotoxic t cells

NK cells are a subset of large lymphocytes with numerous
cytoplasmic granules with the ability to selectively lyse certain
tumor and virally infected cells.220 NK cells lack the somati-
cally recombined antigen receptors of T and B cells, but do
possess receptors that recognize class I MHC molecules in
association with self peptides. Such recognition switches off
cytolytic mechanisms and so protects normal host cells.22! NK
cells also have Fey III (CD16) receptors and can lyse target cells
coated with IgG (antibody-dependent, cell-mediated cytotoxic-
ity). The balance of inhibitory and stimulatory signals through
a range of NK receptor-ligand pairs determines NK cell acti-
vation. Killing of target cells may involve granule exocytosis
with release of perforin (which is homologous to C9 and forms
pores in the membranes of target cells), serine esterases (also
called granzymes), and other enzymes. Apoptosis (programmed
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cell death) can result because of involvement of Fas ligand on
the effector cells triggering a Fas-mediated pathway in the tar-
get cells.222 The cytolytic activity of NK cells is enhanced by
IFN-y, IL-12, and IL-2. Cells stimulated with high concentra-
tions of IL-2 lose some target specificity and have been called
lymphokine-activated killer (LAK) cells. Activated NK cells
also secrete cytokines, in particular IFN-y, which could activate
macrophages before the development of a specific T cell-medi-
ated response. Moreover, interactions between NK cells and
DC in tissues and lymph nodes may play an important role in
shaping the adaptive immune response.223

With regard to host defense against fungi, NK cells have
been shown to bind to and inhibit the growth of C. neoform-
ans,?** P. brasiliensis,*>> and C. immitis?2° in vitro. Murphy
and colleagues??” demonstrated killing of C. neoformans by
murine NK cells and some growth inhibition of C. neoformans
by cytoplasmic granule fractions and perforin purified from
granule fractions from rat NK tumor cells.228 The involvement
of granule exocytosis in NK cell-mediated growth inhibition of
C. neoformans is also suggested by imaging human NK cell-
C. neoformans conjugates in which the granules seem to be
in the process of being discharged on the fungal surface (Fig.
3-4).22% Mody and colleagues recently demonstrated that the
constitutive anticrytococcal activity of human NK cells is
mediated by perforin.230 In addition to their direct antifungal
activity, NK cells could play a role in host defense through pro-
duction of cytokines. Although growth inhibition of C. albi-
cans by human NK cells has not been demonstrated, human
NK cells bind C. albicans, causing release of cytokines, includ-
ing GM-CSF, TNF-a and IFN-y, that could activate both neu-
trophil and mononuclear phagocyte effector cells, and favor
development of a Th1 response.!43:231

Figure 3-4 Nomarski microscopy demonstrating binding of a human
NK cell to C. neoformans. The fungal cell is easily identified by its thick
cell wall. Granules from the NK cell can be seen concentrated next to the
fungal cell and appear to be in the process of being discharged onto the
fungal surface (reproduced with permission from Levitz et al.229),
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However, in vivo studies have suggested a limited role
for NK cells in host defense against fungi. For C. neoform-
ans, NK cells may contribute toward early clearance of the
organism from the lung. When mice were depleted of NK
cells and then challenged with C. neoformans intravenously,
yeast colony-forming units were increased in the lungs at early
time points compared with control mice. However, no differ-
ences were seen later in infection, in other organs or following
intratracheal challenge.232:233 In similar experiments in mice
infected with H. capsulatum and C. albicans, no significant
role for NK cells in host defense against these fungi could be
demonstrated.?34-236

T lymphocytes have also been shown to directly bind to
and inhibit the growth of C. neoformans and C. albicans
in vitro.213:229:237 Against C. neoformans, both human CD4
and CD8 cells were found to have activity, which could be
enhanced by culture with IL-2 or phytohemagglutinin. Lym-
phocytes were observed to form reversible conjugates with
cryptococci with broad areas of contact between the lym-
phocyte membrane and the fungal capsule. The receptor(s)
and ligand(s) responsible for this attachment remain uncertain.
However, opsonization of the fungus is not required. CD8
T cell activity is dependent on granulysin,?'# a lipid-binding
protein present in the granules of cytotoxic lymphocytes that
has direct activity against C. neoformans.238 CD8 T cell activ-
ity required CD4 T cell help, through activation of accessory
mononuclear cells, to produce IL-15. CD4 T cells also use
granulysin to inhibit C. neoformans. Expression of granulysin
in CD4 T cells required 5-7 days stimulation with IL-2, and
was defective in CD4 T cells from HIV-infected patients, even
at an early stage of disease (CD4 T cell counts >400/pl).215
Similarly, IL-2-stimulated murine CD8 lymphocytes have
been shown to bind to and inhibit the growth of C. albicans
hyphae.2!2 Adhesion to hyphae depends on the participa-
tion of lymphocyte CR3 (CD11b/CD18) receptors.23® The
importance in vivo of this direct antifungal activity of non-
specific T cells has yet to be determined. It is also possible that
non-specific CD8 T cells, like NK cells, play a role in innate
immunity through IFN-y secretion, as has been demonstrated
in the context of intracellular bacterial infection.240

Effects of HIV on the immune response
to fungi

HIV-1 infection is a major risk factor predisposing people to
serious fungal infections. In particular, mycoses due to C. neo-
formans, C. albicans, Pneumocystis jiroveci and, in endemic
regions, H. capsulatum, C. immitis, and Penicillium marneffei
are greatly increased in prevalence in persons with HIV infec-
tion, especially as the disease progresses to AIDS. Aspergillosis
is also seen with increased frequency in those with late-stage
AIDS.24! Patients infected with HIV contract many immuno-
logic abnormalities,?*? but the specific mechanisms underlying
the susceptibility to opportunistic mycoses seen in individuals
with late-stage HIV disease are still incompletely understood.
Certainly the profound and progressive CD4+ T cell deple-
tion that is the immunologic hallmark of AIDS is the major
contributor. Indeed, for all the preceding mycoses there is a
strong inverse correlation between CD4+ T cell count and risk
of infection.2*3 Moreover, the critical role of CD4 cells in host

defenses is supported by the frequent finding of disseminated
fungal infections in patients with idiopathic CD4 T lymphocy-
topenia, an entity characterized by low CD4 T cell counts in
the absence of HIV infection.244

HIV infection also has effects on the immune system that
are independent of CD4 T cell depletion. HIV directly infects
monocytes and macrophages and mononuclear phagocytes
from HIV-infected individuals have been shown to have alter-
ations in phenotypic marker expression, chemotaxis, cytokine
production, and respiratory burst activity.245-24¢ Interestingly,
mononuclear phagocyte dysfunction can be demonstrated rela-
tively early in HIV infection, before CD4+ T cell depletion has
progressed. This dysfunction may result from the direct effects
of HIV infection, from soluble products released by HIV, in
particular the envelope glycoprotein gp120, or indirectly from
alterations in the cytokine milieu. Conflicting results have
been reported when the functional consequences of in vitro
infection of healthy monocytes with HIV have been examined.
Cameron et al?*” inoculated human blood monocytes, peri-
toneal macrophages, and bronchoalveolar macrophages with
a monocytotrophic strain of HIV. Monocytes and peritoneal
macrophages had a transient reduction in anticryptococcal
activity that correlated with a period of maximal viral repli-
cation. In contrast, no effects were seen in bronchoalveolar
macrophages. Addition of gp120 to normal human broncho-
alveolar macrophages resulted in inhibition of anticryptococ-
cal activity.248 Although gp120 did not affect cryptococcal
binding, it did inhibit the subsequent internalization of bound
yeasts.

Peripheral blood leukocytes from HIV-infected individu-
als have been shown to have impairments in aspects of both
the afferent and efferent arms of the cell-mediated response to
fungal pathogens. PBMC from HIV-infected donors have pro-
foundly impaired proliferative responses to fungal antigens as
to other recall antigens.24*-252 The pattern of cytokine produc-
tion is also altered: for example, in response to C. neoformans,
C. albicans, and C. immitis antigen, expression and release
of IFN-y by PBMC from HIV-infected donors is markedly
reduced.233:254 There is also a deficit in IL-12 production that
can be restored by priming with IFN-y before stimulation.2%3
Monocytes from HIV-infected donors had reduced anticrypto-
coccal activity, respiratory burst, and degranulation compared
with that for control monocytes.2%%256 Defects in binding
and growth inhibition of H. capsulatum were also shown in
cultured monocytes from HIV-infected persons.>*” Similarly,
neutrophils from AIDS patients have impaired the fungicidal
activity against C. albicans and C. neoformans compared with
control subjects,2*8 and NK and CD4 T cells from HIV-infected
donors have impaired anticryptococcal activity.211:215 In vivo
administration of recombinant human G-CSF enhanced in vitro
neutrophil fungicidal activity and augmented the respiratory
burst. In vitro, IL-12 restored the anticryptococcal activity of
NK cells from HIV-infected donors.2'! Combination antiret-
roviral therapy has now been documented to reverse some of
these ex vivo abnormalities.>%?

In addition to these effects of HIV on the immune response
to fungi, stimulation of HIV-infected T cells and mononuclear
phagocytes in vitro with fungi or fungal products induces HIV
replication.260-262 This finding may have clinical implications,
because induction could increase the viral load, accelerating
the course of HIV disease and further impairing host defense,



systemically and locally at the site of infection, against the
fungal pathogen.

The above in vitro and ex vivo studies have been comple-
mented by data on the in vivo immune response in HIV-infected
individuals, taking advantage of the fact that in cryptococcal
meningitis, sampling at the site of infection in the CSF is pos-
sible. Lortholary and colleagues found that the proinflamma-
tory cytokines IL-6, IL-8, and TNF-a, as well as IL-10, were
all lower in the CSF of HIV-infected compared to non-infected
patients with cryptococcal meningitis.263 In a separate study of
HIV-infected cryptococcal patients, the trio of CSFIL-6, TNF-a
and IFN-y was highly correlated, higher levels were associated
with survival, and IFN-y was shown to be an independent fac-
tor predicting the rate of clearance of infection.!”!

In addition, it has become clear that restoration of immu-
nity following antiretroviral therapy not infrequently leads
to exacerbation of clinical disease in patients with fungal, as
well as other, opportunistic infections.264:265 Pathology speci-
mens, if available, are liable to show increased granuloma-
tous inflammation compared to patients prior to antiretroviral
therapy. In patients with cryptococcal immune reconstitution
inflammatory syndrome (IRIS), the CSF white cell count is
often higher than in patients presenting with cryptococcal
meningitis prior to antiretroviral therapy,?¢® but the further
immunologic correlates of this enhanced response are still
under investigation.

Vaccination and immunotherapy

The development of vaccines against the important systemic
fungal infections is under intense investigation.26” A vaccine
consisting of formaldehyde-killed spherules of C. immitis was
protective in a mouse model of coccidioidomycosis, but in a
large trial of susceptible persons in the endemic area, efficacy
could not be demonstrated and local reactions limited the dose
that could be given.268 Immunization with subcellular fractions
or purified antigens is likely to be better tolerated. A number of
studies have identified fungal antigens that are important tar-
gets of B- and T-cell responses; varying degrees of protection
were seen when these vaccine candidates were tested in animal
models of mycoses.267:269-271 Most serious fungal infections
occur in significantly immunocompromised patients who are
likely to have a suboptimal response to immunization. Thus,
for any vaccine, it will be a formidable challenge to demon-
strate that immunization can confer protection for the patient
population at risk.

An appealing strategy is to identify antigens that are con-
served amongst pathogenic fungi in the hope that a vaccine that
elicits protection against a broad range of fungal pathogens
can be developed. Mice immunized with a vaccine composed
of a p-!3glucan conjugated to diphtheria toxoid developed a
protective IgG immune response against lethal infections of
C. albicans and A. fumigatus>’? Passive therapy has also been
attempted. Mycograb® is a recombinant antifungal human
monoclonal antibody that binds to HSP90, a highly conserved
cellular chaperone found in Candida species. Mycograb®, in
combination with amphotericin B, was superior to amphotericin
B alone in a multicenter, double-blind, placebo-controlled trial
of patients with invasive candidiasis.2’?> Passive immunotherapy
using a monoclonal antibody against the major C. neoformans

CONCLUSION

capsular polysaccharide, glucuronoxylomannan, was evaluated in
a phase 1 dose escalation study of patients with cryptococcosis.2”#
Modest, transient reductions in antigen titers were seen. Active
immunization to elicit antibodies against glucuronoxyloman
nan to protect high-risk patients from developing cryptococcosis
has been studied in murine models of cryptococcosis.2”%-27

Successful vaccines designed to boost T cell-mediated
immunity will need to take into account the genetic hetero-
geneity of the human population, particularly the capacity to
respond to T cell epitopes. Thus, while in murine models of
mycoses individual antigens can sometimes be protective, vac-
cines that incorporate multiple antigens will likely be needed
for humans.26¢7 Strategies to elicit strong Thl-type responses
have included using CpG as an adjuvant and administering
antigen- or RNA-pulsed DC.267:276:277 In experiments utilizing
cells from humans with coccidioidomycosis, reversal of T cell
anergy was achieved with human DC pulsed with fungal anti-
gens.2’8 Strategies involving ex vivo expansion and infusion
of specific T cells, as used for post bone marrow transplanta-
tion EBV and CMV infections, are also under development
for aspergillosis.?”® A “therapeutic” vaccine to boost cell-
mediated immune responses has been tested in humans and
horses infected with the fungus-like organism Pythium insidi-
osum.280:281 Administration of the vaccine, composed of crude
antigens, resulted in disease remission in 50% of the infected
patients.

A strong rationale exists for adjunctive immunotherapy
with IFN-y in selected systemic fungal infections, given the
evidence demonstrating a key role for Th1 responses in host
defense. In HIV-associated cryptococal meningitis, a rand-
omized, placebo-controlled trial of IFN-y given in addition to
amphotericin B showed a trend toward benefit in terms of the
proportion of patients with a sterile CSF culture after 2 weeks
of treatment.?82 Adjunctive IFN-y also appeared to be safe.
Further studies with more powerful endpoints are warranted.
In addition, although the evidence is largely anecdotal, IFN-y
and colony-stimulating factors have also been used in small
numbers of cancer patients with refractory fungal infection,
with apparently beneficial effects.?$3

Conclusion

As the world’s immunodeficient population grows as a
result of the HIV pandemic and increased use of highly
immune suppressive regimens to treat a variety of illnesses,
fungal infections will continue to be a major clinical prob-
lem.!'¢ Moreover, mycoses are predicted to be associated
with many of the newer immunosuppressive medications
that are making their way into clinical use, such as has
already been observed with the anti-TNF-a therapies.284
While remarkable advances have been made in understand-
ing how the immune system responds to fungal pathogens,
many important questions remain unanswered. While most
patients with systemic mycoses have an identifiable predis-
posing immunocompromise, some do not. Additionally,
even amongst those with predisposing risks, attack rates and
severity of disease can vary substantially. New molecular
tools to study immunogenetics should help to better define
some of the more subtle predisposing factors that might
exist, such as single nucleotide polymorphisms in immune
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response genes. Immunogenetic analyses could also unravel
the mystery of why susceptibility to coccidioidomycosis varies
amongst racial and ethnic groups.

An in-depth understanding of the host immune response

to fungal pathogens is important when choosing antifungal
therapies and in the rational application of new therapeutic
modalities.
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CHAPTER 4

The laboratory and clinical mycology

Michael A. Pfaller, Michael R. McGinnis

Introduction

Serious infections are being reported with an ever-increasing
array of pathogens (Table 4-1). It is now clear that there are no
non-pathogenic fungi; virtually any fungus can cause a lethal
mycosis in an immunocompromised host. It is absolutely
essential that institutions caring for high-risk immunocom-
promised patients place a high priority on maximizing their
diagnostic capabilities for the early detection of opportunis-
tic fungal infections. Successful diagnosis and management of
such infections in the compromised patient are highly depend-
ent on a team approach involving clinicians, microbiologists,
and pathologists (Table 4-2).

Laboratory diagnosis

Specimen collection and processing

Selection of appropriate specimens for culture and microscopic
examination is based on the results of clinical and radiographic
examination and consideration of the most likely fungal
pathogen that may cause such an infection (Tables 4-3, 4-4).
Specimens should be collected under aseptic conditions or after
appropriate cleaning and decontamination of the collection
site and rapidly transported to the laboratory. Unfortunately,
many specimens submitted to the laboratory are either of
insufficient amount or of poor quality and are inadequate to
make a diagnosis.

The clinical information is very important in guiding the
laboratory efforts in terms of specimen processing and inter-
pretation of results. This is especially important when dealing
with specimens from non-sterile sites such as sputum, bron-
chial washings and skin. Furthermore, it is the only way of
effectively alerting the laboratory personnel that they may be
dealing with a potentially dangerous pathogen such as Histo-
plasma capsulatum or the Coccidioides immitis complex.!

Most fungi can be recovered from specimens submitted
in bacteriologic transport media, although direct microscopic
examination of such material is not recommended because the
transport medium components can hinder the observation of
the fungi. In general, if a delay in processing is unavoidable,

the specimen for the fungal culture may be safely stored at 4°C
for a short time.

Some specimens are better than others for the diagnosis
of fungal infections (see Table 4-4). Swab specimens are inap-
propriate for mycologic culture and microscopic examination.
Cultures of blood, cerebrospinal fluid (CSF) and other nor-
mally sterile body fluids (NSBF) should be performed if clinical
signs and symptoms are suggestive of hematogenous dissemi-
nation or involvement of these sites. Diagnosis of oral or vagi-
nal mucosal infections may be better established by clinical
presentation and direct microscopic examination of secretions
or mucosal scrapings. Likewise, diagnosis of fungal infections
of the gastrointestinal tract is better established by biopsy and
histopathologic examination of involved tissue than by culture
alone. Care should be taken in collecting lower respiratory
and urine specimens to minimize contamination with normal
oral and periurethral flora, respectively. Twenty-four hour col-
lections of sputum or urine are inappropriate for mycologic
examination because they typically become overgrown with
both bacterial and fungal contaminants.

Stains and direct examination

Direct microscopy does not utilize fixed tissue and relies instead
on rapid examination of wet mounts (Table 4-5). Often infec-
tions are caused by organisms that can be specifically identified
by direct microscopy because they possess a distinctive mor-
phology. For example, if typical yeast cells, spherules or other
structures are observed microscopically, an etiologic diagnosis
can be made for infections caused by H. capsulatum (Fig. 4-1),
Blastomyces dermatitidis (Fig. 4-2), Cryptococcus neoformans
(Fig. 4-3), C. immitis complex (Fig. 4-4), and Pneumocystis
jiroveci (syn. P. carinii) (Fig. 4-5). In other infections such as
aspergillosis (Fig. 4-6), candidiasis (Fig. 4-7), and zygomycosis
(Fig. 4-8), the morphologic appearance may lead to a diagnosis
of the type of infection but not the actual species identification
of the etiologic agent (Table 4-6).

Detection of fungi in tissue and clinical material by direct
microscopic examination is often helpful in determining the
significance of culture results. Detection of specific fungal
elements by microscopy can assist the laboratory in selecting
the most appropriate means by which to culture the clinical
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Table 4-1 Spectrum of opportunistic fungal pathogens?

Organisms
group Examples of specific pathogens
Candida C. albicans C. krusei
C. glabrata C. lusitaniae
C. parapsilosis C. guilliermondii
C. tropicalis C. rugosa
Other yeasts Cryptococcus Saccharomyces
neoformans Hansenula
Trichosporon
Blastoschizomyces
Rhodotorula
Malassezia
Aspergillus A. fumigatus A. versicolor
A.flavus A. terreus
A. niger A. nidulans
Zygomycetes Rhizopus Apophysomyces
Rhizomucor Cunninghamella
Mucor Saksenaea
Absidia Cokeromyces
Other hyaline Fusarium Trichoderma
moulds Acremonium Paecilomyces
Scedosporium Chrysosporium
apiospermum
S. prolificans
Dematiaceous  Alternaria Cladophialo-
moulds Bipolaris phora
Curvularia Phialophora
Exophiala Dactylaria
Wangiella
Dimorphic Histoplasma Sporothrix
moulds Coccidioides Penicillium
Blastomyces marneffei
Paracoccidioides
Other Pneumocystis jiroveci

aList not exhaustive.

specimen. For example, the presence of hyphae of a zygo-
mycetous organism (see Fig. 4-8) should prompt the use of
malt agar or even sterile bread without preservatives for its
isolation.

A number of different stains and techniques may be used to
help demonstrate the presence of fungi by direct microscopic
examination (see Table 4-5). Most commonly, microscopy
consists of examination of clinical material placed in 10-20%
potassium hydroxide (KOH) containing the fluorescent reagent
Calcofluor white (Fig. 4-9) or staining of individual smears or
touch preparations by Gram, Giemsa, periodic acid-Schiff (PAS)
or any combination of these stains. The Gram stain is useful for

Table 4-2 Laboratory diagnosis of invasive fungal infections
A. Conventional microbiologic

1. Direct microscopy (Gram, Giemsa, and Calcofluor stains)
2. Culture

3. Identification

4. Susceptibility testing

B. Histopathologic

1. Conventional microscopy

a. Routine stains (H&E)

b. Special stains (GMS, Mucicarmine, PAS)
2. Direct immunofluorescence
3. Insitu hybridization

C. Immunologic

1. Cryptococcal antigen test
2. Histoplasma antigen test
3. Galactomannan test

4. Mannan test

D. Molecular

1. Direct detection
2. ldentification
3. Strain typing

E. Biochemical

1. Metabolites (D-arabinitol)
2. Cell wall components (-glucan)

Abbreviations: H&E, hematoxylin and eosin; GMS, Gomori’s methenamine
silver; PAS, periodic acid-Schiff.

the detection of Candida and Cryptococcus spp. (Figs 4-7,4-10)
and also stains the hyphal elements of moulds such as Aspergil-
lus (Fig. 4-11), the zygomycetes (see Fig. 4-8), and Fusarium
spp. Fungi are typically Gram positive but may appear speck-
led or Gram negative (Figs 4-7, 4-10). The capsular material of
C. neoformans often appears as an orange-red precipitate
around the cells (see Fig. 4-10). Many fungi will stain blue with
the Giemsa stain but this stain is especially useful in detecting
H. capsulatum intracellularly in bone marrow, peripheral blood,
bronchoalveolar lavage (BAL) specimens, or touch preparations
of lymph nodes or other tissues (see Fig. 4-1).

The morphologic characteristics of fungi seen on direct
microscopic examination include budding yeasts, hyphae, and
pseudohyphae (see Table 4-6). Aspergillus spp. typically show
hyaline, dichotomous, acute angle branching, septate hyphae
(Figs 4-11, 4-12); however, this appearance is also typical of
other hyaline moulds (see Table 4-6). In contrast, zygomyc-
etes (e.g., Rhizopus, Mucor) characteristically show broad,
ribbon-like, aseptate or sparsely septate hyphae (see Fig. 4-9).
Finally, the dematiaceous fungi often present as darkly pig-
mented yeast-like and hyphal forms that may be visualized on
unstained material and further characterized by the Fontana-
Masson stain for melanin (see Tables 4-5, 4-6).
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Table 4-3 Relative frequency of opportunistic mycoses among different patient groups?

Patient

group® Asp Can Cryp Tri PCP
Transplant

Allo. BMT ++++  ++ ++ ++ +++ ++
Liver +++ ++++ + + +
Lung ++++ ++ + + ne
Kidney ++ +++ ++ + + +
Heart 4+ + + +
Pancreas ++ ++++  + + + +
Sm. bowel ++ ++++  + + + +
Malignancy

Heme +++ ++++ + ++ +
Solid ++ ++++  ++ + ++ +
HIV/AIDS ++ ++ +++ +H++
Critical care

Adult + ++++ + a5 +
Neonate +++4+ + +

Hyal

Mycosis®
Phae. Blas?® Hist?® Coccidé Pmard Zygo
+ (+) (+) (+) (+) ++
+ (+) (+) (+) (+) +
+ (+) (+) (+) (+) +
+ (+) (+) (+) (+) +
+ (+) (+) (+) (+) +
+ (+) (+) (+) (+) +
+ (+) (+) (+) (+) +
i (+) (+) (+) (+) i
i (+) (+) (+) (+) i
+ (++) (+4+++) () () +
n
+

2Relative frequency of mycoses within each patient group indicated as ++++ (most frequent) to + (least frequent). Adapted from Pfaller et al.2
bPatient group abbreviations: Allo, BMT, allogeneic blood and marrow transplant; Sm. bowel, small bowel; Heme, hematologic malignancy; Solid,

solid tumor malignancy.

“Mycosis abbreviations: Asp, aspergillosis; Can, candidiasis; Tric, trichosporonosis; Cryp, cryptococcosis; PCP, Pneumocystis jiroveci (carinii) pneumonia; Hyal,
hyalohyphomycosis; Phae, phaeohyphomycosis; Blas, blastomycosis; Hist, histoplamosis; Cocci, coccidioidomycosis; Pmar, Pencillium marneftei;

Zygo, zygomycosis. See Table 4-1 for specific examples within each group.

dFrequency of endemic mycoses indicated by (+) to (++++) within endemic regions only.

The laboratory diagnosis of a P. jiroveci infection is com-
monly made by direct examination of induced sputum and
specimens collected by bronchoscopy. In addition to the more
general stains such as Gomori’s methenamine silver stain
(GMS) (Fig. 4-13), Giemsa (see Fig. 4-5), and toluidine blue
(see Table 4-5), the commercial availability of fluorescent mon-
oclonal antibody-based conjugates has enhanced the detection
of this organism and these conjugates provide a sensitive and
highly specific diagnosis.?

Culture

The most sensitive means of diagnosing a fungal infection is
generally considered to be the isolation of the infecting agent
on culture media. Having said this, false-negative cultures are
well documented in the face of disseminated fungal infection
and even when positive, the results may be delayed or difficult
to interpret.*7 In most instances culture is necessary to specifi-
cally identify the etiologic agent and, if indicated, to determine
the in vitro susceptibility to various antifungal agents.

Although not all serious fungal infections are marked by
hematogenous dissemination and fungemia, detection of fun-
gemia is useful in diagnosing opportunistic infection due to
Candida spp., C. neoformans, Trichosporon spp., Malassezia
spp., Fusarium spp., and occasionally Acremonium spp., Pae-
cilomyces spp., Scedosporium spp., and Aspergillus terreus.’
Blood cultures may be negative in the face of disseminated
disease; however, advances in blood culture technology have
markedly improved the ability of laboratories to detect fun-
gemia.®? It has been proposed that optimal detection of fun-
gemia requires the collection of adequate volumes of blood
(20-30 ml) and the use of both a broth- (vented, agitated) and
an agar-based (lysis centrifugation) blood culture method.®

Interpretation of the results of fungal cultures may be dif-
ficult due to the frequent colonization of certain body sites
(e.g., respiratory, gastrointestinal, and genitourinary tracts)
and contamination of specimens or cultures by environmental
organisms, many of which can also serve as etiologic agents of
opportunistic mycoses. Whereas most isolates of Candida spp.,
C. neoformans, H. capsulatum, and Fusarium spp. obtained
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Table 4-4 Selection of clinical specimens for detection and isolation of opportunistic fungal pathogens?

Suspected pathogen
Yeasts

Candida spp.
Cryptococcus neoformans
Trichosporon spp.
Malassezia spp.
Rhodotorula spp.

Moulds

Aspergillus spp.
Zygomycetes

Fusarium spp.
Scedosporium apiospermum
Scedosporium prolificans

Dematiaceous moulds
Dimorphic

Histoplasma capsulatum
Blastomyces dermatitidis
Coccidioides immitis complex
Paracoccidioides brasiliensis
Penicillium marneffei
Sporothrix schenckii

Other

Pneumocystis jiroveci

aPredominant sites for recovery are ranked in order of importance and frequency (i.e., ++++ most important or most frequent, + less important or less frequent) based on the most common clinical presentation.

Adapted from Pfaller et al.2
bAspergillus terreus only.

Bone
Blood marrow

++++ +
+++ +
++++
+H++
+H++
4b
+++
+
+++ ++
++ +
+
+++ ++
+
+

Brain and
cerebrospinal
fluid

++
++++

++

++

+++

Joint
fluid

—+

++

Eye Urine

+ +++

+ ++
++
+

+ +

+

++

+

+

+

+ +
+

+ +

Respiratory

+++
+++

+H++
+H++
++
++

+++

+++
+++
++++
+++
++++
++

++++

Skin and
mucous
membranes

+++

++
+++

++
++
++++
+++
+++

++

++
++++
+++
++++
++
++++

Multiple
systemic
sites

+++
++
+++

+++
+++
+++
++

+++

++

++
++
+++
++
+++

+
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Table 4-5 Methods and stains available for direct microscopic detection of fungal elements

Method/Stain
Alcian blue stain

Calcofluor white stain

Fluorescent monoclonal
antibody treatment

Fontana-Masson Stain

Giemsa stain

Gram stain

Hematoxylin and eosin
(H&E) stain

India ink

KOH treatment

Methylene blue treatment

Methenamine silver stain
(GMS)

Mucicarmine stain

Use
Detection of C. neoformans in CSF

Detection of all fungi including
P. jiroveci

Examination of respiratory specimens
for P. jiroveci

Melanin stain for histologic sections

Examination of bone marrow,
peripheral smears, touch
preparations, and respiratory
specimens

Detection of bacteria and fungi

General-purpose histologic stain

Detection of encapsulated yeasts

Clearing specimens of cellular debris
to make fungi more visible

Detection of fungi in skin scrapings

Detection of fungi in histologic
sections and P. jiroveci cysts in
respiratory specimens

Histopathologic stain for mucin

Comments
Rapid (2 min); insensitive and not commonly used

Rapid (1-2 min); detects fungal cell wall chitin by
bright fluorescence. Used in combination with KOH.
Requires fluorescent microscope and proper filters.
Background fluorescence may make examination
of some specimens difficult

Sensitive and specific method for detecting the
cysts of P. jiroveci. Does not stain the extracystic
(trophozoite) forms

Confirms the presence of melanin in lightly
pigmented cells of dematiaceous fungi when present
in tissue sections. Useful for distinguishing

C. neoformans (positive) from most other yeasts

(e.g., Candida spp. are negative for melanin)

Detects intracellular H. capsulatum and both intra-
cystic and extracystic (trophozoite) forms of P. jiroveci.
Does not stain cysts of P. jiroveci. Does stain organisms
other than H. capsulatum and P. jiroveci

Rapid (2-3 min); commonly performed on clini-

cal specimens. Will stain most yeasts and hyphal
elements. Most fungi stain Gram positive but some,
such as C. neoformans, exhibit stippling or appear
Gram negative

Best stain to demonstrate host reaction in infected
tissue. Stains most fungi but small numbers of
organisms may be difficult to differentiate from
background. Useful in demonstrating natural
pigment in dematiaceous fungi

Rapid (1 min); insensitive (40%) means of detecting
C. neoformans in CSF

Rapid (5 min); some specimens may be difficult
to clear and require an additional 5-10 min. May
produce confusing artifacts. Most useful when
combined with Calcofluor white

Rapid (2 min); may be used in combination with
KOH. Largely replaced by Calcofluor white (improved
sensitivity and specificity)

Staining of tissue may take up to 1 h. Respiratory
specimens more rapid (5-10 min). Best stain for
detection of all fungi. Usually performed in cytopa-
thology laboratory

Useful for demonstrating capsular material of
C. neoformans. May also stain the cell walls of
B. dermatitidis and Rhinosporidium sieberi

(Continued)
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Table 4-5 Methods and stains available for direct microscopic detection of fungal elements—cont'd

Method/Stain

Papanicolaou stain (PAP)

Periodic acid-Schiff (PAS)
stain

Toluidine blue stain

Wright stain

Adapted from Pfaller et al.2

Use Comments

Cytologic stain used primarily to detect Stains most fungal elements; yeasts > hyphae. Allows
malignant cells cytologist to detect fungal elements

Histologic stain for detection of fungi Stains both yeasts and hyphae in tissue. B. dermatitidis
may appear pleomorphic. PAS-positive artifacts may
resemble yeast cells

Examination of respiratory specimens Stains P. jiroveci cysts a purple color. Does stain other
for P. jiroveci fungi. Largely displaced by fluorescent antibody and
Calcofluor white treatments

Examination of bone marrow, peripheral  Similar to Giemsa stain. Detects intracellular
smears and touch preparations H. capsulatum
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Figure 4-1 Macrophage containing numerous intracellular yeast forms Figure 4-2 Broad-based budding yeasts of Blastomyces dermatitidis in
of Histoplasma capsulatum Giemsa stain. Magnification x1000. a cytologic preparation. Papanicolaou stain. Magnification x1000.

Figure 4-3 Cryptococcus neoformans India ink preparation demonstrat-
ing the large capsule surrounding budding yeast cells. Magnification
%1000.

Figure 4-4 Spherule of Coccidioides immitis complex. PAS stain. Magni-
fication x500.
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Figure 4-5 Pneumocystis jiroveci in bronchoalveolar lavage fluid. Giemsa
stain shows intracystic forms. Magnification x1000.

A

' &E”‘a’% G

o -

Figure 4-6 Aspergillus niger in a cavitary lung lesion showing both
hyphae and conidial heads GMS stain. Magnification x500.

from blood cultures are clinically significant,$? others such as
Aspergillus spp. (with the exception of A. terreus) and Penicil-
lium spp. (with the exception of P. marneffei) most probably
represent pseudofungemia or contamination.!0-12

Cultures of any clinical specimens that are positive for
any of the endemic dimorphic pathogens (H. capsulatum,
B. dermatitidis, and C. immitis complex) are virtually always
considered to be clinically significant. Isolation of Aspergillus
spp. from cultures of respiratory tract specimens is especially
problematic, because this organism is common in the environ-
ment, and it may colonize the airways of an individual without
causing overt disease. The clinical significance of isolation of
Aspergillus spp. from respiratory tract cultures may be con-
firmed upon direct microscopic visualization of the organism
in viable tissue.

There is now considerable evidence indicating that the
interpretation of respiratory tract cultures (e.g., expectorated
sputum, BAL) yielding Aspergillus spp. may be aided by con-
sidering the risk group of the patient!3-15 (Table 4-7). Among
patients considered to be at high risk for invasive aspergillosis
(IA) (e.g.,allogeneicbone marrow transplant (BMT) recipients,
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Figure 4-7 Candida tropicalis blastoconidia and pseudohyphae. Gram
stain. Magnification x1000.

Figure 4-8 Hyphal fragment of Rhizopus spp. in pleural fluid demon-
strating characteristic broad aseptate hypha that folds back on itself.
Gram stain. Magnification x1000.

patients with hematologic malignancies, and patients with
neutropenia), a positive culture that yields Aspergillus spp. is
often associated with invasive disease. The positive predictive
value (PPV) of a culture positive for Aspergillus spp. is less-
ened for autologous BMT recipients, solid organ transplant
recipients,and HIV-infected patients.'3Inaddition, the specific
identification of the fungus isolated from respiratory culture
specimens can also help in determining clinical significance;
Aspergillus niger is rarely a pathogen, whereas A. terreus
and A. flavus have been shown to be statistically associated
with TA when isolated from cultures of respiratory tract
specimens.!3

Identifying characteristics of fungi

Identification of fungi to genus and species is increasingly
important as the spectrum of opportunistic pathogens con-
tinues to expand (see Table 4-1). Although the clinical pres-
entation of many fungal infections may be indistinguishable,
specific identification of the etiologic agent may have a direct
bearing on the management of the infectious process. It is
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Table 4-6 Characteristic features of opportunistic and pathogenic fungi in clinical specimens and in cultures

Fungus

Candida spp.

Cryptococcus
neoformans

Trichosporon
spp.

Malassezia
spp.

Aspergillus
spp.

Zygomycetes

62

Microscopic
morphologic
features in
clinical specimens

Oval, budding yeasts
2-6 um in diameter.
Pseudohyphae and
hyphae may be present

Spherical budding
yeasts of variable

size, 2-15 pm. Capsule
may be present. No
pseudohyphae or
hyphae

Hyaline arthroconidia,
blastoconidia and pseu-
dohyphae 2-4 by 8 pm

Small oval budding
yeasts. “Bowling pin”
appearance with
collarette. Both
hyphal and yeast
forms may be seen in
skin scrapings

Septate, dichotomously
branched hyphae of
uniform width (3-6 um).
Conidial heads may be
seen in cavitary lesions

Broad, thin-walled, pauci-
septate hyphae, 6-25 um
with non-parallel sides
and random branches.
Hyphae stain poorly
with GMS stain and
often stain well with
H&E stain

Characteristic morphologic
features in culture

Macroscopic

Variable morphology.
Colonies usually pasty,

white to tan and opaque.

May have smooth or
wrinkled morphology.
Some colonies produce
fringes of pseudohyphae
at periphery

Colonies are shiny,
mucoid, dome shaped,
and cream to tan in
color

Colonies are variably
smooth and shiny to
membranous, dry and
cerebriform

Slow-growing colonies.
May require fatty acid
source (olive oil) for
growth

Varies with species.
Colonies of A. fumigatus
usually blue-green to
gray-green; A. flavus
yellow-green; A. niger
black; other species
vary widely

Colonies are rapid
growing, wooly,

and gray-brown to
gray-black in color

Microscopic

Clusters of blastoco-
nidia, pseudohyphae
and/or terminal
chlamydospores
in some species

Budding spherical
cells of varying size.
Capsule present. No
pseudohyphae. Cells
may have multiple
narrow-based buds

Hyphae, pseudohy-
phae, blastoconidia
and arthroconidia.

No chlamydospores

Small oval budding
cells with collarette.
Rudimentary hyphae

Varies with species.
Conidiophores with
enlarged vesicles
covered with flask-
shaped metulae or
phialids. Hyphae are
hyaline and septate

Broad, ribbon-like
hyphae with rare
septa and irregular
sides. Sporangium or
sporangiola produced
from sporangiophore.
Rhizopus spp.: rhizoids
at base of sporangi-
ophore

Additional tests
for identification

Germ tube production by

C. albicans, C. dubliniensis, and
C. stellatoidea. Carbohydrate
assimilation. Morphology on
cornmeal agar. Colony color
on CHROMagar.

PNA-FISH for C. albicans

Tests for urease (+),
phenoloxidase (+), and
nitrate reductase (-). Latex
agglutination or EIA test
for polysaccharide antigen.
Carbohydrate assimilation.
Mucicarmine and melanin
stains in tissue

Carbohydrate assimilation
and biochemical tests
DNA sequence-based
identification increasingly
important

Species may be differentiated
by lipid requirement: M. furfur
and M. sympodialis, positive;
M. pachydermatis, negative.
M. furfur will grow in 10%
Tween 20 whereas

M. sympodialis will not

Identification based on
microscopic and colonial
morphology

DNA sequence-based
identification increasingly
important

Identification based on
microscopic morphologic
features
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Table 4-6 Characteristic features of opportunistic and pathogenic fungi in clinical specimens and in cultures—cont'd

Fungus

Fusarium
spp.

Scedosporium
apiospermum
(anamorph,
asexual stage;
Pseudallesche-
ria boydii is
the tele-
omorph or
sexual stage)

Scedosporium
prolificans

Dematiaceous
fungi (e.g.,
Alternaria,
Cladosporium,
Curvularia)

Histoplasma
capsulatum

Coccidioides
immitis
complex

Microscopic
morphologic
featuresin
clinical specimens

Hyaline, septate,
dichotomously
branching hyphae.
Angioinvasion is
common. May be
indistinguishable from
Aspergillus spp.

Hyaline, branching
septate hyphae.
Angioinvasion is
common

Hyaline, branching
septate hyphae

Pigmented (brown,

tan or black) hyphae,
2-6 um wide. May

be branched or
unbranched. Often
constricted at the point
of septation

Small (2-4 pm)
budding yeasts within
macrophages

Spherical, thick-walled
spherules, 20-200

pum. Mature spherules
contain small, 2-5 pm
endospores. Arthroco-
nidia and hyphae may
form in cavitary lesions

Characteristic morphologic
features in culture

Macroscopic

Colonies are purple,
lavender or rose-red
with rare yellow
variants

Wooly, mouse-gray
colonies

Wooly, gray to dark
brown. Does not grow
on cycloheximide-
containing medium

Colonies are usually
rapidly growing, wooly,
and gray, olive, black or
brown in color

Colonies are slow
growing and white or
buff-brown in color
(25°C). Yeast-phase
colonies (37°C) are
smooth, white

and pasty

Colonies initially appear
moist and glabrous,
rapidly becoming
downy and gray-white
with a tan or brown
reverse

Microscopic

Both macro- and
microconidia may be
present. Macroconidia
are multicelled and
sickle or boat shaped

Single-celled brownish
conidia produced at
the tips of annellides
(S. apiospermum).
Cleistothecia contain-
ing ascospores may be
produced (P. boydii)

Inflated conidiophores

Varies considerably
depending on

the genus and
species. Hyphae

are pigmented.
Conidia may be
single or in chains,
smooth or rough and
dematiaceous

Thin septate hyphae
that produce tubercu-
late macroconidia and
smooth-walled micro-
conidia (25°C). Small
oval budding yeasts
produced at 37°C

Hyaline hyphae with
rectangular arthro-
conidia separated by
empty disjunctor cells

Additional tests
for identification

Identification based on
microscopic and colonial
morphology

DNA sequence-based
identification increasingly
important

Identification based on
microscopic and colonial
morphology. May be
confused with
Aspergillus spp. in tissue

Based on morphologic
appearance. S. prolificans
does not have a known
sexual stage

Identification based on
microscopic and colonial
morphology

Demonstration of
temperature-regulated
dimorphism by conversion
from mould to yeast phase
at 37°C. Exoantigen and
DNA probe tests

Exoantigen and nucleic acid
probe tests

(Continued)
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Table 4-6 Characteristic features of opportunistic and pathogenic fungi in clinical specimens and in cultures—cont'd

Microscopic
morphologic
featuresin

Fungus clinical specimens

Blastomyces Large (8-15 um) thick-

dermatitidis walled budding yeast
cells. The junction
between the mother
and daughter cells is
typically broad-based.
Cells may appear multi-
nucleate

Sporothrix Yeast-like cells of

schenckii varying sizes. Some may
appear elongated or
“cigar shaped.” Tissue
reaction forms asteroid
bodies

Penicillium Oval, intracellular yeast

marneffei cells with septum

Pneumocystis ~ Cysts are round, col-

jiroveci lapsed or crescent

shaped. Trophozoites
seen on special stains

Adapted from Pfaller et al.2

Figure 4-9 Candida tropicalis blastoconidia and pseudohyphae in CSF
stained with Calcofluor white. Magnification x1000.

Characteristic morphologic
features in culture

Macroscopic

Colonies vary from
membranous yeast-like
colonies to cottony
white mould-like
colonies at 25°C. When
grown at 37°C yeast-
phase colonies are
wrinkled, folded and
glabrous

Colonies initially
smooth, moist, and
yeast-like, becoming
velvety as aerial hyphae
develop (25°C). Tan to
brown pasty colonies
at37°C

Colonies produce
diffusible red pigment
at 25°C

Not applicable

Microscopic

Hyaline, septate
hyphae with one-celled
smooth conidia (25°C).
Large thick-walled
budding yeast at 37°C

Thin branching septate
hyphae. Conidia borne
in rosette-shaped
clusters at the end

of the conidiophore
(25°Q). Variable sized
budding yeast at 37°C

Septate hyphae with
metulae, phialids with
chains of conidia in a
“paint-brush” distribu-
tion (25°C). Yeast cells
divide by fission (37°C)

Not applicable

Additional tests
for identification

Demonstration of
temperature-regulated
dimorphism; exoantigen
and DNA probe tests

Demonstration of thermal
dimorphism; exoantigen
and DNA probe

Demonstration of thermal
dimorphism

Immunofluorescent stain,
GMS, Giemsa, toluidine
blue stains

Figure 4-10 Cryptococcus neoformans in CSF. Variable-sized encapsu-
lated budding yeasts seen on Gram stain. Note stippling due to uneven

retention of crystal violet stain. Magnification x1000.



Figure 4-11 Aspergillus spp. detected by Gram stain in a tracheal
aspirate. Although often Gram positive, this specimen did not retain the
crystal violet and appears Gram negative. Magnification x1000.

Figure 4-12 GMS stain showing dichotomously branching septate
hyphae characteristic of Aspergillus spp. Magnification x1000.

increasingly apparent that one cannot rely on a single thera-
peutic approach (e.g., administration of amphotericin B) for
the management of all, or even most, fungal infections.!¢"18 In
the case of the more unusual mycoses, specific etiologic iden-
tification may provide access to the literature and the experi-
ence of others regarding the probable course of infection and
response to therapy.

Identification of yeasts

Yeasts are usually characterized morphologically as solitary
cells that reproduce by simple budding; however, under certain
conditions some yeast may form true hyphae, pseudohyphae,
capsules, arthroconidia and other reproductive structures.
Since C. albicans constitutes the vast majority of yeasts recov-
ered from clinical specimens, several rapid and simple tests
have been devised to distinguish it from other yeasts.1%-20
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Figure 4-13 GMS stain of BAL fluid demonstrating cysts of P. jiroveci.
Magnification x1000.

Table 4-7 Risk of invasive aspergillosis for patients with
respiratory tract cultures positive for Aspergillus species,
by study and risk characteristics

Study, percentage risk (no. of
patients with positive culture/
total no. of patients)

Ez:\itgory Yu'4 Horvath'> Perfect'3
Higha 100 (17/17)  72(34/47) 57 (117/206)
Intermediate® 37 (20/54)  58(14/24) 15 (228/1510)
Lowe 0 (0/9) 14 (1/7) <1(1/155)

2Includes allogeneic BMT recipients, patients with neutropenia, and
patients with hematologic cancer.

bIncludes autologus BMT and solid organ transplant recipients, patients
receiving therapy with corticosteroids, HIV-infected patients, and patients
with malnutrition, diabetes, underlying pulmonary disease, or solid organ
cancer.

Includes HIV-infected patients, patients with cystic fibrosis or connective
tissue disease, and other non-immunosuppressed patients.

Most recently, a new peptide nucleic acid (PNA) fluores-
cence in situ hybridization (FISH) test for differentiation of
C. albicans from non-albicans Candida species was approved by
the FDA for clinical use.20-2* This PNA-FISH test can be used to
identify C. albicans directly from blood culture bottles that test
positive and in which yeasts are observed by Gram staining. The
results are available within 2.5 hours and both single-center and
multicenter studies have documented the excellent sensitivity
(99-100%) and specificity (100 %) of the test.20-22:24 Importantly,
the FISH results are unaffected by the type of blood culture system
or broth formulation (e.g., lytic medium and resin- or charcoal-
containing medium).2 It allows physicians to be informed of
the yeast’s identity along with notification of positive blood cul-
ture results. Rapid, accurate identification of C. albicans from
blood cultures should promote optimal antifungal therapy with
the most cost-effective agents (i.e., fluconazole).
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Among the more than 100 species of Candida that have
been identified, five (C. albicans, C. glabrata, C. parapsilosis,
C. tropicalis, and C. krusei) account for 95-98% of cases of
invasive candidiasis (IC).25 Recent reports indicate that shifts
have occurred in the distribution of non-albicans species with
the emergence of C. glabrata, C. krusei, C. lusitaniae, and other
less common species.2>2¢ Infections with these various species
may require different therapeutic considerations.!$:27:28 Due
to the pathogenic potential of C. neoformans, all encapsulated
yeasts from any body site should also be identified. There are
several rapid screening tests that may be used for the pre-
sumptive identification of C. neoformans including the ure-
ase test (positive), nitrate test (negative) and production of
phenol oxidase (positive).!® Other important non-Candida
yeasts are notable due to their broad antifungal resistance
profiles.18:29.30

Identification of moulds

In contrast to yeasts, the identification of moulds is largely
based upon morphologic features such as gross colony appear-
ance and microscopic morphology (see Table 4-6). Visible
growth on agar media may be obtained within 1-5 days for the
zygomycetes, most hyaline (light-colored hyphae and conidia)
hyphomycetes, and some, but not all, dematiaceous (dark-
pigmented hyphae and conidia) fungi.

A variation in colonial morphology that may be either
medium or strain dependent precludes the use of this feature as
the sole criterion for identification. Surface texture, topography,
color, reverse pigmentation, growth at 37°C, and requirements
for specific vitamins are all useful characteristics.3! Definitive
identification of most moulds is dependent upon visualization
of the microscopic morphology of the fungus. Material must
be prepared for microscopic examination in such a way as to
minimize any disruption of the relationship of the conidia to
their respective reproductive structures. This is usually best
accomplished by the use of slide cultures. Determination of
cell wall melanin and temperature-regulated dimorphism
are also important characteristics. The dimorphic pathogens
may also be characterized by immunologic- or nucleic acid
probe-based methods in addition to morphology and thermal
dimorphism.3? The typical features of selected filamentous and
dimorphic pathogens are listed in Table 4-6.

Molecular methods for identification of yeasts
and moulds
The use of both direct nucleic acid probes and amplification-
based molecular approaches provides more rapid and objective
identification of yeasts and moulds compared with traditional
phenotypic methods.33-40 These chemiluminescent-labeled DNA
probes (AccuProbe, Gen-Probe) are specific for target fungal
rRNA and are commercially available for use in clinical labo-
ratories. When applied to a lysate of the organism, the probes
have a sensitivity similar to that of the more labor-intensive
exoantigen test but demonstrate slightly less specificity, depend-
ing on the fungus tested.3” The probes demonstrate 100%
specificity for C. immitis;*! however, specificity is slightly less
(99-99.7%) for both B. dermatitidis and H. capsulatum due to
demonstrated cross-reactivity with Paracoccidioides brasiliensis
and Chrysosporium species, respectively.37:41
Amplification-based methods are especially useful in iden-
tifying non-sporulating moulds that cannot be identified by

conventional methods.?® Both ribosomal targets and internal
transcribed spacer regions have proven useful for the molecu-
lar identification of a wide variety of fungi. A major limitation
of this approach is the variable quality and accuracy of the
existing sequence databases.?*3¢ It is anticipated that, with the
availability of improved sequencing techniques, broader and
more reliable databases, and more readily available kits and
software, this technology will be a competitive alternative to
the classic mycologic identification methods used for clinically
important fungi.38:42:43

Serologic and nucleic acid-based methods
of diagnosis

Although culture and histopathology remain the primary means
of diagnosing fungal infections, there continues to be a need for
more rapid, non-culture methods for diagnosis. Tests for detec-
tion of antibodies, rapid detection of specific fungal antigens,
metabolic by-products, and fungal species-specific RNA or DNA
sequences have the potential to yield rapid diagnostic informa-
tion that can guide the early and appropriate use of antifungal
therapy. Although a great deal of progress has been made in
these areas, the true impact on the diagnosis and outcome of
invasive fungal infections (IFI) has yet to be realized.33:#4-46

Antibody detection

Serologic tests can provide a rapid means of diagnosing fungal
infections, as well as a means to monitor the progression of the
infection and the patient’s response to therapy by comparing
serial determinations of antibody or antigen titers.38:47-4% Most
conventional serologic tests are based on detection of antibod-
ies against specific fungal antigens. Often, this serodiagnos-
tic approach is ineffective because many patients who are at
risk for IFI are not capable of mounting a specific antibody
response to immunosuppression. In addition, determination of
the presence of an acute infection typically requires a compari-
son of the type and quantity of antibody present in both acute-
phase and convalescent-phase serum samples, an exercise that
is not helpful during the acute presentation, when therapeutic
interventions are being decided.38:47

Among the most reliable and widely used conventional
serodiagnostic tests in mycology are the antibody tests for
histoplasmosis and coccidioidomycosis.325% Both the comple-
ment fixation (CF) and the immunodiffusion (ID) tests have
been found useful for diagnosis of these infections. Comple-
ment fixation titers of >1:32 may be diagnostically significant,
whereas lower titers may represent early infection, a cross-
reaction, or residual antibodies from a previous infection.’%-1
Immunodiffusion tests are generally less sensitive than CF tests
but may be useful in identifying cross-reactions. The ID test
for histoplasmosis can give false-positive results if a histoplas-
mosis skin test has been administered to the patient more than
5-7 days before obtaining sera. Importantly, the CF and ID
test detect different antibodies, and both should be performed
for maximum diagnostic sensitivity.

Several commercial enzyme-linked immunosorbent assay
(ELISA) techniques are now available which detect anti-
Candida antibodies in an effort to improve the diagnosis of
IC.#%52 These kits have shown sensitivities ranging from
50% to 90% and specificities of ~15-65%.%0 Recently, a new
anti-Candida antibody (antienolase and intracytoplasmic



antigens) detection ELISA-based kit (Syscan 3, Biomed Ltd,
Rockeby) was shown to have a sensitivity, specificity, positive
predictive value, and negative predictive value (NPV) for IC of
74%, 75%, 62%, and 84% in a group of immunocompetent
patients and 15%, 60%, 1.7%, and 93% in an immunocom-
promised group.*’ Despite a high negative predictive value, it
is difficult to see how such testing would be of much value,
especially among high-risk patients.

The Platelia Candida antibody test (Bio-Rad, Redmond,
WA) uses an ELISA format to capture circulating antimannan
antibodies in sera from patients, with reported specificity and
sensitivity values of 94% and 53%, respectively.’* When per-
formed simultaneously in combination with a mannan antigen
detection test, the method gave a sensitivity of 80% and a specif-
icity of 93%.°2°* Other authors showed sensitivity and specifi-
city of 59% and 63% respectively for the Platelia antimannan
test with an improved sensitivity of 95% and a lower specificity
of 53%, when combined with a test for mannanemia.’3

It appears from these results that the diagnosis of IC can-
not be made using a single test for antibodies alone. Rather, a
strategy based on detection of mannanemia and antimannan
antibodies may prove to be the most useful.’3-55 Furthermore,
it appears that regular (at least twice weekly) serum sampling
is critical to achieving an early diagnosis of IC.52-54

Antigen and metabolite detection

Tests to detect fungal antigens or metabolic by-products in
serum or other body fluids represent the most direct means of
providing a serodiagnosis of IFL.56-5% Significant advances have
been made in recent years; however, for most fungal infec-
tions a widely acceptable method is not available. Although
several tests for the detection of fungal antigens have been
standardized and are now available commercially, issues still
remain concerning the sensitivity and specificity of the various
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tests in certain patient populations, which populations should
be monitored, how often testing should be performed, how
the test behaves over time in relation to disease progression
or improvement, what testing strategies are the most practical
and cost-effective, and what is the true impact of such testing
on patient outcome.’%-62

Presently, the best established and most widely used fun-
gal antigen tests are the latex and enzyme immunoassay (EIA)
tests for the detection of the capsular polysaccharide antigen of
C. neoformans. The commercially available tests for crypto-
coccal antigen detect >95% of cryptococcal meningitis and
approximately 67% of disseminated cryptococcal infections.>®
These antigen tests are well standardized, widely available and
supplant India ink (sensitivity <40%) for the diagnosis of cryp-
tococcal meningitis.’® Another useful antigen test available
from a reference laboratory (MiraVista Diagnostics, Indiana-
polis, IN) is the test for Histoplasma antigen. The Histoplasma
antigen test has been shown to be rapid (<24h), sensitive
(55-99%), specific (>98%), and reproducible. The test uses
an EIA format and detects a Histoplasma-specific polysaccha-
ride antigen present in body fluids. Urine and serum are the
most common specimens tested; however, the antigen may be
detected in the spinal fluid of 42-67% of patients with His-
toplasma meningitis and in the alveolar lavage fluid of 70%
of patients with AIDS and severe pulmonary histoplasmosis.?3

Mannan is the major circulating antigen in patients with
IC. Detection of mannan is complicated by rapid clearance
from the patient’s sera and binding by antimannan antibody.
Although circulating mannan may be detected by several meth-
ods (Table 4-8), a dissociation of antigen—antibody complexes
is required for optimal sensitivity.” Sensitivities of 25-100%
and specificities of 92-100% have been reported with EIA
assays for mannan detection”-52-4:55,58,64.65 (see Table 4-8).
An early commercial system to detect mannan used a latex

Table 4-8 Detection of antigenemia in patients with invasive candidiasis

Method %
Antigen Detected (Manufacturer) No. Patients Sens Spec Reference
Enolase Sandwich EIA 170 75 926 68
Mannan ELISA 209 74 100 58
Mannan LA (Pastorex) 72 25 100 66
Mannan EIA (Platelia) 193 40 98 52
Mannan (o) EIA (Platelia) 144 69 98 65
Mannan () EIA 144 69 95 65
Mannan (o and f) EIA 144 85 95 65
Mannan EIA (Platelia) 60 86 79 53
Mannan EIA 34 60 92 67
Mannan LA (Pastorex) 79 26 100 69

Abbreviations: EIA, enzyme immunoassay; ELISA, enzyme-linked immunosorbent assay; LA, latex agglutination; Sens, sensitivity; Spec, specificity.
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agglutination (LA) format (Pastorex Candida test, Sanofi
Diagnostics Pasteur, Mames-la-Coquette, France) and demon-
strated poor sensitivity (0-25%) due to the rapid clearance of
mannan from patients’ sera and the insensitive LA format.6¢
More recently, the Platelia Candida antigen test (BioRad) uses
a monoclonal antibody-based double sandwich EIA format
with a resultant increase in sensitivity and a limit of detection
of 0.1 ng of mannan per ml of serum.52°2%55 Clinical evalua-
tions of the Platelia Candida antigen test report sensitivities
ranging from 40% to 86% and specificities from 79% to
98%32:54:38,64,67 (see Table 4-8). Virtually every study evaluat-
ing the detection of the mannanemia has shown that multiple
serial samples are required to overcome the rapid clearance
of mannan from patients’ sera and to optimize diagnostic
sensitivity.

Sendid et al® took advantage of differences in clearance of
a-mannan (rapid) and f-mannan (slower) to demonstrate that
simultaneous detection of both forms of mannan improves the
sensitivity of a test for mannanemia from 69%, when either
a-mannan or f-mannan was tested for alone, to 85% when both
forms were tested for in the diagnosis of IC. The specificity of
the single tests was 98 % (a-mannan) and 95% (B-mannan) and
for the combined test was 95%. They also demonstrated that
mannanemia preceded early clinical symptoms and isolation
of Candida in culture by an average of 4.7 days. Although the
current Platelia Candida antigen test is specific for o-mannan
only, these results suggest that joint detection of both epitopes
is a rational approach that contributes to increases in the sen-
sitivity and timeliness of diagnosis.

Although a test for p-mannan is not yet available, Sendid
and colleagues’2->+53 have applied a similar rationale to the use
of the Platelia Candida antibody test in combination with the
Platelia Candida antigen test to maximize the ability to diag-
nose IC. As discussed previously, simultaneous testing for man-
nanemia and antimannan antibodies resulted in an improved
sensitivity from 40-53 % with the single tests to 80% with com-
bined testing.>* Specificity remained high (93%) with the com-
bined testing strategy. Whereas the Platelia Candida antigen
test is specific for a-mannan, the Platelia antibody test detects
antibodies against the whole mannan oligomannose repertoire
containing both a- and p-mannan epitopes.’*6> These and
other investigators emphasize the importance of regular (twice
weekly) serial monitoring of at-risk patients in maximizing the
sensitivity of serodiagnostic testing for IC.53:54

Among the various protein antigen targets, perhaps the
most promising for diagnosis of IC was enolase. This 48 kDa
antigen was known to circulate in the absence of fungemia
and correlated with deep tissue infection. A commercial
assay was developed (Directigen, Becton-Dickenson) using
an antienolase monoclonal antibody and a double sandwich
antigen capture format. In a prospective clinical trial con-
ducted in four medical oncology centers, Walsh et al®® con-
cluded that enolase antigenemia was a marker for deep tissue
invasion by Candida spp. even in the absence of fungemia.
Furthermore, the serum enolase immunoassay complemented,
rather than replaced, blood cultures for the diagnosis of IC.
The assay was very specific (96 %) and when multiple samples
were tested per patient the sensitivity was 85% for patients
with proven deep tissue infection and 64% in proven cases
of candidemia. Both Gutierrez et al,®¢ using the Directigen
test, and Mitsutake et al,®” using a dot-immunobinding assay,

confirmed the value of enolase detection in the diagnosis of
IC. Unfortunately, the Directigen test for enolase is no longer
available and there are no other commercial sources for
enolase detection methods.

Candida produces large amounts of D-arabinitol in culture
and during the course of IC.7-70 It is notable that C. glabrata
and C. krusei do not produce this metabolite. Several groups
have shown that serum D-arabinitol concentrations and
serum D-arabinitol/creatinine ratios are higher in individuals
with IC than in uninfected or colonized controls.”! Elevated
D-arabinitol/creatinine ratios in serum or urine from patients
with IC were detected, often prior to positive blood cultures,
and the ratios have been correlated with therapeutic response.”
Walsh et al’! used an automated enzymatic method of detecting
D-arabinitol in serum in a large prospective multicenter study
of high-risk neutropenic cancer patients and BMT recipients
and demonstrated that most patients (74 %) with IC had high
serum D-arabinitol/creatinine ratios and that change in the
ratios over time correlated with responses to antifungal therapy.
The results of a large population-based study”® of unselected
patients with candidemia showed that serum D-arabinitol/
creatinine measurements were as sensitive, specific, and timely
for the initial detection of candidemia in patients with a broad
range of underlying conditions as had previously been reported
in cancer patients and other special populations.”07!

B-1-3-Glucan (BG) is an important component of the cell
wall of Candida, Aspergillus, and many other pathogenic
fungi. Although BG is not immunogenic, the fact that it can
be found circulating in the bloodstream of patients with IFI
has been exploited for use diagnostically and as a surrogate
marker of infection.”> The Fungitell BG assay (Associates of
Cape Cod Inc., Falmouth, MA), is an FDA-approved commer-
cially available colorimetric assay that can indirectly determine
the concentration of BG in the serum. The detection system is
based on the activation of a BG-sensitive proteolytic coagula-
tion cascade, the components of which are purified from the
horseshoe crab. The assay can measure picogram amounts
of BG and has been used to demonstrate the presence of the
polysaccharide in the serum of patients with IC and IA, but
not cryptococcosis or zygomycosis (organisms lack BG)7274
(Table 4-9). Several studies have demonstrated a high degree
of sensitivity and specificity in the diagnosis of IC (78-97%
sensitivity and 88-100% specificity) and IA (50-87.5% sensi-
tivity and 81-89% specificity).67-6%72.75-78 BG is also detectable
in patients with infections caused by species of Fusarium,
Trichosporon, Saccharomyces, and Acremonium.”

The Fungitell BG assay has been evaluated for the early
diagnosis of IFI in patients with hematologic malignancies’?7¢
and in a multicenter study of patients with IFIs and healthy
control subjects.” In the latter study sera were obtained from
170 fungal infection-negative control subjects and from 163
patients with proven or probable IFI diagnosed at one of six
participating medical centers. Overall, the sensitivity and spe-
cificity of the assay were 69.9% and 87.1% respectively, with
a PPV of 83.8% and a NPV of 75.1%. The sensitivity of the
BG test was 81.3% among the 107 patients with proven IC
and 80% in the 10 patients with IA. Another study of patients
with acute myelogenous leukemia suggested that the sensitivity,
specificity, and PPV of the assay increased significantly if sera
were obtained twice weekly.”® Obtaining multiple samples
increased the sensitivity, PPV, and NPV of the BG assay to



Table 4-9 B-D-Glucan in the diagnosis of proven or probable
invasive fungal infections?

%
Reference No. patients Sens Spec
69 79 84 88
67 34 78 92
76 283 100 90
77 76 93 77
78 333 70 87
72 40 88 90

aInfections with various pathogens including Candida, Fusarium,
Trichopsoron, and Aspergillus spp.
Abbreviations: Sens, sensitivity; Spec, specificity.

>98% for subjects with leukemia who were receiving antifun-
gal prophylaxis.

Pickering et al”” tested sera from healthy blood donors and
patients with candidemia and found a sensitivity and specificity
of 92.9% and 100%, respectively. When bacteremic patients
were included in their assessment of the performance of the
BG assay, the specificity and PPV fell to 77.2% and 51.9%
respectively, due to a high number of false-positive results,
especially in samples from patients with Gram-positive bac-
teremia. They found that hemolysis would cause false-positive
BG test results and that high concentrations of bilirubin and
triglycerides were inhibitory and would cause false-negative
results. Other causes of false-positive BG test results included
hemodialysis with cellulose membranes, patients treated with
intravenous immunoglobulins, albumin, coagulation factors
or plasma protein factor, or patients exposed to gauze or
other materials that contain glucans.”” Thus a negative BG test
result may be useful for ruling out an IFI due to most fungal
pathogens with the exception of cryptococci or the zygomyc-
etes; however, a single positive result should be confirmed by
testing another specimen (two consecutive positive tests) and a
thorough review for potential sources of false positivity should
be conducted.

In a study designed to assess the benefit of monitoring
patients for the presence of both BG and galactomannan
(GM), Pazos et al”? found that the combination of the two
tests improved both specificity (to 100%) and PPV (to 100%)
for the diagnosis of 1A, without affecting sensitivity or NPV.
Although both tests were useful for early diagnosis of IA, the
BG test was positive earlier than the GM assay. Testing should
be performed with a minimal amount of sample manipulation
and sequential positive results should be required for a “true-
positive” test result.”® A positive BG result should prompt
further diagnostic work-up that may include testing for GM or
the use of the polymerase chain reaction (PCR) to define and
identify the IFIL.

Galactomannan is an important component of the cell wall
of Aspergillus spp. Similar to mannan in IC, GM has been
detected in biologic fluids (serum, urine, BAL fluid) obtained
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from patients with IA.80 Detection of GM for diagnosis of
IA has been facilitated by the development of monoclonal
antibody-based EIA methods which can detect as little as
0.5-1 ng of GM per ml of serum.4”80 In 2003, the Platelia
Aspergillus EIA test (Bio-Rad) was approved by the US FDA
for use in the diagnosis of IA in BMT recipients and in patients
with leukemia.

GM FEIA results are reported as a ratio between the optical
density (OD) of the patient’s serum sample and that of a control
with a low, but detectible, amount of GM and data expressed
as the serum GM index (GMI). Most published studies use a
cut-off GMI of <1.0 as a negative value, a value greater than
1.5 as positive and those between 1.0 and 1.5 as indetermi-
nate.8! The data submitted to the FDA used a cut-off of 0.5
as positive and required that the test be positive on two alig-
uots of the same sample, rather than multiple samples testing
positive.82 These criteria resulted in a sensitivity of 80.7% and
specificity of 89.2% for the diagnosis of IA in a multicenter
study conducted on serially collected serum samples from
179 BMT recipients and patients with leukemia (31 with IA).82

In contrast to the data submitted to the FDA, several stud-
ies have used GMI values of 1.0 as a positive cut-off and have
required that two consecutive samples must test positive to
declare a positive assay8! (Table 4-10). It is now clear that the
reported results with this test can be influenced by the extent
of invasive aspergillosis at the time of diagnosis, the prevalence
of aspergillosis among the patients studied, exposure of the
patient to mould-active antifungals, the cut-off ratio used, and
whether multiple consecutive positive tests were or were not
required for significance.47-80-81

In a meta-analysis of 27 studies in which GM EIA was used
to diagnose 1A, Pfeiffer et al®! found a pooled sensitivity and
specificity of 71% and 89%, respectively, for the diagnosis of
proven IA (see Table 4-10). The high NPV (98%) and low PPV
(26%) suggest that the GM assay is good for ruling out dis-
ease but is less useful for confirming the diagnosis of IA.6! The
test was found to be most useful in patients with hematologic
malignancy or who have undergone BMT than in solid organ
transplant recipients®! (see Table 4-10). Irrespective of the
GMI threshold employed, it is apparent that in approximately
two-thirds of patients with IA, circulating GM can be detected
at a mean of 8 days before diagnosis by another means.80
When performed in serial fashion, a gradual increase in GMI
in consecutive samples is a very strong indication of infection
and should be considered when interpreting the results. Like-
wise, the course of the antigen seems to correlate well with
outcome and could be important in monitoring therapeutic
response.3? False-positive GM assay results have been reported
in children,?* in patients receiving piperacillin-tazobactam33-87
and amoxicillin-clavulanate,®® in BAL fluid containing Plasma-
lyte®8 and possibly in patients consuming GM-rich foods.89

Studies of combining GM with other diagnostic modalities
such as computed tomography (CT) scans of the chest sug-
gest that this approach may be useful in establishing a likely
diagnosis of TA.45:48:57:89-91 Bugca et al’” demonstrated that
sequential (twice-weekly) GM detection combined with early
radiologic evaluation (chest CT) were useful tools to detect
minimal changes of TA and initiation of antifungal therapy.
Maertens et al*® assessed the feasibility of daily GM monitoring
and clinical evaluation coupled with high-resolution thoracic
CT and bronchoscopy with lavage in identifying patients who

69
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Table 4-10 Sensitivity and specificity of the galactomannan
(GM) assay for diagnosis of proven invasive aspergillosis?

%
No.
Patient group patients Sens  Spec
All studies® 4284 71 89
Hematologic malignancy 2960 70 92
Bone marrow transplant 903 82 86
recipients
Solid organ transplant 224 22 84
recipients
Positive GM cut-off value
0.5 352 27 79
1.0 1705 79 87
1.5 2227 68 92

aData compiled from Pfeiffer et al.8!
bA total of 27 studies.

should receive preemptive antimould antifungal therapy. No
undetected cases of IA were identified, although one case
of zygomycosis was missed. Pazos et al’? have shown that
using GM in combination with BG testing provided an increase
in specificity for the diagnosis of IA compared to either test
alone. Musher et al®® found that GM EIA and quantitative
PCR added to the sensitivity of BAL for diagnosing IA in high-
risk patients

Nucleic acid detection

At present, most of the research has been focused on the diag-
nosis of IC&747:64 and 1A;°2%4 however, PCR has also been
applied to the diagnosis of other IFL.”% It should be noted,
however, that despite a great deal of interest in molecular
approaches to the diagnosis of infections diseases, only 20% of
US clinical microbiology laboratories perform any molecular
tests for infectious diseases and the bulk of those laborato-
ries offer only molecular testing for sexually transmitted dis-
eases.”®?” Furthermore, molecular methods are used in only
5% of laboratories providing diagnostic services in medical
mycology.””

PCR-based methods for the diagnosis of IFI have been
applied to a variety of specimen types to include whole blood,
serum, tissue, BAL fluid, and CSF. Target sequences vary widely
but include genus- and species-specific variable regions as well
as highly conserved regions of the fungal genome.%’ Both sin-
gle (e.g., hsp90, lanosterol demethylase, chitin synthase, actin)
and multicopy (e.g., ribosomal, intergenic transcribed spacer
regions (ITS), mitochondrial) gene targets have been studied,
although molecular diagnostic methods targeting multicopy
genes generally have better sensitivity than those targeting sin-
gle copy genes” (Table 4-11). The use of multicopy ribosomal
(18S rRNA, 28S rRNA, 5.8S rRNA and ITS) targets offers the

potential for sensitive panfungal markers for detection of IFI,
followed by identification at the genus or species level .67

PCR amplicon detection methods vary widely but most
often employ capture probes in an ELISA format. More
recently, real-time PCR platforms have employed rapid target
amplification coupled with immediate fluorescent detection
of the amplicon and melting curve analysis to provide both
detection and identification of the fungal pathogen.47-98:%
Real-time PCR is both rapid and quantitative and has the
additional advantages of using a single-tube closed system to
limit contamination, a non-gel based target detection method,
and improved standardization via the availability of generic
kits and analyte-specific reagents (ASRs).1%0 Irrespective of the
technology used, most reports in the literature indicate that the
sensitivity of PCR-based diagnosis is equal to or better than
other currently used diagnostic techniques.t747

PCR-amplified Candida-specific DNA has been recov-
ered from blood and other body fluids obtained from infected
patients.®” Candida-specific targets include the lanosterol
demethylase gene (LIA1), the actin gene, a chitin synthase gene,
hsp90, and a secreted aspartyle proteinase (SAP) gene (see
Table 4-11). In addition to Candida-specific targets, numerous
investigators have targeted the multicopy broad-range panfun-
gal genes such as the 18S, 5.8S, and 28S ribosomal DNA genes
(rDNA), and the ITS regions within the rDNA gene cluster®”
(see Table 4-11). Using these approaches, detection of as few
as 2-10 cells per ml of blood has been reported, although most
assays do not approach this level of sensitivity in clinical samples.”
The true sensitivity of PCR-based methods for the diagnosis of
IC is unknown, but sensitivities of 48—100% have been reported
(see Table 4-11). Importantly, PCR-based tests for Candida (or
panfungal) DNA in blood are negative in most subjects with
gastrointestinal colonization with Candida species and the spe-
cificity of these tests is quite high®1:101 (see Table 4-11).

PCR has also been used successfully for early detection of
Aspergillus DNA in peripheral blood and in BAL fluid.?>%4:102
Sensitivities range from 64% to 100% in patients with proven/
probable TA (Table 4-12). Specificities also vary from 65% to
98-100% (see Table 4-12). False-positive results may be seen
when BAL fluid is tested, most likely due to the transient pres-
ence of conidia in the respiratory tract. The use of whole blood,
serum or plasma may be preferable to the use of respiratory tract
specimens, because contamination with conidia is much less
likely.192 The combination of GM antigen testing and either PCR
or nucleic acid sequence-based amplification (NASBA) using
serum or BAL fluid has proven to be useful in regular screening
for IA in patients with hematologic disorders.*5:8%92.93,104 The
combined use of PCR and GM assays increased the sensitivity
and negative predictive values of each individual test to 83.3%
and 97.6%, respectively, for the early diagnosis of IA in patients
with hematologic malignancies.”?3 Likewise, the combination
of GM and NASBA testing improved the sensitivity of diagnosis
to 100%.194 Despite promising reports, PCR for the diagnosis
of IFI has not been widely used in clinical settings.?¢-27:103,105
Aside from infection due to Candida, the relatively low num-
bers of patients suspected of having IFI effectively precludes the
establishment of a laboratory devoted solely to the molecular
diagnosis of IFL.105 Furthermore, it has not been demonstrated
convincingly that PCR can compensate for the limitations of
culture and histopathology in the rapid diagnosis of IFI and pro-
duce a definitive impact on IFI-related mortality.103:105
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Table 4-11 PCR for Candida spp. using genus/species-specific and panfungal targets?

Detection
Target gene method Sample No. patients Sens (%) Spec (%)

Genus/species-specific

Actin Probe Serum 43 79 100
Chitin synthase Probe Blood 50 93 100
LIA1 Southern Blood 80 71-100 95-97
LIA1 PCR-REA Blood 31 98 NA
SAP PCR-EIA Blood 124 100 100
Panfungal

18SrDNA Probe Blood 121 88-100 97
18SrDNA Southern Blood 200 48 100
18SrDNA Probe Blood 105 95 97
18SrDNA Probe Blood 97 100 97
18SrDNA Probe Blood 59 100 100
ITS Sequencing Blood 225 72 91
ITS Sequencing Blood 42 88 100

aData compiled from Chen et al,® and Yeo and Wong.”

Table 4-12 PCR for diagnosis of invasive aspergillosis

Detection %
Gene target method Sample No. patients Sens Spec
18SrDNA Gel Blood 140 100 89
18SrDNA Probe Blood 84 100 65
18SrDNA Probe Blood 92 100 73
18SrDNA Nested-PCR BAL 67 100 93
18SrDNA Nested-PCR Blood 218 92 81
18SrDNA Probe Blood 122 79 92
18SrDNA Nested-PCR Blood 165 64 64
18SrDNA Molecular beacon BAL 99 67 100
Mitochondrial PCR-ELISA Serum 201 64 90
18SrDNA Probe Plasma 96 64 87
18SrDNA PCR-ELISA Blood 121 75 96
28SrDNA Probe Blood 203 92 95

Data compiled from refs 6, 7, 75, 89, 92-95, 102, 104.
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Table 4-13 Antifungal susceptibility testing: interpretive breakpoints using CLSI methods??

Interpretive breakpoints (pg/ml)

Antifungal agent S SDD/I R
Fluconazole <8 16-32 >64
Itraconazole <0.12 0.25-0.5 >1
Flucytosine <4 8-16d >32
Voriconazole <1 2 >4
Anidulafungin <2 NA NA
Caspofungin <2 NA NA
Micafungin <2 NA NA
Posaconazole NA NA NA
Amphotericin B <1 >1

aPertains to Candida spp. only.

Comments

Follows 90-60 Rule of clinical response (105);¢
90.6% of 13,338 isolates <8 ug/ml (111)

Follows 90-60 Rule of clinical response; 96%
of 7299 isolates <1 pg/ml (113)

Follows 90-60 Rule of clinical response; 95% of 803
isolates <4 pg/ml (113)

Follows 90-60 Rule of clinical response; 98%
of 13,338 isolates <1 pg/ml (112)

99% of 2235 isolates <2 pg/ml (113)
99% of 2656 isolates <2 pg/ml (113)
100% of 2656 isolates <2 pg/ml (113)
98% of 2171 isolates <1 pug/ml (114)

Use Etest

bAbbreviations: S, susceptible; SDD, susceptible dose dependent; |, intermediate; R, resistant, NA, not available.
€90-60 Rule: infections due to susceptible isolates respond to appropriate therapy 90% of the time whereas infections due to resistant isolates (or infections

treated with inappropriate antimicrobials) respond 60% of the time.
dMICs of 8-16 pg/ml for flucytosine are considered intermediate not SDD.

Antifungal susceptibility testing

The Clinical and Laboratory Standards Institute (CLSI) Subcom-
mittee for Antifungal Testing has developed standardized broth
microdilution (BMD)106:107 and disk diffusion methods!8 for in
vitro susceptibility testing of yeasts and moulds. These methods
are reproducible and accurate, and provide clinically useful infor-
mation that is comparable to that of antibacterial testing.109-110
Interpretive breakpoints for seven systemically active anti-
fungal agents (fluconazole, itraconazole, voriconazole, flucy-
tosine (SFC), anidulafungin, caspofungin, and micafungin)
have been developed by considering data relating the mini-
mum inhibitory concentrations (MICs) to known resistance
mechanisms, MIC distribution profiles, pharmacokinetic (PK)
and pharmacodynamic (PD) parameters, and the relationship
between in vitro activity (MIC or zone diameter) and clinical
outcome!0%111L112 (Table 4-13). Although interpretive break-
points have not been established for posaconazole, the CLSI
Subcommittee has come to a consensus on standardized meth-
ods for this agent, and it is expected that interpretive break-
points will be established in the near future.!13.114
Establishing a clinical correlation between in vitro
susceptibility tests and clinical outcome has been difficult
(Table 4-14). Antifungal susceptibility testing can be said to
predict the outcome of treatment consistent with the “90-60
Rule.” 109111112 According to this rule, infections due to sus-
ceptible isolates respond to therapy ~90% of the time, whereas
infections due to resistant isolates respond to therapy ~60%
of the time (see Table 4-14). Thus, low MICs are not entirely

predictive of clinical success, and high MICs help to predict
which patients are less likely to have a favorable response to
a given antifungal agent. The 90-60 Rule reflects the fact that
the in vitro susceptibility of an infecting organism to the anti-
fungal agent is only one of several factors that may influence
the likely success of therapy for an infection.!93:19% Despite con-
siderable progress, it remains to be seen how useful antifungal
susceptibility testing will be in guiding therapeutic decision
making. Guidelines for the use of laboratory studies, including
antifungal susceptibility testing, have been developed'%® (Table
4-15). Future efforts will be directed toward further validation
of interpretive breakpoints for established antifungal agents
and developing them for newly introduced systemically active
agents.

Conclusion

The infectious fungi now constitute one of the most important
threats to the survival of immunocompromised hosts. There is
little doubt that in addition to C. albicans and A. fumigatus,
avast array of fungi, previously considered to be non-pathogenic,
may serve as significant human pathogens. Recognition of these
emerging fungal pathogens has resulted in a better understand-
ing of their clinical presentation and response to the available
therapeutic measures. Conventional laboratory-based methods
for diagnosis of fungal infection remain useful but are often
slow and lack sensitivity. Clearly, there is a need for improved
diagnosis and management of these difficult infections.



CONCLUSION

Table 4-14 Correlations of susceptibility testing with outcome for candidal and bacterial infectionsab«<

Cases with successful outcome %
(no. cases/total) by susceptibility classd

Organism

group No. studies No. patients S R P value
Candida® 12 1295 85 (841/993) 42 (72/172) <0.001
Bacteriaf 12 5447 89 (4521/5081) 59 (215/366) <0.001

aAdapted from Rex and Pfaller'%® and Pfaller et al.!"

bAntifungal testing performed according to CLSI M27-A2.

Susceptibility to antibacterial agents determined by MIC, zone diameter, AUC/MIC ratio or peak/MIC ratio.
dOutcome measurement varied from clinical and/or microbiologic response to therapy.

eIncludes mucosal, fungemia, meningitis, and disseminated infections treated with fluconazole.

fincludes bacteremia, otitis, and severe infections treated with various agents including cephalosporins, B-lactamase inhibitor combinations,

aminoglycosides, and fluoroquinolones.

Table 4-15 Recommendations for studies of fungal isolates in the clinical laboratory?

Clinical setting

Routine

Oropharyngeal candidiasis

Invasive disease with clinical failure of initial therapy

Infection with species with high rates of intrinsic
or acquired resistance

New treatment options (e.g., caspofungin,
voriconazole) or unusual organisms

Patients who respond to therapy despite being
infected with an isolate later found to be resistant

Mould infections

Recommendation

Species-level identification of all Candida isolates from deep sites
Genus-level identification of moulds (species level preferred for
Aspergillus)

Routine antifungal testing of fluconazole and flucytosine against
Candida isolated from blood and normally sterile body fluids and tissue

Determination of susceptibility to fluconazole and itraconazole may be
helpful but not routinely necessary

Susceptibility testing may be useful for patients unresponsive to azole
therapy

Consider susceptibility testing as an adjunct:

- Candida species and amphotericin B, fluconazole, voriconazole
or echinocandins

- C. neoformans and fluconazole, flucytosine, or amphotericin B

- H. capsulatum and fluconazole

Consultation with an experienced microbiologist recommended

Susceptibility testing not necessary when intrinsic resistance is known
(e.g., C. krusei vs fluconazole; A. terreus vs amphotericin B)

Select therapy based on literature

When high rates of acquired resistance (e.g., C. glabrata and fluconazole)
monitor closely for signs of failure and perform susceptibility testing

Role of susceptibility testing to be determined
Select therapy based on published consensus guidelines and review
of survey data on the organism-drug combination in question

Best approach not clear

Take into account severity of infection, patient immune status,
consequences of recurrence of infection, etc.

Consider alternative therapy for infections with isolates that appear
to be highly resistant to therapy selected

Susceptibility testing not recommended as a routine
Interpretive criteria have not been established

(Continued)
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Table 4-15 Recommendations for studies of fungal isolates in the clinical laboratory—cont'd

Clinical setting

Selection of susceptibility testing method

Recommendation

Standardized methods

CLSI broth-based methods:

- Yeasts; M27-A2

- Moulds; M38-A

Commercial BMD and automated methods:

- YeastOne Colorimetric

- VITEK 2 Yeast Susceptibility Test

Agar-based methods:

- Etest, numerous agents, yeasts and moulds

- Disk (fluconazole, voriconazole), CLSI M44-A method for yeasts

aAdapted from Rex and Pfaller.'%?
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CHAPTER §

Histopathology of fungal infections

Vicki J. Schnadig, Gail L. Woods

Introduction

Both hematoxylin and eosin (H&E)!? and Papanicolaou are
excellent colorants for identification of fungi in tissue. In one
study, autofluorescence was most valuable for identification of
Coccidioides immitis, Candida species, and Aspergillus species,
whereas neither Histoplasma capsulatum nor the zygomycetes
were autofluorescent.? Special stains®*> allow for the detection
of virtually all fungi; PAS is often used for fungus diagnosis,
PAS with hematoxylin counterstain (PAS-H) is an excellent
alternative because it accentuates the fungal organisms and the
inflammatory response, whereas GMS provides the best con-
trast. Stains that have been substituted for GMS or PAS are
Gridley’s stain and fluorescent techniques such as Calcofluor
white, Congo red, Uvitex 2B, and perhaps Tinopal CBS-X.6-!1
Two techniques are relatively specific for Cryptococcus neofor-
mans:! those that stain acid mucopolysaccharides (e.g., Mayer’s
mucicarmine, Alcian blue, and colloidal iron), and the Fontana-
Masson stain.'? The Fontana-Masson stain is useful for differen-
tiation of capsule-deficient C. neoformans from H. capsulatum
and Blastomyces dermatitidis.'>'* The Gram-Weigert stain!5-16
is an excellent stain for Gram-positive bacteria like actinomyc-
etes, and Pneumocystis cysts, Candida spp. and Histoplasma.
Figures 5-1 and 5-2 provide comparative illustrations of some
of the more commonly encountered fungal pathogens. Figure
5-3 illustrates several special stains for diagnosis of fungal dis-
ease. The type of tissue response to fungi depends on the host’s
immune status and the manner in which the fungus interacts
with the host. Simply summarized below are the § main his-
topathologic types of host response to fungi.

1. Non-invasive colonization of a preexisting cavity. Non-
invasive fungal colonization of a cavity is referred to as
a fungus ball. Acute and chronic inflammation may be
seen within the cavity wall and occasionally superficial
mucosal erosion can occur; there is no fungal invasion
into adjacent tissue. Common sites for fungus balls are
the paranasal sinuses and old pulmonary cavities such as
those seen in chronic tuberculosis (Fig. 5-4).

2. Allergic mucin-producing, non-invasive fungal disease.
These represent allergic hypersensitivity reactions associ-
ated with elevated IgE levels, fungus-specific precipitins
and production of allergic mucin (AM). AM is composed
of a mixture of mucin, cellular debris, eosinophils and

Charcot-Leyden crystals and may be found in fungal and
non-fungal allergic disease, including asthma (Fig. 5-5).17
Predominantly  neutrophilic  inflammatory response.
Patients with mild neutrophilic impairment may develop
localized infections, and severely neutropenic patients are
at risk for disseminated infection. Invasive infections are
characterized by neutrophilic exudate and necrosis with
liquefaction. Coagulative necrosis, without an associated
inflammatory response, is seen in severely neutropenic
patients. Fungal vascular invasion is typically found in
severe infections (Fig. 5-6).

Granulomata versus diffuse macrophage infiltration. In
patients with localized granuloma formation, extensive
necrotizing granuloma formation and diffuse macrophage
infiltration, the following may occur: small localized granu-
lomata; extensive granuloma formation often with caseation,
cavitation and fibrosis; or marked macrophage response
without epithelioid transformation. Macrophages appear
virtually engorged with intracytoplasmic organisms. The lat-
ter is found in AIDS and other severely T cell immunosup-
pressive conditions and should not be called granulomatous.
Neutrophils are not typically seen in histologic or cytologic
material from these types of infections unless there is bacte-
rial superinfection or extensive necrosis. Figure 5-7 demon-
strates two contrasting reactions to H. capsulatum. The first
is a caseating granuloma in a person who developed a soli-
tary lung nodule (Fig. 5-7A, B). The second is a liver section
and a bronchoalveolar lavage sample (Fig. 5-7C, D).

Mixed granulomatous and purulent inflammation. The
host response is a mixture of epithelioid macrophages
and neutrophils. In localized, controlled infections, the
granulomatous reaction dominates and organisms are
very scant. In more fulminant infections, one sees a pre-
dominance of neutrophils, and organisms are readily seen.
In advanced AIDS, the granulomatous response is essen-
tially absent, and one sees abundant organisms, variable
numbers of neutrophils, and extensive necrosis. Most
dimorphic fungi will produce this spectrum of disease.
Mixed purulent and granulomatous inflammation is seen
in infections with Sporothrix schenckii and dematiaceous
fungal infections. Figure 5-8A, taken from the resection
of a solitary pulmonary nodule, illustrates localized blas-
tomycosis. Figure 5-8B is lung tissue from a fatal case of
fulminant pulmonary blastomycosis.
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INTRODUCTION

Figure 5-1 (see opposite page) (A) Histoplasma capsulatum in lung. Yeasts are small and intracellular, with clear narrow halos. (B) Cryptococcus neofor-
mans in brain. Yeasts are round, variable in size, appearing clear to pale blue, surrounded by clear spaces. Note the refractile granule (arrow) within
one yeast cell. (C) Candida albicans, rectum. Yeasts are small, slightly larger than Histoplasma. Both blastoconidia and pseudohyphae are present. (D)
Blastomyces dermatitidis in lung. Yeasts are oval with thick double-contoured cell walls and broad-based budding. (E) Coccidioides immitis in lung.
Large, round spherule with refractile, double-contoured wall and small endospores. (F) Paracoccidioides brasiliensis in lung. Yeasts are round, variable
in size, with double-contoured cell walls (H&E).

Figure 5-2 (A) Aspergillus sp. in lung. Septate and dichotomous branching hyphae. (B) Zygomycete in soft tissue of paranasal sinuses. Dense
eosinophilic staining, broad hyphae, with irregular branching. (C) Fusarium sp. in subcutaneous tissue. Irregularly swollen hyphae. (D) Dematiaceous
fungus, cerebral phaeohyphomycosis. Although the fungus cannot be identified, its dematiaceous nature can be determined on the basis of the
brown-staining hyphal wall (H&E).
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Figure 5-3 (A-C) Candida albicans in tissue stained by Gram (Brown-Hopps), periodic acid-Schiff/ hematoxylin (PAS-H), and Grocott methenamine
silver (GMS) methods, respectively. (A) Dark blue, dense staining of yeasts and pseudohyphae. (B) Yeasts and pseudohyphae stain pink. The hematoxylin
counterstain allows one to see the polymorphonuclear cell reaction (C) Yeasts and pseudohyphae stain dense black. The fungi appear larger owing

to precipitation of silver around the fungal cell wall. (D) Cryptococcus neoformans stained by Mayer's mucicarmine. Bright red staining of cell wall with
fainter staining of capsule. (E) Cryptococcus neoformans in Fontana-Masson melanin stain. Yeasts stained dense black. (F) Pneumocystis jiroveci in lung
stained by Gram-Weigert method. Cyst walls are colored bright blue against a red background. Dark blue dots represent thickenings in cyst wall.

Figure 5-4 Non-invasive fungus ball. (A) Hyphae are seen within paranasal sinus cavity. Some chronic inflammation without fungal invasion is seen
within the sinus wall (H&E). (B) Hyphae within the sinus lumen. (H&E). Insert: Cytologic preparation of aspiration of sinus fungus ball (GMS).



Yeast infections

Candida spp.

In superficial candidiasis, yeasts and pseudohyphae are typi-
cally localized to the superficial squamous epithelium and
often are not seen in biopsy samples owing to loss of exudate
during processing. Lymphoplasmacytic inflammation and vas-
cular congestion may be seen in the underlying submucosa
and neutrophils within the epithelium.!8-20 In vaginal candi-
diasis, yeasts and pseudohyphae are entangled with clumps of
squamous epithelial cells and variable numbers of neutrophils.
The fungi sometimes appear to transfix stacks of squamous
cells forming structures commonly known as “shish kebabs”?!

a¥, :Q I‘"‘iﬂ .
Figure 5-5 Mucoid impaction associated with fungi. Mucin, eosinophils
and Charcot-Leyden crystals (H&E). Hyphae are in insert (GMS).
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YEAST INFECTIONS

(Fig. 5-9). In the oropharynx, esophagus, and gastrointestinal
tract, Candida colonization (Fig. 5-10A) is typically limited to
the superficial portions of the epithelium. In more severe cases,
often markedly neutropenic patients, extensive candidiasis
of the gastrointestinal tract may occur with invasion into the
submucosa or muscularis. In invasive candidiasis of the diges-
tive tract, mucosal ulceration and extensive pseudomembrane
formation are common (Fig. 5-10B, C). Pseudomembranes
consist of necrotic cellular debris, fibrin and varying numbers
of neutrophils. Within the pseudomembrane and underlying
mucosa are numerous fungal elements (Fig. 5-10D), consisting
predominantly of pseudohyphae with some budding yeasts,
2—6 um in diameter, and occasionally septate hyphae. Submu-
cosal vascular invasion is common and can result in hematog-
enous dissemination (Fig. 5-11).

Neutrophilic reaction and necrosis are typical in patients
who can muster a granulocytic reaction (see Fig. 5-6A). In
the severely neutropenic patient, coagulative necrosis, hem-
orrhage and marked vascular invasion without neutrophils
is typical, and intravascular thrombi may be found. Radi-
ating growth of hyphae may also be seen?? but granuloma
formation is uncommon.!8 Caseating granulomata have been
described in patients with previously treated hepatosplenic
candidiasis.??

Candida is usually visible in H&E stained slides (see Fig.
5-1C), Gram, PAS and GMS stains in tissue (see Fig. 5-3A-C).
The presence of oval, budding yeast, pseudohyphae, and true
hyphae is characteristic of Candida species. The main differ-
ential for Candida in tissue is Trichosporon, a less common
opportunistic fungus that is larger and forms arthroconidia.
Candida can be confused with H. capsulatum and Pneumo-
cystis jiroveci cysts (Fig. 5-12). Histoplasma is intracellular.
Pneumocystis cysts are slightly larger and more spherical with
frequent collapsed forms; additionally, they lack budding.
Cryptococcus is much more variable in size and more globose
than Candida.

Figure 5-6 (A) Invasive candidiasis in a patient with liver failure. Neutrophilic exudate and extravasated erythrocytes are admixed with pseudohyphae
and blastoconidia (Movat stain). (B) Invasive aspergillosis in a severely neutropenic patient. Vascular thrombosis and marked and extensive coagulat-
ive necrosis with absence of neutrophilic response (H&E).
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Figure 5-7 Granuloma formation versus diffuse macrophage reaction in histoplasmosis. (A) Lung shows presence of well-formed, circumscribed
granuloma, and central necrosis (H&E). (B) In the wall of the granuloma are epithelioid macrophages, giant cells and fibroblasts (H&E). (C) Section
of liver showing massive enlargement of Kupffer cells that are filled with yeasts. Granulomata are absent (H&E). (D) Bronchoalveolar lavage from
AIDS patient containing alveolar macrophages engorged with yeasts (Romanowski stain).
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Figure 5-8 (A) Localized blastomycosis. Granulomatous lesion containing epithelioid macrophages and giant cells surrounded by a rim of
lymphocytes and plasma cells. One macrophage contains yeast (arrow) (PAS-H). (B) Fulminant blastomycosis. Alveolae are filled with neutrophils
and abundant yeasts. Epithelioid macrophages are sparse (PAS-H).
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Figure 5-9 Candida vaginitis in a liquid-based Papanicolaou test.

Figure 5-11 Candida albicans proctitis with presence of vascular
Pseudohyphae transfix squamous epithelial cells (Papanicolaou stain).

invasion, intravascular fibrin and hemorrhage. Note predominance of
pseudohyphae (H&E).
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Figure 5-10 (A) Endoscopic view of Candida esophagitis showing circumscribed, white mucosal plaques (photograph courtesy of Dr Manoop
Bhutani). (B) Severe pseudomembranous, ulcerative esophagitis in a markedly neutropenic patient. Esophageal mucosa covered by a greenish
exudate (reproduced from Archives of Pathology and Laboratory Medicine). (C) Esophagus seen in (B). The esophageal epithelium has been replaced

by a dense, bluish-colored pseudomembrane (H&E). There is superficial invasion of the submucosa by fungi in insert (H&E). (D) Pseudomembrane
consists of fungi, fibrin and some erythrocytes (H&E).
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Cryptococcus neoformans

The host reaction to Cryptococcus varies with the immune
status of the individual and the amount of cryptococcal cap-
sule.2*26 In chronic, localized infections, well-formed granu-
lomata are typical. In contrast, in disseminated infection there
is minimal inflammation, although scattered macrophages
usually are present. Neutrophils may respond to cryptococcal
infection; however, they are rarely seen in histologic sections in
either form of cyptococcosis.2425:27:28 Presence of neutrophils
in association with cryptococcosis may suggest bacterial
superinfection or a response to massive necrosis. Neutrophilic
response has been reported in sections from a case of infection
with a capsule-deficient stain of Cryptococcus.26

In chronic granulomatous cryptococcosis, granulomata
may be found in the lung, brain and meninges (Fig. 5-13),
clinically mimicking neoplasia. In cytologic preparations from
patients with localized or limited granulomatous disease,

macrophages often appear laden with circular structures that
can be mistaken for either red blood cells or lipid. Their cir-
cular shape, variation in size, and capsules distinguish Cryp-
tococcus from erythrocytes and other pathogenic fungi (Fig.
5-14). Centrally located refractile, granules help differentiate
Cryptococcus from lipid vacuoles (see Fig. 5-1B).

In severely T cell immunocompromised patients, granu-
lomata are not formed. Yeast may continue to proliferate,
resulting in an abundance of intracellular and extracellular
growth that displaces normal tissue. This massive proliferation
of encapsulated yeast and paucity of reactive mononuclear
inflammatory cells creates multiple, yeast-filled lacunae in the
infected tissue known as ‘soap bubble lesions’ (Fig. 5-15). In
some severely T cell immunocompromised patients, there is
widespread vascular dissemination of the fungus.2’

Pulmonary cryptococcosis in AIDS patients, or otherwise
severely T cellimmunosuppressed patients, may manifest as either
massive alveolar and interstitial or predominantly interstitial

Figure 5-12 (A) Candida spp. (B) Histoplasma capsulatum. (C) Cryptococcus neoformans. (D) Pneumocystis jiroveci cysts (GMS).



(intracapillary) infiltrates. Intraalveolar cryptococcosis may be
associated with either an abundant macrophage reaction or
little to no inflammatory response with marked expansion of
alveoli by proliferating organisms.2’3° A predominantly int-
racapillary and interstitial distribution of organisms may occur
and be associated with widespread hematogenous dissemina-
tion (Fig. 5-16). Ulcerative or nodular skin lesion skin lesions
(Fig. 5-17) may occur.

In tissue, C. neoformans appears as clear to pale blue,
thin-walled, round to slightly oval yeast-like cells, often with
a narrow, tube-like structure connecting the blastoconidia.
Yeast cells vary in size from 2 to 20 pm in diameter, but most
are 4-10 pm. Cryptococci may be difficult to visualize in an
H&E-stained preparation (see Figs 5-13, 5-15). In H&E and
GMS-stained sections, yeasts are typically surrounded by wide,

YEAST INFECTIONS

unstained mucinous capsules (see Fig. 5-12C). When there is
massive yeast proliferation as in severely immunocompro-
mised patients, pseudohyphae may be seen in tissue or cyto-
logic preparations (Fig. 5-18A).

Mucicarmine stain colors the mucopolysaccharide of the
cryptococcal cell wall and capsule (Fig. 5-18B). The cell walls
of B. dermatitidis and Rhinosporidium seeberi are often weakly
mucicarmine positive; however, their morphology is quite dis-
tinct from that of Cryptococcus. Capsule-deficient forms of
C. neoformans, usually seen in immunocompetent hosts, may
be difficult to find. Fontana-Masson staining is useful for find-
ing capsule-deficient strains.!3 Melanin stain positivity (see Fig.
5-3E) permits one to differentiate C. neoformans from most
other pathogenic yeasts. Exceptions are Trichosporon beigelii,
which are also melanin positive.

Figure 5-13 Well-formed cryptococcal granuloma that mimicked
neoplasia in brain tissue. Nodular formation of epithelioid macrophages
surrounded by a rim of fibroblasts, blood vessels and lymphocytes. Yeasts
surrounded by clear non-staining capsules (H&E). Yeasts in insert (H&E).

Figure 5-15 Autopsy brain section from AIDS patient with cryptococ-
cal meningoencephalitis. The yeast has expanded the brain tissue with
minimal mononuclear cell response (H&E).

b g

Figure 5-14 Fine needle aspirate of lung with pulmonary nodules. (A,B) Views showing aggregates of vacuolated macrophages containing spherical
structures that could be confused with red blood cells (Papanicolaou). Insert shows abundant intracellular yeasts (GMS).
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Figure 5-16 Intracapillary and intraalveolar patterns of pulmonary cryptococcosis. (A) Marked intracapillary infiltration of yeast with relatively few
intraalveolar organisms (Mayer’s mucicarmine). (B) Intraalveolar spread in a transplant patient. Expansion of alveolar spaces and destruction of alveolar

walls (Mayer's mucicarmine).

Figure 5-17 (A) Ulcerative skin lesion of cryptococcosis. Marked infiltration, and expansion of dermal soft tissue with no significant inflammatory
response (H&E). (B) Pale blue yeasts are seen with absence of inflammatory reaction (H&E).

Infections caused by dimorphic fungi

Histoplasma capsulatum

Cell-mediated immunity is important in defense against and
intracellular killing of H. capsulatum.’' The spectrum of his-
topathologic findings ranges from localized granuloma for-
mation to massive aggregates of non-activated macrophages
containing myriad yeast forms with absence of granuloma for-
mation.’? The latter is a common histologic finding in AIDS
patients whose macrophages permit intracellular replication
of H. capsulatum.3 Neutrophils are rarely seen in histologic
or cytologic preparations from histoplasmosis unless there is
massive necrosis or bacterial superinfection.

Early pulmonary lesions are characterized by aggregates of
histiocytes within alveolar spaces. Expansion of these lesions

causes parenchymal necrosis, followed by granuloma forma-
tion. During the acute stage, lymphohematogenous dissemi-
nation is common, even in asymptomatic, immunocompetent
individuals.32 Residua of this event are multiple, small granulo-
mata that are incidental findings during radiologic evaluation
or autopsy. These lesions, which are often calcified, are com-
monly located in the pleura and spleen and are frequently the
only indication of disseminated H. capsulatum. Although the
lumina of these tiny granulomata are often completely replaced
by hyalinized fibrous tissue, occasionally there is residual
caseous necrosis in which yeasts can be seen. In some cases,
massive pulmonary hilar and mediastinal lymph node calcifica-
tion may occur and lead to lymph node erosion and broncho-
lithiasis.** If organisms are found, they are often swollen and
irregular in shape. Budding forms are often not identified, pre-
sumably owing to non-viability of these organisms (Fig. 5-19).
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Figure 5-18 (A) Cytologic preparation of sputum from AIDS patient with disseminated cryptococcosis. Pseudohyphae with centrally located refractile
granules (Papanicolaou). (B) Brain with cryptococcal meningoencephalitis. Yeast cells are connected by a narrow, tubular structure (arrow) (Mayer’s

mucicarmine).

Figure 5-19 Subpleural granuloma containing yeasts consistent with
H. capsulatum. (A) A partially hyalinized granuloma surrounded by a
narrow rim of fibrous tissue and mononuclear cells with residual central
caseation (H&E). (B) Distorted, swollen, small yeasts are seen near the
center of the granuloma (GMS).
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Figure 5-20 Mediastinal biopsy of sclerosing mediastinitis resulting in
superior vena cava syndrome. Dense fibrosis admixed with macrophages
and lymphocytes. Neither caseating granulomata nor organisms were
found (H&E). Insert: macrophages, fibrosis and capillary blood vessels (H&E).

In mildly immune compromised individuals, a chronic necro-
tizing form of the disease resembling fibrocaseous tuberculosis
may be found. Fibrosis, granuloma formation with caseous
necrosis and hilar lymphadenopathy are typical. Compared
to tuberculosis, chronic histoplasmosis tends to cause more
enlargement and heavier calcification of hilar lymph nodes with
presence of laminated layers of fibrosis. Ossification within the
calcified regions has been described.’* An unusual complica-
tion of H. capsulatum infection is fibrosing mediastinitis, an
immunologically mediated disease believed to be related to
an aggressive hypersensitivity reaction to the organism. This
is characterized by excessive fibrous tissue deposition around
granulomata within the mediastinum (Fig. 5-20). Fibrosis and
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Figure 5-21 Bronchoalveolar lavages from AIDS patients with histoplasmosis and Pneumocystis, respectively. (A) Histoplasmosis. An alveolar
macrophage with small, oval yeast cells having clear halos representing a cytoplasmic contraction artifact (Giemsa). (B) Pneumocystosis. Aggregates
of extracellular organisms having magenta/purple-colored dot-like nuclei and bluish cytoplasm. Cysts appear as non-staining, clear circles.
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Figure 5-22 Pulmonary histoplasmosis in an AIDS patient. (A) Small, intracellular, refractile bodies are seen within the interstitium and alveolar
capillaries (H&E). (B) Silver stain reveals abundant yeast (GMS).

lymphoplasmacytic infiltration are common. Occasionally,
residual granulomata, caseation and, rarely, stainable organ-
isms are found.33-37

In severely T cell immunocompromised persons, particu-
larly those with AIDS, infection with H. capsulatum can pro-
duce a fulminant infection, predominantly involving lungs and
organs rich in mononuclear phagocytes. In these cases, there
is marked proliferation of organisms within non-activated
macrophages without granuloma formation. Yeast cells in dis-
seminated histoplasmosis are most commonly found within
macrophages. Exceptions are cases in which there is massive
tissue necrosis. In this instance, extracellular yeast forms may
be seen in abundance. In AIDS, histoplasmosis commonly
presents with diffuse interstitial or reticulonodular pulmonary
infiltrates.’® In diagnostic bronchoalveolar lavage samples,
Histoplasma yeast forms can be distinguished from P. jiroveci

on the basis of their intracellular location, their smaller size,
oval shape, and the presence of budding (see Figs 5-7, 5-12).
Romanowski stains are excellent colorants for distinguishing
between H. capsulatum and Pneumocystis in cytologic prepa-
rations (Fig. 5-21A). Only the intracystic and extracystic bod-
ies of Pneumocystis are stained by the Romanowski technique.
The cyst wall appears as a clear circle enclosing up to eight
intracystic forms (Fig. 5-21B).

Disseminated histoplasmosis is characterized by aggre-
gates of non-transformed macrophages. Myriad yeasts are
found within mononuclear phagocyte system cells, including
pulmonary alveolar macrophages, hepatic Kupffer cells and
in lymph nodal, splenic and bone marrow macrophages (see
Fig. 5-7C, D). In the lungs, intracellular yeast may be found
within the interstitium, alveolar capillaries and the alveolar
lumina (Fig. 5-22). Massive adrenal necrosis with subsequent
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Figure 5-23 Histoplasma endocarditis, aortic valve vegetation. (A) Aggregates of blue (arrow) indicating focus of abundant yeasts against a red-
staining, amorphous background (H&E). (B) Yeasts surrounded by narrow, clear halos are entrapped in fibrin. Absence of significant inflammatory cell

reaction (H&E).
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Figure 5-24 Comparative features of H. capsulatum var. duboisii and H. capsulatum var. capsulatum in GMS. (A) var. duboisii. Yeasts are larger with
thicker cell walls, and pseudohyphae (GMS). (B) var. capsulatum. Smaller oval yeasts (GMS).

Addison disease secondary to Histoplasma adrenal vasculitis is
not uncommon in disseminated infections.32

Histoplasma endocarditis is an exception to the rule that
disseminated histoplasmosis is characterized by an infiltrate
of macrophages with intracellular yeast forms.32-3% In this dis-
ease, abundant fungal organisms are enmeshed within a non-
destructive, fibrinous exudate. Calcifications may be found;
however, neither mononuclear inflammatory cells nor necrosis
is common (Fig. 5-23). There has been at least one case report
of endocarditis caused by H. capsulatum in which sections
of the vegetation showed bizarre, giant yeast-like forms and
pseudohyphae.*0

The histologic appearance of yeast cells of H. capsulatum
var. capsulatum can be confused with Penicillium marneffei.
P. marneffei reproduces by fission, forming a single trans-
verse septum. Yeast cells of H. capsulatum also may be con-
fused with intracellular amastigotes of Leishmania spp. and
Trypanosoma cruzi; however, these protozoans have small,
bar-shaped kinetoplasts that are visible in H&E-stained sec-
tions, but are best seen in sections stained by a reticulum or
Romanowski method. Immunohistochemistry also may be
useful, particularly for identification of P. jiroveci.

H. capsulatum var. duboisii is 815 pm in diameter, consid-
erably larger than H. capsulatum var. capsulatum (Fig. 5-24).
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Figure 5-25 Cutaneous blastomycosis. (A) Pseudoepitheliomatous hyperplasia, some hyperkeratosis and a prominent dermal inflammatory infiltrate.
An epidermal microabscess is seen (H&E). (B) Dermal infiltrate is a mixture of neutrophils and macrophages. A single yeast (arrow) (H&E).

This fungus generally elicits a granulomatous inflammatory
response, commonly associated with numerous giant cells
that may contain abundant phagocytized yeasts. Occasionally,
caseation and a mild neutrophilic reaction may occur.224! The
most common manifestation of H. capsulatum var. duboisii
infection is subcutaneous nodules; however, pulmonary and
disseminated infections occur. Yeast cells of H. capsulatum
var. duboisii are globose to oval, uninucleate, thick cell walled,
and bud by a narrow base. History of residence in, or travel to,
endemic regions of Africa should suggest this pathogen in the
proper clinical setting.

Coccidioides immitis, blastomyces
dermatitidis and paracoccidioides brasiliensis

In disseminated infections, secondary cutaneous lesions are
common with C. immitis and P. brasiliensis, and secondary
mucous membrane lesions also may occur. The histopatho-
logic spectrum of these organisms ranges from predominance
of epithelioid macrophages with localized disease to presence
of myriad organisms, marked necrosis, variable numbers of
neutrophils and absence of granuloma formation. The latter
form is typically found in AIDS patients.*>*** In immunocom-
petent persons, asymptomatic or isolated pulmonary lesions
are common. All three of these fungal pathogens can readily be
seen in H&E-stained tissue sections (see Fig. 5-1). Secondary
cutaneous infections with these fungi show marked pseudoepi-
theliomatous hyperplasia. The dermis, however, contains an
inflammatory infiltrate composed of epithelioid macrophages,
giant cells and microabscesses. Neutrophilic microabscesses
may also be found within the epidermis. This telltale combi-
nation of inflammatory cells is a signal to look for dimorphic
fungi (Fig. 5-25).

Coccidioides immitis

Inhaled arthroconidia enlarge and round up to form thick-
walled, immature spherules that measure 5-30 pm in diameter
in the lungs. As they reach maturity, spherules endosporulate by
cleavage, forming endospores.*! Mature spherules typically are
30-100 pm in diameter filled with 2—5 pm diameter, uninucleate
endospores that contain punctate, PAS- and GMS-positive

cytoplasmic inclusions. When the spherule ruptures, thin-
walled endospores are released into the surrounding tissue.
Neutrophilic inflammatory reaction is typically seen predomi-
nantly around newly released endospores. Maturing spherules
and old, empty spherules are often phagocytized by epithelioid
and giant cell macrophages (Fig. 5-26).

In heavy infections, as in AIDS, typically there is marked
necrosis without granulomata, and mature and immature
spherules. Immature spherules and recently released endospores
can be mistaken for other fungi (Figs 5-27, 5-28). In contrast,
spherules are sparse in older, fibrocaseous lesions, and often
do not have the classic morphology. Marked peripheral blood
eosinophilia and prominent eosinophil infiltration of tissue
may accompany disseminated coccidioidomycosis.*>#¢ Abun-
dant eosinophils should suggest the possibility of C. immitis
infection (Fig. 5-29).

Blastomyces dermatitidis

Comparative histologic features of B. dermatitidis, C. immitis
and P. brasiliensis are illustrated in Figures 5-1D-F. Figure 5-8A
is a localized granulomatous lesion that was misdiagnosed as a
neoplasm. The inflammatory infiltrate consists predominantly
of epithelioid macrophages with few neutrophils. B. dermati-
tidis was scanty, and best visualized with PAS-H. Figure 5-8B
shows a fulminant bronchopneumonia caused by B. dermati-
tidis. Note the relative paucity of macrophages, abundance of
neutrophils and many yeast cells of B. dermatitidis. Multinu-
cleation is typical of B. dermatitidis but this feature may not
be obvious. Multinucleation appears as tiny, hematoxyphilic
dots (Fig. 5-30A) that are highlighted with PAS-H stain (Fig.
5-30B). Although the width of the bud attachment (broad-
based) is the most useful diagnostic criterion for diagnosis of
B. dermatitidis,*! budding is not always present.

In tissue, yeast cells of B. dermatitidis are most likely to
be confused with immature spherules of C. immitis or with
P. brasiliensis. Capsule-deficient forms of C. neoformans can
be differentiated on the basis of melanin staining. Atypical
forms of B. dermatitidis infrequently encountered in tissue
include yeast-like microforms measuring 2—4 um in diameter,
which may be confused with H. capsulatum, and hyphal or
filamentous forms.*7-51
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Figure 5-26 Pulmonary coccidioidomycosis. (A) Epithelioid
macrophages and giant cells surrounding and having phagocytized
non-sporulating spherules. (B) Neutrophilic exudate surrounds rupturing
spherule. (C) Extracellular, immature spherules are surrounded by
neutrophils (H&E).

Figure 5-27 Bronchoalveolar lavage sample from AIDS patient with disseminated coccidioidomycosis. (A) Mature spherule with endospores.
(B) Non-sporulating spherules. Immature spherules seen to the left (Papanicolaou).
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Figure 5-28 Autopsy section of spleen from disseminated coccidioid-
omycosis in AIDS patient. Large, ruptured mature spherule containing
endospores. Extensive necrosis, neutrophilic exudate and the presence of
radiating stellate material indicative of Splendore-Hoeppli reaction (H&E).
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Figure 5-29 Lymph node biopsy from patient with chronic, dissemi-
nated coccidioidomycosis. Eosinophilic reaction surrounding a giant cell
containing a spherule (H&E). Insert: an immature spherule within a giant
cell. Infiltrate of eosinophils, lymphocytes and plasma cells in surround-
ing tissue (H&E, high power).
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Figure 5-30 Multinucleation in B. dermatitidis. (A) In H&E, nuclei are small, darkly stained dots (H&E). (B) Nuclei are somewhat accentuated by PAS-H

stain (PAS-H).

Paracoccidioides brasiliensis

Paracoccidioides brasiliensis must be suspected in granulo-
matous or mixed granulomatous-suppurative disease of the
lung or mucous membranes in patients from endemic parts
of South and Central America. Although in the pre-AIDS lit-
erature, lymphoid tissue and gastrointestinal tract involve-
ment is reported to be more pronounced in P. brasiliensis
infections, this finding has been disputed.’? Cutaneous and
mucocutaneous lesions are typically secondary to primary
pulmonary disease and accompanied by pseudoepithelioma-
tous hyperplasia.*!

The only pathognomonic feature of P. brasiliensis is the
presence of peripheral budding.*! The latter may be very dif-
ficult to find and is best appreciated in GMS-stained slides.
Differentiation of Paracoccidioides from Coccidioides and
Blastomyces may be problematic (see Fig. 5-1). In the absence
of the characteristic budding pattern, differentiation between
B. dermatitidis and P. brasiliensis may not be possible. Impor-
tant differences include the relatively narrow-necked budding
and the more marked variation in size of Paracoccidioides.
Immature spherules of C. immitis can resemble P. brasiliensis.
Figure 5-31 illustrates pulmonary paracoccidioidomycosis with
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Figure 5-31 Pulmonary paracoccidioidomycosis. (A) Granuloma with central caseation surrounded by mononuclear cells and giant cells (H&E).
(B) Large, spherical yeasts with thick cell walls primarily within giant cells. Multiple nuclei are present (arrows). A mixture of lymphocytes, macrophages

and neutrophils are in background (H&E).
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Figure 5-32 Miniature forms of P. brasiliensis from laryngeal biopsy. Note presence of multiple peripheral blastoconidia (GMS).

caseating granulomata, regions of neutrophilic exudate and
presence of large yeast forms with refractile, doubly contoured
cell walls (Fig. 5-31B). Yeasts are mainly found within giant
cells. Paracoccidioides yeasts vary from 4-60 pm in size, most
being 30pm or less. As shown in Figure 5-32, a biopsy of laryn-
geal granulomata contained miniature cells of P. brasiliensis
that are similar to B. dermatitidis.

Sporothrix schenckii

Sporothrix schenckiielicits a mixed granulomatous-suppurative
inflammatory reaction. The wusual portal of entry for
S. schenckii is via lacerated or abraded skin.*! Primary pulmo-
nary sporotrichosis is less frequent, occurring mostly in men
with alcoholism or chronic pulmonary disease.’3 Disseminated
sporotrichosis complicating AIDS has been reported.’*
Characteristic histologic findings of cutaneous lesions
include prominent pseudoepitheliomatous hyperplasia. Yeasts
arenotusually recognized in H& E-stained sections and although
best seen in GMS and PAS-stained slides, organisms may be
difficult to find. A helpful but not pathognomonic finding is the
so-called asteroid body which is an unfortunate term because

it implies a relationship to the non-infectious asteroid body
found in sarcoid and some foreign body reactions. The “aster-
oid bodies” of sporotrichosis are stellate-shaped eosinophilic
tissue reactions, forms of the Splendore-Hoeppli phenomenon
(HSP).#! In sporotrichosis, the stellate-shaped HSP surrounds
yeast cells. The latter can be identified by immunobhistologic
studies.>> Sporotrichosis-associated HSP is more readily seen
in H&E-stained slides than the yeast alone. Splendore-Hoeppli
reactions also can be seen around Schistosoma ova, bacteria
and many other fungi such as Cryptococcus, Candida, and
Coccidioides (see Fig. 5-28). In AIDS patients, granuloma for-
mation may not be found, and abundant necrosis and variable
numbers of neutrophils are seen.’¢

Primary pulmonary sporotrichosis may present as a sol-
itary mass-like lesion, fibrocaseous granulomatous disease
with cavitation, or in a miliary pattern.*! S. schenckii is a glo-
bose, oval, or “cigar-shaped” yeast, 2-6 wm in diameter, but
occasionally up to 10 pm (Fig. 5-33). Rarely, hyphae may be
seen in the epidermis or in solid lesions from disseminated
sporotrichosis.?? Figure 5-34 illustrates a mixed granulomatous
and suppurative inflammatory reaction in a case of pulmonary
sporotrichosis.
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Figure 5-34 Lung biopsy, same case as Fig. 5-33. A mixed granulomatous-
neutrophilic inflammatory exudate (H&E).

Mould infections

Aspergillus spp.

Allergic Aspergillus-related disease is associated with asthma,
atopy and cystic fibrosis.5”-3° Aspergillus colonization of nasal
sinuses (see Fig. 5-4), bronchiectatic cavities or old tubercular
or fungal cavities is relatively common. As shown in Figure
5-4, there is only mild chronic inflammation of the sinus wall,
and neither invasion nor perifungal inflammation is seen.
Figure 5-35 demonstrates the radiologic evolution of a fun-
gus ball within a mycobacteria-induced cavity. Occasionally,
fungal fruiting heads may be found in fungus balls colonizing
preformed cavities, especially when the cavity is aerated.*!

Aspergillus spp. and dematiaceous fungi are among the
fungi most often associated with non-invasive, allergic disease.
The hallmark of this entity is AM, found predominantly in
the lungs and one or more paranasal sinuses.!”*7 Evacuation
of contents of involved sinuses typically yields grumous mate-
rial that is foul-smelling and has the consistency of “peanut
butter.”®? In cytologic preparations of AM, the background
may appear granular and amorphous, suggesting the possibil-
ity of necrotizing neoplasia; however, the presence of mucin,
degenerating eosinophils and Charcot-Leyden crystals allows
one to make the correct diagnosis®! (Fig. 5-36). Fungal ele-
ments may be difficult to find in both histologic and cytologic
preparations.

Bronchial mucoid impaction with presence of AM and
fungi, but lacking the other criteria for allergic broncho-
pulmonary aspergillosis (ABPA), may also occur. Although
infrequently biopsied, the histopathology of ABPA has been
described in a few publications.’®62-64 Mucoid impaction
and/or bronchocentric granulomatosis are typically found. In
the former, proximal bronchi are dilated, obstructed and filled
with laminated-appearing AM that often contains hyphae.
In bronchocentric granulomatosis, there is an abrupt transi-
tion from the uninvolved bronchiole to a region in which the
bronchiolar wall has been replaced by granulomatous inflam-
mation composed of epithelioid macrophages. Degenerating
neutrophils, eosinophils, and necrotic debris may be seen in
bronchiolar lumina distal to granulomatous bronchiolitis,
and often there is a peribronchial or bronchiolar infiltrate
of lymphocytes, plasma cells and eosinophils.®S Pulmonary
fibrosis may occur in later stages.’’

Subacute pulmonary invasive aspergillosis®¢-¢8 differs from
the aggressive, vasoinvasive type. Denning et al have recently
proposed the term subacute invasive pulmonary aspergillosis
for these more indolent forms of invasive aspergillosis.®®
Aspergillosis is not common in AIDS patients, and interestingly,
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Figure 5-35 Fungus ball in mycobacteria-induced lung cavity. (A) Radio-

graph showing a thick-walled cavity. (B) Radiograph performed 1 year

later showed a thin-walled cavity with a dependent mass. (C) Fine needle

aspiration contained hyphae morphologically consistent with Aspergillus

spp. (GMS).

Figure 5-36 Allergic fungal sinusitis, allergic mucin. (A) Cytologic preparation of paranasal sinus showing presence of strands of mucin, degenerating
eosinophils and hypha (arrow) (Papanicolaou). (B) Histologic section from surgical evacuation of sinuses. Abundant mucin, eosinophils and Charcot-

Leyden crystals (arrows) (H&E).

aspergillosis in these patients often is manifest as subacute inva-
sive disease, with circumscribed abscesses surrounded by fibro-
sis, rather than the aggressive invasive and disseminated disease
that is usually associated with severe neutropenia.®® Figure 5-37
illustrates the histology of a right upper lobe resection.

In the aggressive, invasive form of pulmonary aspergil-
losis, widespread blood vessel invasion, thrombomycotic
vascular occlusions, hemorrhagic and coagulative necrosis
are characteristic, and extrapulmonary hematogenous dis-
semination is not uncommon. Because neutropenia is usu-
ally present in aggressive invasive aspergillosis, coagulative

necrosis and hemorrhage are the dominant histologic findings.
Neutrophils and their accompanying liquefactive necrosis are
less frequently seen. Multiple, nodular infarcts, either pale or
hemorrhagic, and laminated, intravascular thrombi are seen
in lung (Fig. 5-38A). In histologic sections, large numbers of
hyphae fill blood vessel lumina, invade vascular walls and
extend through necrotic lung parenchyma (see Fig. 5-6B; Figs
5-38B, C). Hyphae within the lumina of blood vessels often
have a stellate coating of plasma and fibrin, giving them a spic-
ulated appearance (Fig. 5-38C). Depending upon the degree of
vascular perfusion of the affected lung, one may see regions of
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Figure 5-37 Cavitary lung lesion. (A) Circumscribed granulomatous nodule with central necrosis surrounded by a mononuclear cell infiltrate (H&E).
(B) Wall of lesion contains epithelioid macrophages surrounded by an infiltrate of lymphocytes and plasma cells. Insert: central portion of the
necrotizing lesion contains fungi morphologically consistent with Aspergillus sp. (H&E).

Figure 5-38 Invasive aspergillosis in an AIDS patient who had severe neutropenia. A. glaucus was cultured. (A) Gross section of lung with pale,
rounded areas of infarction surrounding thrombosed pulmonary arteries. (B) Histologic section showing intravascular and extravascular hyphae,
extravasated erythrocytes and fibrin (H&E). (C) Section of blood vessel. Intravascular hyphae are surrounded by a stellate rim of fibrin (H&E). Insert:
touch preparation of one of the intravascular thrombi seen in (A). Hyphae and fibrin present (GMS).



coagulative necrosis (see Fig. 5-6B) or hemorrhagic necrosis
(see Fig. 5-38B). Owing to hematogenous dissemination, fun-
gal infarcts may be found within other organs, such as brain,
intestinal tract, heart, kidneys and spleen. Ulcerative Aspergil-
lus tracheobronchitis has also been described.”®

Typical hyphae of Aspergillus have parallel walls, meas-
ure 3-6 um in diameter, are septate, and have dichotomous
branching (Fig. 5-39A). The morphologic features of these
hyphae, however, are not specific for Aspergillus spp.; other
fungi, particularly Pseudallescheria boydii and Fusarium spp.,
cannot be definitively distinguished by morphologic character-
istics alone. Occasionally, especially when the fungal hyphae
are exposed to air, fruiting heads may be found in tissue,
allowing identification of Aspergillus spp. (Fig. 5-39B). Oxalate
crystals may be seen in histologic sections from patients with
A. niger. Fatal pulmonary oxalosis secondary to A. niger infec-
tion has been reported.”!72

Zygomycetes

The zygomycetes have a propensity to invade blood vessels,
frequently causing arterial or venous thromboses and subse-
quent ischemic or hemorrhagic infarction”3-75 (Fig. 5-40). Inva-
sive pulmonary zygomycosis, which histologically resembles
invasive pulmonary aspergillosis, is commonly associated with
hematopoietic malignancies, particularly patients with neutro-
penia.”>77 Embolization of intravascular hyphae may result in
widespread dissemination. Zygomycetes typically elicit a neu-
trophilic reaction, although in granulocytopenic persons inflam-
mation may be minimal. Aggregates of epithelioid histiocytes
may be seen peripheral to regions of acute, necrotizing inflam-
mation in more long-standing infections (Fig. 5-40C).

A lesser known form of zygomycosis, endobronchial zygo-
mycosis, is a chronic, locally invasive disease similar to subacute
pulmonary aspergillosis.”® Fungus balls are found predominantly

i
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within a bronchial lumen, and there may be chronic necrotiz-
ing invasion of the bronchial wall resulting in cavitation, bron-
chiectasis and fibrosis. Although this is a relatively indolent form
of zygomycosis, severe hemorrhage from erosion into hilar blood
vessels is a lethal complication of endobronchial zygomycosis.
Zygomycete hyphae are easily visualized in H&E and Papan-
icolaou stains (see Figs 5-2B, 5-40; Fig. 5-41), but often stain
weakly by the GMS method. Characteristic hyphae are broad,
thin-walled, pleomorphic, irregular branching, 5-20 pm in
diameter, and frequently twisted, folded, wrinkled or collapsed
(see Fig. 5-41). Although the hyphae typically are described as
non-septate, they are actually sparsely septate. Rarely, in lesions
exposed to ambient air, round to oval, thick-walled chlamydo-
conidia, 15-30 um diameter, may be formed”® (Fig. 5-42).

Less common hyaline mould infections

Fusarium spp.

In severely burned and immunosuppressed patients, dissemina-
tion may occur.39 The histopathology of fusariosis is virtually
identical to that of the aggressive form of invasive aspergillosis.8!
Blood vessel invasion and infarcts with accompanying coagu-
lative necrosis and hemorrhage are common. If neutrophils
are present, liquefactive necrosis and abscess formation may
be seen (Fig. 5-43). Hyphae of Fusarium spp. in tissue measure
3-8 pum in diameter, have septa, and are similar to Aspergil-
lus. A useful, but not pathognomonic clue to the identity of
Fusarium spp. is the presence of constrictions at the site of
septa, hyphal varicosities, and terminal or intercalated vesicles
(see Figs 5-2C, 5-43).

Pseudallescheria boydii

Pseudallescheria boydii is commonly associated with myc-
etomata in the United States.22:#! It also may produce a fun-
gus ball resembling a pulmonary aspergilloma, and invasive

Figure 5-39 Aspergillus fumigatus in bronchial brushing from a cancer patient with tracheobronchitis. (A) Hyphae. (B) Fruiting body with conidiation

typical of A. fumigatus (GMS).
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Figure 5-40 Invasive zygomycosis in soft tissue in region of paranasal
sinus. (A) Marked necrosis, neutrophilic exudate and hyphae (H&E).

(B) Broad hyphae in H&E. (C) At the periphery of the lesion, some
granulomatous changes (H&E).

pseudallescheriasis mimics invasive aspergillosis,?? with nodu-
lar infarcts secondary to angioinvasion by the fungus and necro-
tizing pneumonitis with abscesses in non-granulocytopenic
hosts. In tissue, the septate hyphae of P. boydii are difficult to
distinguish from those of aspergilli, although they are some-
what narrower, measuring 2-5 pm in width, and their pattern
of branching is more random.

Dematiaceous fungal infections

Chromoblastomycosis

Chromoblastomycosis describes a cutaneous infection caused
by a variety of dematiaceous fungi.8? The portal of entry is
typically via direct traumatic inoculation of the skin. Detailed
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descriptions of the gross and histopathologic aspects of this
disease were reported by Carrién.8485 Most cases are not asso-
ciated with immunosuppressive diseases.
Chromoblastomycosis is characterized by marked hyper-
keratosis, parakeratosis and pseudoepitheliomatous hyperpla-
sia that, like cutaneous blastomycosis, paracoccidioidomycosis
and coccidioidomycosis, may be misdiagnosed as squamous cell
carcinoma (Fig. 5-44A). Within the dermis, one sees epithelioid
and giant cell histiocyte proliferation with foci of neutrophil-
rich microabscesses (Fig. 5-44B). Fungal elements are most
commonly found within dermal macrophages and mainly con-
sist of sclerotic bodies or muriform cells 5-12 pm in diameter
(Fig. 5-44B insert). Occasionally, pigmented hyphae or monili-
form hyphae are present. Agents of chromoblastomycosis are



Figure 5-41 Fine needle aspirate of a zygomycotic renal abscess
(Papanicolaou).

Figure 5-42 Endobronchial zygomycosis with formation of thick-walled
vesicles (arrows) terminally and intercalary (H&E).

dark brown to golden, although in some cases the pigmenta-
tion is appreciated only by a melanin stain. These morphologic
features, however, do not distinguish the different fungi that
can cause chromoblastomycosis.$3

Phaeohyphomycosis

Phaeohyphomycosis, especially the systemic form, is usually
associated with immunosuppression. In phaeohyphomycosis,
hyphae and moniliform hyphae and pseudohyphae predomi-
nate.$38¢ Subcutaneous cyst-like lesions, so-called phaeomy-
cotic cysts, are characterized by central necrosis, fibrin and a
neutrophilic infiltrate surrounded by epithelioid histiocytes and
fibrosis. Aspiration yields a mixture of epithelioid histiocytes,

MOULD INFECTIONS

Figure 5-43 Skeletal muscle from burn patient with invasive fusariosis.
Hyphae with intercalated mycelial swellings. There is a neutrophilic
inflammatory reaction and hemorrhage (H&E). Insert: constrictions are
seen in the region of the septa (GMS).

giant cells and fungi (Fig. 5-45). Early lesions may consist of
stellate abscesses rather than a cyst. Subcutaneous phaeohy-
phomycosis may present as non-necrotizing, subcutaneous
granulomata (Fig. 5-46). Visceral phaeohyphomycosis has a
mixed, granulomatous and suppurative inflammatory reaction,
and the appearance of the organisms in tissue is similar to that
of subcutaneous phaeohyphomycosis (see Fig. 5-2D). Hyphae
are seen within the center of the lesion, appearing hyaline to
golden brown on both H&E-stained sections and Papanicolaou-
stained cytology preparations. Typical hyphae are 2—6 pm wide
and of variable length. They are septate, sometimes branched,
and occasionally contain thick-walled vesicular swellings, up
to 25 pm in diameter (see Figs 5-2D, 5-45, 5- 46). The brown
pigmentation in the fungal cell walls usually is apparent in
H&E-stained tissue sections. Stains for melanin will reveal the
dematiaceous nature of the fungi when it is not obvious.

Miscellaneous fungi associated with
eumycetoma

Mycetomata are characterized by a tumor-like presenta-
tion, draining sinuses, and grains or granule-like structures
composed of masses of organized microbes surrounded by
inflammatory cells.*! These lesions may be caused by actin-
omycetes, other types of bacteria (botryomycosis), or fungi
(eumycotic mycetomata).8”:88 The color and texture of the
grains vary with causative etiologic agent.22:87:88

In histologic preparations, the granule of eumycotic myc-
etomata consists of a tangle of hyphae admixed with amor-
phous material (Fig. 5-47). Surrounding the organisms is a
rim of neutrophils. A Splendore-Hoeppli reaction may be seen
between the fungi and the inflammatory cell reaction. Macro-
phages and fibrosis typically surround older lesions. The size
of the hyphae varies, and vesicles may be seen, particularly
near the periphery of the granule. The fungal hyphal morphol-
ogy can assist with the identification of causative agent in some
instances.
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Figure 5-44 Chromoblastomycosis, skin biopsy. (A) Hyperkeratosis and pseudoepitheliomatous hyperplasia (H&E). (B) Within the dermis, mixed
inflammatory infiltrate composed of epithelioid macrophages and giant cells, lymphocytes, plasma cells and foci of neutrophils. Brown-colored
sclerotic cells (arrow) (H&E). Insert: a multiseptate sclerotic body within a giant cell (H&E).

Figure 5-45 Fine needle aspiration of a subcutaneous, fluctuant mass in the ankle that had been clinically diagnosed as a varicose vein. Phialophora
verrucosa was cultured. Aspirate contains a mixture of macrophages and neutrophils (Papanicolaou).

Less common fungal infections

Trichosporon spp.

Trichosporon beigelii can cause disseminated infection in
immunocompromised patients.?’ Parenchymal lesions of dis-
seminated trichosporonosis are a result of vascular invasion
by the fungus and subsequent hematogenous spread. The lesions
resemble those of invasive, systemic candidiasis or aspergillosis

(i.e., necrotic nodules composed of fungal elements proliferating
with a radial pattern of growth). Abscesses or granulomatous
lesions may occur. In tissue, T. beigelii produces pleomorphic
yeast cells, measuring 3-8 um in diameter, septate hyphae, and
arthroconidia, either of which can predominate. The organ-
ism can readily be confused with Candida spp.®® The presence
of arthroconidia, if observed, distinguishes Trichosporon from
Candida species.



Figure 5-46 Subcutaneous phaeohyphomycosis, biopsy of skin nodule.
Subcutaneous granuloma composed largely of epithelioid macrophages.
(PAS-H). Insert: Moniliform hyphae. Pigmentation is faint (PAS-H).

Figure 5-47 Eumycotic mycetoma. A deeply eosinophilic granule is sur-
rounded by amorphous material and fibrosis (PAS-H). Insert: hyphae are
admixed amorphous material (PAS-H).

Penicillium marneffei

Penicillium marneffei is a dimorphic fungus whose endemic-
ity is limited to South Eastern and Far Eastern Asia. The
majority of infections have been reported in immunosup-
pressed patients infected with HIV.?' The clinical presenta-
tion and histopathologic findings in P. marneffei infections are
very similar to those of H. capsulatum.®? Prior to the AIDS
epidemic, P. marneffei infections were infrequent.’* Like
H. capsulatum, defense against P. marneffei is largely mediated
by macrophages, and the fungus occurs predominantly within
cells of the mononuclear phagocyte system. Mootsikapun and
Srikulbutr found both the clinical and histopathologic simi-
larities between disseminated histoplasmosis and penicilliosis
to be striking, and differentiation between the two diseases to
be difficult.”! Cells of P. marneffei do not bud, but divide by
fission with a single transverse septum (Fig. 5-48).

INFECTIONS CAUSED BY FUNGI OF UNCERTAIN CLASSIFICATION
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Figure 5-48 Penicillium marneffei compared to H. capsulatum:
P. marneffei is round to allantoid compared to the oval H. capsulatum,
and reproduces by fission rather than budding (GMS).

Infections caused by fungi of uncertain
classification

Pneumocystis jiroveci

Pneumocystis jiroveci (formerly P. carinii) classically was
reported to be associated with plasma cell interstitial pneumo-
nia in malnourished European children during and following
World War I1.93 Today, P. jiroveci pneumonia (PJP) is a dis-
ease of the T cell immunosuppressed typically occurring in
transplant recipients, and is the most common opportunistic
infection in AIDS patients.”* In histologic sections, the alveolar
walls and pulmonary interstitium are thickened and contain
a lymphoplasmacytic infiltrate. The organisms are predomi-
nantly found within the alveolar spaces as a “foamy exudate.”
The latter is actually a conglomerate of P. jiroveci cysts, extra-
cystic bodies and protein-rich fluid.?*

The morphologic features of PJP are seen in Figures
5-49 and 5-50. Aggregates of organisms are typically observed
within the alveolar spaces, and frequently there is a clear zone
between the alveolar wall and the mass of fungi (see Fig. 5-49A).
P. jiroveci are seen as so-called “foamy exudates,” which
under high power magnification consist of soap bubble-like
material containing tiny dark-staining dots (see Figs 5-49A,B,
5-50A). To properly evaluate a GMS-stained slide for Preumo-
cystis (see Fig. 5-49D), it is important that the silver solution
is not allowed to precipitate for a prolonged period of time
because overstaining obliterates important diagnostic features.
In a properly stained section or cytologic preparation, Pneu-
mocystis cysts appear as round structures, 5—-6um in diameter.
There is a characteristic thickening within the cyst wall that is
seen as a black dot or, in very well-stained preparations, a pair
of closely apposed dots (see Figs 5-49D, 5-50B). Within some
cysts, developing intracystic forms may be seen as either a solid
mass of blue and purple protoplasm or up to eight individual
intracystic bodies (see Figs 5-21B, 5-50C).

The so-called atypical reactions to PJP include diffuse alveo-
lar damage, granulomata, pneumocystoma and intrapulmonary
and subpleural cyst formation.”>%¢ Diffuse alveolar damage
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Figure 5-49 Pulmonary pneumocystosis, lung section. (A) Eosinophilic “exudate” fills the alveolar spaces with a clear space between the “exudate”
and the alveolar walls (H&E). (B) Plasmacytic infiltrate in alveolar wall (left) and bubbly exudate (right) containing tiny dark dots (H&E). (C) PJP with
evidence of alveolar damage. There is interstitial thickening and marked type Il pneumocyte hyperplasia (H&E). (D) Pneumocystis cysts within an
alveolar space. There are the typical darkly stained dots (arrow) indicative of thickenings in cyst wall (GMS).

Figure 5-50 P.jiroveciin bronchoalveolar lavage. (A) Pneumocystis appears as bubbly exudate containing central, dark-staining dots (Papanicolaou).
(B) Well-stained cysts containing two parallel dots within the cyst wall (GMS). (C) In Romanowski-stained preparations, “exudate” consists of clear
appearing cysts containing intracystic bodies and extracystic trophic forms with purple-staining nuclei and bluish cytoplasm (Giemsa).
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Figure 5-51 Immunostain of P. jiroveci in lung section. Cysts and extra-
cystic forms (Novocastra Laboratories, immunostain).
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Figure 5-52 (A) Lacaziosis. Atrophic epithelium containing a relatively
normal “grenz zone” just beneath the epidermis. Fungi are refractile,
clear spheres (arrow) within an inflammatory reaction (H&E). (B) Chro-
moblastomycosis. Marked pseudoepitheliomatous hyperplasia and

hyperkeratosis. Two small, brown sclerotic cells (arrow) are seen within a
dense dermal inflammatory reaction (H&E).

INFECTIONS CAUSED BY FUNGI OF UNCERTAIN CLASSIFICATION

(DAD), or organizing interstitial pneumonia, often accompa-
nies PJP, especially in AIDS patients who may clinically present
with acute respiratory distress syndrome (ARDS). Neutrophilic
response and abnormalities in surfactant likely contribute to the
evolution of DAD.?* In cases of DAD, intraalveolar neutrophils,
hyaline membranes, type II pneumocyte hyperplasia and inter-
stitial, intraalveolar and intrabronchiolar fibrosis may be seen,
depending upon the stage of the disease. Granulomata with
caseation may occur, and some have related this phenomenon to
therapy with inhaled pentamidine.”® Both immunohistochemi-
cal and fluoresecent antibody tests are commercially available
for detection of P. jiroveci (Fig. 5-51).97:98

Lacazia loboi

The overlying skin often appears shiny and atrophic, although
older lesions may be verrucoid.*1** The epidermis is usually
atrophic. Pseudoepitheliomatous hyperplasia and hyperkera-
tosis are not usually seen. Figure 5-52 shows the comparative
histopathology of lacaziosis (syn. lobomycosis) and chromob-
lastomycosis. In older lesions there may be some hyperkera-
tosis and ulceration. Pathologic alterations of lacaziosis are
limited to the subcutaneous tissue where there are sheets of
epithelioid macrophages and many giant cells. Common find-
ings in lacaziosis are asteroid bodies within the cytoplasm
of giant cells (Fig. 5-53). These are true asteroid bodies that
appear similar to those found in sarcoid and some other for-
eign body reactions.”® Fungal organisms are not present within
the asteroid body, in contrast to the Splendore-Hoeppli phe-
nomenon that may accompany sporotrichosis and other fungal
infections.

The fungi appear as clear, round structures with thick,
refractile cell walls (see Fig. 5-52), often within epithelioid
macrophages and giant cells. Yeast is relatively uniform in
size and shape, approximately 10 pm in diameter. They vary
far less in size and shape than Paracoccidioides, a fungus
found in the same geographic regions as L. loboi. L. loboi
is often arranged in short chains connected by a tube-like
structure (Fig. 5-54).

Figure 5-53 Lacaziosis in skin biopsy with asteroid body. A typical
asteroid body within a giant cell. Yeast cells are within surrounding
macrophages (H&E).
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Figure 5-54 Lacaziosis in skin biopsy. (A) Fungi with clear, refractile, thick cell walls are arranged in a short chain (H&E). (B) A short tube-like structure
connects the yeast cells (GMS).
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Radiology of fungal infections

Prasanna G. Vibhute, Venkat R. Surabhi, Angel Gomez, Santiago Restrepo,
Michael J. McCarthy, Carlos Bazan III, Kedar N. Chintapalli

Radiology plays an important role in the diagnosis of fungal
infections although the radiologic manifestations are usually
non-specific. It is typically the clinical status of a patient more
than the radiologic findings that will raise the index of sus-
picion. The radiologic investigation of patients with mycotic
infections is usually directed by the patient’s symptoms. This
chapter will discuss the various radiologic findings in the fol-
lowing order: neuroradiology, thoracic radiology, muscu-
loskeletal and abdominal radiology.

Neuroradiologic investigation heavily depends on com-
puted tomography (CT) and magnetic resonance imag-
ing (MRI). CT scan is usually the initial imaging modality;
non-enhanced CT can provide information about the brain,
ventricular size, hemorrhage, calcifications, mass, etc. The
paranasal sinuses and skull base (e.g., temporal bones) are
well evaluated by CT. Intravenous (IV) administration of con-
trast will give additional information about breakdown of the
blood-brain barrier. Meningeal disease is often not apparent
on non-enhanced CT. MRI examination is performed when
the brain CT scan does not provide enough information or
when the spinal cord is the suspected site of pathology. Unlike
CT, which uses x-ray beam attenuation to generate imaging
data, MRI utilizes the body’s hydrogen atoms’ response to
a strong magnetic field and radiofrequency (RF) pulses. By
altering RF pulses, different tissue signals can be generated.
Pulse sequences that typically used are T1-weighted (T1WI),
T2-weighted (T2WI), and proton density images (PDI). On
T1WI, cerebrospinal fluid (CSF) is dark, and white matter is
brighter than gray matter. On T2WI, CSF is bright, and white
matter is darker than gray matter. On PDI, CSF is dark but not
as dark as on T1WI, and white matter is darker than gray mat-
ter. In addition, images can also be obtained in axial, coronal
and sagittal planes, etc. MRI is more sensitive than CT to small
differences in tissue: normal or pathologic. Lesions tend to be
more conspicuous on T2WI than on T1WI. Similar to CT, the
use of IV paramagnetic contrast agents can increase the detec-
tion of lesions on T1WI by demonstrating breakdown of the
blood-brain or blood—spinal cord barrier.

Although MRI is an excellent modality, its extremely strong
magnetic field can injure patients if precautions are not taken.
Patients must be screened for potentially dangerous contraindi-
cated conditions such as pacemakers, MR-incompatible aneu-
rysm clips, and ferromagnetic ocular foreign bodies. MRI is

also much more sensitive than CT to patient motion. Sedation
may be required for patients unable to cooperate for MRI.

The roles of radiography and angiography in evaluating
neurologic disease have become limited since the introduction
of CT and MRI. Angiography, however, remains the defini-
tive examination for evaluating suspected vascular abnormali-
ties such as stenosis, aneurysm, and vasculitis. Recently MR
angiography and CT angiography have also been used in such
cases.

Radiography is the principal method for evaluating tho-
racic mycotic disease. Radiography is the most inexpensive
and universally available imaging technique. It is both very
sensitive and specific in demonstrating clinically important
thoracic fungal disease. During a radiographic examination,
x-rays enter the patient, and many exit the patient to enter a
cassette containing a radiographic screen and film. The x-rays
cause a fluorescent material on the surface of the screen to emit
light, which exposes the radiographic film, creating an image.
In the thorax, air-filled lungs have very limited ability to stop
the transit of x-rays; hence lungs appear dark on radiographs.
Soft tissues of the chest (mediastinum, hila, pleura, and chest
wall) appear white on the radiograph, because they absorb a
much greater proportion of the x-rays. Thoracic mycotic dis-
ease may create one or more foci of opacity within black lungs,
alter the contours of the mediastinum and hila from adenopa-
thy, or cause increasing opacity and widening of the pleural
spaces from effusion.

In most cases, pertinent features are adequately displayed
by radiographs to determine the extent and to monitor pro-
gress of mycotic disease and response to therapy. CT is usually
the study of choice for further evaluation of patients. It has the
advantages of greater contrast sensitivity than radiography
and the ability to present the lungs, mediastinum, hila, and
chest wall in cross-section. Rarely angiography, nuclear scin-
tigraphy, or MR is necessary to give additional insight to
radiographic and CT examinations. Through tagging of a
radioactive substance to a variety of carrier substances that
have affinity for normal anatomic structures or foci of disease,
nuclear scintigraphy provides functional studies of the thorax
(e.g., ventilation-perfusion scintigraphy and indium-labeled
white blood cell scintigraphy). MR improves multiplanar
presentation of normal and pathologic anatomy, may augment
evaluating mediastinal and hilar structures, and may provide
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a more sensitive evaluation. Radiographs are extremely use-
ful in initial evaluation of skeletal pathology. Osseous lesion
morphology is well demonstrated on radiographs. However,
the extent of pathologic involvement of a bone is typically bet-
ter determined with either CT or MRI. Bone marrow and soft
tissue abnormalities are best depicted by MRI, whereas CT
is best for evaluating cortical bone pathology or for the pres-
ence of calcium within a lesion. Ultrasonography is less use-
ful in evaluting the skeletal lesions. Radionuclide studies with
bone-avid agents are useful for establishing multiple sites of
involvement and for evaluating for suspected osteomyelitis.

Investigation of abdominal pathology relies heavily on
CT and ultrasonography. CT scans are typically performed
with IV contrast to help identify lesions. Both modalities can
be used to evaluate the abdominal viscera, but sonography
is preferable to CT in evaluating patients with compromised
renal function. Doppler sonography is useful to establish the
presence or absence of flow through abdominal blood vessels,
although angiography is still the definitive for vascular abnor-
malities. MRI of the abdomen is less often used.

Neuroradiology of fungal infections

Aspergillosis

Aspergillus is the most common fungus to involve the para-
nasal sinuses and four forms of sinus involvement have been
described.! The two mucosal forms are fulminant invasive and
chronic indolent sinusitis. The two extramucosal forms are non-
invasive allergic sinusitis and aspergilloma (fungus ball). The
maxillary sinus is the most frequently involved site. Chronic
extramucosal fungal sinusitis develops as a saprophytic growth
in retained secretions in a sinus cavity.? The radiographic find-
ings are non-specific: mucosal thickening, sinus opacification,
sinus wall erosion or sclerosis, or sinus expansion.2 Fungus
balls (Fig. 6-1) appear as polypoid soft tissue masses or as
areas of sinus hyperdensity.3* In 105 cases of paranasal sinus
aspergillosis reported by Kopp et al,? the most frequent appear-
ance was homogeneous opacification of the maxillary sinus
in 50% of the cases. Calcific densities (2-20 mm size) were
present within opacified sinuses in 59% of Kopp’s series.>

Mucosal thickening, masses within the sinus and osseous
changes are better demonstrated with CT.* Zinreich et al*
found good correlation between the presence of hyperdensity
within sinuses on CT and fungal sinusitis. However, thick pus,
dessicated mucosal secretions, dystrophic calcifications, and
hemorrhage can also appear dense on CT.%* In addition, three
of 25 patients were diagnosed after histopathologic examina-
tion. On MRI the inflammatory edema and cellular infiltrate
of acute invasive fungal sinusitis will appear bright on T2WI
and PDI. On T1WI these same regions will appear relatively
hypointense. Similar signal changes can also be seen with aller-
gic Aspergillus sinusitis. The presence of a fungus ball or desic-
cated secretions or both in chronic fungal sinusitis results in T1
relatively hypointense and T2 markedly hypointense regions
within the affected sinuses, and can mimic a normally aerated
sinus. But TIWI or CT images will reveal the extent of dis-
ease (Fig. 6-2). The decreased MR signal of fungal concretions
has been attributed to the presence of calcium, iron and
manganese.*®

Invasive Aspergillus sinusitis may be seen at presentation
with extension into adjacent soft tissues of the face, orbit, or
intracranial cavity (Fig. 6-3). Orbital invasion may result in
erosion of the orbit walls, subperiosteal phlegmon, inflamma-
tory edema, and orbital abscess.’ An inflammatory phlegmon
generally demonstrates diffuse contrast enhancement on CT or
MRI, whereas an abscess typically has peripheral enhancement
around a necrotic center. Bone destruction is best evaluated
with CT and soft tissue involvement is best demonstrated with
multiplanar MR. Involvement of the optic nerve can be seen
as enlargement or abnormal enhancement using either CT or
MRI. Edema of the optic nerve is better demonstrated with
T2-weighted MR images than with CT. Optic nerve enhance-
ment is best appreciated by use of fat-suppressed T1-weighted
coronal MR images. The bright T1 signal of enhanced extraoc-
ular muscles on fat-suppressed images is to be expected and
should not be confused with inflammation or infection. When
involved, they are enlarged with an abnormal increased T2
signal.

Invasion of the cavernous sinus can occur from adjacent
paranasal sinus disease or through the orbital apex.® Non-
enhancement of the cavernous sinus on contrast CT or MRI
is indicative of sinus thrombosis. When the cavernous sinus
is involved without thrombosis, it appears enlarged. Intra-
cranial extension of Aspergillus can occur from the sinuses
or through the orbital apex. The radiographic signs of early
invasive CNS aspergillosis can be subtle, such as an intracra-
nial focus of minimal enhancement adjacent to an involved
sinus. If untreated, the initial focus of enhancement may go on
to develop into abscesses. Intracranial granuloma formation
has also been reported secondary to invasive sinus aspergil-
losis” Cerebral aspergillosis, however, usually occurs by

Figure 6-1 Aspergillus fungus ball. Axial CT scan through the maxillary
sinuses shows a calcified fungus ball (arrow) in the left maxillary sinus.
The thicker walls of the left maxillary sinus are indicative of chronic
inflammatory disease.



means of hematogenous spread from a pulmonary focus.’
Imaging findings of intracranial aspergillosis typically include
multifocal cerebral hemispheric lesions, with hemorrhage in
approximately 25% of lesions.” CNS aspergillosis can result
in meningitis, meningoencephalitis, granuloma, brain abscess,
or infarction.!? Isolated Aspergillus meningitis is rare. Men-
ingitis is frequently difficult to detect with CT or MRI. On
CT, abnormal increased density in the basal cisterns, especially
if there is contrast enhancement of the cisterns, is indicative
of meningitis.!'! MRI is more sensitive than CT in detecting
abnormal cisternal and sulcal contrast enhancement, espe-
cially if the brain is imaged in multiple planes. Cerebritis or

Figure 6-3 Invasive aspergillosis. Axial CT scan shows an Aspergillus
mass filling the left orbit posteriorly. There is involvement of the adjacent
ethmoid sinuses and erosion of the orbit medial wall (arrowhead).

NEURORADIOLOGY OF FUNGAL INFECTIONS

infarction may initially have only subtle decreased density on
CT or increased signal on T2WI and fluid-attenuated inversion
recovery (FLAIR)-MR images.

Ashdown et al'?2 described three patterns of cerebral
aspergillosis in immunocompromised patients: infarctions,
abscesses, and dural enhancement. Multiple areas of corti-
cal and subcortical hypodensity on CT and hyperintensity
on T2WI were consistent with infarctions. Enhancement was
often minimal. When infarctions were hemorrhagic, they
exhibited increased density on CT and increased T1 signal on
MRI. Abscesses appeared as multiple ring-enhancing lesions
often at the gray-white matter junction (Fig. 6-4). Most of the

Figure 6-2 Aspergillus sphenoid
sinusitis. (A) Axial T2-weighted image
through the maxillary and sphenoid
sinuses shows marked hypointensity
(white asterisk) in the sphenoid sinus
which mimics normal aeration. (B) Axial
T1-weighted image at the same level
demonstrates that the sphenoid sinus
is full of soft tissue (black asterisk) and is
not normally aerated.

Figure 6-4 Aspergillus brain abscesses. Axial T1-weighted image with
gadolinium shows a large thalamic astrocytoma and faint ring-enhanc-
ing Aspergillus abscesses in the occipital lobes (arrows) (With permission
from Rastogi H, et al. The posttherapeutic cranium. In: Jinkins JR (ed)
Posttherapeutic Neurodiagnostic Imaging. Lippincott-Raven Publishers,
New York, 1997, p.3.)
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abscesses had irregular thick rim enhancement. The third pat-
tern was enhancement of dura and of lesions in the adjacent
paranasal sinuses, orbit, or skull.

Aspergillus has a propensity to invade blood vessels,’ which
can lead to thrombosis, hemorrhage, and formation of mycotic
aneurysms. Thrombosis, especially of larger vessels, can be
detected on MRI as increased signal within a vessel and loss
of the expected flow void. On CT, thrombosed vessels fail to
enhance after IV contrast. The angiographic findings of vascular
invasion include areas of irregular narrowing, dilatation,!! aneu-
rysms'3 (Fig. 6-5) and thrombosis. MR and CT angiography in
some cases can also be used to demonstrate the vascular changes
of aspergillosis. Okafuji et al described a case with CT and MRI
showing multiple corticomedullary lesions with central enhance-
ment contiguous with markedly dilated adjacent cortical vessels.
These corresponded with hemorrhagic infarctions and dilated
cortical veins thrombosed with Aspergillus hyphae.!#

Three different patterns of craniocerebral involvement
have been described in immunocompetent hosts which corre-
late with clinical outcome. Type 1, intracerebal aspergillosis
with worst clinical outcome; type II, intracranial extradural
with intermediate outcome, and type III, orbital and skull base
aspergillosis with good outcome.202! The imaging appear-
ance depends on the immunologic status of the patient and
the age of the lesion.222 In general, the lesional enhancement
is stronger in immunocompetent hosts compared to immuno-
compromised hosts.!®

Aspergillus infection of the spine is rare but intervertebral
disk infection, vertebral osteomyelitis, epidural abscess and
granuloma, and spinal cord infarction have been reported.?+2’
Spinal involvement can be from local or hematogenous spread.
Radiographs of the spine can reveal disk space narrowing
and destruction of the vertebral bodies (Fig. 6-6). Radionu-
clide bone scans will demonstrate abnormal increased activity
within infected vertebrae. The extent of bone destruction is
better depicted by CT than by radiographs. MRI will show
early bone marrow disease and soft tissue abnormalities as foci
of increased T2 signal and decreased T1 signal. Granulomas,
abscesses, and osteomyelitis will typically enhance with IV
contrast. Lesions of the spinal cord are rare.!® If MRI is not
available or is contraindicated for a patient, then myelography
with subsequent CT can be used to identify extradural and
intramedullary changes.

Blastomycosis

Osseous involvement in systemic blastomycosis is seen in
10-60% of cases,!” most frequently the thoracic and lum-
bar spine.'” In children the intervertebral disks are typically
affected.!” The lesions of blastomycotic osteomyelitis are typi-
cally osteolytic with minimal surrounding reactive sclerosis.!$
In the spine, narrowing of the intervertebral disks and para-
spinal masses are common!8 (Fig. 6-7). Vertebral collapse
occurs late in the disease course.!8 Radionuclide bone scanning
demonstrates increased activity.2-28 CT can demonstrate bone
destruction even when radiographs are normal.’® On MRI,
osseous lesions will have decreased T1 and increased T2 sig-
nal compared with normal fatty marrow. Contrast-enhanced
MR can help distinguish granulomatous reaction from true
abscesses.!” An abscess will have a necrotic center with
peripheral enhancement. Granulomatous reaction will have

Figure 6-5 Mycotic aneurysm unidentified organism. Lateral view of
a right carotid arteriogram shows a mycotic aneurysm (white arrow) of
a posterior branch of the middle cerebral artery.

Figure 6-6 Aspergillus osteomyelitis/diskitis. Lateral radiograph of the
lumbar spine shows narrowing of the L2-L3 disk. There is erosion of
the anterior aspect of the L2 inferior endplate and L3 superior endplate
(arrow).

a more diffuse enhancement pattern. CT, MRI or both can be
used to define the extent of paraspinal soft tissue involvement.
MR is better than CT to detect and delineate the extent of
intraspinal disease, epidural granulomas, abscesses, intramed-
ullary granulomas or edema from compressive lesions.



Blastomycosis can also involve the cranium with lytic
lesions.'? High-resolution CT will demonstrate bone destruction
of the skull base and soft tissues. On MRI, involved bone will
have decreased T1 and increased T2 signal. MR can show the
extent of bone marrow involvement and intracranial extension
better than CT, especially in the region of the skull base.2?
Blackledge et al described an unsuspected case of petrous apex
blastomycosis in a man with a 3-week history of progressive
hearing loss, and facial paralysis mimicking a neoplasm.23

Buechner and Clawson?! found only nine patients (4.5%) with
CNS involvement in 198 cases of blastomycosis. Patients with
CNS blastomycosis can present with acute or chronic meningi-
tis or mass lesions of the brain or spinal cord.?? Blastomycotic
meningitis is difficult to diagnose unless the patient has obvi-
ous systemic blastomycosis elsewhere.?3 Kravitz et al?3 reported
three patients with chronic blastomycotic meningitis with only
hydrocephalus on CT. Friedman et al reported a case of menin-
goencephalitis with progressive enhancement of basal menin-
ges with involvement of bilateral basal ganglia and thalami
on MR.?* Cerebral lesions may be solitary or multiple. Roos
et al® reported four cases that on CT scans had single lesions
that were isodense to slightly hyperdense that enhanced homo-
geneously with surrounding edema (Fig. 6-8). Angtuaco et al?0
reported multiple solid enhancing lesions seen on MRI. Imaging
findings are similar to other granulamatous diseases and biopsy
is invariably needed to make histologic diagnosis.2831

Candidiasis

Central nervous system infection with Candida is seen in
approximately half of autopsied patients with systemic can-
didiasis.2¢ The CNS is usually infected through hematogenous
dissemination. Cerebral candiasis usually results in multi-
ple microabscesses (Fig. 6-9) or granulomas and rarely in
meningitis.?” In addition, fungus ball, candidal ependymitis,
macroabscesses, infarction, mycotic aneurysm, and demyeli-
nation have also been reported.2¢ The spinal involvement can
range from spondylodiskitis to myeloradiculitis.

NEURORADIOLOGY OF FUNGAL INFECTIONS

Figure 6-7 Blastomycosis
paravertebral abscess. (A)
Thoracic spine T1-weighted
image shows a paraspinal
blastomycosis abscess which
has an isointense center and a
slightly hyperintense periphery
(white arrow). (B) Sagittal
T2-weighted image shows
hyperintense abscess (white
arrow). (C) Sagittal T1-weighted
image with gadolinium shows
rim enhancement of the abscess
(arrowhead).

Figure 6-8 Cerebral blastomycosis in a 22-year-old man with a 1-week
history of headache. CT scan shows an enhancing lesion adjacent to the
left frontal horn; there is surrounding low-density edema.

Coker?8 reported two infants with Candida meningitis
and ventriculitis that showed progressive development of
hydrocephalus. On contrast-enhanced CT the ventricles had
enhancing trabeculations and periventricular enhancement.
Cranial ultrasonography demonstrated dilated ventricles with
echogenic debris and periventricular cavitation, poorly defined
foci of parenchymal echogenicity (cerebritis), and multiple cor-
tical hypoechoic areas (granulomatous abscesses).3%3¢ Multi-
ple large ring-enhancing lesions with edema and hydrocephalus
from Candida abscesses were reported by Chaabane et al.2?
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Calcifications have been reported as the end-stage of Candida
lesions after therapy with amphotericin B.2” Radionuclide sin-
gle photon emission CT (SPECT) scanning with thallium-201
has shown abnormal radionuclide uptake in cerebral lesions
and correlated with lesions seen on contrast-enhanced CT.
After treatment with amphotericin B, most of the abnormal
T1-201 uptake and the enhancement on CT disappeared.

Vascular invasion by Candida can result in thrombosis,
vasculitis, and mycotic aneurysms.3%3¢ Thrombosis leads to
cerebral infarction, which may become hemorrhagic. Serial
arteriography has shown an increase in the size and number of
the mycotic aneurysms.2¢ Rupture of mycotic aneurysm results
in subarachnoid hemorrhage.

Bone infection by Candida is rare.’ Edwards et al3!
reported three patients with Candida vertebral osteomyelitis
with lytic lesions. Cervical osteomyelitis with C6-C7 verte-
bral destruction, loss of disk space, subluxation3? and epidural
abscess has been described.33

MRI identifies the level and extent of spinal disease and
helps evaluation of the thecal sac and its contents. Bright T2
signal within the cord, though non-specific, may represent
edema, ischemia or gliosis, and is a bad imaging sign. Micro-
biologic diagnosis of spondylodiskitis requires CT-guided
biopsy. Without antifungal treatment the Candida vertebral
osteomyelitis can progress to vertebral collapse and neurologic
compromise within 3—6 months of symptom onset.*!

Candida vertebra has been reported in an immunocompe-
tent girl with factor X deficiency due to an infected cannula.3*

Coccidioidomycosis

Dissemination of Coccidioides occurs in less than 1% of infec-
tions but when it does happen, the CNS is involved in one-third
to three-quarters of cases.>S Meningitis is the most frequent
CNS manifestation of disseminated Coccidioides infection. 445
Sobel et al3¢ described four patterns in 32 patients: leptomen-
ingitis alone, leptomeningitis with cerebritis, leptomeningitis
with cerebritis and infarcts, and multiple granulomas.

Arsura et al,?” in their study of 62 patients with coccidi-
oidal meningitis, found abnormalities in 76% and 41.6% of
patients on MRI and CT scan respectively. Hydrocephalus

Figure 6-9 Candida micro abscesses. (A) Non-
enhanced CT scan shows abnormal low density
within the white matter. (B) Contrast CT scan
shows punctate enhancing candidal microab-
scesses (white arrows). (Case courtesy of

Dr Richard Dahlen, San Antonio, TX.)

Figure 6-10 Coccidioides meningitis. Axial non-enhanced CT scan shows
abnormal increased density in the suprasellar cisterns caused by dense
inflammatory exudate (white arrow).

(51.6%), basilar meningitis (46.8%) and cerebral infarc-
tions (38.7%) were the most common findings (Fig. 6-10).
Dublin and Phillips®S also described a high incidence of
hydrocephalus (80%) and leptomeningeal signs (obliteration,
distortion, and/or increased density, enhancement within the
basal cisterns) (67%) on CT. White matter abnormalities were
seen in 40%; less frequent were ventriculitis (enhancement of
the ventricular ependymal lining), focal granuloma (nodular
enhancing mass lesion), and deep gray matter lesions (abscesses
or infarcts). MRI with diffusion-weighted sequence showed
a higher incidence of infarction than CT.37 The presence of
hydrocephalus and hydrocephalus co-existing with infarction
was associated with increased mortality rates.3”

The MRI findings of coccidioidomycosis meningitis in
12 patients were described by Wrobel et al.3® Precontrast
MRI demonstrated abnormal increased signal within the



subarachnoid spaces on PD images. Abnormal meningeal
enhancement of the basal cisterns, sylvian fissures, and
interhemispheric fissure was present in 58% of their cases
(Fig. 6-11). Varying degrees of hydrocephalus were present
in seven of 12 patients. Periventricular increased T2 signal
was not prominent in any of their patients. Focal areas of
parenchymal increased T2 signal suggestive of edema or
ischemia or infarction were present predominantly in the
white matter in four of the patients. Cortical as well as deep
infarcts are seen in some patients.*>*7 Pathologically, the
areas of abnormal MRI enhancement represent focal collec-
tions of organism.3’

Vascular involvement is frequently found at autopsy typi-
cally affecting small arteries and arterioles.3¢ In Sobel’s series
infarcts were frequently multiple, occurring commonly in
the basal ganglia, thalamus, and white matter. Kleinschmidt-
DeMasters et al reported C. immitis ventriculitis with venulitis
and widespread dural and cerebral venous thrombosis in an
AIDS patient.t!

Osseous involvement was reported in 10-50% of cases of
disseminated coccidioidomycosis. Multiple lytic lesions of the
skull demonstrated increased activity on radionuclide bone
scan.*® The spine is the most common site of bone infection.
Spine lesions are lytic and can either have a poorly defined
margin or appear “punched out.”#? Dalinka and Greendyke*!
reported 17 spinal lesions in seven patients. Multiple, non-con-
tiguous spinal lesions were present with associated involve-
ment of other bones. Collapse of the vertebral bodies occurred
late in the disease course. The disks were relatively spared
and were involved late in the disease. Involvement of the tho-
racic spine was usually associated with a paraspinal abscess.
Intraspinal disease can occur as epidural extension of osseous
lesions and result in spinal cord compression*? or meningeal
infection.?® Wrobel and Rothrock®3 reported two patients with
anterior spinal artery syndrome secondary to extensive cervi-
cal subarachnoid involvement with Coccidioides immitis. MRI
demonstrated thick, abnormally enhancing meningeal granula-
tion tissue with flattened and compressed cervical cord. Spinal
arachnoiditis can show clumping of nerve roots, enhancement
of nerve roots, thickening of the meninges, abnormal enhance-
ment of the meninges, and abnormal increased T1 and PD signal
of the CSF on MRI (Fig. 6-12).

NEURORADIOLOGY OF FUNGAL INFECTIONS

Figure 6-11 Coccidioides meningitis. (A) Axial
T1-weighted image shows hydrocephalus and
enlarged temporal horns. (B) Axial T1-weighted
image with gadolinium shows intense abnormal
meningeal enhancement of the suprasellar
cisterns, around the midbrain, and superior
vermis. (Case courtesy of Dr Richard Dahlen,
San Antonio, TX.)

Figure 6-12 Spinal Coccidioides meningitis. (A) Non-enhanced sagittal
T1-weighted image shows abnormal increased signal in the lower lum-
bosacral thecal sac (arrow). (B) Sagittal T1-weighted image with gadolin-
ium shows intense abnormal enhancement coating the conus medullaris
(arrow) and the cauda equina (long arrow). The lower lumbosacral thecal
sac shows abnormal diffuse enhancement (open arrow).

Cryptococcosis

Cryptococcus is very neurotropic and can involve the CNS
as meningitis, meningoencephalitis, or cryptococcal masses.
Meningitis is the most common clinical presentation. In “nor-
mal” hosts, Cryptococcus elicits a granulomatous reaction.**
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Figure 6-13 Cryptococcal meningoencephalitis. (A) Axial T2-weighted image shows abnormal increased signal in the frontal lobes (arrows). (B) Axial
T1-weighted image with gadolinium shows abnormal enhancement within areas of cerebritis in the frontal lobes (arrows). (C) Axial T1-weighted
image with gadolinium shows abnormal meningeal enhancement around the midbrain (curved arrow).

Immunocompromised patients may mount little, if any, inflam-
matory reaction.

In the series of intracranial cryptococcosis reported by Popo-
vich* and by Cornell,* slightly more than 40% of patients had
no abnormalities on CT. In the 12 cases of intracranial crypto-
coccosis reported,* the most common abnormality on CT was
hydrocephalus, which was present in 58% of their cases. How-
ever, only 9% of the 35 patients with intracranial cryptococcosis
described by Popovich* had hydrocephalus. Hydrocephalus is
thought to result from adhesions secondary to chronic meningeal
inflammation that produce CSF obstruction. In the Popovich
series, 80% of the patients had AIDS. CT scans in the 12 non-
AIDS patients reported by Cornell revealed intense meningeal
enhancement, obliteration of the fourth ventricle secondary to
cerebritis, and enhancing intraventricular granuloma. Takasu et
al*¢ reported the case of an HIV-negative man with cryptococ-
cocal meningoencephalitis with multiple enhancing lesions on
MRI. T2-weighted images showed abnormal increased signal in
the frontal lobe and adjacent to the fourth ventricle with resolu-
tion on repeat MRI. Riccio?” reported the CT and MR findings
of a non-AIDS patient with biopsy-proven multiple cryptococ-
cocal microabscesses. Non-contrast CT demonstrated multiple
small calcifications and slight ventricular dilatation. The MR
revealed numerous scattered nodules of abnormal enhancement,
most of which were in sulci, and slight meningeal enhancement
adjacent to the pons (Fig. 6-13).

In the series of 11 non-AIDS patients reported by Chan et al,*8
two patients had unusual findings on CT: a cryptococcocal cyst
of the pituitary gland, and a cyst of the posterior fossa. The cause
was unsuspected until after examination of the cyst fluid. Kanter
et al* reported a non-AIDS patient whose CT showed multiple
solid and ring-enhancing lesions, some with surrounding edema.
With a presumptive diagnosis of metastatic disease, steroid and
radiation therapy was started. A repeat CT scan showed that
the enhancing lesions had almost completely disappeared. After
2 weeks of improvement, the patient began to deteriorate and
subsequently died. Autopsy revealed diffuse involvement of the

leptomeninges by Cryptococcus. Garcia et al®® reported two
non-AIDS patients with intracranial cryptococcosis that on CT
demonstrated multiple round hypodense non-enhancing lesions
in the basal ganglia and thalami. These lesions histologically
consisted of cavities (dilated Virchow-Robin spaces) filled
with a gelatinous material that contained numerous organisms
with thick capsules. Garcia et al coined the term “gelatinous
pseudocysts” (Fig. 6-14) for these lesions, because there was no
membrane between the cavities and the adjacent brain.
Mathews et al’! correlated the CT and MR findings of
intracranial cryptococcosis with autopsy studies and concluded
that MR detects more lesions than CT but that both imaging
modalities missed more than 50% of the lesions that are present
at autopsy. They also reported that the small foci of increased
T2 signal seen in the basal ganglia were more often the result
of small intraparenchymal cryptococcoma. The gelatinous pseu-
docyst and parenchymal crytococcoma in immunocompromised
patients typically show lack of diffusion restriction, poor to absent
enhancement on MRI and negative thallium SPECT.6%%3 How-
ever, immunocompetent patients, presumably due to retained
ability to mount intense inflammatory response, may instead
show restricted diffusion, enhancement and false-positive thal-
lium SPECT. A true-positive SPECT is suggestive of tumors as
hypercellularity and breakdown of the blood-brain barrier leads
to increased thallium uptake. The immunocompetent host who
has an ability to mount intense inflammatory response causes
breakdown of the blood-brain barrier (hence enhancement),
increased cellularity and presumably increased viscosity of the
necrotic material (hence restricted diffusion, seen as bright sig-
nal).62:63 These imaging findings and the patient’s non-suspecting
immunocompetent status can confound diagnosis.
Cryptococcal infection of the spine is rare, but osteomyelitis
with epidural extension,’? arachnoiditis,’ and intramedullary
granuloma have all been reported. Cure’? reported the MR
findings of cryptococcal spondylitis in an HIV-negative patient.
Increased T2 signal was present in vertebral bodies T9-T10.
The paravertebral infection extended into the epidural space,
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Figure 6-14 Cryptococcal gelatinous pseudocysts. (A) Axial T1-weighted image shows hypointense dilated Virchow-Robin spaces (arrow), gelatinous
pseudocysts. (B) Axial T2-weighted image shows hyperintense dilated Virchow-Robin spaces (white arrow). (C) Axial T1-weighted image with gadolin-

ium shows minimal enhancement of the gelatinous pseudocysts (arrow).

with resultant spinal cord compression. Gadolinium-enhanced
fat-suppressed T1WI demonstrated abnormal enhancement
not only of T9 and T10 but also of the T8 vertebral body and
the T9-10 disk, which had not demonstrated abnormal sig-
nal on T2-weighted images. Stein et al>? reported five patients
with fungal spinal leptomeningitis, four cases secondary to
Cryptococcus and one caused by Aspergillus. Three of the
patients with cryptococcal arachnoiditis had myelograms that
revealed incomplete or complete block. At surgery, the menin-
ges were thickened, causing cord compression in all cases. His-
tologic examination of the abnormal meninges demonstrated
Cryptococcus. MR examination of spinal arachnoiditis can
show clumping of nerve roots, enbancement of nerve roots,
thickening of the meninges, abnormal enbhancement of the
meninges, and abnormal increased T1, PD and FLAIR signal
of the CSE. If the spinal cord is compressed, edema will appear
as increased T2 signal. With disruption of the blood-spinal
cord barrier by infarction or an intramedullary infection,
enhancement of the affected cord may occur.

Histoplasmosis

CNS involvement by Histoplasma is very rare except in cases
of disseminated histoplasmosis. Autopsy series have shown
CNS involvement in approximately 25% of cases of dissemi-
nated histoplasmosis but neurologic symptoms were present
only in one-quarter of patients.’* In a literature review of 77
cases of CNS histoplasmosis by Wheat et al,>* approximately
65% had chronic meningitis, 25% had cerebral mass and less
than 5% had cerebritis or spinal cord lesions.

Most CT and MR descriptions of CNS histoplasmosis
have been reports of either solitary or multiple mass lesions
(Fig. 6-15).553¢ Walpole et al’’ reported a case of cerebral histo-
plasmosis with multiple ring-enhancing lesions with peripheral
edema on CT that subsequently calcified. Dion et al*¢ described
a thalamic ring-enhancing lesion on CT that had a hypointense
rim with slightly hyperintense center on PD MR images. Rivera

Figure 6-15 Cerebral histoplasmosis. Enhanced brain CT scan shows
multiple ring-enhancing Histoplasma lesions.

et al®7 described a 9-year-old patient with an initial CT show-
ing only communicating hydrocephalus, treated with a ven-
triculoperitoneal shunt. Four years later the CT demonstrated a
ring-enhancing lesion adjacent to the third ventricle, subependy-
mal enhancement of the right lateral ventricle, and worsening
hydrocephalus. Zalduondo et al*® reported a case showing thick
leptomeningeal enhancement at the base of the brain which
involved the fifth cranial nerve on MR. T2WI showed communi-
cating hydrocephalus and a round hyperintense thalamic lesion
that did not enhance with contrast. CT performed one week
later showed multiple confluent hypodense regions in the basal
ganglia and subcortical white matter. At autopsy, the areas of
hypodensity on CT in the thalamus and basal ganglia were due to
cerebritis. Early cerebritis may not show contrast enhancement
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Figure 6-16 Intramedullary spinal cord Histoplasma granuloma. Axial
T1-weighted image with gadolinium shows an enhancing granuloma
within the substance of the thoracic cord (white arrow).

and can simulate infarction. Vasculitis was present and was
thought to be the cause of the cerebritis. Livas et al>® described
multiple cerebral and spinal cord ring-enhancing Histoplasma
lesions on MR which showed resolution after completion of
therapy. Bazan et al® reported a case of intramedullary spinal
cord histoplasmosis with multiple solid enhancing granulomas
and edema in the conus medullaris (Fig. 6-16).

Hyalohyphomycosis

Among the agents of hyalohyphomycosis, Fusarium and Penicil-
lium have been reported to involve the CNS. Huang and Harris®!
reported a case in a leukemic patient who at autopsy had dis-
seminated cerebral and pulmonary penicilliosis with vascular
invasion, thrombosis, and infarction. Steinberg et al®? reported
a case of Fusarium brain abscess in the head of the right caudate
nucleus with a slightly hyperdense rim with minimal edema that
enhanced intensely on contrast-enhanced CT. A repeat CT after
aspiration of the abscess demonstrated new ventricular dilatation
and enhancement of the ventricular wall, suggesting ependymitis.

Paracoccidioidomycosis

Initially, CNS involvement by Paracoccidioides was thought
to be rare, but subsequent studies have revealed a frequency
of CNS involvement ranging from 0.6% to 27.3%.53 The dis-
ease, mostly affecting adult males, is endemic in subtropical
areas of Central and South America;®* the highest incidence
occurs in Brazil. De Almeida et al reported a 4 cm extraaxial
paracoccidioidal mass attached to the undersurface of the ten-
torium that compressed the cerebellum.%* They also stated that
Paracoccidioides produced three types of CNS lesions: menin-
goencephalitis, parenchymal granulomas, and isolated masses.
The granulomatous form is the most common.®S Based on CT

Figure 6-17 Phaeohyphomycosis: Bipolaris invasive sinusitis. Coronal non-
enhanced CT scan shows hyperdense fungal masses (asterisks) in the right
maxillary and ethmoid sinuses. There is erosion of the floor of the right
anterior cranial fossa (arrow) and remodeling of the right orbit medial wall.

scan findings, Elias et al®® identified four imaging patterns:
low-density lesion with ring enhancement, lesion with calci-
fication and ring enhancement, multiloculated low-density
lesion with ring enhancement, and diffuse subarachnoid
enhancement. The MRI showed leptomeningeal enhancement
in one and heterogeneous lesion with ring enhancement in two
patients. Gasparetto et al®” found ring-like contrast enhance-
ment in 94%, perilesional edema in 82% of parenchymal
lesions and hydrocephalus in 41% on CT.¢7

Phaeohyphomycosis

Adam et al®® reported nine cases of phaeohyphomycosis, three
of which were examples of sinusitis caused by the genera Alter-
naria, Bipolaris and Exserobilum. Rinaldi et al® reported five
cases of sinusitis caused by Curvularia in immunocompetent
patients. Radiographs revealed either sinus opacification or soft
tissue masses in the sinuses. CT scan confirmed the radiographic
findings and also demonstrated bony erosion and the presence
of hyperdense material within some of the sinuses (Fig. 6-17).
Aviv et al®® reported a case of Exserobilum pansinusitis with
multiple intracranial mucoceles. CT showed expansile bilateral
sinus and nasal masses. The lesions had extended laterally into
the orbits and the floor of the anterior cranial fossa. The lesions
showed heterogenous density with some areas of hyperdensity
and others of hypodensity on CT. On MR the maxillary sinus
and sphenoid were hyperintense on T2WI, indicating a high
water content of obstructed secretions. But both ethmoids
showed hypointense signal, representing areas of fungi and
dried secretions. These areas of hypointensity could be con-
fused with air on the T2WI. The extent of sinus opacification
could more easily be appreciated on the CT scan.

CNS phaeohyphomycosis has been reported secondary to
Bipolaris (Fig. 6-18), Chaetomium,”® Curvularia,”"’> Fonse-
caea,”! Wangiella,”> and Cladophialophora.”® Cladophialo-
phora, a highly neurotropic fungus, has been the etiologic agent
in approximately half of reported dematiaceous fungal brain
abscesses.”> Non-enhancing low-density lesions on CT have
been described with CNS Curvularia.’* Multiple enhancing
lesions have also been reported with Curvularia.” Shields et al’6



Figure 6-18 Phaeohyphomycosis: brain infarcts caused by Bipolaris.
Non-enhanced axial CT scan at the level of the frontal horns shows a
large hemorrhagic infarct (asterisk) in the right frontal lobe and multiple
bland infarcts involving both cerebral hemispheres (arrows).

reported that Cladophialophora presented as multiple areas of
high T2 signal in the thoracic spinal cord and conus medullaris
in a woman with pulmonary sarcoidosis on oral steroids. The
diagnosis was made following spinal cord biopsy as the patient
progressed on steroids. Shimosaka and Waga”’ reported a case
of cerebral phaeohyphomycosis granuloma (unspecified genus)
that was complicated by meningitis. Multiple mycotic aneurysms
formed after resection of the granuloma followed by a second
hemorrhage. Arteriography demonstrated four mycotic aneu-
rysms involving the middle and anterior cerebral arteries. The
mortality is 100% without treatment and high (65%) despite
the combination of surgical and antifungal treatment.”$

Pseudallescheriasis

Sinus and CNS involvement by Pseudallescheria (Scedosporium
apiospermum) is rare.” Most reports of Pseudallescheria sinusi-
tis have involved the maxillary sinuses, with a few instances
of ethmoid, frontal, and sphenoid sinus involvement.87:103-105
Gluckman et al? reported a case of a diabetic man with Pseu-
dallescheria sinusitis involving the maxillary sinus. CT showed
erosion of the right orbit medial wall. Orbital apex syndrome
secondary to a sphenoidal sinus mycetoma of Pseudallesche-
ria boydii has also been reported.8! Infection can present as
diskospondylitis and rarely as calvarial osteomyelitis.8? Intra-
cranial infection is usually by direct or hematogenous extension,
including cerebral abscesses, meningitis, cerebritis, ventriculi-
tis, and intracranial vascular involvement.$3 On CT, the Pseu-
dallescheria brain abscesses showed ring enhancement.

Most patients who contract a CNS infection with Pseu-
dallescheria are either immunocompromised or are victims
of near drowning.8* In this report, with brain abscesses sec-
ondary to Pseudallescheria, four of the patients had suffered
near-drowning episodes. Although initial CT scans were nor-
mal, CT scans performed 2—4 weeks after the near-drowning
episodes revealed multiple ring-enhancing brain abscesses.

NEURORADIOLOGY OF FUNGAL INFECTIONS

Kershaw et al®° reported a case of Pseudallescheria infection
that resulted in a series of cerebral infarcts. The initial CT
scan revealed a low-density lesion of the thalamus. Arteriog-
raphy showed occlusion of the right posterior cerebral artery.
Autopsy disclosed necrosis and thrombosis of multiple vessels.
Selby®¢ reported a case of pachymeningitis secondary to Pseu-
dallescheria that produced progressive paraplegia. Myelogra-
phy demonstrated an extradural lesion from Té6 to T10 with
a block at T9.

Sporotrichosis

Sporothrix schenckii typically produces cutaneous lesions and
rarely affects the CNS. There have been several case reports of
chronic sporotrichosis meningitis.”34 Agger et al®” reported
a case of ocular sporotrichosis in a diabetic with necrotizing
ethmoid sinusitis. Radiographs demonstrated opacification of
the ethmoid air cells with erosion of the lateral wall. Kumar
et al®8 described a case of sinonasal spirotrichosis with intrac-
ranial extension.

Zygomycosis

Zygomycoses are classified as either mucormycoses or ento-
mophthoromycoses. Mucormycosis usually manifests in immu-
nocompromised individuals as an acute, necrotic, rapidly
progressive disease that may lead quickly to death. Entomoph-
thoromycosis is a chronic, slowly progressive subcutaneous dis-
ease seen mostly in immunocompetent patients living in tropical
climates.3? Cerebral mucormycosis occurs in three different ways:

e rhinocerebral, usually secondary to infiltration from a pri-
mary site within sinuses

e systemic with hematogenous spread to the CNS typically
from the lungs

e isolated cerebral form with the no other body sites
involved.

The isolated form is rare and may present as a single or
multiple parenchymal lesions or meningoencephalitis. It
usually occurs in intravenous drug abusers and has been
described with penetrating brain injury, and in patients
with AIDS and non-Hodgkins lymphoma.”® The chronic
rhinocerebral form of mucormyocosis can sometimes occur,
usually in patients with diabetes and ketoacidosis. Skull base
osteomyelitis can be seen in these patients, unlike in the acute
form in which the bone involvement is uncommon.’!-%2 Chan
et al reported a case with extensive skull base osteomyelitis due
to chronic isolated sphenoid sinus disease.”> Rhino-orbital-
cerebral zygomycosis is the most common manifestation of
zygomycosis.”> Cerebral and sinoorbital zygomycosis can
occur independently. Sinoorbital infection usually begins
in the nasal cavity and spreads contiguously to the adjacent
paranasal sinuses and orbit. Isolated cerebral zygomycosis
usually has a hematogenous origin. Vascular invasion and
subsequent thrombosis are common in zygomycosis.

Gamba et al®* reported that early paranasal sinus involve-
ment appeared as mucosal thickening on CT scans usually
without air—fluid levels. Bone destruction was unusual and
seen late even with spread beyond the paranasal sinuses.
Air—fluid levels in the sinus, calcified sinus mass, thickening
and erosion of the sinus wall were also described.193:194 Press
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et al®’ reported sinus involvement as hyperintense secretions
and mucosal thickening on T2WI. Administration of para-
magnetic contrast typically shows enhancement of the infected
mucosa. If vascular thrombosis has occurred, it can result in
paradoxical non-enhancement of the diseased tissues.

Extension into the pterygopalatine fossa and infratempo-
ral fossa can occur without bone destruction. Gamba et al®*
reported deep tissue involvement in seven of 10 patients with
zygomycosis, but bone destruction in two. Loss of the normal
fat density and obliteration of fat tissue planes on CT were
indicative of deep tissue involvement. Press et al®> reported
swollen muscles with increased signal on T2WI and PD images
in the parapharyngeal and infratemporal regions.

Orbital spread from the paranasal sinuses may occur by
direct extension through the thin lamina papyracea or ethmoi-
dal blood vessels.?® Radiographic signs of orbital involvement
include proptosis, preseptal edema, infiltration of the orbital
fat, thickened optic nerve, thickened extraocular muscles, lat-
eral displacement of the medial rectus, extraconal abscess, and
non-enhancement of ophthalmic artery or vein.*+%7:%3 Infection
can advance into the cavernous sinus through the ophthalmic
artery or other orbital vessels.”® Cavernous sinus involvement
can be suspected when imaging demonstrates bulging of the
lateral wall of the sinus. Non-enhancement of the cavernous
sinus on CT or MR is indicative of thrombosis (Fig. 6-19).

The CNS involvement can result in meningitis, cerebritis,
abscess, and infarction.”*?5 The basal frontal lobes and tem-
poral lobes are most frequently involved when the cerebral
infection is from direct extension of rhino-orbital zygomyco-
sis. Gamba et al®* reported cerebral abscesses as low-density
masses on CT with variable peripheral enhancement and little
surrounding vasogenic edema. Berthier et al® reported a case
with initial CT showing a small nodular enhancing lesion sur-
rounded by edema in the frontal lobe. After a good response
to amphotericin B the patient became more symptomatic one
month later. CT done at this time revealed a large multilocu-
lated ring-enhancing frontal lobe abscess.

On MR, cerebral involvement will show areas of abnor-
mal increased signal on T2WI and FLAIR images.”> Areas of
cerebritis can enhance after administration of paramagnetic

contrast. Vascular invasion frequently leads to thrombosis and
subsequent cerebral infarction. On CT, infarcts will appear as
areas of low density in a vascular distribution. On MR the
infarcts will have decreased T1 and increased T2 signal. There
can be enhancement, and hemorrhage can develop in areas of
infarction. Vascular invasion can also result in septic emboli,
which can lead to foci of cerebritis distant from sinoorbital
infection. Diffusion restriction seen as a bright signal may be
due to either acute infarctions or cerebritis.””

Escobar and Del Brutto!% described an immunosuppressed
patient with multiple brain abscesses. Zygomycosis has a pre-
dilection for vascular invasion, particularly the internal carotid
artery (Fig. 6-20). Courey et al'%! reviewed the angiographic
findings of craniofacial zygomycosis and described arteritis,
stenosis, occlusion, pseudoaneurysm formation, embolism,
and infarction. On MR the presence of signal in an artery
instead of the expected flow void indicates occlusion or very
slow flow. MR/CT angiography can be used to evaluate vessel
patency, if patients are able to cooperate during the study.

Thoracic mycotic disease

Aspergillosis

Aspergillus organisms produce five basic forms of thoracic
infection in humans: allergic bronchopulmonary, sapro-
phytic (aspergilloma), chronic necrotizing (semi-invasive),
airway invasive, and angioinvasive aspergillosis. The thoracic
manifestations of aspergillosis are related to the number and
virulence of these fungi, immune state of the individual and the
presence and extension of underlying lung disease.!02:103 The
allergic form is seen predominantly in atopic individuals who
demonstrate hyperreactivity to the fungus. The saprophytic
form represents a non-invasive colonization of a preexisting
pulmonary cavity by Aspergillus in an immunocompetent
host leading to a mycetoma (aspergilloma). In mildly immu-
nosuppressed individuals, Aspergillus may develop a more
aggressive localized form of infection (chronic necrotizing
aspergillosis) in which the fungus creates an inflammatory

Figure 6-19 Rhinocerebral zygomycosis with
cavernous sinus thrombosis. (A) Axial CT scan
through the maxillary sinuses shows an air-fluid
level in the left maxillary sinus and swelling of the
left facial soft tissues. (B) Enhanced CT scan shows
normal enhancement of the right cavernous sinus
(black arrow) and no enhancement of the throm-
bosed left cavernous sinus (white curved arrow).



process within normal lung parenchyma that results in tissue
necrosis, cavitation, and formation of an aspergilloma.!04
In the invasive form, the fungus produces a granulomatous
bronchopneumonia that typically affects severely granulocy-
topenic individuals. On occasion, one form of disease will
transition into another and some authors believe this is a spec-
trum of one disease.!0

Allergic bronchopulmonary aspergillosis

Allergic bronchopulmonary aspergillosis (ABPA) is character-
ized by the presence of inspissated mucus plugs containing
Aspergillus and inflammatory cells, especially eosinophils.
Besides mucoid impaction of bronchi, bronchocentric

THORACIC MYCOTIC DISEASE

Figure 6-20 Rhinocerebral zygo-
mycosis with occluded internal
carotid artery and multiple infarcts.
(A) Axial T1-weighted image shows
normal signal void of the right
internal carotid artery (white arrow)
and abnormal increased signal
within the occluded left internal
carotid artery (black arrow).

(B) Axial T2-weighted images shows
hyperintense mucosal thickening
of the left maxillary and sphenoid
sinuses (small white curved arrows).
(C) Axial T2-weighted image shows
wedge shaped hyperintense
infarcts in the left posterior
temporal-parietal region (white
arrows). (D) Frontal view from a 3D
time of flight MR angiogram shows
normal flow, bright signal, in the
right internal carotid artery (black
“R”) and basilar artery (black “B”).
No flow is detected in the expected
location of the left internal carotid
artery (white “L").

granulomatosis (necrotizing granulomas centered upon the air-
way lumens), eosinophilic pneumonia, and chronic or exuda-
tive bronchiolitis are also seen.'%¢ McCarthy et al'07 reported
the chest radiographic features in 111 patients with ABPA.
Radiographic findings are predominantly related to acute and
chronic inflammation within the pulmonary parenchyma and
airways. Infiltrates range in size from lobar airspace consolida-
tion to subsegmental patchy opacities. The airspace opacity
may be from an eosinophilic pneumonia or by postobstruction
pneumonitis or atelectasis (Fig. 6-21). More than one infiltrate
may be present at a time, and may be bilateral. Although upper

lobes are most frequently affected, airspace disease occurs in
all lobes.107
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Figure 6-21 Allergic bronchopulmonary aspergillosis. (A) Posteroanterior (PA) chest radiograph of a 65-year-old woman reveals abnormal opacity in
the left retrocardiac area (asterisk) which causes non-visualization of the medial portion of the left hemidiaphragm and the retrocardiac descending
aorta. Note the subtle “v-shaped” opacity within the right upper lobe (arrows). (B) Chest CT image (lung window) through the lower thorax shows
that the retrocardiac opacity in (A) represents airless consolidation within the anteromedial basal segment of the left lower lobe (asterisk).

(C) Chest CT image (lung window) reveals central bronchiectasis involving apical posterior bronchus in left upper lobe (arrow). (D) Chest CT image
(lung window) demonstrates a “v-shaped” opacity (arrows) representing impacted mucus within ectactic bronchi in the posterior segment of the

right upper lobe, corresponding to that seen in (A).

The radiographic features produced by ABPA have been
described as “tram-line shadow,” “gloved-finger shadow,”
etc. These refer to opacities created by airway inflamma-
tion, with or without mucoid filling of the affected bronchus.
“Tram-lines” are subtle, parallel hairline opacities represent-
ing a thick-walled bronchus. Most tram-line opacities were
identified in patients less than 15 years of age.'”” Tram-line
opacities tend to be transient. Central bronchiectasis is one
of the most characteristic findings of ABPA (see Fig. 6-21).
“Parallel-line shadows” represent walls of dilated bronchi. In
patients with ABPA, these lines are common, often bilateral,
and more frequent in the upper lobes. Mucoid impaction of the
bronchi creates the most characteristic “toothpaste shadows,”
which are short oblong opacities 5-8 mm wide, represent-
ing mucoid impaction within dilated bronchi (see Fig. 6-21).
“Gloved-finger shadow” is a band-like opacity with an
expanded, rounded distal end, representing secretions in a
dilated bronchus with an occluded distal end (Fig. 6-22).
Occasionally, an air—fluid level is identified within the lumen of
such a bronchus, whereas in other patients the bronchus may
be filled with mucoid material, creating a 1-2 c¢cm spherical

mass (see Fig. 6-22). Bronchiectasis, most often found in the
upper lobes, has been reported in 25-65% of patients. On CT,
ABPA imaging findings consist primarily of mucoid impaction
and bronchiectasis involving predominantly the upper lobes or
medial two-thirds of the lungs.08

Saprophytic aspergillosis (Aspergilloma)

The typical aspergilloma is a saprophytic non-invasive fungal
pulmonary infection. Aspergilloma is a specific type of pul-
monary mycetoma or fungus ball, albeit the most common.
It occurs within preexisting lung cavities, in portions most
severely damaged by the fibrocavitary and fibrocystic lesions,
the upper or the superior segments of the lower lobes. Aspergil-
loma have been reported in lung abscess, bronchogenic cyst,
emphysema, radiation fibrosis, and cavitary lung carcinoma,
etc.!04 Interestingly, aspergilloma also occur in cavities created
by other fungal infections.

The classic aspergilloma manifests on chest roent-
genograms as a homogeneous, rounded, mobile opacity
representing a tangled mass of Aspergillus hyphae, fibrin,
mucus and cellular debris within a spherical or ovoid upper
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lobe cavity (Fig. 6-23). Occasionally, an individual may have
multiple aspergilloma (Fig. 6-24). A second characteristic fea-
ture is a narrow crescent-shaped lucency or air crescent sign
that separates the aspergilloma from the non-dependent wall
of the cavity. Occasionally the aspergilloma fills the cavity so
that the air crescent sign may be absent or easily overlooked
(see Fig. 6-24). As the patient changes position from upright
to recumbent to lateral decubitus, the mycetoma moves to the
gravitationally dependent portion of the cavity (Fig. 6-25).
The portion of the wall nearest the pulmonary hilum is thin,
and the wall adjacent to the pleura is typically much thicker
(see Figs 6-23, 6-24). Although the Aspergillus organism
does not invade the wall, it does induce an acute and chronic
inflammatory reaction within the adjacent pleura. New pleu-
ral thickening adjacent to chronic cavitary or cystic lung dis-
ease may herald the formation of an aspergilloma.!%?

The aspergilloma is frequently not obvious on chest radio-
graphs due to distortion caused by fibrosis. CT is more sensi-
tive than plain radiography in identifying an aspergilloma. CT
may show air lucencies within the mass, creating a spongelike
appearance (Fig. 6-26). Less commonly, only fronds of opacity
project into the cyst lumen from its wall. Other atypical fea-
tures include a fluid level and, rarely, calcifications within the

Figure 6-22 Allergic bronchopulmonary aspergillosis (ABPA). (A) PA
chest radiograph of a 40-year-old woman with ABPA demonstrates
branching tubular opacities (arrows) within the right upper

lobe representing mucus plugs within ectatic central bronchi.

(B) Follow-up PA chest radiograph demonstrates bronchiectasis and
mucus plugs in the left upper lobe (arrows). (C) Chest CT image (lung
window) demonstrates to better advantage the mucus plugs within
bilateral central bronchiectasis.

aspergilloma. Spontaneous resolution has been documented in
7-10% of cases.

Although aspergillomas are not invasive, they may be the
source of subsequent Aspergillus dissemination.104

Chronic necrotizing aspergillosis (Semi-invasive
aspergillosis)

In patients who are mildly immunocompromised (alcoholism,
diabetes mellitus, etc.) or who have lung disease (sarcoidosis,
radiation fibrosis, chronic obstructive pulmonary disease),
Aspergillus may create a chronic, localized infection that is
more aggressive than the classic non-invasive aspergilloma
but significantly more protracted than invasive pulmonary
aspergillosis.!0%110 QOriginally termed semi-invasive aspergil-
losis, '3 it is more commonly referred to as chronic necrotiz-
ing aspergillosis (CNA). In CNA the Aspergillus organism
produces a chronic inflammatory process with limited tissue
invasion, with tissue necrosis, granulomatous inflammation
and cavity formation.!®* At the same time, an aspergilloma
often develops within the necrotic tissue as a secondary
phenomenon.'% Most patients with CNA are middle aged and
have underlying non-cavitary pulmonary disease or are mildly
immunocompromised.!10
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Figure 6-23 Aspergilloma. Coned anteroposterior (AP) chest radiograph
of a recumbent 53-year-old man demonstrates a rounded mass (asterisk)
in the apex of the right lung with surrounding lucency representing
cystic lung disease. The wall of the cystic area is very thin along its caudal
aspect toward the right hilum (arrowheads), while the wall of the cystic
disease and the adjacent pleura is markedly thickened along its apical
and lateral surface (open arrows).

Figure 6-24 Aspergillomas in an adult with stage IV sarcoidosis. PA chest
radiograph shows bilateral aspergillomas (asterisks) within the upper
lobes creating opacities which vary in size. The severe lung disease tends
to obscure the smaller aspergilloma and their associated findings. Note
the variation in the width of the pleural thickening (arrows) adjacent to
the aspergilloma and the subtle air crescents separating aspergilloma
from pleural thickening.

Figure 6-25 Aspergilloma in a 24-year-old man with previous tuberculosis, a 2-day history of productive blood-tinged sputum, and a weight loss

of 17 pounds. (A) Upright PA chest radiograph shows extensive volume loss and marked bronchiectasis in the left lung with surrounding consolida-
tion and small nodular opacities. A rounded mass (asterisk) is present in the dependent portion of one of the bronchiectatic areas. The air crescent
surrounding the mass is quite large. Fluid obscures the dependent portion of the mass. Both features make the correct diagnosis, aspergilloma, dif-
ficult. (B) Contrast-enhanced chest CT image (soft tissue window) with the patient in the supine position shows that the mass (asterisk) has moved to
the dependent portion of the “cystic” lesion. Note the wide air crescent and the small amount of fluid adjacent to the dependent portion of the mass.
Left pneumonectomy confirmed an aspergilloma and extensive bronchiectasis.



Figure 6-26 Aspergillomas in a 52- year- old man with hemoptysis.
Chest CT image (soft tissue window) reveals a single, rounded, low-
attenuation mass (asterisks) within the dependent portion of a cyst within
the apical portion of each upper lobe. The mass on the left shows internal
air lucencies. The cyst walls are thickened along the portion contacting
pleura. Surgery proved that both masses were aspergilloma.

Semi-invasive aspergillosis usually presents as upper
lobe consolidation that progresses to cavitation, with multi-
ple areas of nodular opacity, which may be associated with
pleural thickening.!8 This radiographic appearance may be
indinguishable from that of pulmonary tuberculosis.!!! The
radiographic features of CNA may also be similar to those of
non-invasive aspergilloma: a mobile, homogeneous rounded
opacity with an adjacent air crescent lying within an upper
lobe cavity that exhibits a thin wall toward the lung hilum
and a thickened wall along its pleural margin. However,
there is one important difference. As originally described,!03
the aspergilloma of CNA develops within lung parenchyma
that had no previous cyst or cavity. The diagnosis of CNA is
suggested when a mycetoma is present in lung without pre-
vious cystic or cavitary disease. Rarely, CNA is imaged as it
progresses from a localized area of chronic alveolar infiltrate
to cavitation and subsequent mycetoma formation within the
cavity. The progression of disease varies widely from several
weeks to many years.!04

Sider and Davis!!2 described three patients with a local-
ized form of aspergillosis in which the disease manifested
as rounded nodules or masses of 1, 2, and 10 cm diameter.
None of these patients was severely immunocompromised,
receiving prolonged therapy (corticosteroids, antibiotics or
chemotherapy), or had preexistent pulmonary disease or an
abnormal chest radiograph. Multiple cavitary nodules more
than 1 cm in diameter have also been reported as a common
pattern of semi-invasive pulmonary aspergillosis in patients
with chronic obstructive pulmonary disease (COPD).113

Invasive pulmonary aspergillosis

Immune-suppressed patients, particularly those with leukemia
or lymphoma and chemotherapy-induced neutropenia, patients
with organ transplants, and patients receiving high doses of
corticosteroids or broad-spectrum antibiotics are prone to
contracting invasive pulmonary aspergillosis (IPA).!'2 In most
patients the lungs are affected, and infection remains confined.
Thoracic disease can manifest as necrotizing bronchopneumo-
nia, hemorrhagic infarction, and tracheobronchitis.
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In susceptible hosts, Aspergillus colonizes the tracheobron-
chial tree and invades the walls of large bronchi, resulting in
extensive ulceration and sloughing. When infection is confined
to the airway, chest radiographs are normal or only show
foci of atelectasis, even though patients might be quite symp-
tomatic. Aspergillus pneumonia develops when the organism
invades lung parenchyma or, more commonly, when the infec-
tion centers on terminal airways and extends into the adja-
cent lung. It is important to be aware that a patient’s chest
radiographs may appear normal in up to 25% of cases of
IPA pneumonia''* or demonstrate non-specific, patchy foci
of airspace consolidation. With extension of the infection into
lung, the organism typically invades the adjacent pulmonary
artery, causing thrombosis. Radiographically, these foci of
bronchopneumonia may be easily overlooked. With time,
the consolidations grow, and chest radiographs reveal one or
more mass-like opacities several centimeters in diameter that
are often peripheral in location (Fig. 6-27). On CT images,
the most common appearance is a rounded mass, represent-
ing necrotic lung infiltrated with Aspergillus hyphae,!32.169:170
which are surrounded and separated from normal lung by a
thin zone of ground-glass opacity that is of lower attenuation
than the central mass but of higher attenuation than the sur-
rounding normal lung.!'7-122.123 Kuhlman and associates'!*
termed this characteristic appearance the “CT halo sign” (see
Fig. 6-27), proven in CT-pathologic correlations to represent
hemorrhage.!6%:171 Although not specific for IPA, this sign
is most often secondary to IPA. The halo sign appears early
in the course of infection, often preceding the development
of cavitation or air crescent by 2 to 3 weeks.!'* In leukemic
patients with chemotherapy-induced neutropenia, these
rounded infiltrates on CT and chest radiographs are so charac-
teristic of IPA that some consider them virtually diagnostic.28
CT may also demonstrate multiple, small, irregular inflamma-
tory masses that may coalesce into clusters of small, fluffy nod-
ules, and large areas of consolidation.!S

Herold and associates?*” examined 37 nodular IPA lesions
in 11 patients by MRI. On TIWI/T2WI or both, 34 of the 37
lesions demonstrated a hypointense or isointense center and a
rim of higher signal intensity, referred as a target appearance.
In five lesions, the target appearance was caused by central
cavitation. In all others, they believed the center represented
coagulative fungal necrosis. The higher signal intensity in the
periphery of each lesion corresponded to subacute hemorrhage
or hemorrhagic infarction. All lesions demonstrated peripheral
enhancement with gadolinium diethylene-triamine pentaacetic
acid (Gd-DTPA), believed to be from inflammation. In seven
of 11 lobar consolidations the lesions were hyperintense, com-
patible with hemorrhagic infarction or hemorrhage alone. The
authors concluded that the “target” appearance on MRI will
prove to be another diagnostic key in early IPA.

Cavitation occurs in up to half of patients with infiltrates
due to IPA, and approximately 80% of cavities demonstrate
air crescents.!1¢ Air crescent formation is characteristic of the
recovery phase of IPA, and the presence of granulocytes is cru-
cial for the formation of pulmonary cavitation and typically
occurs 3—4 days after WBC counts reach a level of 1000/mm3
or greater.!16 Although the radiographic appearance is identi-
cal to saprophytic aspergilloma in chronic cystic lung disease,
the two processes must not be confused. During air crescent
formation in IPA, resorption of necrotic, hemorrhagic tissue
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at the periphery of the infiltrate leads to a central sequestrum
of non-viable pulmonary tissue infiltrated with Aspergillus
hyphae and surrounded by air (Fig. 6-28).126:145 Although
characteristic of IPA, air crescents are of relatively little diag-
nostic use, because they occur relatively late in the course of
the pneumonia. With healing, pulmonary opacities become
smaller and often more well defined. Many will resolve.
However, with the development of cavitation, approximately
25-50% of patients experience massive hemoptysis, typically
for 1-2 days after the appearance of the air crescent.133:154
Occasionally, the mass of necrotic lung surrounded by the air
crescent does not totally resolve and may become a source of
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infection should the patient receive another cycle of chemo-
therapy.

Although regression of Aspergillus pneumonia does not
guarantee recovery, failure of the infiltrates to cavitate and show
regression is a harbinger of a fatal outcome in most patients.!!¢
In such cases one or more foci enlarge, new infiltrates develop,
or both are seen. Less commonly a wedge-shaped or triangu-
lar opacity that abuts a pleural surface may develop, repre-
senting hemorrhagic infarction or bronchopneumonia.!7-114
Clinically patients often experience chest pain or hemoptysis
with the appearance of this pattern of infiltrate, or both.!1”
Despite radiographic progression of the infection, IPA does not

Figure 6-27 Invasive pulmonary aspergillosis in a 47-year-old man with low-grade stage IV non-Hodgkin lymphoma treated with bone marrow trans-
plantation and chemotherapy. (A) AP bedside chest radiograph demonstrates focal, poorly margined airspace opacity (arrows) in the right mid lung.

A central venous catheter is also present. (B) High-resolution chest CT image (lung window) shows an irregular, 2 cm nodular opacity (asterisk) in the
right upper lobe, surrounded by ground-glass attenuation, “halo” sign (arrows). Autopsy revealed invasive pulmonary aspergillosis with multiorgan
dissemination.
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Figure 6-28 Invasive pulmonary aspergillosis in a 27-year-old man with end-stage acute myelogenous leukemia. (A) Chest CT image (lung window)
shows an ill-defined opacity with central cavitation containing a small mass. Note the “halo” sign of ground-glass attenuation (arrows) adjacent to the
posterior aspect of the opacity. (B) Chest CT image (soft tissue window) through the same opacity 2 weeks later demonstrates the cavitary opacity
with an intracavitary low attenuation mass representing devitalized lung infiltrated with Aspergillus hyphae. IPA was diagnosed by bronchoscopy. The

patient died despite amphotericin B therapy.
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Figure 6-29 Mass-like consolidation in blastomycosis. PA chest radio-
graph shows a large, mass-like consolidation with central air broncho-
grams in the right upper lobe. Multiple, subtle patchy focal opacities
(arrows) are present in both the right and left lungs (satellite lesions).
Pleura located superolaterally to the consolidation demonstrates subtle
thickening.

frequently extend into the pleural space. Pleural aspergillosis
is more frequently a complication of thoracic surgery or the
result of rupture of a mycetoma cavity into the pleural space.!!8
Uncommonly, IPA may create miliary and reticulonodular pat-
terns and represent hematogenous pulmonary seeding.!1”

Blastomycosis

In a retrospective review of 27 cases of pulmonary blastomy-
cosis, Halvorsen et al'!” described four radiographic patterns
of disease: airspace disease, nodular masses, interstitial dis-
ease, and cavitation. Furthermore, they found no relationship
between the radiographic pattern and distribution, pulmonary
symptoms, or clinical stage. Most authors indicate that airspace
consolidation is the most common radiographic appearance
of pulmonary parenchymal involvement with blastomycosis.
However, in a series of 33 patients,!2? consolidation was
the second most frequently observed manifestation, with a
prevalence of 26-76%.119-122

The pulmonary disease manifests as a homogeneous or
patchy alveolar opacity, varying from a rounded, ill-defined,
solitary mass-like opacity to multiple nodular opacities
(Fig. 6-29).162,167 Tn another study (63 patients) consolidation,
either segmental or non-segmental, was present in 59% and
in a minority (19%) lobar distribution was seen.'?3 Although
airspace opacities typically involve less than a lobe, they are
usually large. Most pulmonary consolidations have ill-defined
margins and are peripheral or abut a fissure. Within regions
of consolidation, air bronchograms are commonly present on
radiographs. In one series, the upper lobes are more frequently
involved.!2* The next most common radiographic manifesta-
tion is single or multiple pulmonary masses (Fig. 6-30). The
prevalences vary from 4% to 31%.120:163,166 In the Mayo
Clinic series,'20 a pulmonary mass was the most common
manifestation. Masses are usually quite large, ranging from
4 to 10 cm in diameter (mean 6 cm),!29 and most have shaggy
or irregular margins (Fig. 6-31). They are typically indistin-
guishable from lung carcinoma, and in one series!?5 55% were
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Figure 6-30 Peripheral lung mass blastomycosis. PA chest radiograph
coned to upper right lung demonstrates a sharply margined, homogene-
ous, spherical mass in the lung periphery. There are no calcifications or
cavitation.

diagnosed by surgery. Air bronchograms occur uncommonly
and cavitation is rare. Disease occurs in the upper lobes and
lower lobes with equal frequency.'?0 Masses are often central
(see Fig. 6-31) or paramediastinal!3$:143 (see Fig. 6-30). In a
CT study, masses extended to the hilum in 86% of patients.!24
Rarely, peripheral masses may extend through an interlobar
fissure or invade the chest wall to produce rib destruction.'20
A frequently noted association in cases of blastomycosis
presenting as either consolidation or a mass is the presence of
1-4 intermediate-sized nodules located in regions remote from
the dominant focus (see Fig. 6-29).120 A miliary pattern of pul-
monary disease is not widely recognized as a manifestation of
blastomycosis (Fig. 6-32).126 Awareness of this manifestation
is important, because miliary blastomycosis is often fatal.126
It is estimated that this pattern is found in 4-28% of
patients.127:128,146,150 Miliary disease may develop abruptly,
either after a normal chest radiograph or after a focal consoli-
dation.165:168 Pleural effusion commonly accompanies miliary
disease. Thickening of pleura without an effusion is relatively
frequent (2% and 48%) (see Fig. 6-29).123:127.128 Although
pleural effusions have been reported with a high frequency of
88%,'2° they are uncommon or rare. They are more frequent
in severely ill patients.!?® When present, they tend to be small.
The most common presenting CT features, first reported in
16 patients,!2* were pulmonary masses, consolidation, or both.
Masses were more commonly detected than consolidation (88 %
vs 56%), probably because of selection bias favoring patients
with masses to undergo CT examinations (see Fig. 6-31). Masses
were greater than 2 cm in diameter in 88% of cases and nod-
ules 3 mm to 2 cm in diameter were present in 75% of cases.
Air bronchograms were frequent in both consolidations (88 %)
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Figure 6-31 Lung mass in blastomycosis. (A) PA chest radiograph of an asymptomatic 62-year-old man demonstrates an irregularly margined mass
(arrows) above the hilum in the right upper lobe. (B) Chest CT image (lung window) reveals a lobulated opacity adjacent to the right main bronchus.
Lobectomy with nodal dissection demonstrated granulomatous pneumonitis and lymphadenitis secondary to blastomycosis.

and masses (86%). These frequencies are much higher than
those reported on radiographs.'?* Cavitation was seen in
only 13% of patients and was limited to upper lobe disease
(Fig. 6-33). In 75% of cases, parenchymal disease extended
to the hilum. No lobar predilection was found for either mass
lesions or consolidations. Miliary disease was found in one case
(6%). Satellite lesions (intermediate-sized nodules in a lobe
with consolidation or a mass) were commonly present (69%).
Hilar or mediastinal lymph nodes were small (1-2 cm) and
uncommon (25%). Pleural thickening was minimal and
present in 25% of cases, whereas effusions were seen in 13%.
No instances of chest wall invasion were found.

After treatment or spontaneous resolution, blastomycosis
usually leaves signs of the previous infection. In Brown’s series
of 33 patients with long-term follow-up,'2? 15% of cases had
fibrotic or fibronodular changes on chest x-ray. None had
calcification in the lungs or lymph nodes. Hilar adenopathy
and extrapulmonary involvement were rare in this series, and
pleural effusion did not occur, although chest wall masses, rib
destruction, and cutaneous fistulas are reported.!24

The most common radiologic finding in children with pul-
monary blastomycosis is also parenchymal airspace consoli-
dation (89%), either in one lobe or multilobar, which rarely
cavitates (11%). Pleural effusion (17%), hilar adeopathy
(11%), and rib involvement (11%) are less common.!30

Candidiasis

Making the diagnosis of pulmonary candidiasis is difficult
for several reasons. Candida species are part of normal oral
and gastrointestinal flora,!3! and therefore sputum cannot be
relied on for diagnosis. Because virtually all patients with Can-
dida pneumonia are immunocompromised, the organism fre-
quently colonizes the tracheobronchial tree and tissue invasion

Figure 6-32 Blastomycosis in a 30-year-old man with septic arthritis
of the right knee who developed respiratory distress. AP bedside
chest radiograph demonstrates bilateral, generalized miliary nodules
without pleural effusion or lymphadenopathy. A feeding tube and left
central line are in place. Open lung and skin biopsies demonstrated
blastomycosis.

must be proven to exclude the possibility of contamination
due to colonization. Accordingly, an invasive technique,
bronchoscopic biopsy or surgery, is required to document tis-
sue invasion. Because Candida species often co-exist in lung
infected by bacteria, proving that the radiographic features of
a pneumonia are due solely to Candida is extremely difficult.
In a retrospective study by Duke and Yale Universities over
a 10-year period,'32 20 severely immunocompromised patients
with autopsy-proven Candida albicans as the sole organism
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causing pneumonia were identified. The most characteristic
radiographic abnormality observed was airspace consolidation
(Fig. 6-34). Eleven cases (55%) also demonstrated a co-existent
interstitial component (Fig. 6-35). Bilateral, non-segmental,
homogeneous or patchy, poorly defined foci were present in
40% of cases (see Fig. 6-34). Lobar disease was bilateral in 40%
and unilateral in 20%. Exudative pleural effusions were present
in 25% of cases, but only three of 20 patients had infection
limited to the lungs. None of the films demonstrated infiltrates
with cavitation, adenopathy, or extension of pulmonary disease
into the chest wall. In another study,'33 using autopsy records
and chest radiographs of 14 infants with pulmonary candidiasis
over a 12-year period, the typical radiographic appearance was
also that of progressive airspace opacity. However, two cases
with embolic pulmonary candidiasis exhibited cavitation on
chest radiographs. Other investigators also described a diffuse
miliary-nodular pattern on chest films,!33 which some investiga-
tors believe is an early manifestation of pulmonary candidia-
sis.173:174 Interestingly, Candida and allergic bronchopulmonary
candidiasis have been reported, but are rare.134

Coccidioidomycosis

Pulmonary infection with coccidioidomycosis has been classi-
fied into four forms: primary, persistent primary, chronic pro-
gressive and disseminated. This organization best characterizes

Figure 6-33 Blastomycosis in a 62-year-old man with a 6-month history of
cough, dyspnea and fatigue. (A) PA chest radiograph demonstrates a large
cavitary blastomycotic lesion in the right upper lobe with cephalad retrac-
tion of the right hilum and volume loss. Subtle, linear and nodular opacities
are present in the left lung. (B) Chest CT images (lung window) demonstrate
a complex cavitary lesion in the right upper lobe with multiple compart-
ments and irregular walls. (C) Just caudal to the cavitary lesion are “cystic”
changes representing bronchiectasis. The left upper lobe contains linear and
nodular opacities. Right upper lobe biopsy demonstrated granulomatous
disease secondary to Blastomyces dermatiditis.

the variety of pathologic, radiologic, and clinical manifesta-
tions of thoracic coccidioidomycosis.

Primary coccidioidomycosis

Like histoplasmosis, pulmonary coccidioidomycosis may
be present in the absence of any radiographic abnormality,
and most individuals with primary disease remain asymp-
tomatic (60-80%). Of patients who are symptomatic with
primary disease, airspace consolidation is the most common
radiographic finding (Fig. 6-36).135 The consolidation is typ-
ically segmental or subsegmental, and the degree of opacifi-
cation ranges from dense and homogeneous to mottled and
patchy.13¢ In a series of patients hospitalized with pulmo-
nary coccidioidomycosis, almost half (46 %) had a segmental
opacity, whereas 27% had a minimal (patchy, subsegmen-
tal) opacity.'37 Opacities of primary coccidioidomycosis are
most commonly located within the lower lobes. Although
pleuritic chest pain occurs in 70% with primary disease, in
only 20% does a small pleural effusion develop.!38 Large
effusions are uncommon (2-6%).138 When present, an effu-
sion usually accompanies a pulmonary opacity. Pleural effu-
sion in the absence of pulmonary disease is an uncommon
presentation of coccidioidomycosis. Most effusions resolve
rapidly and completely.!38 Hilar adenopathy occurs in asso-
ciation with parenchymal coccidioidomycosis in 20% and
rarely occurs without parenchymal disease. In a series of
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Figure 6-34 Candida pneumonia in a leukemic with endotracheal tube,
orogastric tube and central venous line. AP bedside chest radiograph
shows generalized coalescing nodular airspace opacities. A recently per-
formed open lung biopsy (skin staples overlie lower left chest) revealed
Candida albicans pneumonia.

Figure 6-35 Candidiasis in a 56-year-old man with chronic lymphocytic
leukemia. PA chest radiograph shows bilateral reticulonodular interstitial
pulmonary opacities. The right lung is more severely involved than the left.

59 patients hospitalized for coccidioidomycosis,'38 hilar
adenopathy occurred in 19% and mediastinal adenopathy in
8.5%. Lymph node enlargement without concomitant pul-
monary disease was present in only one case. Adenopathy
is usually asymptomatic but can become bulky and compro-
mise the tracheobronchial lumen, particularly in children.!37
The small peripheral calcified pulmonary nodule, so common
in histoplasmosis, is rarely present in c