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Abstract

This systematic review evaluates the current global impact of invasive infections caused by Pneumocystis jirovecii (principally pneumonia: PJP),
and was carried out to inform the World Health Organization Fungal Priority Pathogens List. PubMed and Web of Science were used to find
studies reporting mortality, inpatient care, complications/sequelae, antifungal susceptibility/resistance, preventability, annual incidence, global
distribution, and emergence in the past 10 years, published from January 2011 to February 2021. Reported mortality is highly variable, depending
on the patient population: In studies of persons with HIV, mortality was reported at 5%-30%, while in studies of persons without HIV, mortality
ranged from 4% to 76%. Risk factors for disease principally include immunosuppression from HIV, but other types of immunosuppression
are increasingly recognised, including solid organ and haematopoietic stem cell transplantation, autoimmune and inflammatory disease, and
chemotherapy for cancer. Although prophylaxis is available and generally effective, burdensome side effects may lead to discontinuation. After

Received: September 11, 2023. Revised: February 15, 2024. Accepted: April 27,2024

© The Author(s) 2024. Published by Oxford University Press on behalf of The International Society for Human and Animal Mycology. This is an Open
Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use,
please contact journals.permissions@oup.com


https://doi.org/10.1093/mmy/myae038
mailto:justin.beardsley@sydney.edu.au
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

McMullan et al.

a period of decline associated with improvement in access to HIV treatment, new risk groups of immunosuppressed patients with PJP are

increasingly identified, including solid organ transplant patients.
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Introduction

Pneumocystis jirovecii is a globally ubiquitous fungus capa-
ble of colonising human pulmonary alveoli transiently, but
it is also an opportunistic infection in immunocompromised
individuals leading to severe illness, including Preumocystis
pneumonia (PJP),! which has been widely reported among
those with HIV infection. The natural history of P. jirovecii is
of a human-specific pathogen exhibiting parasitic behaviour:
Healthy individuals are frequently exposed but have asymp-
tomatic or mild infection; pneumonia and severe infection
generally occur only in the presence of immune compromise.?
In human immunodeficiency virus (HIV)-associated PJP, it
was recognised that more than 90% of cases occurred in pa-
tients with CD4 + T lymphocyte counts <200 cells/mm?, and
PJP is listed as an AIDS-defining illness.>** A combination
of primary prophylaxis with trimethoprim—sulfamethoxazole
(TMP/SMX) and increasingly early and effective antiretrovi-
ral therapy has led to a substantial decline in PJP incidence in
individuals with HIV.>-7

More recently, it has been recognised that other groups vul-
nerable to PJP include people with impaired T-lymphocyte im-
munity due to primary immunodeficiency or medical immuno-
suppression, including that associated with treatment of ma-
lignancy, solid organ transplantation (SOT) or haemopoietic
stem cell transplantation (HSCT), or long-term corticosteroid
use.® While onset of symptoms in HIV-infected individuals is
typically gradual, appearing over weeks, it can be more abrupt
in non-HIV-infected individuals.’

Diagnosis of PJP may be challenging, as, firstly, P. jirovecii
is extremely difficult to culture in vitro.® Traditionally, the di-
agnosis of PJP relied on a combination of clinical and radio-
graphic findings in populations with known risk factors, sup-
plemented by immunofluorescent or other staining and mi-
croscopy of respiratory specimens to visualise organisms. This
approach is limited by poor sensitivity and has largely been su-
perseded by molecular diagnosis, where available. Molecular
diagnosis usually involves PCR performed on bronchoalveo-
lar lavage or induced sputum samples. While molecular diag-
nosis is more sensitive than the traditional approach, differen-
tiating colonisation from disease may be challenging. Efforts
have been made in recent years to standardise testing and in-
terpretation for the diagnosis of PJP in non-HIV populations,
with consensus guidelines now available for use in haemato-
logical malignancy and solid organ transplant.'®!! More re-
cently, serum (1,3)-B-D-glucan testing has been used to aid di-
agnosis of PJP, with high sensitivity (95%-96%) and speci-
ficity (84%-86%) overall.!? Sensitivity may be lower in pa-
tients without HIV and with haematological malignancy: es-
timated at 64 % in one small recent study.'? It should be noted,
however, that(1,3)-8-D-glucan is a cell wall polysaccharide
common to several clinically significant fungi and therefore
unable to confirm the disease.'® In addition, it follows that
approximately 5% of genuine PJP may occur without con-
comitant positive 8-D-glucan testing in the blood.'® This em-
phasises the need for complementary diagnostic approaches
to confirm PJP diagnosis.

The gold-standard test for PJP requires sophisticated and
well-resourced laboratories and healthcare systems, typically
unavailable in resource-constrained settings where people are
at highest risk of PJP. Thus, P. jirovecii is an under-diagnosed
and under-recognised threat to global health, causing sub-
stantial morbidity and mortality. Global incidence has been
estimated at over 400000 cases annually.'*'’ Preumocystis
jirovecii is one of a number of important fungal pathogens,
causing in excess of 1.6 million global deaths each
year.'®

Recognising the growing global threat of fungal pathogens,
the World Health Organization (WHO) established an expert
group in 2020 to identify priority fungal pathogens for the de-
velopment of the first fungal priority pathogen list (FPPL).!”
The WHO FPPL was based on broad international consul-
tation using a survey consisting of a discrete choice experi-
ment, and 19 individual pathogens were ranked subsequently
based on the information from systematic reviews, including
this one. This WHO prioritisation exercise underlines the im-
portance of addressing invasive fungal infections through re-
search and development of novel therapeutics and diagnostics
as well as through public health interventions in the context
of global health. Following this process, P. jirovecii was clas-
sified as a medium-priority pathogen, reflecting lower urgent
research and development needs than some other fungi, al-
though it achieved a high priority ranking for public health
significance.!”

The specific aims of this systematic review were to evaluate
the features and global impact of invasive infections caused by
P. jirovecii. This review also sought to determine knowledge
gaps for P. jirovecii and highlight research needs.

Materials and methods

The systematic review was conducted according to PRISMA
(Preferred Reporting Items for Systematic reviews and Meta-
Analyses) guidelines.'® Studies were identified by searching
the following electronic databases: PubMed and Web of Sci-
ence from 1 January 2011 to 19 February 2021. A detailed
search strategy is listed in the Supplementary material avail-
able online.

Included articles were original reports in English among hu-
mans of all ages (adults and children), which included data on
P. jirovecii and at least one of the following outcomes of inter-
est: mortality, inpatient care, complications/sequelae, antifun-
gal susceptibility/resistance, preventability, annual incidence,
global distribution, and emergence in the past 10 years. To
assess preventability, we considered available preventive mea-
sures and risk factors for infection. Included study types were
retrospective/prospective observational studies, randomised
controlled trials, epidemiological studies, and surveillance re-
ports that were published within the prior 10 years (2011-
2021). References of all included articles and guidelines were
reviewed to identify additional original studies. Studies with
fewer than 50 participants, case reports, conference abstracts,
and review articles were excluded, as were studies reporting
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Figure 1. Flow diagram for the selection of studies included in the systematic review. Based on Page et al.'®.

only on novel drugs or diagnostic tools not registered for clin-
ical use.

The final search results from each database were incorpo-
rated into the online systematic review software, Covidence®
(Veritas Health Innovation, Australia). Duplicates were re-
moved, and the remaining articles underwent title and abstract
screening based on the inclusion criteria. Full text screening
was performed for the final eligible articles. The title/abstract
screening and full text screenings were performed indepen-
dently by two reviewers with discrepancies to be resolved by
discussion, with a third reviewer, if required, to achieve con-
sensus. The first reviewer extracted data, which was checked
by the second reviewer.

Risk of bias assessment was performed for the included
studies on relevant bias criteria, depending on the type of data
extracted using either Risk of Bias Tool for Randomized Trials
version 2 (RoB 2)" or the Risk of Bias in Non-Randomised
Studies (RoBANS) tool.2? Using RoBANS tool, the studies
were rated as low, high, or unclear risk. We used each out-
come criterion (mortality, inpatient care, etc.) as an outcome
of the study and assessed if any bias was expected based on the
study design, data collection, or analysis in that study. Studies
classified as unclear or high overall risk were still considered

for analysis, but this is highlighted where relevant. The risk of
bias assessment provides a comprehensive evaluation of the
quality and reliability of the included studies, enhancing the
robustness of the findings.

Results

The initial search yielded 783 articles; after removing dupli-
cates, 648 articles underwent title/abstract screening, 157 ar-
ticles underwent full text screening, and 69 studies were in-
cluded in the final analysis (Figure 1). Detailed age informa-
tion was not always available, but most included patients were
adults (aged at least 18 years), where this information was
available (Tables 2-8 and Supplementary Table 1).

The overall risk of bias for each study is presented in
Table 1. Of the included studies, 40 studies (58%) were
classified as low risk of bias in all domains assessed. A
further 26 (37.7%) were classified as unclear risk of bias
due to selection bias caused by unclear eligibility criteria
or population groups, or unclear confirmation/consideration
of confounding variables. Three studies (4.4%) were clas-
sified as a high risk of bias because of selection bias or
confounding.
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Table 1. Risk of bias of studies included in the review.

Author Year Risk level
Amona et al. 2020 Unclear
Anand et al. 2011 Unclear
Argy et al. 2018 High
Attia et al. 2015 Low
Awad et al. 2020 Unclear
Azoulay et al. 2018 Low
Bdez-Saldana et al. 2015 Low
Barreto et al. 2016 Unclear
Basiaga et al. 2018 Low
Beardsley et al. 2015 Unclear
Chen et al. 2020 Low
Choi et al. 2018 Unclear
Coelho et al. 2014 Unclear
Coyle et al. 2012 High
Creemers-Schild et al. 2016 Low
de Boer et al. 2011 Low
Evernden et al. 2020 Low
Faini et al. 2015 Unclear
Figueiredo-Mello et al. 2017 Low
Gabardi et al. 2012 Unclear
Gaborit et al. 2019 Low
Garg et al. 2018 Low
Haeusler et al. 2013 Low
Inoue and Fushimi 2019 Unclear
Kim et al. 2014 Low
Kim et al. 2015 Unclear
Kim et al. 2016 Low
Kim et al. 2017 Low
Kim et al. 2019 Low
Kitazawa et al. 2019 Unclear
Lagrou et al. 2015 Unclear
Lee et al. 2013 Low
Lee et al. 2019 High
Lee et al. 2020 Low
Lee et al. 2021 Unclear
Lietal. 2017 Low
Lietal. 2020 Low
Liu et al. 2020 Low
Lopez-Sanchez et al. 2015 Low
Lum et al. 2020 Unclear
Maartens et al. 2018 Low
Macedo-Vifias and Denning 2018 Unclear
Matsumura et al. 2014 Unclear
Mundo et al. 2020 Unclear
Nam et al. 2020 Low
Neofytos et al. 2018 Low
Nunokawa et al. 2019 Low
Ohmura et al. 2019 Low
Ozenci et al. 2019 Unclear
Panizo et al. 2020 Unclear
Park et al. 2020 Low
PERCH Study Group 2019 Low
Quinn et al. 2018 Low
Rego de Figueiredo et al. 2019 Unclear
Rekhtman et al. 2019 Unclear
Saeed et al. 2015 Unclear
Schmidt et al. 2018 Low
Schoffelen et al. 2013 Low
Shi et al. 2020 Low
Singh et al. 2015 Unclear
Singh et al. 2019 Low
Solodokin et al. 2019 Low
Tanaka et al. 2015 Unclear
Tufa and Denning 2019 Unclear
Wang et al. 2019 Low
Wei et al. 2018 Low
Yanagisawa et al. 2020 Low
Yu et al. 2017 Low
Yukawa et al. 2018 Low
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Mortality

Mortality in patients with PJP was highly variable, ranging
from 4% to 76% across 33 studies (Table 2)21-53 These
were all observational studies, mostly retrospective case con-
trol or cohort studies (z = 27),2'70 with three prospective
cohort studies.*'=>3 The patient populations and comorbidi-
ties addressed were diverse, as were measures of mortality,
including deaths specific to PJP and all-cause or in-hospital
mortality. For patients without HIV, mortality ranged from
4% to 76%.2%* Three studies compared mortality between
HIV+ and HIV— patients with PJP and reported significantly
higher mortality in non-HIV patients (33%-71%) than HIV-
positive patients receiving highly active antiretroviral therapy
(13%—-18%).26-40:#* Three studies also reported on PJP with
and without cytomegalovirus coinfection but reported no sig-
nificant differences in mortality.*?>3%33 For patients in one
study without HIV, with severe PJP, adjunctive corticosteroids
were associated with a lower risk of 60-day mortality (HR
0.71; 95% confidence interval 0.55-0.91) and significantly
decreased mortality rates (24.7% vs. 36.6%, P = .006), but
differences were not significant in moderately severe PJP.3”

Inpatient care

Information on inpatient care and length of stay (LOS) was re-
ported in six studies,?$:32:42:44:47:48 of which one study specif-
ically reported on ICU LOS*? and the rest hospital LOS. Hos-
pital LOS varied, with a minimum reported median of 13 days
28 and a maximum mean of 29 days,* ranging from 0 to 123
days (details shown in Table 3).

Complications and sequelae
Long-term complications or sequelae of PJP were reported
in 1 study, as shown in Table 4.°* This was a study of re-

nal transplant patients, reporting an increased hazard of long-
term graft failure from PJP [HR 3.33 (95% CI 1.30-8.53)].%*

Antifungal susceptibility and resistance

Clinical breakpoints defining resistance in P. jirovecii are not
available. However, we identified one paper reporting on
DHPS gene mutations*® in which the prevalence of mutant
DHPS (novel substitution at position 288) accounted for 3/12
(25%) of infected patients tested for mutations. The authors
suggested that this mutation may be associated with resistance
leading to treatment failure, as all three died despite treatment
with TMP-SMX. Another paper reported DHFR gene poly-
morphisms of uncertain clinical significance for TMP-SMX
treatment,” while a third paper reported cytochrome b mu-
tants associated with failure of atovaquone prophylaxis in
heart transplant patients.>® Details of these three studies are
provided in Table 5.

Preventability and risk factors

Measures to prevent PJP were reported in 13 studies shown
in Table 6.27:%8:33,36,41,54,57-63 These refer to prophylaxis,
either with TMP-SMX or with alternatives pentamidine
(aerosolised or intravenous) or atovaquone. The studies in-
cluded 1 study of HIV-positive 28 and 12 of diverse non-
HIV populations.27>33:36,41,54,57-63 prophylaxis was protective
against PJP, except in one study of children receiving gluco-
corticoids, in whom incidences of PJP were non-significantly
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Table 4. Studies describing complications and sequelae associated with Pneumocystis jirovecii pneumonia.

Study Study Level of Population No. of
Author Year design period Country care description patients Complications
Kim et al. 2019 RCS 2000-2017  South Tertiary Kidney Total: 1502 Graft failure
SC Korea transplant HR 3.33
recipients PJP: 68 (95% CI
aged >18 years (4.53%) 1.30-8.53)

PJP, Pneumocystis jirovecii pneumonia; RCS, retrospective cohort study; SC, single centre.

Table 5. Studies describing antimicrobial resistance in Pneumocystis jirovecii.

Author Year Resistance mechanism Antifungal agent affected  Clinical significance

Argy et al. 2018 Cytochrome b (cyt b) mutation Atovaquone Failure of atovaquone prophylaxis in heart
(A144V) transplant patients

Singh et al. 2019 DHPS mutations: novel Trimethoprim— 3 of 12 (25%) HIV-positive adult patients with
non-synonymous nucleotide sulfamethoxazole HIV and PJP were found to have this mutation
substitution at position 288 (G — and died despite treatment with
A), resulting in amino acid change trimethoprim-sulfamethoxazole, while the other
(Val9élle) 9 survived

Singh et al. 2015 Mutations (nucleotide substitutions) Trimethoprim— Among a mixed population (HIV-positive and
in the dihydrofolate reductase sulfamethoxazole HIV-negative), treated for PJP with

(DHFR) gene

trimethoprim-sulfamethoxazole, 2/14 (14%) of
patients with DHFR mutations died; both had
co-infections, and the DHFR mutations were of
uncertain significance

DHER, dihydrofolate reductase; DHPS, dihydropteroate synthase; HIV, human immunodeficiency virus; PJP, Pneumocystis jirovecii pneumonia.

different at 0.61 and 0.53 per 10 000 patient-years in children
exposed versus those unexposed to PJP prophylaxis.®°

In addition, 25 papers reported on underlying risk fac-
tors for PJP, and these are shown in Supplementary Table
1.23:27,31,33,34,36,39,46,54,57,60,62,64-76  Risk factors included
HIV infection and various types of immunosuppression, in-
cluding iatrogenic immunosuppression with SOT patients,
particularly kidney transplants, those with autoimmune and
inflammatory disease, nephrotic syndrome, and patients with
malignancy treated with chemotherapy. Lower CD4 + lym-
phocyte count was a risk factor in those with HIV (espe-
cially <200 cells/mm?).”! In older adults, corticosteroids and
other immunosuppressants, including biological agents such
as rituximab, were reported as associated with a risk of PJP
or a poor outcome from PJP across risk groups.3¢:74

Annual incidence

Annual incidence of PJP was reported in 16 studies in various
geographical regions and patient populations, as shown in Ta-
ble 7.25:2733,45,49,60,70,77-85 This ranged from 0% in single-
centre renal transplant or haematological malignancy pa-
tients to 1.2% in one single-centre study of patients with first
allogeneic HSCT.33 National annual incidence varied from
0.67/100 000 in Vietnam (2012)”° to 22/100 000 in Tanza-
nia (2012),3? while incidence was estimated in national HIV-
positive populations as 230/100 000 in Uruguay (2016)7% and
15.8/100 000 in the Republic of Congo (2017).77

Global distribution

Distribution of PJP was described in 39 studies listed in Table
g 21,22,24,25,27,30,31,33,36,40,42,45-49,54,55,57,60,64-66,68,70,72,73,76,
78,80-84,86-91 pyyoymocystis jirovecii is globally endemic in the
human population and has been reported in patients of all
ages and in all regions. Although most studies focused on spe-
cific high-risk populations, one multisite case-control study

of patients in seven African and Southeast Asian hospitals
identified P. jirovecii as the causative organism of pneumonia
in approximately 2% of paediatric cases.”! A retrospective
multicentre study of patients receiving corticosteroids in the
USA from 2000 to 2013 noted a PJP incidence of <1%,%°
compared to 25.9% in a similar patient population in China
in a retrospective study from 2013 to 2019.2?

Emergence trends in the past 10 years

Although, as noted in the introduction, substantial declines in
PJP incidence have been reported in HIV-positive individuals
over the past decades, with new risk groups emerging, the fol-
lowing studies identified here reported on trends in specific
population groups during the past 10 years. In a US study
of renal transplant patients, given 1 month of prophylaxis,
PJP remained rare with 4 cases among 1352 cases between
2003 and 2009.%7 A Spanish study noted a significant decline
in incidence from 13.4 cases per 1000 per year in 2000 to
3.3 cases per 1000 per year in 2013.%° Decreasing incidence
was reported in two studies: one in HIV-positive populations
in Brazil, with a reduction from 0.8% over the time period
1987-2002 to 0.3% during the sub-period of 2009-2002,3°
and a Swiss study of SOT recipients reported that transplanta-
tion in 2013-2016 was protective compared with transplanta-
tion in 2008-2012, transplantation during 2013-2016 (OR:
0.14, 95% CI 0.03-0.6).2” Increasing incidence in non-HIV
settings was reported in one study of immunocompromised
patients in Northern Ireland: 6/43 tested in July-December
2008 had PJP (14% positive), compared with 21/230 (9%
positive) in January—July 20113' and another study of non-
HIV patients in Korea in a 2700-bed hospital: annual average
cases increased from 12.2 (2003-2007) to 42.2 (2012-2016),
with an increasing proportion of infections in non-HIV pa-
tients.*0


https://academic.oup.com/mmy/article-lookup/doi/10.1093/mmy/myae038#supplementary-data
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Discussion

This review examines the epidemiology and global impact of
P. jirovecii and the associated disease, P. jirovecii pneumonia,
and was initially performed to inform the WHO FPPL.!” Due
to the extensive scope of the review and its inclusion/exclusion
criteria, 41% of included studies were classified as unclear or
at high risk of bias, which may influence the reliability of some
results.

Most studies reported a stable incidence of PJP over the past
10 years, but declines among people with HIV were counter-
balanced by increasing infections in some new at-risk popu-
lations, including SOT patients and those on newer immuno-
suppressive therapies. Variability of incidence among various
geographical regions and patient populations reflects different
at-risk populations and prevention strategies. A more recent
study reported stable incidence in France, but this study was
published after our search window closed.””

Mortality with PJP was substantial but highly variable,
ranging from 4% to over 75%. In general, mortality in per-
sons with PJP was lower in HIV-positive populations than in
non-HIV populations. Assessment of the burden of mortal-
ity and disease is, however, complex for PJP, due not only to
important differences in comorbidities among those at risk
but also to the impact of early diagnosis and antiretrovi-
ral therapy in HIV-infected individuals. A meta-analysis on
HIV-associated PJP from 2016 conducted in Sub-Saharan
Africa found attributable mortality of ~7%, with an over-
all mortality of 19%.° In our review, inpatient care and
LOS were also variable, with LOS ranging from 0 to 123
days, again reflecting different populations and healthcare
systems. We reported on sequelae of graft failure follow-
ing PJP in renal transplant patients,”* and more recently,
complications of restrictive lung disease, bronchiectasis, and
pulmonary cysts have been reported in patients with HIV
and PJP, emphasising the importance of prevention of this
disease.”?

Risk factors for PJP included HIV infection and various
other forms of immunosuppression, including iatrogenic im-
munosuppression with SOT, especially renal transplantation,
patients with autoimmune and inflammatory disease, those
with nephrotic syndrome, and patients with malignancy re-
ceiving chemotherapy. Extensive data on PJP prophylaxis,
principally with TMP-SMX, demonstrates it is highly effi-
cacious but not always taken. In one study identified in our
search, but later excluded as no patients developed PJP, 24%
of renal transplant patients (21/88) discontinued TMP-SMX
prophylaxis within 1 year, with a variety of side effects re-
ported.”* Our review identified one study in which adjunc-
tive corticosteroids were associated with reduced mortality
in severe but not moderate-severe PJP in HIV-negative in-
dividuals.’” While the use of these agents for severe HIV-
associated PJP is standard, it should be noted that adjunc-
tive therapy in non-HIV-associated disease remains contro-
versial.”> More recently, combination antifungal therapy with
echinocandins or ibrexafungerp has also shown potential ben-
efit as either adjunctive therapy in observational studies or as
single-agent prophylaxis in animal models, with clinical trials
awaited.”*%8

TMP-SMX is generally the first-line treatment for PJP:
TMP targets dihydrofolate reductase (DHFR) and SMX tar-
gets dihydropteroate synthase (DHPS), two key enzymes in
P. jirovecii folate synthesis. Phenotypic susceptibility testing is
not available for P. jirovecii, so minimum inhibitory concen-
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trations cannot be estimated and clinical breakpoints cannot
be established. Researchers have therefore attempted to iden-
tify molecular markers of ‘resistance’, and several studies have
reported on mutations with a theoretical role in resistance to
TMP-SMX or atovaquone (the target of which is cytochrome
B). However, no clear link has yet been established between the
presence of specific mutations and treatment failure or mortal-
ity. In fact, a 2016 consensus guideline reviewed the evidence
for screening for DHPS mutations and recommended against
use, concluding that mutations are not associated with TM