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Abstract

Pneumocystis jirovecii can cause life-threatening pneumonia in immunocompromised patients. Traditional
diagnostic testing has relied on staining and direct visualization of the life-forms in bronchoalveolar lavage
fluid. This method has proven insensitive, and invasive procedures may be needed to obtain adequate sam-
ples. Molecular methods of detection such as polymerase chain reaction (PCR), loop-mediated isothermal
amplification (LAMP), and antibody-antigen assays have been developed in an effort to solve these prob-
lems. These techniques are very sensitive and have the potential to detect Pneumocystis life-forms in nonin-
vasive samples such as sputum, oral washes, nasopharyngeal aspirates, and serum. This review evaluates
100 studies that compare use of various diagnostic tests for Pneumocystis jirovecii pneumonia (PCP) in
patient samples. Novel diagnostic methods have been widely used in the research setting but have faced
barriers to clinical implementation including: interpretation of low fungal burdens, standardization of tech-
niques, integration into resource-poor settings, poor understanding of the impact of host factors, geographic
variations in the organism, heterogeneity of studies, and limited clinician recognition of PCP. Addressing
these barriers will require identification of phenotypes that progress to PCP and diagnostic cut-offs for col-
onization, generation of life-form specific markers, comparison of commercial PCR assays, investigation of
cost-effective point of care options, evaluation of host factors such as HIV status that may impact diagno-
sis, and identification of markers of genetic diversity that may be useful in diagnostic panels. Performing
high-quality studies and educating physicians will be crucial to improve the rates of diagnosis of PCP and
ultimately to improve patient outcomes.

Key words: Pneumocystis, Pneumocystis pneumonia, immunocompromised host, polymerase chain reaction,
antigen-antibody reaction.

Introduction

Pneumocystis jirovecii is an opportunistic fungal pathogen that
causes life-threatening cases of Prneumocystis pneumonia (PCP)
in immunocompromised patients. Preumocystis was originally
named Preumocystis carinii after Antonio Carinii, the parasitol-
ogist who found the life-form in infected rat lungs.! The or-
ganism that causes pneumonia in humans was named Preumo-
cystis jirovecii in honor of the parasitologist Otto Jirovec who

described the first human cases.?

Pneumocystis jirovecii is ubiquitous, and many humans
are exposed by 2 years of age.! Consistent with this, the
recent PERCH study assessing molecular diagnostics of pedi-
atric pneumonia in the developing world found that Pneumo-
cystis caused up to 1-2% cases of community-acquired pneu-
monia in children under 5 with a peak incidence in infants.’
PCP was first identified in immunocompromised children dur-
ing World War II and became widely recognized in human im-
munodeficiency virus (HIV)-positive adults during the acquired
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immunodeficiency syndrome (AIDS) epidemic. With the in-
creasing use of immunosuppressants, the incidence in the HIV-
negative population has increased, resulting in significant mor-
bidity and mortality. Early diagnosis is key to allow for early
treatment to improve outcomes.

Because Pneumocystis jirovecii is extremely difficult to cul-
ture in vitro, the diagnosis has traditionally relied upon clinical
symptoms, radiographic findings, and confirmation via visual-
ization of the organisms on staining of lung specimens such as
bronchoalveolar lavage fluid or induced sputum. However, these
staining methods have been shown to have poor sensitivity for
detection of PCP, and new molecular methods including poly-
merase chain reaction (PCR), loop-mediated isothermal ampli-
fication (LAMP), and antibody-antigen testing on less invasive
samples have been developed for the diagnosis of PCP. In this
review, we summarize the current methods of detection, high-
light novel approaches to detection, and discuss the next steps to
improve diagnostic methods for PCP.

Pneumocystis jirovecii

Structure and life-forms

Pneumocystis jirovecii was first identified by Carlos Chagas as a
protozoan that was thought to be part of the life cycle of Try-
panosoma cruzi during the early 20th century.* Prneumocystis
was reclassified as a fungus in 1988 when a phylogenetic link-
age to the fungal kingdom was established via genomic analysis
of the small rRNA subunit." The confusion regarding the type
of organism stems from the two unique life-forms of Preumo-
cystis: the cystic life-form (ascus) and the trophozoite life-form
(troph).1>¢ Much is still unknown about these life-forms be-
cause it is extremely difficult to culture Prneumocystis jirovecii
in vitro.">” The ascus life-form is believed to be the environmen-
tal and transmissible form based on co-housing studies in im-
munosuppressed mice and rats, which were unable to transmit
the infection after treatment with cyst-depleting medications like
echinocandins.? The cysts are inhaled into the lungs, and when
they rupture, the trophozoite forms are released.” The tropho-
zoite form of Pneumocystis adheres to the type I alveolar ep-
ithelium as the infection becomes established.!>'° During infec-
tion, trophozoite life-forms are much more abundant than cysts
and are typically present at a 10:1 or higher ratio.!” Tropho-
zoites can then replicate asexually or potentially sexually to
form new cysts.” Functional CD4 + T lymphocytes and alveolar
macrophages are key for effective clearance of both life-forms in
immunocompetent hosts, but a robust immune response also has

the potential to cause lung injury and respiratory impairment.!

Epidemiology and transmission

Pneumocystis jirovecii was first recognized as a clinically rele-
vant pathogen during World War II when it caused pneumonia in

patients in orphanages in Europe and life-threatening cases of
pneumonia in children with acute lymphoblastic leukemia.!'>12
PCP became particularly widespread during the HIV epi-
demic, being responsible for two-thirds of AIDS-defining ill-
nesses during the 1980s.!3 After the advent of highly active
antiretroviral therapy (HAART) and Walter Hughes’s discov-
ery of trimethoprim-sulfamethoxazole therapy, cases of PCP in
HIV-infected patients decreased in developed countries.!3>1#
However, a significant number of HIV-positive patients are still
affected including those not yet diagnosed with HIV or not
in medical care, those patients not receiving PCP prophylaxis,
and those patients not taking or responding to HAART.!3:15:1¢
With the increasing number of blood and solid organ transplants
and the advent of new, more potent immunotherapies, cases in
non-HIV infected patients have been noted to be increasing.*!”
These include patients with conditions such as hematologic ma-
lignancies, solid tumors, long-term high-dose steroids, stem cell
transplantation, solid organ transplantation, connective tissue
diseases, and patients taking immunosuppressive drugs such as
glucocorticoids and immunotherapy against CD20.17-%

Pneumocystis pneumonia continues to have a high mortality
when it does occur. Hospital survival for PCP ranges from 7 to
20% in HIV-positive patients and 29 to 60% in HIV-negative pa-
tients.!»17+23:39-33 The mortality may be higher in HIV-negative
patients for several reasons. First, HIV-positive patients have
much higher burden of Prneumocystis organisms in their lungs
with fewer neutrophils, which results in increased diagnostic
yield of induced sputum (IS) and bronchoalveolar lavage fluid
(BALF) to confirm the diagnosis.!»3*3% In contrast, patients with-
out HIV may have lower fungal burden leading to fewer symp-
toms and a delayed diagnosis.!”-31-36:37:38-41 Gecond, the lower
level of inflammatory cells leads to less lung damage and better
oxygenation in HIV-positive patients.»3* Consideration of HIV
status is an important consideration in interpreting risk and di-
agnostic testing for PCP.

Clinical manifestations

Common symptoms include the subacute onset of dyspnea,
nonproductive cough, and low-grade fever. Patients are gener-
ally tachypnic, tachycardic, and have normal lung exams."*?
Notably, HIV-negative patients typically have a more sudden
onset of symptoms and more severe clinical presentation than
HIV-positive patients.3!-3%41 Classic radiographic features in-
clude bilateral perihilar interstitial infiltrates with increased in-
volvement of lung fields and homogeneity over time. Chest com-

puted tomography may reveal ground-glass opacification.!»*?

Prophylaxis and treatment

All patients with HIV should receive prophylactic therapy when

the CD4% count is less than 200 cells per millimeter.3*
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HIV-negative patients who have an acquired or inherited immun-
odeficiency should receive prophylaxis, and this population at
risk is increasing due to new immunotherapies and a higher num-
ber of transplants.*17-4%45 Prophylaxis rates in these patients
are often suboptimal given varying or lack of guideline recom-
mendations for duration of prophylaxis.?’>*® Prophylactic ther-
apy may include trimethoprim-sulfamethoxazole, dapsone, ato-
vaquone, and pentamidine with trimethoprim-sulfamethoxazole
being the preferred primary prophylactic therapy.*® Notably, pa-
tients may develop PCP even while on prophylactic therapy, so
it should still be included in the differential diagnosis if clinical
suspicion is high.3

There are limited treatment options as Pneumocystis is
resistant to most anti-fungal therapies, and trimethoprim-
sulfamethoxazole continues to be the first-line therapy.'**
Trimethoprim-sulfamethoxazole has many potential side ef-
fects, including hypersensitivity reactions, hepatitis, myelosup-
pression, and interstitial nephritis.**” Alternate therapies include
primaquine plus clindamycin, atovaquone, and intravenous
pentamidine.** However, these medications also can cause a
wide range of side effects such as rash, diarrhea, Clostridium
difficile infection, hemolytic anemia, methemoglobinemia, kid-
ney injury, leukopenia/bone marrow suppression, hypotension,
arrhythmias, hypoglycemia, and insulin-dependent diabetes mel-
litus.**” Patients with severe PCP and HIV-positive patients who
have hypoxemia (partial pressure of arterial oxygen less than
70 mm Hg or alveolar-arterial gradient more than 35) also ben-
efit from being treated with corticosteroids to reduce inflamma-
tion.! Given that these therapies are not without risk, confir-
mation of the diagnosis and cessation of therapy if PCP is not
present is vital.

Search methods

Pubmed was searched for all published articles about Preumo-
cystis jirovecii. Abstracts and related references were reviewed.
The authors identified 100 studies that focused on diagnostic
methods and compared different types of samples or tests. The
full-text articles for these studies were then reviewed. In sum, 36
studies were considered high-impact due to their inclusion of at
least 100 patient samples and were highlighted in Table 1.

Current methods of diagnosis

Sample considerations

Pneumocystis jirovecii is a near obligate alveolar pathogen with
only rare cases of dissemination.*® In the early days of diag-
nosis, lung biopsy procedures were used to obtain large speci-
mens of tissue to stain for organism identification. As diagnostic
methods have become more sophisticated and technical exper-
tise has improved, biopsy has been replaced with more minimally

invasive sampling techniques as noted below.*® See Figure 1 for
a description of sampling techniques.

Bronchoalveolar lavage fluid (BALF)

The current gold standard sample for diagnosis of PCP is
BALEF, which is considered to be the highest quality respiratory
sample.**>3 However, the lack of a standardized sampling tech-
nique can impact test performance. Bronchoscopy, when per-
formed after negative induced sputum testing, has been noted
to yield a diagnosis in 51% of cases and, if negative for PCP, al-
lows for discontinuation of treatment.**=3¢ Limitations include
the fact that this invasive procedure is expensive, carries more
of a risk to the patient, may not always be feasible for pa-
tients with severe pulmonary disease, and may not be avail-
able in resource-poor settings.'3 Nondirected bronchoalveolar
lavage may deserve further study, as it does not require use of a
bronchoscope.

Sputum

Attempts have been made to develop less invasive techniques
for obtaining samples for testing. According to a meta-analysis
that included 322 individuals, performance of immunofluores-
cent staining on IS has been found to have a >95% nega-
tive predictive value in low prevalence situations (<10% preva-
lence), making a negative test adequate for ruling out PCP.>
However, in high prevalence areas and cases of high suspicion
of PCP, a bronchoscopy with BAL should be performed when
negative IS results are obtained.!->3-*7-%% Notably, IS has also
been found to have 85-100% sensitivity and good concordance
with BALF results when methods of detection such as PCR are
utilized.!?»39-63

Oral washing

Pneumocystis jirovecii may be found in oral washes if the
organism has been coughed or recently inhaled into the oropha-
ryngeal tract. Oral washes can be obtained quickly and nonin-
vasively, and positive tests may reflect an even higher fungal bur-
den in the lower respiratory tract. However, there are theoretical
disadvantages such as increased degree of PCR inhibition due
to dilution from pharyngeal secretions, the inability of organ-
isms to reach the oral cavity in low fungal burden infections.®*
Multiple studies have evaluated the ability to detect Preumocys-
tis jirovecii in oral wash specimens using highly sensitive PCR

65-69 When compared with sputum and BAL,

detection systems.
oral wash PCR has been noted to have a sensitivity of 75-91%
and a specificity of 68-100%.5076%:70 Oral wash samples may
be most useful in supporting a diagnosis of PCP if positive, but
a negative result cannot reliably rule out PCP in symptomatic

patients.®
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Table 1. Comparison of methods of detection for Pneumocystis jirovecii pneumonia.

Ref First author Sample type Sample HIV pts  HIV pts GMS IF PCR BG LDH
no. Se Sp Se Sp Se Sp Se Sp Se Sp
19 Azoulay BAL, IS 448 No Yes X X X X 87 92 X X X X
35 Oren BAL 214 Yes Yes X X X X 75 95 X X X X
30 Lu Various 2505 Yes Yes X X X X 99 90 X X X X
51 Fan BAL 1793 Yes Yes X X X X 98 91 X X X X
52 Summah Various 2330 Yes Yes X X X X 97 94 X X X X
53 Mec-Taggart BAL 105 U U X X X X 100 100 X X X X
6 Rohner BAL 1843 Yes Yes X X X X 100 92 X X X X
38 Jian-cheng BAL, IS 1044 No Yes X X X X 100 88 X X X X
59 Caliendo BAL 112 Yes Yes X X X X 100 98 X X X X
IS 120 Yes Yes X X 82 X 95 94 X X X X
60 Cart-wright BAL 154 Yes Yes X X 100 100 100 99 X X X X
IS 208 Yes Yes X X 78 100 100 98 X X X X
61 Pinlaor BAL 21 Yes No 64 100 100 100 100 90 X X X X
IS 139 Yes No 62 100 85 98 85 98 X X X X
62 Revathy Sputum 150 Yes Yes X X X X 100 93 X X X X
68 Fischer Oral wash 175 U U X X X X 75-91 94-96 X X X X
71 Samuel Naso- 349 Yes Yes X X X X 86 95 X X X X
pharynx
89 Procop BAL 313 U U 79 99 91 82 X X X X X X
91 Tiley BAL, sputum 202 Yes Yes 54 X 92 X X X X X X X
%2 Raab BAL 243 U U 100 X X X X X X X X X
o4 Stratton BAL, sputum 150 U U X X 87-96 100 X X X X X X
95 Nato BAL U Yes Yes 67 X 76-77 X X X X X X X
Sputum U Yes Yes 87 X 94-97 X X X X X X X
%6 Cregan BAL 50 U U 8 97  86-90 90-100 X X X X X X
Sputum 50 U U 92 92 97 85-100 X X X X X X
77 Ng BAL, sputum, 182 U U 75 100 80 90 X X X X X X
lung tissue
98 Orholm BAL, sputum 122 U U 67 X 73-95 X X X X X X X
100 Aderaye BAL 118 Yes Yes X X 57 99 X X X X X X
Sputum 78 Yes Yes X X 48 100 X X X X X X
103 Armbrus-ter BAL 112 Yes No X X 59 99 66 97 X X X X
104 Ng BAL 37 U U X X 100 96 X X X X X X
Sputum 125 U U X X 72 100 X X X X X X
107 Hauser BAL, sputum 110 Yes Yes X X 93 100 93 91 X X X X
110 Gupta BAL, sputum, 143 Yes Yes 31 100 X X 100 99 X X X X
naso-
pharynx
gastric
111 Fillaux BAL 400 Yes Yes X X X X 100 91 X X X X
112 Flori BAL 173 Yes Yes X X X X 100 86 X X X X
131 Onishi Serum 2331 Yes Yes X X X X X X 9% 84 X X
132 Kara-georgo-  Serum 2080 Yes Yes X X X X X X 95 8 X X
poulos
133 Li Serum 1362 Yes Yes X X X X X X 91 75 X X
135 Tasaka Serum 295 Yes Yes X X X X X X X X 86 45
138 Esteves Serum 145 Yes Yes X X X X X X X X 80 52
139 Esteves Serum 100 Yes No X X X X X X X X 91 36
140 Vogel Serum 328 Yes Yes X X X X X X X X 66 45
Averages: 72 98 83 97 94 94 94 82 81 45

To be included in Table 1, diagnostic tests had to be evaluated in at least two high quality studies, and studies each had to have at least 100 patient samples. GMS, IF, PCR, BG,

and LDH are Gomori-methenamine silver stain, immunofluorescent staining, polymerase chain reaction, (1,3)-beta-D-glucan, and lactate dehydrogenase testing. Se is sensitivity,

and Sp is specificity. U is defined as unspecified in the study, and X was defined as not included in the study. BAL = bronchoalveolar lavage; HIV = human immunodeficiency

virus; IS = induced sputum.
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Types of Samples

Figure 1. lllustration of the current samples used for potential diagnosis of
Pneumocystis pneumonia.

Nasopharyngeal aspirate

Lower respiratory tract specimens such as BALF and sputum
are difficult to obtain in children. In one study, MSG PCR on
nasopharyngeal samples was found to have an 86% sensitiv-
ity and 95% specificity for detecting PCP when compared to
BALF and sputum samples.”! PCR was specifically noted to have
a higher detection rate than immunofluorescence staining tech-
niques, which may explain the low sensitivities reported in pre-
vious studies that used these older staining methods.”!>”> There-
fore, PCR on nasopharyngeal samples, if positive, may obviate
the need to obtain more invasive samples. For example, positiv-
ity in nasopharyngeal samples was defined in the recent PERCH
study as a threshold of at least 10* copies per milliliter.3

Blood/serum

Blood/serum has the significant advantage of being easily
obtained and inexpensive. The presence of Pneumocystis
jirovecii in the blood reflects disease progression, as the pathogen
is no longer limited to the respiratory tract. Several studies have
suggested that detection of Preumocystis jirovecii DNA in the
serum may be a useful diagnostic marker for PCP.6%>73-7¢ Ear-
lier studies did not detect Prneumocystis jirovecii DNA in the
serum of patients with known PCP, which may have been due to
use of conventional PCR.”7>7® One study demonstrated positive
Pneumocystis jirovecii nested PCR in blood from patients with
PCP, colonized patients, and patients who were neither infected
nor colonized.” A recent report from Sweden revealed that real-
time PCR analysis on serum samples had a very high sensitivity
(100%) and negative predictive value (99%) for the diagnosis
of PCP in HIV-infected patients. The major differences in the

findings of these studies have not yet been reconciled, and use of
serum PCR is not currently recommended for detection of PCP.
Other serum diagnostic tests including serum enzyme-linked im-
munosorbent assay (ELISA) for antibodies and antigens asso-
ciated with PCP are more promising and are further described
below.

Urine

Our literature search revealed no data on urine testing for diag-
nosis of PCP. Urine antigen testing has proven valuable in the
diagnosis of histoplasmosis, and preliminary studies have shown
that other fungal infections such as cryptococcosis, blastomy-
cosis, and aspergillosis may be detectable by urine lateral-flow

80-87 Urine testing for PCP may represent a new

assay testing.
frontier for development of noninvasive molecular diagnostic

techniques, but studies are needed to ascertain feasibility.

Traditional diagnostic tests

Pneumocystis jirovecii is extremely difficult to culture and has
therefore been classically diagnosed by clinical symptoms and
radiographic findings with confirmation via visualization of the
stained organism.! However, it is notable that these methods
are not sensitive due to dependence on the quality and type of
samples and the skill of observers reviewing slides. The more
prevalent cyst-staining techniques may underestimate rates of
active infection, which is characterized by predominance of the
trophozoite life-forms.!*° Additionally, when fungal burdens are
low, as in HIV-negative patients and patients taking PCP chemo-
prophylaxis, microscopic diagnosis may be falsely negative.!”>$3
This is why molecular testing is becoming increasingly important
in the diagnosis of PCP. Figure 2 depicts the traditional staining
methods for detection of PCP.

Nonimmunofluorescent staining

The cyst life-form can be detected with many stains. Giemsa,
Diff-Quik, and Wright stains can detect the cyst but do not stain
its wall. The Gomori-methenamine-silver (GMS) stain, Gram-
Weigert, cresyl echt violet, toluidine blue O (TBO), and cal-
cofluor white (CW) stains stain the cell wall of the cyst.!** The
stains for the cyst cell wall have traditionally been preferred due
to the ability for rapid analysis and minimal expertise needed for
interpretation. These stains will stain both live and dead cysts.
The trophozoite life-form can be detected with Giemsa, Diff-
Quik, Wright-Giemsa stain, modified Papanicolaou, or Gram-
Weigert stains.! However, due to its small size and nonspe-
cific staining pattern, this is not the life-form typically used in
diagnosis.

Studies comparing staining methods report that the highest
sensitivity methods are CW, GMS stain, and TBO stain.*”-89-%3
Per Procop et al.,, only CW and GMS had positive and
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Novel Detection Methods
for Pneumocystis Pneumonia
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Figure 2. Summary of current methods to detect and diagnose Pneumocystis infection.

negative predictive values >90% when performed on BALE The
sensitivity of the CW stain has ranged from 57 to 78%.%6-87,91,94
The sensitivity of GMS ranges from 31 to 97% with lower sen-
sitivities being present in studies including poor quality sam-
ples or a large number of noninvasive samples such as IS and
nasopharyngeal aspirates.®!-89-91,95-99 TBO staining has also
been reported to have lower sensitivity ranging from 49 to
949 36,90,91,97,98,100,101 Thege staining methods are specific for
the presence of organisms but if negative, do not rule out the
presence of PCP. While these tests are easy to perform, they are
reliant on the quality of the sample and subjective due to depen-

dence on stain interpretation.

Immunofluorescent staining

Immunofluorescent stains via monoclonal antibodies to Pneu-
mocystis jirovecii have a higher sensitivity and specificity than
conventional stains. Sensitivity ranges from 48 to 100%, and
specificity from 82 to 100%.53-60,61,89-91,94-98,100,102-107 They
are easier to perform, more repeatable, and less reliant on

105 They can

technical skill for performance and interpretation.
also stain both trophozoites and cysts.! Comparisons of GMS

and immunofluorescent stains are depicted in Table 1.

Novel methods of detection

Polymerase chain reaction

PCR for Preumocystis jirovecii was initially developed in the
1980s with primers testing for the gene for pneumocystis mi-
tochondrial large-subunit ribosomal RNA (mtLSU rRNA).!
Nested PCR was one of the first techniques developed but
has since been shown to be more labor intensive, more ex-
pensive, less quantitative, and less specific than real-time PCR,
which will be the focus of this review.'%® mtLSU real-time PCR
has remained one of the most popular methods with other
gene assays being developed including Kex-1, dihydroperoate
synthase (DHPS), 5S rRNA, mitochondrial ribosomal rRNA,

major surface glycoprotein (MSG), and internal transcribed
spacer.?51:109

PCR has been shown to be more sensitive for detection
of PCP than staining methods in patients with and without
HIV.13:18,110-112 gome studies suggest that it may be 10* to
10° times as sensitive.'® Three meta-analyses published in recent
years reported a pooled sensitivity of 98%, 99%, and 97% with
a pooled specificity of 91%, 90%, and 94% with most samples
being BALFE’0-°2 This high sensitivity and specificity persisted
in both the HIV-positive and HIV-negative populations.’®->?
Notably, the highest sensitivity and specificity were found in

50-52 Because the sen-

studies using quantitative PCR methods.
sitivity is high, a false negative test result is rare. Therefore, a
negative PCR on BALF means that PCP is an unlikely diagnosis,
and other diagnoses should be considered as the etiology for the
patient’s symptoms. In contrast, the high specificity means that
a positive PCR on BALF is highly suggestive of the presence of

Pneumocystis jirovecii. 052

Loop-mediated isothermal amplification (LAMP)

Loop-mediated isothermal amplification (LAMP) provides an al-
ternative to PCR as it can amplify a target gene with only a
heating device and isothermal conditions.!!? Sensitivity ranges
from 87.5 to 95.4%, and LAMP has been shown to be relatively
specific with no cross-reactivity to other fungal species.'1#-11¢ In
small studies, LAMP has been shown to have higher rates of de-
tection of PCP than conventional stains and rates similar to those
of PCR.'13:115:116 Tn some cases, visual detection with LAMP is
possible as a particularly rapid and easy assay with only a black

light and heating block.'’

Flow cytometry

Flow cytometry can detect single or multiple microbes in an
easy, reliable, and fast way. These organisms can be identi-
fied by cytometric parameters, fluorochromes such as CW, or
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monoclonal antibodies to Preumocystis jirovecii.'”>'1® Flow cy-
tometers can also detect antibodies against Preumocystis and
comment on antifungal susceptibility.''” Barbosa et al. have de-
veloped a method that uses immunofluorescent staining with
the Detect IF kit (Axis-Shield Diagnostics Limited, UK) followed
by flow cytometry.!'®:11% This method allows for detection of
Pneumocystis jirovecii in clinical BAL and bronchial samples
with 100% sensitivity and specificity when compared to im-
munofluorescent staining.''®-11° While the applications are vast,
the data are limited, and this is not currently recommended as a
diagnostic method.'!”

Antibody assays

A promising diagnostic approach is to use an antigenic tool in
an ELISA technique to detect immunoglobulin (Ig), IgM, and
IgG antibodies against Preumocystis jirovecii.'?%1?!1 Multiple
potential immunogenic antigens have been described, including
natural antigens such as Meu10 and recombinant synthetic anti-
gens designed from the MSG gene.'?%-122 One study has shown
that ELISA IgM anti-P. jirovecii has a sensitivity of 100% and
a specificity of 81% when testing serum samples from 88 pa-
tients.'? Notably, the immune response may be variable depend-
ing on the nature of the immunocompromise and may affect the
sensitivity of this assay in certain populations. Previous studies
have shown alterations in immune response in patients with HIV,
patients with a history of transplant, patients with cancer, pa-
tients who fail to adhere to prophylactic therapy, patients who
smoke, patients with chronic obstructive pulmonary disease, pa-
tients with hazardous alcohol use, patients with injection drug
use, and even patients from different geographic areas.!?3-128
Previous clinical infection or subclinical exposure to Preumocys-
tis may also impact immune response and lead to false positive
tests.126:128-130° Additional elucidation of the complex host and
environmental factors that affect antibody formation will be re-
quired before this and similar tests are considered for widespread
utilization.

Antigen and biomarker assays

(1,3)-Beta D-Glucan (BG) is a cell wall constituent in the as-
cus life-form of Preumocystis jirovecii and multiple other fun-
gal pathogens. Various assays that detect BG in the serum have
been developed with the most popular in the Western hemisphere
being the Fungitell test, a chromogenic kinetic test approved in
2003 by the US Food and Drug Administration.!3"132 In sev-
eral meta-analyses, this assay was found to be 91%, 96%, and
95% sensitive with high sensitivity being demonstrated in both
HIV positive and negative patients.'3!~133 However, BG was only
75%, 84%, and 86% specific for definite PCP because the as-
say could be positive in other fungal infections in patients with

gram-negative endotoxinemia, in patients on certain antibiotics,

in patients on albumin or globulin therapy, and in patients un-
dergoing HD due to cellulose membranes and filters.!3'=133 No-
tably, the true value for specificity is more likely closer to 75%
because the other two meta-analyses excluded the patients di-
agnosed with other invasive fungal diseases which likely exag-
gerated specifity.!31:132 The significant advantage is the noninva-
sive nature of the test and the ability of a negative test to make
PCP highly unlikely. The European Conference on Infections in
Leukemia even stated that a negative serum BG was adequate
to rule out PCP."** The disadvantage is that a positive BG is not
specific for the diagnosis of PCP, so further testing would need
to be performed for validation of the diagnosis.'33

Lactate dehydrogenase (LDH) is an intracellular enzyme
found in almost all tissues.'3* Serum levels of LDH have been
found to be significantly elevated in patients with PCP rel-
ative to patients negative for PCP.'3-138 The sensitivity and
specificity of this marker for PCP have been estimated to be
66%—-91% and 36-52%, respectively.'3>138-140 In one study, the
sensitivity of LDH elevation was found to be 100% in
HIV-positive patients but only 63% in HIV-negative patients, in-
dicating that this marker may only be useful in detecting PCP in
HIV-positive patients.!*” Oxygenation and BAL neutrophil levels
have also been found to correlate with LDH levels.'3%1*! There-
fore, LDH levels are likely a reflection of the underlying lung
inflammation and injury and are not specific to PCP.!3

Other antigens such as KL-6 and S-adenosylmethionine
have also been evaluated as prospective markers. KL-6 anti-
gen is a mucin-glycoprotein expressed on type 2 alveolar pneu-
mocytes and bronchiolar epithelial cells.!3® Serum levels of
KL-6 have been found to be elevated in patients with PCP, but
this marker has low specificity due to its elevation in any in-
terstitial lung disease and other infectious diseases.!33-138,141 g
adenosylmethionine (SAM) is an intermediate in multiple cellu-
lar functions that Prneumocystis cannot synthesize and must ex-
tract from the plasma of its host.'*? Some studies have demon-
strated significantly lower serum SAM levels in patients infected
with PCP relative to patients infected with other pathogens and
control patients.!3%:143:144 In other studies, this marker failed to
discriminate patients with PCP from those without PCP.!38-14
These biomarkers cannot be recommended for use at this time.

Challenges and next steps to improve diagnosis

Detection of low fungal burdens (colonization)

With the advent of more sensitive diagnostic testing, Preumo-
cystis jirovecii is increasingly being identified in asymptomatic
individuals or individuals without the symptoms classically as-
sociated with PCP. This phenomenon has been termed colo-
nization, and while it affects anywhere from 9 to 69% of
immunocompromised patients, the clinical significance is un-
known.3:36,37,146-149 There is concern that colonization may
increase the risk for progression to PCP, and the phenotypes
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Figure 3. Summary of current challenges and potential solutions to improve detection and diagnosis of Pneumocystis pneumonia.

that progress are poorly defined.'3-146:150 However, it is widely
considered likely that colonization in these patients is likely to
progress to active infection as they are unable to mount a de-
fense to the increasing fungal burden.'#®15! These patients are
also at risk for developing inflammation that is detrimental to
their lungs or transmitting the infection to others. Identification
of the patients at highest risk for progression and initiation of
prophylaxis or treatment may prevent significant morbidity and
mortality.

Notably, the rates of colonization may be even higher than
those reported. It is possible that increased use of prophylac-
tic medications, changing strains of Prneumocystis, and changing
patient factors (more non-HIV patients) may be resulting in a
reduction in symptoms overall during cases of true pneumonia.
The classic symptoms associated with PCP were developed when
it was most prevalent in HIV-positive patients during the AIDS
epidemic.’? In this case, many patients may be falsely classified
as colonized if done according to symptomatology, and these
colonized patients still have radiographic abnormalities and a
high mortality rate of 16-22%, which may be due to PCP.'7-88
One meta-analysis identified that 31.8% of the patients consid-
ered colonized have either had PCP or will develop PCP. The
authors noted that the discrepancies were due to the higher sensi-
tivity of PCR than staining methods, which allowed for detection
of PCP several weeks before or after definitive PCP.>? The cur-
rent diagnostic gold standard (staining for PCP) is suboptimal,
and its use in place of PCR may delay diagnosis and treatment
of active infection.

Given that symptoms may be unreliable, diagnostic testing
for colonization should be considered. Methods proposed in the
literature for distinguishing active infection from colonization
include cutoffs in the copy number levels considered positive
(<10° copies per capillary of DNA as colonized) by real-time
PCR, cutoffs in the cycle threshold for true infection positivity,
BG serum levels, copies per milliliter, picogram/microliter, and

calculations of trophic forms per milliliter,36-37-111,112,153-157

These cutoffs have been extremely variable due to differences
in technique by both PCR platform and gene tested. There may
also be differences in HIV-positive and HIV-negative patients
due to the known difference in fungal burden. Use of multiple
diagnostic assays should be further investigated as a combina-
tion of PCR and BG may be more effective in determination of
the significance of weakly positive PCR results.!>
Interpretation of colonization presents a diagnostic challenge,
and potential solutions deserve further investigation (Fig. 3). Re-
search should aim to identify ‘colonization’ phenotypes that are
likely to progress to PCP. Because symptomatology may be a
poor marker for infection, better diagnostic tests should be de-
veloped with the ability to distinguish active infection from colo-
nization. Future studies should further validate the cutoffs above
and consider options for innovative new markers. The field may
also be advanced by the recent genomic and transcriptomic data
that have been recently published.’*$-1¢0 Two of these papers
performed RNAseq after antibiotic pressure with echinocandins
that target the ascus life-form. These studies revealed unique
genes that are expressed in trophs that may serve as novel di-
agnostics. Thus, PCR markers for the trophozoite life-form may

be a useful diagnostic for infection.!’$

Standardization of techniques

Multiple organizations have issued consensus guidelines that
PCR should be the standard diagnostic method for PCP, and
many PCR assays have been CE marked and adopted in Eu-
rope.”>13%161 However, no molecular assays have been approved
to date by the FDA, resulting in limited adoption of these meth-
ods in hospitals in the United States.” One difficulty in obtain-
ing FDA approval is the wide range of commercially available
PCR testing platforms available. These platforms vary in their
recommended protocols of RNA and DNA extraction prior to
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testing, concentrations of samples, genes tested, thermocycling
procedures, and methods for quantifying/validating the results
of their assays.'®?> Future studies should focus on comparisons
of various aspects of the platforms and testing in patient sub-
groups to identify the optimal molecular method for PCP di-
agnosis, which may improve the likelihood of FDA approval
(Fig. 3). The recent multicenter study by the Fungal PCR Initia-
tive is one of the first to start comparing quantitative PCR assays
using known negative and positive BALF samples.'®’

Integration into resource-poor settings

Certain sampling techniques and diagnostic methods may not
be feasible in resource-poor settings. With regard to sampling,
bronchoscopy is required for BAL, and its cost, invasiveness, and
expertise make it impractical for resource-poor settings. In these
settings, induced sputum is typically preferred.*” Nasopharyn-
geal aspirates and oral washes are good options, particularly in
pediatric patients, but they may not have adequate sensitivity
without molecular testing method availability.

The conventional staining techniques are typically more af-
fordable than the IFA and real time PCR.*” They require minimal
equipment, only a microscope and experienced microscopist.!38
PCR is not technically or financially viable due to lack of reli-
able electricity supplies and the ability to ship reagents in dry
ice through customs.*” PCR also requires expensive equipment
such as thermal cyclers, electrophoresis apparatus, and transillu-
minators as well as complicated DNA purification procedures.!38
However, in settings where PCR is possible, it can prevent the
need to obtain invasive specimens like BAL. PCR on noninva-
sive samples is considered the most cost-effective technique.!®
In resource-poor settings, LAMP may be a good alternative to
PCR as it has similar detection rates and can be performed in
an isothermal environment.!'!> Detection can be performed visu-
ally or with fluorescence. Antigen serologic assays such as BG are
much cheaper to perform than traditional staining or PCR. How-
ever, their overall cost-effectiveness is limited by lower speci-
ficity, and they may not be appropriate for resource-poor set-
tings due to the requirement of expensive equipment (microplate
reader).!3® As diagnostic method options continue to evolve, ad-
ditional studies should include information on cost-effectiveness
and potential for being incorporated in resource-poor settings.

Poor understanding of the impact of host factors

Future studies should also include host factors that may im-
pact sensitivity and specificity of detection (Fig. 3). For example,
studies should compare diagnostic methods in HIV-positive and
HIV-negative patients in their cohorts, as it has been well demon-
strated that these two populations have different phenotypes of
PCP and therefore may require different diagnostic techniques.
Other host conditions including obstructive lung diseases like

obliterative bronchiolitis may reduce the BALF return and im-
pact diagnostic yield.'®* Prophylaxis should be specified as it may
lead to a predominance of trophozoite life-forms, which may al-
ter diagnostic techniques.!®® Empiric treatment with echinocan-
dins can also lead to the presence of primarily trophozoite life-
forms due to selective targeting of the beta glucan synthetase in
the cystic life-form.!-8:166-169 The increasing use of echinocan-
dins is another reason that life-form specific genetic markers
would be helpful for detection of trophozoites. Additional re-
search into the impact of these and other host factors on detec-
tion may improve diagnostic testing in patient subgroups.

Geographic variations in the organism

As Pneumocystis jirovecii has spread around the world, it has
evolved. Genetic polymorphisms in the organism may result in
certain molecular methods such as PCR or LAMP being less ef-
fective for detection in certain geographic subpopulations. The
impact of genetic variation on molecular diagnosis has not been
demonstrated in the literature to date. We recommend that future
studies compare the sensitivity and specificity of molecular assays
in different geographic populations. If low rates of detection are
identified, genomic sequencing to identify polymorphisms may
aid in identification of better molecular assays.

Notably, genetic polymorphisms can also impact therapeu-
tic response. Studies have shown an association of treatment
failure, high fungal burden, and severe cases of PCP with cer-
tain single-nucleotide polymorphisms/haplotypes in genes such
as DHFR and DHPS, the enzymes targeted by trimethoprim-
sulfamethoxazole and dapsone.'”-177 As it is not feasible to
routinely culture Preumocystis jirovecii to identify therapeutic
sensitivities, it may be valuable to incorporate methods of as-
sessing for therapeutic response into molecular diagnostic pan-
els in populations with high rates of resistance. Some commer-
cial PCR platforms are already testing for the mtLSU gene along
with DHPS and DHFR mutations.!”® We recommend that future
studies assess for impact of genotype on phenotype to identify
clinically relevant genetic markers that may be useful to include
in diagnostic testing.

Heterogeneity of studies

We recommend that manuscripts developing new diagnostic
methods for PCP adhere to reporting of inclusion of sensitiv-
ity, specificity, positive likelihood ratio, and negative likelihood
ratio. These measures should be included for standardization of
technique quality. Positive and negative predictive value should
not be included unless the manuscripts explicitly state the preva-
lence of PCP in their population. In many populations, the preva-
lence of PCP is very low (<5%), so the likelihood that a negative
test result represents a true negative test is high. In these popu-
lations, tests with only moderate sensitivity will still have high
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negative predictive values, which is misleading. In general, inclu-
sion of prevalence rates would be very helpful for physicians to
identify diagnostic techniques that apply to their patient popu-
lation.

There are a wide range of definitions of PCP being utilized,
which increases study heterogeneity and negatively impacts the
ability to compare studies. Guideline-based definitions of proven
PCP should be utilized such as the one provided by the European
Organization for Research and Treatment of Cancer and the
Mycoses Study Group: detection of the organism in tissue, BALF,
or sputum using conventional or immunofluorescent stains.!”’

New methods should always be compared to this gold standard.

Limited clinician recognition of PCP

Few studies have assessed knowledge of clinicians with regard to
PCP diagnosis.'®® The delays in PCP diagnosis in the non-HIV
patient population are testaments to the fact that not enough
providers are considering PCP as part of the differential diagno-
sis or performing appropriate diagnostic tests.'”-31-36=41 While
the diagnostic research going on in the field is excellent, it is un-
likely to make a meaningful difference if clinicians do not include
PCP in the differential diagnosis or know what diagnostic tools
are most appropriate. Improving clinician awareness of PCP and
these methods is vital as early diagnosis and treatment have been

shown to lead to better patient outcomes.'”-31,38-41,66,181,182

Conclusions

PCP is a diagnostic challenge, but there are a variety of promis-
ing new techniques that can increase our ability to detect the or-
ganisms in less invasive patient samples. While these new tech-
niques face multiple barriers to incorporation, we believe that
these barriers can be addressed by further identification of phe-
notypes that progress to PCP and diagnostic cut-offs for colo-
nization, generation of life-form specific markers, comparison of
commercial PCR assays, investigation of cost-effective point of
care options for resource-poor environments, evaluation of host
factors such as HIV status that may impact diagnosis, and identi-
fication of markers of genetic diversity that may be useful in diag-
nostic panels. Additionally, performance of high quality studies
and education of physicians will be crucial to improve diagnostic
methods for PCP and ultimately to improve patient outcomes.
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